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ABSTRACT

Electron Paramagnetic Resonance Studies of Single Crystals

3+

of Mn®'-doped (NH,),S0,, Gd’"-doped NH,Pr (S0, ), 4H,0,

2
vo2*-doped M(NH,),(50,), 6H,0 (M = Cd, Co, Fe, Mg, Zn) and

2+ _
Mg(ND4)2(SO4)2 6D,0, and Cu” ~doped MNa2(504)2 4H20 (M =

2
Co, Mg)

Jiansheng Sun, Ph.D,
Concordia University, 1991

Detailed X-band electron paramagnetic resonance (EPR)

measurements on single crystals of Mn2+-doped (NH4)ZSO4,

2+

Ga>*-doped NH,Pr(s0,),-4H,0, VO*'-doped M(NH,),(SO,),6H,0

2

4)2-6020, and

Cu2+—doped MNaZ(SO4)2-4H20 (M = Mg, Co) are made at variable

temperatures. The spin-Hamiltonian parameters for Mn2+,

Gd3+, VO2+ and Cu2+ ions are evaluated using a 1least-~

4)2 2
(M = ¢d, Co, Mg, Fe, 2n) and Mg(ND4)2(SO

squares~fitting procedure. The positions and 1local
symmetries of the impurity ions in these hosts have been
well deduced.

The ferroelectric transition in (NH4)2SO4 has been

2+ EPR lines,

extensively studied via the splittings of Mn
leading to the determination of the critical exponent B. The
existence of two inequivalent sublattices in the (NH4)ZSO4
crystal is confirmed.

Temperature variation of ca3* Err spectra reveal two

first-order phase transitions in the NH4Pr(SO4)2'4H20

crystal. The host-ion spin-lattice relaxation (SLR) times

fade
[ S
-




+

(t) of Pr>* have been estimated via the EPR linewidths of

3+

Gd impurity ions using an appropriate expression. The

predominant processes of SLR of rm3+ host-ions have been

deduced.

2+

The superhyperfine structures of VO EPR spectra in

the hydrated Tutton-salt hosts M(NH4)2(SO4)2-6H20 have been

2+

well explained by comparison with the VO EPR spectra in

the deuterated host crystal Mg(ND4)2(SO4)2-6020. Using the

vo?t EPR and optical-absorption spectra, the bonding

coefficients of the [VO(H20)5]2+ complex have been

estimated. The systematics of EPR of the vo2t ion in this

series of Tutton salts is analyzed.

The impurity-host exchange-interaction constant of

2% _pe2t pair is determined in the Fe(NH4)2(SO4)2-6H20

host, using the g-shift due to the exchange interaction and

Vo

the shape of the crystal at liquid-helium temperature. The T

2* and co®" in the Fe(NH,),(S0,),-6H,0 and

4)2 2

Co(NH4)2(SO4)2°6H20 hosts, respectively, have beern

values of Fe

estimated.
The symmetry of the g matrix and temperature

2+

dependence of the g principal values of Cu in the

MNa, (50,) o "4H,0 hosts have been explained by taking into
account the pseudo-static Jahn-Teller effect (JTE) at room
and lower temperatures, and dynamic JTE at higher

temperatures, experienced by the Cuoz(HZO)4 complex.

iv
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A: Hyperfine interaction matrix
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COASH: Co(NH,),(S0,) ,*6H,0

CNST: CoNaz(SO4)2-4H20

EPR: Electron paramagnetic resonance

FASH: Fe(NH,),(S0,) ,*6H,0

£.: Density of unpaired electron at site of

ligand protons

hf Hyperfine

1: Nuclear spin vector

TL: Total spin vector of the ligand protons
Jp: Impurity-host pair-exchange constant
JTE: Jahn-Teller Effect

IHT: Ligquid-helium temperature

LNT: Liquid-nitrogen temperature
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LSF: Least-squares fitting

MASH: Mg (NH,), (SO,) ,6H,0

MDSD: Mg(ND4)2(SO4)2-6020

MNST: MgNa, (S0, ) ,-4H,0

NASH: Ni(NH,),(SO,),*6H,0
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38: Electronic spin vector

S.H. Spin Hamiltonian

SHF: Superhyperfine

SHP: Spin-Hamiltonian parameters
T.: Phase~-transition temperature
ZASH: Zn(NH,), (SO,) ,*6H,0

ZNST: ZnNa, (SO,) ,-4H,0

B: Critical exponent

Bi: o-bonding parameter

72: n-bonding parameter

AB: EPR linewidth

AE: Energy difference between the pairs of

energy levels participating in resonance

<bv?>: Second moment related the EPR linewidth
A Spin-orbit coupling constant

Hg: Bohr magneton

v: Klystron frequency

3 Spin-Hamiltonian

T: Host-ion spin-lattice relaxation time




CHAPTER 1
INTRODUCTION

Electron paramagnetic resonance (EPR) spectra of the
transition-metal and rare-~earth impurity ions, doped into
various host lattices, have been widely studied in order to
understand the electronic structures and other related
physical properties of these compounds [1, 2, 3]. The X-band
EPR data considered in the present thesis, have been
obtained on Mn2+-doped (NH4)ZSO4 {({AS, hereafter) [4},

Ga’*-doped NH,Pr(so,),-4H,0 (APST, hereafter) (5, 6],

4)2
vo2*-doped Tutton salts M(NH,),(SO,),"6H,0 (M = Cd, Mg, 2n,

Fe and Co: hereafter referred to as CASH, MASH, ZASH, FASH

and COASH, respectively) [7, 8, 9, 10], Mg(ND (504\ -6D,0

2 2

4)o4H,0 (M = Mg,

Co; referred to as MNST and CNST, respectively) single

4)2
(MDSD, hereafter) and Cu2+-doped MNaz(SO

crystals at room, below-room and above-room temperatures.
These results have been exploited in this thesis to: (1)
study the structural and ferroelectric phase transitions;
(ii) estimate spin-Hamiltonian parameters (SHP), including
the fine-structure parameters, hyperfine (hf) interaction
and ligand-superhyperfine (SHF) interaction tensors of the
impurity ion in the various crystals investigated; (iii)
determine the impurity-host exchange-interaction constants
in host crystals consisting of paramagnetic ions; (i)

estimate the host-ion spin~lattice relaxation times (T) 'in
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the paramagnetic host crystals; and (v) study Jahn-Teller
effect (JTE) in MNST and CNST.

The temperature variation of EPR spectra can be easily
used for a study of the phase transitions undergone by the
host crystal. Since EPR is a microscopic probe of the local
environment around a specific ion, it provides considerable
insight into the nature of the phase transition, as well as
the structural character of the various phases [11, 12].
Mn®t and ca®* ions are very effective EPR probes of the
environment around them. Since their electronic spins S =
5/2 and 7/2, being greater than 1/2, they monitor the
crystalline field directly via the SHP b}. Both the Ga>"' and
Mn2+ can be doped into host lattices easily, and their EPR
spectra can be readily observed at very low, as well as very
high, temperatures. The phase transitions in Mn2+- and
Gd3+-doped rnrystals can be detected by the changes in the
EPR linewidths and intensities, and the splittings of the
EPR line positions [11, 12, 13, 14].

The vanadyl ion (V02+) is the most stable cation,
among the fnw molecular paramagnetic transition-metal ions;
it can exist in a variety of ligand-field environments. The
vo’t EPR spectrum is very sensitive to crystalline-field
environment [15, 16]. SHF structure of the EPR spectra of
V02+, due to the interaction of the unpaired electron of the

vanadyl ion with its ligands, has been ouserved in a few

single crystals [17, 18, 19, 20]. The SHF structure can be
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used to determine the orientation of the bond axis of Vo2+

ions in the unit cell; this is because the maximum SHF
splitting occurs when the direction of the external magnetic
field is parallel to the bond axis between the paramagnetic
ions and the closest ligand ion [1]). The local symmetry of

the V02+

ion has been, generally, found to be rather high in
the host crystals [20, 21). The bonding coefficients of the
[VO(H20)5]2+ complex have been related to the electronic
energy levels of vo?* ion, which can be calculated from the
optical-absorption spectra, and to the principal values of
the g and A matrices in the vanadyl complex, which can be
evaluated from the EPR 1line positions, by the use of
well-known theoretical models ([22, 23, 24, 25, 26]. Thus,
information on the nature of bonding of the central

molecular ion V02+

with its nearest-neighbors can be drawn
from optical-absorption and EPR data.

When a paramagnetic impurity ion is introduced in a
host lattice containing paramagnetic ions, it experiences a
shift in its g wvalue from that in an isostructural host
containing diamagnetic ions at low temperatures due to the
exchange interaction between the impurity and  host
paramagnetic ions [1], over and above that caused by the
shape of the paramagnetic crystal [27]. Misra et al. [28,

2+ 2+ 2+ 2+ 2+ 2+

29, 30, 31] estimated the Mn“ -Ni®", Mn“ -Fe“ , Co“ -Ni

3+

and ca3*t-vp exchange interaction constants from their EPR

measurements. No report has, so far, been published on the
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estimate of exchange interaction between the molecular
paramagnetic impurity ion, V02+, and host paramagnetic ions,

e2t 2+ pairs, as estimated in the

e.g., V02+—F and V02+-Co
present study.

The impurity-ion EPR 1linewidths can be used to
estimate spin-lattice relaxation times (t) of <the host
paramagnetic ions [32]. However, in the 1literature, an
incorrect expression has been used to estimate T of host
ions [32]. This expression published in the literature is
applicable only to the systems containing a single
paramagnetic species, because it disregards the important
dipolar and exchange interactions between the impurity and
paramagnetic host ions. Estimation of t using this published
expression has usually led to a longer value of T, by up to
three orders [6, 33]. Misra et al. [33] derived the correct
expression for T, valid for a typical EPR situation, where
there are present two different kinds of magnetic ions in

the system, e.q., voZ* and Fe2' in V02+-doped FASH lattice

2+ in V02+-doped COASH lattice [10], or ca’?t

(91, V02+ and Co

3+ . 3+ .
and Pr in G4~ -doped APST lattice [6].

The EPR technigque has been extensively employed to
study the JTE [1, 113, 114, 115). Many observations of the
JTE have been reported on Cu2+-doped single crystal
characterized by a relatively high-symmetry host site for
the Cu2+ ion. JTE deals with complicated systems, which

involve the phonons, and degenerate electronic ground
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states, as well as internal strains of variable strength
distributed over the crystal. When the kinetic energy of the
ligand ions can be neglected, a static JTE is observed,
otherwise a dynamic JTE manifests itself. The present EPR
studies on Cu2+-doped MNST and CNST crystals are made in the
113 - 398 K temperature range, making it possible to observe
both the pseudo-static JTE and the dynamic JTE, in the MNST
host consisting diamagnetic ions as well as in the CNST host
consisting paramagnetic ions.
The AS crystal becomes ferroelectric below T, (=223 K)
[34]. Unusual ferroelectric properties, e.g. a low value of
the Curie-Weiss constant [33] and a large spontaneous strain
{36, 37], generate a great deal of interest in AS. Further,
the AS crystal is ferroelastic, both in the paraelectric (T
> 'I'c) and ferroelectric (T < Tc) phases [38]. Three kinds cof
ferroelastic domains in AS have been frequently observed
[39]. In order to understand the transition mechanism
responsible for the phase transition, many experimental
techniques have been used to study AS [40, 41, 42, 43, 44].
Theoretically, different mechanisms have been invoked to
explain the mechanism of the phase transition in AS [40, 45,
46, 47, 48, 49, 50)]. Despite so many studies, the phase
transition mechanism in AS still remains controversial. EPR
studies, using many different paramagnetic ions, such as
2+ 2+ 2+ 3- 2-

Mn°", cu‘’, Seo;, vo“", cro, , cro;

54, 55, 56, 57, 58, 59, 60, 61, 62], have been made to

, NH; [50, 51, 52, 53,
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understand the phase transition mechanism in AS. However,
some of these studies have been confined to either
temperatures above Tc, or both above and below Tc, but not
systematically as a function of temperature in the range
including T, [51, 56, 60, 62]. Similar to the finding of the
other techniques, a lot of controversy exists in the EPR
results on AS as well; even different values of Tc have been
reported [51, 52). This thesis reports a much more detailed
and systematic X-band EPR study on a Mn2+—doped AS crystal
in the 113 - 398 K temperature range. A detailed discussion

2+

of the dynamic behavior of the two different Mn centers,

which belong to two inequivalent sublattices, is provided
[4].

The APST crystal belongs to the series of
isostructural crystals of the double sulfates

NH4R(SO ‘4H,0 (R = rare-earth, e.g., Ce, Nd, Sm, La;

4)2 2

referred as ACST, ANST, ASST and ALST, respectively) [63],
which are of analytical significance, because they can be
used to separate the light and heavy lanthanides [64]. These
crystals are interesting for EPR studies, s.ince they exhibit
a series of phase transitions below room-temperature (RT)
[65, 66, 67, 68]. Infrared (IR) and differential scanning
calorimetry (DSC) studies on these crystals have been
reported [63, 67, 68]. As for APST, no EPR studies have so

far been reported. IR and DSC measurements have revealed the

two phase transitions in APST, occurring at about 230 K and
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150 K [68]. This thesis reports an extensive X-band EPR
study of a Gd3+-doped APST crystal in the 4.2 - 410 K
temperature range, with particular emphasis on the
explanation of the values of SHP of ¢a3? in this crystal, as
well as on the detection of the phase transitions
experienced by the APST 1lattice ([5]. The host-ion

3* i{n APST lattice,

spin-lattices relaxation time (t) of Pr
is estimated presently using the correct expression [33],
employing experimentally-observed Gd3+ impurity-ion EPR
linewidths, The power-law temperature dependence of the
values of <t for Pr3+ has been used to discern the
spin-lattice relaxation processes governing the host pr3*
ions in the APST lattice [6].

Tutton salts form an iscstructural series of hydrated
double sulfates which have been studied by many techniques
[69, 70], because they are easily grown, and are interesting
for many reasons. The previous studies of V02+—dcped Tutton
salts were wusually confined to RT; as well, reported
interpretation of experimental data have not been consistent
with each other. The SHF splittings observed previously were
deduced to be due to the interaction betweer the unpaired
electron of vo®' ion and the ligand protons; this has not
been previously confirmed experimentally. To this end,
deuterated sample MDSD, which does not have any protons has

been presently investigated to confirm that the SHF

interaction is, indeed, due to the protons. This thesis
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reports detailed X-band EPR studies, in the 4.2 - 413 K
temperature range, of V02+-doped Tutton salts, CASH, MASH,
ZASH, FASH and COASH single crystals, respectively,
estimating, among other things, ligand SHF interaction and
the density of the unpaired electron at the site of ligand

2+__ 2+

protons, impurity-host exchange interaction of VO Fe

pair, and host-ion spin-lattice relaxation times (T) of
Fe2+, C02+ ions. Using the EPR and optical-absorption data,
recorded presently, the bonding coefficients of the

[VO(H20)5]2+ complexes in this series of Tutton salts are

estimated [7, 8, 9, 10]. After a careful comparison, the

systematics of EPR in V02+-doped Tutton salts is presented
[10].

MNST and CNST crystals belong to a family of hydrated
double sulfates other than Tutton salts, known as

astrakanites [116]. Unlike the case of Tutton salts, little
mention has been made in the 1literature of the EPR of
astrakanite family, although some papers have been published

on the EPR studies of isostructural ZnNa2 (SO -4H, 0 (ZNST)

4)2 2
crystal [117, 118, 119, 120, 121, 122]. No EPR work on MNST
has been, so far, published. As for CNST, Jain et al. [123]

estimated T of host-ion Coz+, from the EPR linewidth of

impurity-ion Mn2+, using an incorrect formula. This thesis
reports detailed X-band EPR studies of Cu2+-doped MNST and
CNST crystals, in the 113 - 398 K temperature range with

particular emphasis on the determination of ground state of



2+

Cu ion, the observation of Jahn-Teller effect and

estimation of spin-lattice relaxation time (t) of host-ion

C02+ in CNST from Cu2

* EPR linewidths.

The organization of this thesis is as follows. The
descriptions of sample preparations and crystal structures
are given in Chapter II. The experimental arrangement and
details of the EPR spectra are described in chapter III.
Chapter IV discusses the spin Hamiltonian (S.H.) and
evaluation of SHP for the impurity ion in the various
samples. The positions and local symmetries of impurity ions
in the host lattices are discussed in Chapter V. The data
and interpretation of phase transitions in AS and APST
lattices; SHF interaction in the V02+-doped Tutton salts;

2+ 2+

host-impurity pair-exchange interaction of Fe® -VO in FASH

host; the host-ion spin-lattice relaxation times (t) of
Pr3+, Fe2+ and Coz+: and JTE in Cu2+-doped MNST and CNST
crystals are discussed in Chapters VI, VII, VIII, IX and X,
respectively. The optical-absorption spectra, bonding
coefficients of the [VO(H2°)5]2+ complex and systematics of
VO2+ EPR spectra in the series of Tutton salts

M(NH4)2(SO4)2-6H O (M= Cd, Mg, Zn, Fe, Co) are described in

2
Chapters XI and XII. The conclusions are given in Chapter
XIII. The published papers, reporting the EPR studies
included in this thesis, are provided in Appendix I. The
computer programs used to evaluate SHP are listed in

Appendix II.




CHAPTER I1
SAMPLE PREPARATION AND CRYSTAL STRUCTURE

II.1 Sample Preparation

II1.1.1 Mn?*-doped (NH,),S0, (AS)

4

The crystals of AS, used for the present EPR
measurements, were dgrown by slow evaporation, at room
temperature (RT), of an aqueous solution of (NH4)2804, to
which 0.5 at. % of Mnso, was added. Good-quality crystals
with dimensions suitable for measurements, about 3x2x8 mm3,
were obtained after about eight weeks. It was found that

Mn2+ does not enter the crystal lattice of AS in large

2t in as crystals is

amounts. Thus the actual amount of Mn
much less than that present in the mother 1liquor. The
crystals so obtained were colorless, had excellent cleavage
in the (100) plane, and were almost ferroelastically

monodomain, as verified under a polarizing microscope. The

growth habit of AS crystals is shown in Fig. 2.1.

I1.1.2 6d>*-doped NH, Pr(s0,), 4H,0 (APST)

APST crystals, doped with Gd3+, were grown by slow
evaporation at RT, of an aqueous solution, containing

Prz(so4)3-8H O and (NH4)‘.(ZSO4 mixed in the molar ratio of

2
1:4, to which a small quantity of Gdz(so4)3~8H20 powder was

added, so that there was one Ga’* ion for every 100 pr3t

ions in the solution. An amount greater than the
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Fig. 2.1 The growth habit and crystallographic axes a, b
and ¢ of AS single crystal. The (100) plane, which exhibits

a perfect cleavage, is shaded by oblique lines.
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stoichiometric amount of (NH4)2so4 was used, since it has a
strong tendency to creep out of the container [66, 67].
Also, a few drops of sulfuric acid (HZSO4) were added to the
solution in order to prevent hydrolysis. Prismatic crystals,

3+
ions, were

with green characteristic color of the Pr
obtained in about three weeks; one of approximate size
3.0x2.0x1.0 mm3 was chosen for the present measurements. The
crystals were stored in oil to avoid dehydration. So far, no

information about the crystal-growth habit for APST is

available.

I1.1.3 vo?t-doped M(NH,),(S0,),*6H,0 (M = Cd, Mg, Zn, Fe,
Co; referred to as CASH, MASH, ZASH, FASH, COASH)
and Mg(ND4)2(SO4)2-6D20 (MDSD)

Single crystals of CASW, MASH, ZASH, FASH and COASH,

2+, were grown at RT by slow evaporation from

doped with VO
saturated aqueous solutions, containing stoichiometric
amounts of MSO4 (M = Ccd, Mg, 2n, Fe, Co) and (NH4)ZSO4, to
which a small quantity of V0S0, - 2H,0 powder was added, so

that there was one vo2' ion for every 100 u2t (M = ¢4, Mg,
Zn, Fe, Co) ions in the solutions. V02+-doped

Mg(ND4)2(So4)2-6D20 (MDSD) crystals were grown, using the
same technique, from the saturated heavy-water solution,
containing stoichiometric amounts of Mgso, and (ND,),S0,.
Crystals, suitable for EPR measurements, grew in about ¢two

weeks; those of approximate size 3.0x2.5x1.0 mm3 were chosen
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for the present measurements. CASH crystals were stored in
©il to avoid dehydration.

The crystals of CASH, MASH, ZASH, FASH, COASH and MDSD
have the same growth habits. Fig. 2.2 shows the
crystal-growth habit of CASH. Since the (010) plane of the
CASH crystals is well developed in the form of a rectangular
flat surface, the b axis 1is easy to identify (b is
perpendicular to the (010) plane, which contains the a* and
C axes) [29]. For other crystals, b can be identified

similarly (7, 8, 9, 10}.

I1.1.4 cu®t-doped MNa, (SO,),-4H,0 (M = Mg, Co; referred to

as MNST and CNST)

Single crystals of MNST and CNST, doped with Cu2+,
were grown at RT by slow evaporation from saturated aqueous

solutions, containing stoichiometric amounts of Mgso4-7H£3

and CoSO-?HZO, respectively, and Na.SoO to which a small

2574
‘5H.0 powder was added, so that there was

4 2
: 2+
ion for every 100 M

4
gquantity of Cuso

2+

one Cu (M = Mg, Co) 1ions in the

solutions. Crystals, suitable for EPR measurements, grew in
about four weeks; those of approximate size 3.0x2.0x2.0 mm3
were chosen for the present measurements. The growth habit
of MNST and CNST is shown in Fig. 2.3. These crystals were

stored in oil to prevent dehydration.




14

Fig. 2.2 Crystal-growth habit of CASH single crystal used
for the present EPR measurements. The orientations of the
laboratory axes X, Y and Z with respect to the crystal faces

have been indicated. The (010) plane bas been shaded.
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001

Fig. 2.3 The growth habit of MNST and CNST crystals [119].




16

II.2 Crystal Structure
II.2.1 (NH4)2SO4

The crystal structure of AS is the same as that of
K2804 [41]). At RT, the crystal possesses orthorhombic

symmetry (space group P ), with the unit cell parameters:

nam
a = 0.7782 nm, b = 1.064 nm, ¢ = 0.5993 nm [41]. (Some AS
crystals show a superstructure at RT, characterized by the b
and c dimensions doubled [71].) Below Tc' the reflection
planes of AS crystal disappear, the space group changing to

P while the «crystal still possesses orthorhombic

na2’
symmetry; the c-axis becomes the axis of  electric
peolarization. “he unit cell parameters of AS below Tc are: a
= 0.7837 nm, b = 1.061 nm, ¢ = 0.5967 nm [41].

At RT, the unit cell of AS contains four formula units
(Z = 4). There are present two crystallographically
different NH,(I) and NH,(II) ions. NH,(I) ions, with five
soi' ions surrounding them, are designated as « ammonium
ions; while NH:(II) ions, 1located in the niddle of a
distorted octahedra of soi' ions, are designated as B
ammonium ions. The directions of the two NHZ(I)-NH:(II)
(x=B) pairs make the following angles, relative to the
crystallographic axes: (3,2) = 171.20, (Q,ﬁ) = 355.5°, (8,%)

(o]

= $40.5  [51). These directions are found to be almost

coincident with the magnetic Z axes corresponding to the two

Mn2+ centers, as seen in Chap. III below.
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II.2.2 NH4Pr(SO4)2~4H20

At RT, an APST crystal is monoclinic, characterized by
the space group Cgh' containing four formula units per unit
cell [63]; the unit-cell parameters are: a = 0.6444 nm, b =

1.8963 nm, ¢ = 0,8798 nm and 8 = 97.18°. The 1=*r3+

ion is
coordinated to nine oxygen ions as shown in Fig. 2.4a, of
which six belong to sulfate ions and three to three water
molecules. The fourth water molecule is held between the
sulfate layers by hydrogen bonding. The polyhedron of the
nine-coordinated oxygens can be considered to be equivalent

to a distorted monocapped square antiprism (C or

2
approximately "CW" site symmetry). In the absence of
reported experimental data for the positions of the four
Pr3+ ions in the unit cell, the Pr3+ positions have been
presently deduced, using the information provided in the
literature [63], to be (0.5, 0.1321, 0.0), (0.5, 0.3677,
0.5), (0.5, 0.6323, 0.5), and (0.5, 0.8678, 0.0) (5],
labelled as 1, 2, 3, and 4, respectively, as depicted in
Fig. 2.4b. The prot ions 1 and 2 belong to a pair, having
parallel orientations of the respective C,, axes, which is
the Pr3+-0(4) bond axis, making angles of about (51°, 45°,
72°) relative to the (a, b, c¢) axes. The pair of ions 1, 2
is symmetrically related to the other pair (ions 3, 4) by

the ac inversion plane. No crystal-structure data have been

reported for the phases different from the RT phase.
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Fig. 2.4 Crystal structure of APST at RT. (a) The
coordination polyhedron about a pr>* ion for aPsT: a
monocapped square anti-prism. Wn indicates an oxygen ion
belonging to a water molecule, while On an oxygen ion
belonging to a sulfate ion. Only the oxygen ions nearest to

3+ +

Pr ion have been shown. (b) Positions of the four pr3

ions in the unit cell of APST.



19

I1.2.3 M(NH,),(SO,),"6H,0 (M = cd, Mg, Zn, Fe, Co)

4)2

and Mg(ND,),(S0,),-6D,0

a)2 2

CASH, MASH, 2ASH, FASH and COASH crystals, being
Tutton salts, are characterized by monoclinic symmetry, with
the space group Pzi/a (69, 72, 73, 74]. The unit-cell
dimensions are listed in Table 2.1. The unit cell of a
Tutton salt contains two divalent metal ions, each of which
is surrounded by six water molecules, forming closely an
octahedron. The octahedron at the site (1/2, 1/2, 0) is
derived from that at (0, 0, 0) by a translation to (1/2,
172, 0) followed by a reflection in the a*c plane (a* = a
sinB). The six water molecules surrounding a divalent metal
ion are labelled, as seen in Fig. 2.5 for CASH as an
example, as H20(7), H20(8) and H20(9) in pairs, each Hzo of
a pair has the same distance from the metal ion (M2+) . The
distances for M-0(7), M-0 (8) and M-0(9), for each
Tutton-salt sample, are also listed in Table 2.1. For MDSD,
the H20(7), H20(8) and H20(9) molecules are replaced by
D20(7), 020(8) and D20(9) molecules, respectively, with the

same unit-cell dimensions as those of MASH.

II.2.4 MNa,(S50,),-4H,0 (M = Mg, Co)

2
MNST and CNST crystals are isostructural to 2ZNST,
which 1is known to be monoclinic with space group le/a,

containing two formula units per unit cell [116]. The
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Fig. 2.5 The structure of CASH crystal as projected onto

the the a*b plane [75].
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Table 2.1 Unit-cell dimensions (nm) of M(NH4)2(SO4)2~6H20

(M = ¢cd, Mg, Zn, Fe, Co) crystals and the distances (nm) of

M-0(7), M-0(8) and M-0(9) for all crystals.

M a b c B8 M-0(7) M-0(8) M-0(9)

cd 0.943 1.282 0.629 106.87° 0.2298 0.2297 0.2241
Mg 0.932 1.260 0.621 107.14° o0.208 0.207 0.205
Z2Zn  0.928 1.257 0.625 107.8° 0.2138 0.2117 0.2066
Fe 0.932 1.265 0.624 106.8° 0.216 0.214 0.209

Co 0.923 1.249 0.623 106.9° 0.2107 0.2106 0.2070




n
o

unit-cell parameters for MNST are: a = 1.104 nm, b = 0.815
nmm, ¢ = 0.549 nm, B = 100.66° [116], being not very
different from those for ZnNaz(So4)2-4H20 (ZNST). For CNST,
the unit-cell parameters have not been reported, Vegard’s

law [90] has been used presently to determine these values.

2+

As seen from Fig. 2.6, an M (M = Mg, Co) ion is surrounded

by four oxygens lying approximately in a plane, of which two
come from two water molecules [referred to as Hzo(l)] and

the other two are contributed by the two sulfate groups

[referred to as O(3)]. The M2+-02- distance in the plane is

about 0.202 nm. Perpendicular to this plane, the oxygens of

the two water molecules [referred to as H20(2)] are

2+

coordinated to the M ion at a distance about 0.224 nm. The

symmetry of Moz(H20)4 complex, forming an elongated

tetragonally-distorted octahedron, corresponds to the point

+ .
2 lons

group C,. approximately. The positions of the two M

4
are at (0, 0, 0) and (1/2, 1/2, 0), similar to the case of

Tutton salts.



Fig. 2.6 The structure of MNST and CNST crystals as

projected onto the the a’b pPlane [118].




CHAPTER III

EXPERIMENTAL ARRANGEMENT AND DETAILS OF EPR SPECTRA

III.1 Experimental Apparatus and General Features

of EPR Spectra
III.1.1 Experimental Apparatus

The EPR spectra were recorded on a reflection
microwave cavity X-band Varian V4506 spectrometer,
consisting of a 12-inch Varian low-impedance electromagnet
(model no. V=-3900), powered by a Bruker supply (model
B-MN-50/200), and controlled by a Bruker field controller
(B-H-15) . The recorder of the EPR signal is a Graphtec X-Y
plotter. A block diagram of the spectrometer is shown in
Fig. 3.1. The description of the instrument and details of
operation have been given in the instruction manual of the
spectrometer. The following is a simplified discussion.

The Xklystron inside the microwave bridge (model
V-4500-42) for X-band generates a microwave field at a
frequency of about 9.5 GHz. This microwave power is fed to
the resonant cavity. The microwave frequency is locked to
the resonant frequency of the cavity, using an automatic
frequency control (AFC) locking system. The microwave bridge
is well adjusted for balance in the absence of electronic
resonance absorption. When a resonance occurs, the
electronic spins in the sample flip, reaching a higher

energy state, and absorbing power from the cavity. This
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Fig. 3.1 Block diagram of the X-band EPR spectrometer.
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energy change unbalances the microwave bridge, resulting in
energy reaching the crystal detector. The d.c. magnetic
field at the sample position is modulated with an a.c. field
at a frequency of 100 kHz. The EPR signal reaching the
crystal detector appears as an a.c. modulation on the power
reflected from the cavity. This signal is then amplified and
phase detected, and is applied to the graphic recorder for
display. In more detail, the various important components of
the spectrometer are described as follows.

EPR cavity. The crystal was placed inside a 'I‘Eloz-type

high Q-factor Varian cavity (model V-4531), which is a
multipurpose cavity, so called because it can be used for
fixed and variable temperature studies. It was designed for
100 kHz field modulation. The magnitude of the modulation
field can be adjusted as required, the maximum wvalue of
peak-to-peak field modulation being 3.5 mT.

Klystron and X-band microwave bridge. The klystron,

which is the source of microwave radiation, is supplied with
resonator voltage by a Varian klystron power supply (model
V-4500-20). The klystron was adjusted so that it operates in
the mode corresponding to the highest power output. Besides
the klystron, a microwave bridge contains the microwave
distribution system and a crystal detector. Absorption of
microwave power in the sample as a result of resonance
unbalances the bridge. The unbalanced condition is detected

by the crystal detector. The microwave frequency is measured
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by a wavemeter consisting of a cylindrical resonant cavity,
its length being adjustable by means of a micrometer.

Magnetic field and its measurement. The Bruker field

controller (B-H-15) consists of a built-in microprocessor
system to make it precise. It can be programmed for a
specific field sweep within a desired period (sweep time).
The resolution of controlling and measuring magnetic field
is better than 0.01 mT. For higher accuracy, the magnetic
field is measured using a Bruker NMR oscillator (model
B-NM-20), with a resolution of 0.0001 mT. On the other hand,
in all the EPR measurements presented in this thesis, a
small amount of diphenyl picryl hydrazyl (DPPH) for which g
= 2.0036 * 0.0002 was used as a reference to check the
accuracy of the resonant frequency and the magnetic-field
values. The orientation of magnetic field with respect to
the crystallographic axes of the sample can be changed,
either by rotating the magnet around a vertical axis, or by
rotating the sample itself around a vertical axis.

Signal detection system. A crystal detector is used in

the EPR spectrometer to demodulate the microwave power which
is transferred by a coaxial cable to a Varian 1lock-in
amplifier (model V-~4560). The resultant dc output from the
lock~in amplifier was plotted on a Graphtec X-Y recorder
(model Varian G-14A2). The EPR line position, as determined
from the graph, had an accuracy of 0.05 mT.

Temperature Variation. Temperature, in the range of
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113 - 420 K, was maintained at the sample by gently blowing
nitrogen gas, passing respectively through the heater coils
and coils immersed in 1liquid nitrogen, of a Varian
temperature-controller unit (model E4540). The temperature
stability was better than 0.5 K, as measured by an Omega
Engineering Inc. microprocessor-based thermocouple meter
(model 680), with a temperature resolution of 0.1 K. On the
other hand, the temperatures, in the range of 4.2 - 120 K,
were varied by the use of a heater resistor inside a
commercial 1liquid-helium cryostat; the temperature was
determined by measuring the resistances of the platinum and
germanium resistors, using appropriate calibration charts,
with a resolution of 0.5 K. In this case, a cavity with a
lower Q value was used. As well, the modulation frequency
was lower than that used at temperatures higher than 113 K,
i.e., 400 Hz instead of 100 kHz was used.

Optical-absorption measurement. Optical-absorption

spectrum was recorded on a Hewlett-Packard spectrometer
(model 8452A) in the wavelength range 190 - 820 nm, i.e.,
from near ultra-violet to near infra-red. The size of
crystals used for the optical measurements was the same as
that for the EPR measurements. The absorption spectrum and
the wavelengths of the absorbed peaks were recorded
automatically via an IBM-XT microcomputer. All optical

measurements were performed at room temperature.
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ITI.1.2 General Features of EPR Spectra

In general, the number of observed EPR lines of a
paramagnetic ion depend on (i) the electronic spin S and
nuclear spin I (if the ion possesses a nucleus characterized
by non-zero magnetic moment), and (ii) the number of
magnetically inequivalent sites which the paramagnetic
impurity ion can occupy in the host lattice.

Fine and Hyperfine Structure. For those impurity ions

which have the electronic spin S z 1/2, the fine-structural
EPR spectrum, having (2S) allowed 1lines, corresponding to
the transitions M < M-1, i.e., AM = %1 (M is the electronic
magnetic gquantum number), should be observed. Further, if
their nuclear spin moment is not zero, a hyperfine (hf) EPR
spectrum, in which each fine-structure line splits into
(2I+1) allowed hf lines, corresponding tom ¢« m, i.e., Am =
0 (m is the nuclear magnetic gquantum number), is expected.
Thus, a total of (2S) x (2I+1) hf EPR lines, corresponding
to the transitions M,m <& (M-1),m, are observed. This thesis

deals with single crystals doped with impurity ions Mn?*

3+

(S

=5/2, I =5/2), Gd°T (s =772, 1 =0), vo*t (s = 172, I =

2+

7/2) and Cu (S 1/2, I = 3/2). The general features of
the EPR spectrum for each of these impurity transition ions
have been described at the beginning of each of following
sections.

Physical and Magnetic Equivalences of Impurity Ions.
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For the orientation of B in a general direction, one can
observe more than one set of (2S) x (2I+1) EPR lines in a
crystal, if there exist more than one magnetically
irnequivalent site which the impurity ion can occupy in the
unit cell. Magnetically-~inequivalent ions are those whose
EPR spectra are distinguishable by the magnetic field.
However, socme of the sites may be physically equivalent, as
well as magnetically equivalent, which means that the local
surroundings of these impurity-ion sites are the same, thus
they have the same EPR spectra for any orientation of B. If
there exist several physically-equivalent, but
magnetically-inequivalent impurity-ion sites in the wunit
cell, the number of inequivalent sets of EPR lines can be
reduced if one observes the EPR spectrum for B along a
crystallographically-symmetric axis, or in a plane having an

inversion symmetry in the unit cell of the crystal.

2+
III.2 Mn doped (NH4)ZSO4

In general, for each of the magnetically-~-inequivalent
Mn’t ions (electronic spin § = 5/2, nuclear spin I = 5/2) in
a host crystal, the EPR spectrum consists of five allowed
sextets of hyperfine (hf) lines: M,m & (M-1),m; where M and
m are, respectively, the electronic and nuclear magnetic
quantum numbers. Fig. 3.2 shows a typical an"~ EPR spectrum

which corresponds to the highest-field fine-structure

sextets M = 5/2 «> 3/2 for the two magnetically-inequivalent
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magnetic Field (Gauss)

Fig. 3.2 EPR spectrum of Mn2+-doped AS crystal for B in the
ab plane, 23° from the a-axis, showing the highest-field hf
sextets (fine~-structure transition 5/2 « 3/2),

2+ centers (I and II) with almost

corresponding to the two Mn
the same intensity. There are also seen two weak centers
(III and IV); these are due to other ferroelastic domains of

relatively small volume.

e b e s o e 2 "
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Mn2+ ions in AS.

EPR spectra of Mn2+-doped AS were recorded for the
orientations of the external magnetic field (?) in the ab,
ac and bc planes. Fig. 3.2 exhibits the high-field EPR
spectrum for the orientation of B in the ab plane, at 23°
from the a-axis; six strong hf 1lines of almost equal
intensity, corresponding to the highest-field fine-structure

2+ centers, designated

sextets M = 5/2 & 3/2 for the two Mn
as I and II, are clearly visible. The small difference in
EPR line heights for Mn2+ centers I and II, as seen in Fig.
3.2, results from slightly larger linewidth of center II, as
compared with that for center I (1.7 mT for center II and
1.4 mT for center 1I). This suggests somewhat bigger

2+ center II, as compared

distortion of the surrounding of Mn
to that of center I. The almost equal intensities of the EPR
lines corresponding to centers I and II imply that the
occupation probabilities of the sites available to centers I
and II are about the same. It is noted that, in addition,
two other centers, of very weak intensity, designated as III
and IV were observed; these are, most 1likely, due to
additional ferroelastic domains of AS crystal, which were,
however, not detected under a polarizing microscope, because
of their negligible volume. (Centers III and IV have not, at
all, been studied in the present thesis, because of their

extremely weak intensities.)

Fig. 3.3 shows the angular variation of the high-field
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Fig. 3.3 Angular variation of the highest-field line of the
highest-field hf sextet for Mn2t centers I and II in
'Mn2+-doped AS crystal at RT for the orientation of B in the
ab plane. The continuous 1lines are smooth curves that

connect data points.
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EPR lines for centers I and II for the orientation of B in
the ab plane. The lines corresponding to the two physically

2+ centers (I and II) are clearly visible.

inequivalent Mn
This is possible because the principal axes and magnitudes
of the zero-field splitting tensors bg, corresponding to the
two centers, are at definitive variance, albeit small, from
each other.

Figs. 3.4 and 3.5 exhibit the angular variation of EPR
spectra for the orientation of B in the bc and ac planes,
respectively; they are found to be symmetric about the b and
c axes, respectively, for the two centers, in accordance
with the crystal symmetry. Figs. 3.4 and 3.5 confirm that
there, indeed, exist two physically-inequivalent M2t
centers with almost the same intensity, but slightly
different directions of the respective principal axes, and

the values of the zero-field splitting tensors, b". These

a°
relative differences did not change much, upon increasing
the temperaiure from RT to 398 K, except that the EPR line
positions moved slightly towards higher magnetic fields for
both the centers.

The orientations of the magnetic principal axes of
the zero-field splitting tensor bg, corresponding to
centers I and II can be determined from the angular
variation of spectra in the three mutually perpendicular
planes. (The magnetic Z, X and Y axes of a Mn2* complex are

defined to be those directions of B for which the overall
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separations of the allowed lines exhibit extrema; of these
three, the overall separations occur in decreasing order for
B along the 7, X and Y axes, respectively.) The results are
as follows. Center I: (Z,a) = 75.6° ¢ 0.5°, (Z,b) = 57.9° =

A A A A
° (z,c) = 35.9° + 0.5°. center II: (Z,a) = 74.5° = 0.5°,

0.5
(ﬁ,ﬁ) = 62.8° ¢ 0.5°, (2,8) = 32.2% &+ 0.5°% Further, using
the crystallographic data [51], it is found that the 2 axis
for center I is almost coincident with the direction of one
of the two NHZ(I)-NHZ(II) pairs (within 5°); while that for
center II deviates slightly from this direction (about 9°).
The angle between the Z axes corresponding to Mn2+ centers I
and II is about 6°.

Unlike the previous findings [51, 52] of the presence
of only one type of Mn2t center in AS, two different types
of Mn®t centers have, indeed, been detected to exist
simultaneously in the present studies; each of these two
Mn2+ centers are characterized by EPR spectra which are
symmetrical about c, b and ¢ _.xes, for B in the ab, ac and
bc planes respectively. (Figs. 3.3, 3.4 and 3.5.) (The term,
nynt center", here, refers to a complex consisting of a

2+

Mn ion with surrounding Soi' groups and a nearest vacancy;

see Chap. V for more details.)

3+
I711.3 GAd~ -doped NH4Pr(SO4)2 4H20

It is expected that, for each of the

magnetically-~equivalent Gd3+ ions (electronic spin s = 7/2,
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nuclear spin I = 0) in a host crystal, a set of seven
allowed fine-structural EPR lines is observed. These lines
correspond to AM = *1; here M is the electronic magnetic
guantum number. Fig. 3.6 shows a typical (':'d3+ EPR spectrum
which corresponds to two sets of seven fine-structural lines
for the two magnetically=-inequivalent ca®t ion in apsT.

EPR spectra of Gd3+-doped APST were recorded at RT for
the orientations of the external magnetic field (3) in the
principal ZX and 2ZY planes of the zero-field splitting
tensor bg of one of the magnetically inequivalent Gd3+ ions
in the unit cell. [The principal axes (X, Y, 2) are defined

2% in AS.] The spectra revealed the

in the same way as for Mn
presence of two magnetically inequivalent Gd3+ ions. Each
ion exhibited seven allowed transitions, corresponding to
the electronic spin § = 7/2 of Gd3+. The Gd3+ ions
substitute with equal preference at the two magnetically
inequivalent Pr3+ sites in the unit cell (Chap. II), because
the intensities of the EPR spectra for B parallel to their
respective Z axes are equal.

The EPR spectrum, for B 0 Z of one of the
magnetically-inequivalent ¢a>* ions is shown in Fig. 3.6,
while Figs. 3.7a and 3.7b exhibit the angular variations of
the EPR lines for the same Gd>%' ion for B in its 2X and XY
planes, respectively. The EPR linewidth for each of the two

3+

Gd ions was found to be 5.3 * 0.3 mT at RT. The four Pr3'r

ions in the unit cell of APST, having the same nine-fold
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Fig. 3.6 EPR spectrum of G4 in APST for B 1 Z for one of

the magnetically~inequivalent ca3t ions (I), and B 1 X for

the other magnetically-inequivalent Gd3+ ion (II) at RT.
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Fig. 3.7 Angular variation of EPR line positions for one of
the magnetically-inequivalent ca3t ions at RT for (a) B in

its 2X plane, and (b) for B in its XY plane.
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coordinations with the ligand ions, were found to be
physically equivalent, as revealed by the EPR spectra. For
each of the two magnetically-inequivalent ca’* ions, the
splittings for B along its X and Y axes were found to be
about the same. The Z axis for one pair was found to be
parallel to the X axis for the other pair, which is along
one of the local C4v axes (Chap. II), and vice versa; the Y
axes for the two pairs, lying in the ac plane were observed
to be parallel to each other, at 64° from the a axis.
Buckmaster et al. [65, 66, 67] also made the same
observations in the isostructural ANST, ASST and ACST
crystals. However, they did not relate the magnetic axes (2,

X, Y) to the crystal axes.

III.4 vo>*-doped M(NH,),(SO,),-6H,0 (M = cd, Mg, zn, Fe,

2

Co) and Mg(ND4)2(SO4)2-6020

In general, for each of the magnetically-inequivalent
o2t ions in a host crystal, a set of eight vo3* allowed hf
EPR lines is expected. These correspond to AM = %1, Am = 0;
where M and m are, respectively, the electronic and nuclear

2+

magnetic quantum numbers; for VO electronic spin § = 1/2

and nuclear spin I = 7/2. Fig. 3.8 shows a typical vo?*t Epr

spectrum which corresponds to three sets of eight hf lines

for the three magnetically-inequivalent VO2+ ions in FASH.
EPR spectra were recorded, for all the samples of

vo?T-doped CASH, MASH, ZASH, FASH and COASH single crystals,
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Fig. 3.8 RT Vo2+ EPR spectrum in FASH, recorded for B in
the 2Y plane, at 25° from the 2 axis. Due to inversion

symmetry, the lines for each of the two

2

physically-equivalent VO + pairs (I and II) merged into each

other. The much weaker lines are due to the third pair of

2+

physically-equivalent VO ion III.
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at 295, 80 and 4.2 K (for COASH, at 295 K only) for the
orientation of the Zeeman field, ﬁ, in three mutually
perpendicular planes, defined by the X, ¥ and Z axes. For
CASH, the X axis was chosen to be parallel to the
crystallographic b axis; the Y and 2 axes were chosen to lie
in the (010) plane of the crystal with 2 axis perpendicular
to the largest flat surface of the crystal, as exhibited in
Fig. 2.2. Similar axis system was chosen for MASH, ZASH,
FASH and COASH. EPR spectra were recorded by varying the
orientation of the external magnetic field in each plane
(2X, 2Y, XY) at every 5° interval. Similar measurements are

made on the V02+-doped MDSD crystal.

2+

IITI.4.1 Symmetry of VO EPR Spectra

At a general orientations of 3, there were observed

2* Jllowed hf lines

four intense distinct sets of eight VO
each, at any temperature. These four sets of hf lines can be
divided into two groups which can be obtained from each
other by symmetry operations, i.e., these two groups are
physically equivalent to each other. For B in the 2V plane,
as well as for B | ?, two distinct sets of eight hf lines
each were observed, consistent with the physical symmetry.
Thus, there were present four magnetically-inequivalent,
i.e., distinguishable by B, vo2* molecular ions, in the unit

cell of CASH, MASH, ZASH, FAS!I and COASH, with intense EPR

spectra for an arbitrary orientation of B. These correspond
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+ . .
2 molecular ions in

to two pairs of physically-equivalent VO

the unit cell, referred to as I and II. In addition, some

weak lines were also observed, which were presumably due to

a third possible pair of physically-equivalent vo?t

molecular ions, referred to as III, with different

2* (M = ca, Mg,

2+

orientation of its axis, also occupying an M

Zn, Fe, Co) site. In conclusion, each of the two M sites

in the unit cell of CASH, MASH, ZASH, FASH and COASH is

2+ ions with three different orientations of

occupied by VO
their molecular exes. The group of the three VO2+ ions
occupying an Mt site is physically equivalent to that

2+ site in the unit cell of CASH, MASH,

occupying the other M
ZASH, FASH and COASH. (For more details see Chap. V.) The
lines corresponding to the third ion were not studied at all
for CASH, MASH, FASH and COASH, due to their much weaker
intensities. For ZASH, the EPR lines corresponding to ion
I11 were only studied in so far as their SHF splitting is
concerned. For all the samples, the ratios of intensities of

2

the vo?t EPR lines corresponding to ions I, II and III were

found to be about 10:6:1; these are somewhat different from

that reported previously (20, 75]. This can be explained as

follows. According to the model of the [VO(H2°)5]2+

2 2+

conmplex

4+_y2-

* jon replaces an M“' ion, the V

2

(Chap.V), when the VO
bonds orient themselves along the M +-H20(7), M2+-H20(8), or
M2+-H20(9) direction; these orientations are occupied with

different populations, one of them being very small, while
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the other two being in the rutio of about 2:1.
A typical EPR spectrum, for B in the 2Y plane, showing
the presence of the various kinds of V02+ ions in FASH, is

exhibited in Fig. 3.8. Intense spectra from two vo??

ions (I
and II) and one weak spectrum from another V02+ ion (III)
are clearly seen. The angular variation of the EPR spectra
for B in the 2v plane for FASH at RT is displayed in Fig.
3.9. It is seen from Fig. 3.9 that the separations of the
adjacent hf lines for ion I are almost equal to each other
for B I Q, which is close to the direction of the maximum hf
splitting for ion I. They become more unegual, the farther
the orientation of B deviates from the Y axis. V02" EPR
spectra for ion II, for B in the 2zY plane, exhibited the
same features as those for ion I for B in the 2V plane
except that the maximum hf splitting for ion II occurred for
the orientation of B at 90° from that at which the maximum
splitting of hf lines occurs for vo®t ion 1I. Also, the
greater is the separation of the adjacent hf lines the
higher is the external magnetic field value at which they
occur for both the ions. Angular variation of the EPR
spectra recorded for the orientation of B in the ZX and XY
planes also confirmed the existence of two intensive and one

2+

weak physically-equivalent pairs VO ions for each site.
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Fig. 3.9 Angular variation of EPR line positions observed
at RT for B in the zY plane for V02+-doped FASH crystal. The
empty and solid «circles represent experimental 1line

2+ ions I and II, respectively;

positions corresponding to VO
the continuous 1lines are smooth curves that connect data

points belonging to the same transition.
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III.4.2 Superhyperfine (SHF) Structure and Temperature

Dependence

The following features are common to the CASH, MASH
and ZASH hosts at RT. Anisotropic quintet SHF splitting for
both the vo?’ ions (I and II) was observed for B in the 2X
and XY planes; no significant SHF splitting was observed for
B in the 2Y plane. The maximum SHF splitting, for ion I, was
found to occur for 3 in the XY plane, at an angle of 45°

from the X axis (referred to as the X, axis): this direction

2

A
is very close to the M +-H20(7) direction. The SHF splitting
for ion I is symmetric about the X, axis for B in the XY
plane. The EPR spectra for this orientation of B are shown
in Fig. 3.10 for both the CASH and MASH hosts, and in Fig.
3.11 for ZASH host, exhibiting clearly that each hf line for
ion I splits into five with the intensity ratios 1:4:6:4:1,
the individual SHF linewidth being 0.4 mT. The farther is B

from the X, axis in the XY plane, the smaller 1is the

A
observed SHF splitting for ion I. Finally, when B deviates

from the X, axis by more than 350, the SHF splitting for ion

A
I is no longer resolved, the five SHF lines merge to form a
single hf line. Further, the hf lines for ion I become
narrower as B deviates farther from the Xp axis in the XY
plane, while their peak-to-peak heights increase. The

ninimum width (0.7 mT) of the hf lines for ion I was

attained when B was perpendicular to the xA axis in the XY
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Fig. 3.10 EPR spectra, exhibiting the SHF structure for
V02+-doped CASH and MASH single crystals, indicated by (a)
and (b) respectively, at RT for the orientation of B for
which maximum SHF splitting was observed. The intensity
ratios of the five SHF lines are clearly seen to be

1:4:6:4:1.
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Fig. 3.11 RT EPR spectra of V02+-doped ZASH, exhibiting the
SHF structure for the ions I, IXI and 1III, for the
orientation of B for which the respective maximum SHF
splittings were observed. It is seen that the SHF splitting
for ion III is a bit smaller. The intensities of lines for

ion IIT are much weaker than those for ions I and II.
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plane. The extra linewidth of 0.3 mT over the individual SHF
linewidth (0.4 mT) along this direction is due to
inhomogeneous broadening of the unresolved SHF structure;
this has been confirmed experimentally by measuring the vo2?t
EPR spectra of a deuterated MDSD crystal, in which no
protons exist thus no SHF interaction is involved. (See Sec.
II.4.4 and Chap. VII for more details.) In the ZX plane the
SHF splitting is the largest for B ﬁ, it decreases as B
moves away from the X axis, being unresolved for B I Z. For
ion II, the maximum SHF splittings occurred for B in the XY

2+

plane, 90° away from X and very close to, the M -H20(8)

AI

direction (the X, axis). The features of the SHF splittiry

B
for B in the XY plane for ion II were found to be the same
as those for ion I, except that here the symmetry is about
the Xp axis.

For Vo2+ ion III in 2ASH, although the EPR lines were
weak, their SHF splitting was still clearly observed (Fig.
3.11). The direction of B for which the maximum SHF
splitting for ion III occurred was found to be perpendicular
to those for the ions I and II, i.e., along the laboratory Z
axis, which is close to the M2+—H20(9) direction.

The crystals of V02+-doped CASH, MASH and ZASH were
then oriented so that B was along the direction for which

2+

the maximum SHF splitting for one of the two VO ions

2+

(three VO ions for ZASH) occurred, using the cavity with

the higher Q, and the temperature was varied in the range
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123 - 398 K. The SHF splitting for MASH and ZASH was found

to be almost temperature independent. However, as the

temperature was decreased, the resolution of the SHF
splitting for CASH became poorer (Fig. 3.12); below 186 K,
the five CASH SHF lines merged to form a single hf line.
This implies a decrease in the value of SHF interaction

2+

tensor between VO and ligand protons as the temperature is

decreased. Above 350 K, the CASH crystal became destroyed

due to dehydration.

At temperatures below 123 K, it was not possible to 1
observe EPR characterized by well-resolved SHF splitting in ‘
any of vo®t-doped CASH, MASH and ZASH, because of the use of
a different cavity which had a lower Q. The other features
of the spectra remained the same as those at RT. At
liquid-helium temperature (LHT), it was necessary to reduce
the microwave power considerably in order that the EPR lines
did not broaden out due to the saturation effect by

microwaves [1].

III.4.3 EPR Linewidths and Inhomogeneous Broadening of
SHF Interaction

2+

The EPR linewidths (AB) of VO in FASH were found to

be independent of temperature (T) in the range 4.2 - 393 K,

2+

being 1.4 * 0.1 mT for the two VO ions I and II, for any

2+

transition. These VO EPR linewidths in FASH host

consisting of paramagnetic ions are found to be twice those
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Fig. 3.12 EPR spectra exhibiting the temperature dependence

of the maximum SHF splitting for CASH and for MASH, as

indicated by (a) and (b) respectively.
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in the ZASH, MASH and CASH hosts consisting of diamagnetic
ions (0.7 mT at any temperature) [10,11].

For v0%*-doped COASH, however, the Vo?® EPR linewidths
(AB) were found to be very dependent on temperature (T), in
the 117 -~ 413 K temperature range. At RT, AB for both the
vo?t ions I and II were 1.4 * 0.1 mT, for any transition,
and for any orientation of B. Further, AB increased as T

decreased; finally, vo?t

EPR lines were completely broadened
out at and below 117 K. It was possible to measure AB
clearly only above 143 K; at 143 K, AB = 2.6 * 0.2 mT. For T
higher than RT, AB were a little smaller, being 1.0 ¢+ 0.1 mT
at 400 K. Above 413 K, the crystal was destroyed due to
heat.

Unlike V02+-doped CASH, MASH and ZASH hosts consisting

2+ EPR lines

diamagnetic ions, the SHF splitting of the VO
was not resolved in the FASH and COASH hosts consisting of
paramagnetic ions due to: (i) increased EPR linewidth (AB),
and (ii) decreased SHF interaction. In the CASH, MASH and
ZASH hosts consisting of diamagnetic ions, the maximum
overall VO2+ SHF splitting was observed to be 2.0 mT, for B
along one of the principal axes of the SHF tensor (Bmax
direction); the EPR lines are well resolved for B gmax and
the individual EPR linewidth (AB) is 0.4 mT. It is possible
to estimate the contribution to individual linewidth due to
inhomogenerous broadening using the following arguments. It

is expected that the individual linewidth in the diamagnetic
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hosts is independent of the orientation of B. Further, when

B was in the plane perpendicular to 3m the SHF structure

ax’
was not resolved, only a single broadened line (AB = 0.7 nT
at all temperatures) was observed, a situation similar to
that exists in FASH or COASH hosts for any orientation of B.
Thus, for the CASH, MASH and ZASH hosts consisting
diamagnetic ions, the extra linewidth of 0.3 mT over and
above the individual linewidth of 0.4 mT, for B in the plane

perpendicular to B should be due to the inhomogeneous

max’
broadening caused by the SHF interaction, which is expected
to be the same in the FASH and COASH hosts. It is because in
both the COASH and FASH hosts consisting of paramagnetic
ions, the SHF structure was not resolved, only a single EPR
line, with the same AB (1.4 mnT), was observed for any
orientation of B. Finally, in order to estimate the
contribution to EPR 1linewidth (AB’) due only to the

2+ and Co2+ ions, one has to

paramagnetism of the host Fe
subtract from the total 1linewidth the 1linewidth of an
individual EPR line of V0%' in diamagnetic hosts (0.4 mT at
all temperatures), as well as the contribution to the
linewidth by the broadening due to the SHF interaction (0.3
mT at all temperatures). This means that a total of 0.7 nT
is to be subtracted at all temperatures from AB in order to

estimate AB’, to be used in eq. (9.1), in order to estimate

the host-ion spin-lattice relaxation times (t) (Chap. IX).
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2+
III.4.4 VO -doped Mg(ND,),!S0,), 6D,0 (MDSD)

The main features of VO2+ EPR spectra and their
temperature dependence in MDSD crystal were found to be the
same as those for MASH crystal, except for the absence of
SHF splitting of hf 1lines for MDSD crystal. The EPR
linewidth for MDSD was observed to be about 0.4 mT, being
the same as that of an individual EPR SHF 1line in MASH,

independent of the orientation of B and the temperature.

I11.5 cu’’~doped MNa,(50,), 4H,0 (M = Mg, Co)

In gerieral, for each of the magnetically-inequivalent

Cu2+ ions (electronic spin S = 1/2, nuclear spin I = 3/2) in

2+

a host crystal, a set of four allowed Cu hf EPR lines is

expected. These lines correspond to AM = #1, Am = 0; here N,

m are the electronic and nuclear magnetic quantum numbers,

2+

respectively. One often observes that each of Cu hf 1line

splits into two lines, which is due to the existence of two

copper isotopes, specifically, 63

6

Cu (69.09% abundance) and
Scu (30.91% abundance). Fig. 3.13 shows a typical cu®’ EPR
spectrum which corresponds to two sets of four hf lines for

2+ ions in MNST.

the two magnetically-inequivalent Cu

For botn the Cu2+-doped MNST and CNST crystals, the
angular variations of EPR line positions were recorded for B
in three mutually perpendicular planes at 5° intervals. The

largest flat plane (Fig. 2.3), which contains the
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Fig. 3.13 Temperature variation of Cu * EPR spectra in MNST

crystal, for B in the XY plane, 35° away from the Y axis.

65Cu) are

The hf lines due to the two isotopes (63Cu and
clearly resolved at 113 K. Above 347 : 2 K, the four hf
lines merge to form a single broad and isotropic 1line,

corresponding to g = 2.20 * 0.02.
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crystallographic a and b axes, was chosen to define the XY
plane with ¥ 1 B. The 2z axis is, accordingly, perpendicular

to the ab plane and parallel to the crystallographic c axis.

ITI.5.1 Room-temperature EPR Spectra

For both Cu2+-doped MNST and CNST crystals, RT EPR

spectra showed that there are present two magnetically

inequivalent, but physically equivalent, cu?* complexes in

each of the unit cell of the MNST and CNST lattices. This is

based on the following observations. For B in the 2Y and XY

2+

planes, there were observed two sets of four allowed Cu hf

lines with the same intensities. The two sets hf lines were
found to merge together for B along the Y (B) axis. For B in
the ZX (a*c, a* = a sinB) plane, there was observed only one

2+

set of four Cu hf lines, implying that the two sets of hf

lines due to the two Cu2+ complexes overlapped each other
perfectly. This is possible if the two sets of hf lines are
symmetric about the zX (a*c) plane. Thus, the EPR spectra of
the two Cu2+ ions, which substitute for the two M2+ (M = Mg,
Co) ions in the unit cell of MNST and CNST (Chap. V), are
consistent with the crystallographic symmetry [116].

2+

At RT, the Cu EPR linewidths in both MNST and CNST

hosts were significantly larger than those of other impurity

2* and V02+, in the isostructural ZNST host

ions, e.g., Mn
[117, 118}, being 4.0 mwT (Fig. 3.13) and 8.5 T,

respectively. This 1is similar to the <case of other
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Cu2+—doped hosts in which the spin-lattice relaxation of

cu®** ions is enhanced by the tunneling effect between the

2+

different spin states of Cu in the Jahn-Teller systems [1,

113, 124), resulting in shorter spin-~lattice relaxation
times of the impurity ion cu®’. Because of larger
linewidths, the two sets of hf 1lines due to the two
different isotopes, were not resolved. In the case of CNST,
for B in the 2ZX and ZY planes, even the four hf lines were

not clearly resnlved, because of line broadening due to the

effect of the host paramagnetic ions.

ITII.5.2 EPR Spectra at Lower Temperatures

As the temperature was decreased, EPR line positions

of Cu2+ in both MNST and CNST did not change significantly,

implying a temperature independence of their
spin-Hamiltonian parameters. However, their 1linewidths (AB)
did indicate a large change, as seen from Fig. 3.13. For
MNST, the 1linewidth becomes much smaller at lower
temperatures (at T = 113 K, AB = 1.2 mT). Because of narrow
linewidth, the hf lines due to the two different isotopes
were clearly resolved at 113 K. This narrower linewidth

corresponds to longer spin-lattice relaxation time of the

2+ 2+

impurity ion Cu at lower temperature. The t of Cu ('cCu) '

can be estimated by the use of the expression Tou =

h/(guBAB) (1, 124], which neglects the spin-spin interaction

between Cu2+-Cu2+ pairs, taking into account the fact that
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2+

width of Cu lines in hosts consisting of diamagnetic ions

is mainly due to the spin-lattice interaction. In this way,

the value of T_  in MNST was estimated to be 6.9x10"2 sec.

at RT, and 2.7x10"° sec. at 113 K.

On the other hand, for Cu2+-doped CNST crystal

2+ EPR 1linewidth was

consisting paramagnetic ions, the Cu
increased significantly as the temperature decreased. Below
280 K, the hf lines were no longer resolved. This is due to

an increase of the T of the host 002+

ions (Chap. IX); this
weakens the narrowing effect of the host-ion spin-lattice

relaxation on the impurity ion cu?* EPR linewidth.
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III.5.3 EPR Spectra at Higher Temperatures

As the temperature was increased above RT, the hf

2+ in both MNST and CNST continued <to become

lines of Cu
broader. Finally, at 347 #* 2 K and 339 ¢ 2 K for MNST and
CNST, respectively, only one single, broad, isotropic line
was observed (Fig. 3.13); both the position of the 1line
center and the linewidth were independent of the orientation
of B. No further change in the linewidth was observed as the
temperature was raised tc 398 K, above which both MNST and
CNST crystals became destroyed due to heat. The single
isotropic line, for both MNST and CNST, corresponded to g =
2.20 ¢t 0.02, which is close to the average of the three
principal values of g matrix (Chap. IV). This can be well

interpreted in terms of dynamic JTE. For more details, see

Chap. X.



CHAPTER 1V

SPIN HAMILTONIAN AND EVALUATION OF PARAMETERS

In this thesis, the spin-Hamiltonian parameters (SHP)

of Mn2+ 3+

2+

in as (3, & ana by), Ga>" in APST (3, X ana by),

VO 2+

in CASH, MASH, ZASH, FASH and COASH (g and A) and Cu
in MNST and CNST (§ and i) host lattices have been evaluated
from EPR 1line positions by the use of a least-squares
fitting (LSF) procedure [76, 77, 78], in which all EPR line

positions observed for several orientations of B are

simultaneously fitted using a computer program.

IV.1 Evaluation of SHP by LSF Technique

Details of the LSF technique. The EPR data in this

thesis have been analyzed using the LSF technique [76, 77,
78], in which the initially chosen set of SHP, represented
by the components of the vector gi' are iteratively varied
using a well-defined mathematical criterion. Explicitly, in

each iteration the vector gi is changed to 3 as follows:

=2 -1

=3, - (D)

i D'. (4.1)

The 3 so obtained is used as 31 for the next iteration. This
process is continued until convergence is achieved. In eq.
(4.1) D' and D” are the elements of the first and second
derivatives of the quantity "chi-squared", xz, with respect

to SHP, evaluated at gi;
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b a2
(D )j = (ox /3aj)g. ' (4.2)
1
and
(D") ., = (3°x2/da.8a,) (4.3)
jk J Ok 3"
1
where
2% = TOBE;l - twi)¥e? . (4.4)
1

In eq. (4.4), AEi is the calculated energy difference
between the pairs of energy 1levels participating in
resonance, Vv, is the klystron frequency and h = h/2mn, where
h is Planck’s constant, while o is an effective weight
factor. The index i1 covers all the resonant line positions
(data points), used simultaneously in the fitting.

Explicitly, from eq. (4.2) one has for the elements of
D’ and D”:

(D)5 = 2 )j;(IAEiI - twy) (alAEi!/aaj)/oiz (4.5)

(D") 5y = 2 g[(alAEil/aaj) (31AE, 1 /32, )

+ (IAE{1 - fwy) (azwz.ivaajaak)]/cri2 (4.6)

For the LSF method, one needs to calculate the
derivatives of the eigenvalue difference lAEiI, either using
the perturbation approximation, or using the matrix

diagonalization method.
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A detailed account of the LSF method has been given by
Misra (76, 77, 78]. The method works equally well for both
the case S > 1/2 and the case S = 1/2 (for which no
fine-structural term appears in the spin Hamiltonian) which
are coupled to one nuclear spin I 2 1/2. For the listings of
computer programs, refer to Appendix II. In order to use
these programs properly and to reduce the computing times
significantly, the following should be noted: (i) for the

2+ and Gcl3+ ions, one has to find

case of S > 1/2, e.g., Mn
the principal axes (X, Y, 2Z) of the magnetic complexes in
the crystal, then record the EPR spectra in the 2X, 2Y and
XY planes or fewer planes depending on site symmetry [76,

2+' or Gd3+,

77). (The principal Z, X and Y axes of a Mn
complex, are defined to be those directions of B for which
the overall separations of the allowed EPR 1lines exhibit
extrema; of these three, the overall separations occur in
decreasing order for B along the Z, X and Y axes.) On the
other hand, for the case of § = 1/2, e.q., V02+ and Cu2+
ions, the EPR spectra can be recorded for B in any three
mutually perpendicular planes [78]. (ii) The initial value
of the parameters should be carefully chosen, especially for
the electron-nuclear spin-coupled systems, for which the
spin-Hamiltonian (S. H.) matrix has a dimension of
(2S+1) (2I+1) x (25+1) (2I+1), the large number of EPR line

positions fitted simultaneously making the total computer

time required, prohibitively long. The various methods to
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estimate the initial values of SHP have been described by
Misra [76, 77, 78). For example, in case of S = 1/2, e.qg.,
V02+, or Cu2+, one can first use the LSF procedure to find
the approximate values of §2 tensor from the fine 1line
positions (assumed to lie at the center of a set of allowed
hf line positions). The values of §2 tensor so obtained,
along with the typical values of 52 tensor, were then used
as initial values in a subsequent LSF procedure of the
various hf line positions to obtain the exact wvalues of §2

and 3% tensors.

Determination of signs of spin-Hamiltonian parameters.

The LSF method gives the correct relative signs of the
fine-structure, as well as those of the hyperfine-structural
parameters. The absolute sign of fine-structural parameters
can be determined by identifying the absolute sign of bg,
the largect fine-structural parameter, by comparing the
observed line intensities of AM = * 1 transitions at room
and liquid-helium temperatures [1]. If the intensity of the
high-field lines for B 1 Z increases (decreases) relative to
the low-field 1lines as the temperature is reduced the
absolute sign of bg is positive (negative). On the other
hand, the absolute sign of hyperfine-structural parameters
can be determined by comparing the EPR data with the
hyperfine-interaction data obtained by the use of other
techniques. See the following sections for more details.

Calculation of the errors of spin-Hamiltonian parameter.
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The procedure for the determination of the errors of
spin-Hamiltonian parameters in the fitting of EPR data,
based on standard statistical analysis, has been described
by Misra and Subramanian [79]. According to statistical

analysis the parameter errors can be expressed as:

where aj are SHP and ejj is the jth diagonal element of the
error matrix £, which is the inverse of the matrix whose
elements Aij are one-half of the matrix of second
derivatives of xz, defined by eqg. (4.4),

e=3a -, (4.8)
where

_ 2.2
Ay = (1/2) (8°%" /02 835)

35 (4.9)

-> .
a
When all oy in eqg. (4.4) are equal, the parameter errors can
be estimated from the following expression [79]:

2 =

Aa
J

[x2(1)/ (N - r)legy(1), (4.10)

where £(1) and x2(1) are the error matrix and chi-squared
values, respectively, when all oy = 1; N is the number of
data points fitted and r is the number of parameters. Eg.
(4.10) is easily understood if one notes that the estimated

variance of the data points, Sz, is expressed as [79):




s = x%(1)/(N - ). (4.11)

The following sections report, in detail, the
determination of SHP of the various impurity ions doped in

different host crystals, by the LSF technique.

2+

Iv.2 Mn“" in (NH,),SO,

The following spin Hamiltonian (S.H.), appropriate to

orthorhombic symmetry, 1is applicable to Mn?t in AS
[1]):
_ 1,0.0 2.2
X = uB[gIIstz + g.l.(BxSX + BySy)] + 5-(b202 + b202) +

1,.,0.0 2.2 4.4
+ g-d(b4o4 + b4°4 + b404) + AS?_.Iz + B(SxIx + Sny) +

2

cep2 U1 2 _
+Q[I5 - FI(I + 1)) + Q"[I, - I

]. (4.11)

In eq. (4.11), Hg is the Bohr magneton, and the 0]2‘ are spin
operators, as defined by Abragam and Bleaney [l1]. A rigorous
LSF procedure [76, 77], utilizing numerical diagonalization

of the S.H. matrix on a digital computer, in which all

2+

clearly-resolved allowed Mn line positions, observed for

several orientations of B in its 2X plane, vere
0
2!
A and B. (The parameters Q' and Q" could not

simultaneously fitted to evaluate the nine SHP g, 9 b

2 o 4
2' 74! 4’
be determined, since the allowed line positions do not

J.’

b2, b bi, b

depend upon them, to first-order in approximation.) The
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errors of the parameters were determined by the use of a
statistical method [79]). Finally, a total of 140 1line
positions were used to evaluate the nine SHP. This included,
generally, all the six lines of each of the first, second,

fourth and fifth hf sextets for each of the orientations of

0 0

B close to, and including, the 2 axis (at Oo, 2, 4°, 6°, 8
and 10° from Z axis), and all the six lines of each of the

first and fifth hf sextets for each of the orientations of B

0 0

close to, and including, the X axis (at 0°, 27, 4°, 6 and

80

from X axis). (Here, the sextets are referred to in
increasing values of the Zeeman field, i.e., the first hf
sextet lies at the lowest values of B, while the fifth hf
sextet lies at the highest values of B.) The values of the
SHP, so evaluated, are listed in Table 4.1, which also
includes, the SHP reported by Abdulsabirov et al. [51] and
by Shrivastava ([52]. As for the absolute signs of the
parameters, they could not be determined from the present
data, since no relative-intensity data were available at
LHT. The sign of bg was, then, assumed to be positive. The
signs of the other fine-structure parameters, relative to
that of bg, as yielded by the LSF procedure, are correct.
The signs of the hf parameters A, B were chosen to be
negative, in accordance with the hyperfine-interaction data
[80].

Although the values of the SHP as evaluated presently

are for an+ center I, those for center II are expected not
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2+

Table 4.1 RT Mn SHP in AS crystal. The unit for b?, A and

2 2

. nh is the number of

B values is GHz, while that for x“, GHz

lines fitted simultaneously. For the data of Abdulsabirov et
al. [51] and Shrivastava [52], xz are as calculated using

their reported parameters and the line positions observed

presently.

Parameter Present Ref. [51] Ref. [52]
9, 2.0014 * 0.0004 g, = 2.0009 g = 1.9959
9, 2.0176 ¢ 0.0079 g, = 2.0009

g, = 2.0014

b3 2.153 + 0.003 -2.183 1.454
b2 -0.714 t 0.027 1.108 ~0.717
by 0.001 * 0.001 0.008 -0.006
b2 0.699 + 0.045 0.000 —_
b;  -0.281 £ 0.180 0.039 —
A -0.258 * 0.003 0.259 -0.256
B -0.281 ¢ 0.003 0.263 -0.250
c — 0.263 _

x%/n 0.003 0.096 3.064

n 140 140 140
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to be much different from these, because of the very close
proximity of the environments of the two centers, as

discussed in Chap. V below.

v.3 Ga>* in NH,Pr(S0,) ,-4H,0

2
A S.H., appropriate to monoclinic symmetry, with the

two-fold axis C, | 2, was chosen to fit the EPR 1line

2
positions of ca3* in APST. This is consistent with the site
symmetry, since the Z axis, as discussed in Chap. II, lies
along the local “C4v" axis, which is oriented very close to
the crystal C2 axis (b axis). (In the previously reported
EPR studies on Gd3+-doped isostructural ACST, ANST and ASST
[65, 66, 67], an incorrect S.H., applicable to orthorhombic

site symmetry, was used.) Accordingly {1, 81],
_ m.m
® = uglg,B,S, + g (BS, + Bysy)] + m_g +2(1/3) bo, +
=0,%

+ b (1/60) b?o? + ) (1/1260) bgom ,
m=0,+2, t4 m=0,%2,%4,%6

(4.12)

In eq. (4.12), dyr 9, and b? are the SHP. [The monoclinic

S.H. appropriate to c, ® and ¢, 1 ¥ [81], where the

2
negative (for C2 ] ?) or positive (for c2 ] 7) odd-m o?
terms instead of negative even-m 0? terms (for C2 ] ?) in
eq. (4.12) were included, as well as a S.H. for orthorhombic
symmetry (81), which did not include any positive or

negative odd-m, or negative even-m 0? terms needed to
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represent the monoclinic symmetry, were also used to fit the
EPR 1line positions; however, they gave much 1larger
least-squares x2 values, and thus were excluded.]

A rigorous LSF procedure (76, 77), in which all
clearly-resolved ca®? allowed 1line positions, observed for
several orientations of B in the 2X and XY planes, were
simultaneously fitted to evaluate the 17 SHP, g, 9, and b?.
Finally, a total of 154 line positions were used to evaluate
the 17 SHP; they are listed in Table 4.2. As for the
absolute signs of the parameters, they could not be
determined from the present data, since no
relative-intensity data are available at LHT; because at
LHT, the crystal is in a different phase (Chap. VI). The
sign of bg was, then, assumed to be positive, which is
consistent with the results of the superposition-model
calculation (Chap. V). The signs of the other fine-structure
parameters (b?), relative to that of bg, as yielded by the
LSF procedure, are, of course, correct.

It was not possible to evaluate the SHP below the
phase-transition temperature 266 K (Chap. VI), since the
orientations of the magnetic axes changed below 266 K, and
experimental arrangement did not permit variation of the
magnetic field orientation in the magnetic 2X, XY planes at
low temperatures, to provide the EPR 1line positions,

required for the evaluation of SHP.



Table 4.2 RT GA>Y SHP in the APST single crystal. For other
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details see the caption of Table 4.1.

parameter value parameter value
g, 1.9950 % 0.0004 b 0.0006 ¢+ 0.0005
g, 1.9948 * 0.0004 b2 0.0001 * 0.0034
bJ 0.3469 * 0.0009 be -0.0215 + 0.0060
b2 -0.0003 * 0.0013 bS 0.0075 ¢+ 0.0054
b, 0.0914 * 0.0041 by -0.0796 + 0.0043
bY  ~0.0087 * 0.0004 by -0.0085 * 0.0001
b2 ~0.0002 * 0.0020 bg® 0.0176 * 0.0069
b  -~0.0284 * 0.0022 154
by, 0.0328 * 0.0049 2 /n 0.0037
b 4 0.0014 * 0.0032

o>
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.4 vo?t in M(NH,),(SO,), 6H,0 (M = cd, Mg, Zn, Fe, Co)
and Mg(ND,),(SO,), 6D,0
For vo?t ior: the effective electronic spin s = 1/2 and

its nuclear spin I = 7/2. The S.H. characterizing the vo?t

ion in the Tutton salts, without the assumption, which was

made in previous studies [82, 83), of axial symmetry or

coincidence of the principal axes of the §° and A% tensors,
can be expressed as [1]:
® = uB§-§-§ + 8A-T + '§-2’\L-1’L . (4.13)

In eq. (4.13), the successive terms represent electronic
Zeeman, hf interaction and SHF interaction with the 1ligand
protons, respectively, while A, A' and I, are, respectively,
the hyperfine-interaction matrix, the SHF matrix and the
resultant spin (= 2) of the four ligand protons. In the case
of Mg(ND4)2(SO4)2-6020 (MDSD) the third term does not apply
because there are present no ligand protons. In eq. (4.13),
the quadruple-interaction term has been omitted, as it has
negligible effect.

The principal values of the g° (= g§1-g: T denotes

2 (= AT.Z) tensors were

transpose of a matrix) and A
evaluated by the use of a LSF procedure (78], applicable to
the cases with non-coincident §2 and il tensors. In summary,
a total of 384 allowed hf line positions (averaged over SHF

splitting in the cases of CASH, MASH and ZASH), observed for
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the V02+ complex for any V02+

ion (I or II), were fitted
simultaneously to evaluate the principal values of the § and
A matrices and their direction cosines, which are the
eigenvectors of the respective matrices. [It should be noted
that the principal values of g and A matrices are the square
roots of the principal values of §° and A° tensors witn the
same direction cosines.] The values so obtained, for the two

VO2+

ions, are listed in Tables 4.3, 4.4, 4.5, 4.6, 4.7 and
4.8 for CASH, MASH, ZASH, FASH, COASH and MDSD,
respectively. The absolute signs of the principal velues of
A have been assumed to be negative in accordance with those
determined by Muncaster and Parke [84]. At temperatures
below 123 K, SHF splitting for CASH, MASH and ZASH was not
observed because a low-Q cavity was used; thus no averaging
of line positions was necessary in order to estimate g aad
A. It is seen from Tables 4.3, 4.4, 4.5, 4.6, 4.7 and 4.8
that the principal axes for the §2 and 52 tensors are almost
coincident, for all the samples. The present values of SHP
of VO2+ in CASH, MASH, 2ASH, 2ZASH, COASH and MDSD are
temperature independent to within 1% for principal values of
g and to within 3% for principal values of A. This
temperature independence is typical of vanadyl complexes,
whose EPR spectra are characterized by an axial symmetry of
the ligand field with small distortion, as revealed by the
slightly unequal principal values A_, and A_, of the

X Y
hyperfine-interaction matrix, A. The previously-reported
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Table 4.3 . >rincipal values and direction cosines of the g
and A matrices of V02+-doped CASH single crystal. The
principal values of g are dimensionless, while those of A
are expressed in GHz. The direction cosines of the §2 tensor
(X', ¥, 2') are given with respect to the X, Y and Z axes

2 tensor (X”, Y¥”, 2”) are

(Fig. 2.2), while those of the A
expressed relative to (X', Y, Z’). The numbers in brackets

are those reported by Satyanarayana et al. [75].

Ion Principal Values Direction Cosines

Temperature (K) z2/2’ X/X' Y/ vy’

295 1 g, 1.9363+0.0020 (1.947) 0.7399 -0.6500 -0.1734

g, = 1.9810£0.0020 (1.999) -0.6550 0.7548 0.0348
gy = 1.984720.0020 (1.992) 0.1535 0.0879 0.9842
A, = -0.5343$0.0050 (0.5178) 0.9973 0.0421 0.0595
A, = -0.21590.0050 (0.2068) -0.0538 0.9761 0.2106
A, = =0.1997£0.0050 (0.2007) 0.0493 0.2132 -0.9758
I1 g, = 1.9422£0.0020 (1.945) 0.2660 0.6560 -0.6941
g, = 1.9800:0.0020 (1.998) -0.3179 0.7674 0.4829
gys = 1.9846%0.0020 (1.993) 0.9101 -0.0924 0.4034
A, = -0.5358:0.0050 (0.5172) 0.9962 =0.0742 -0.0742
A, = -0.2189%0.0050 (0.2069} -0.0356 0.9920 0.1214
A, = -0.2028%0.0050 (0.2008) 0.0790 -0.1183 0.9898

yll




Table 4.3 (continued)

75

80 I g, = 1.9481%0.0020 0.7405 ~0.6200 -0.2771
Iyr = 1.9961%0.0020 -0.6660 0.7574 0.0530

gy, = 1.99440.0020 0.0668 0.2741 0.9594

Az” = =0.5328:0.0050 0.9988 -0.0046 0.0484
Ax” = =0.222420.0050 -0.0162 0.9698 0.2432
éX” = :8.202110.0050 2:2}5{ 0.2437 -0.9688
oy, < rewssoame 5 oL o e
Iyr = 1.994820.0020 -0.3441 0.7868 0.4124

gy, = 1.9940£0.0020 0.9303 -0.3394 0.13¢0

Az” = -0.5607£0.0050 0.9863 0.1632 ~0.0233

Ax” = =0.2191*0.0050 -0.0763 0.9774 0.1129
Ay" = -0.1983120.0050 0.1461 -0.1000 0.9820

4.2 I g, = 1.9384:0.0020 0.6851 -0.6838 -0.2511
9y = 1.999320.0020 -0.7282 0.6344 0.2592

gy, = 1.989420.0020 0.0179 0.3604 0.9326

AZ” = =0.551420.0050 0.9975 0.0431 0.0556

Ax” = =0.,2337£0.0050 -0.0480 0.9948 0.0903

P TOSO0S0 | 00514 0,027 7099
-;;-;zr-= 1.9418£0.0020 0.3869 0.6238 ~-0.6821
9y = 1.9902%0.0020 -0.2186 0.7756 0.4180

gy, = 1.9918:0.0020 0.9377 -0.2181 0.1875

Az” = -~0.55850.0050 0.9829 0.1836 -0.0109

Ax” = «0.2397£0.0050 -0.0109 0.9763 0.2235

A = =0.1949+0.0050 0.1812 -0.2286 0.9380

yll
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Table 4.4 Principal values and direction cosines of the g
and A matrices of ‘V02+-doped MASH single crystal. These
values are the same at all temperatures in the 4.2 -~ 295 K
range. The numbers in brackets are those reported by Jayaram

et al. [83]). For other details see the caption of Table 4.3.

Ion Principal Values Direction Cosines

2/2’ X/X'’ Y/y’

1.9424+0.0020 (1.9420) 0.8666 0.4906 =-0.0909

L)
Q

N
]

9y = 1.9826+0.0020 (2.0062) -0.4940 0.8182 0.2940

gy, = 1.9859%£0.0020 (1.9875) 0.0698 0.2997 0.9515
Az” = -0.5226%0.0050 (0.562) 0.9954 -0.0209 0.0935
Ax” = =0.2216%0.0050 (0.220) -0.0593 0.9724 0.1724
AY" = -0.2072i2:22§0 (8.225) -9.?Zii_-g;£z%4 -0.9783
;I-;zj-= I.9384i0.0028-?1.9;;2) 0.1647 0.5426- -O.;;;I-

Iyr = 1.982710.0020 (2.0025) 0.2389 0.7888 0.5665

gy, = 1.98620.0020 (1.9972) 0.9570 -0.2902 0.0004
Az” = =0.531910.0050 (0.554) 0.9989 0.0420 -0.0224
Ax” = =0.222910.0050 (0.221) -0.0421 0.9991 0.0051
A, = =0.1942t0.0050 (0.248) ~0.0223 -0.0061 0.9997
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Table 4.5 Principal values and direction cosines of the g
and A matrices of V02+-doped ZASH single crystal for ions I
and II. These values are the same at all temperatures in the
4.2 - 295 K range. The numbers in brackets are those
reported by Borcherts et al. [20]). For other details see the

caption of Table 4.3.

Ion Principal Values Direction Cosines
z/2’ X/X' Y/y'

I 9,/ = 1.938420.0020 (1.9331) 0.4582 0.8011 0.3852
Iyr = 1.9854+0.0020 (1.9813) =-0.8107 0.5543 0.1884
gy, = 1.9742%0,0020 (1.9801) 0.3644 0.2260 0.9034
Az” = -0.5648%£0,0050 (0.6081) -0.9974 0.0248 0.0677
Ax” = -0,2881*0,0050 (0.2381) =0.0406 0.9692 0.2429
Ay” = =-0,172420.0050 (0.2420) 0.0596 <0.2450 0.9677

II g, = 1.9315+0.0020 (1.9361) 0.5299 0.2297 0.8164
gx, = 1.9821%0.0020 (1.9808) =0.7609 -0.2964 0.5773
gy, = 1,9884%0.0020 (1.9797) 0.3745 -0.9271 0.0177
Az” = =-0.5343%0.0050 (0.6096) 0.9948 0.1234 0.1221
Ax” = -0,2588%20,0050 (0.2370) =0.1423 0.9767 0.1608
A = -0.1676%0.0050 (0.2420) 0.0993 0.1758 -0.9794
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Table 4.6 Principal values and direction cosines of the g
and A matrices of vo2% in FASH single crystal for the ions I
and II. The numbers in brackets for the principal values are
those reported by Upreti and Saraswat (82)], who assumed 9y
= gy, =g, and Ax” = Ay” = A, (RT). For other details see
the caption of Table 4.3. ;

Ion Principal Values Direction Cosines

Temperature (K) /2 X/X’ Y/Y' :
295 1 g9, = 1.936420.0020 (1.941) 0.7400 0.6499 ~0.1734

9y = 1.9809%0.0020 (1.990) -0.6550 0.7549 0.0345

gy, = 1.9846:0.0020 (1.990) 0.1534 0.0880 0.9843

Az” = =0.534410.0050 (0.540) -0.9919 0.1124 0.0593

Ax” = -0.2136+£0.0050 (0.220) 0.1098 0.9930 =0.0446

A = =0.1813+0.0050 (0.220) 0.0639 0.0378 0.9972

yll

I

II 9, = 1.9371:0.0020 (1.941) 0.0408 0.7407 =-0.6707

Iyr = 1.980120.0020 (1.990) =-0.3309 0.6343 0.6904

Lie vy b e

gy, = 1.974120.0020 (1.990) 0.9428 0.1938 0.6904
Az” = =-0.5412:0.0050 (0.522) 0.9909 ~-0.0041 0.1347 :
Ax” = =0.2578:0.0050 (0.220) 0.0157 0.9963 =-0.0850 ;
Ay” = ~0.177620.0050 (0.220) 0.1339 -0.0864 =0.9872

- o e




Table 4.6 (continued)
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80 I 9, = 1.9363+0.0020 0.7452 0.6466 <-0.1630
Iyt = 1.9907:0.0020 -0.6514 0.7582 0.0292

gy, = 1.9868%0.0020 0.1425 0.0844 0.9862

Az" = =0.531820.0050 -0.9512 ~0.23967 0.0856

Ax” = =0.217420.0050 -0.2983 0.9545 -=0.0063

AY” = =0.1835+0.0050 0.0793 0.0314 0.9964

II g, = 1.9401:0.0020 0.0388 0.7407 -0.6707
9y = 1.9827:0.0020 -0.3319 0.6426 0.6906

gy, = 1.9661:0.0020 0.9425 0.1958 0.2708

Az” = =0.,5633%0.0050 0.9972 -0.0058 0.0742

Ax" = =0.2567%£0.0050 0.0155 0.9912 -0.1312

Ay” = =-0,2008%0.0050 0.0728 -0.1320 -0.9886

4.2 I g9, = 1.9364120.0020 0.7400 0.649% -0.1734
Iy = 1.9809£0.0020 -0.6550 0.7549 0.0345

gy, = 1.9846+0.0020 0.1534 0.0880 0.9843

AZ” = =0.5344%0.0050 -0.9972 0.0378 0.0639

Ax” = ~0.2136%0.0050 0.0446 0.9930 -0.1098

Axﬂ = ~0.1813%0.0050 0.0593 0.1124 0.9919

11 g,, = 1.923720.0020 0.0398 0.7413 -0.6699
Iy = 1.9769+0.0020 -0.3310 0.6423 0.6913

gy, = 1.9749%0.0020 0.9428 0.1942 0.2710

Az” = «0.523820.0050 0.9915 -0.0027 0.1303

Ax” = =0.2373%0.0950 0.0010 0.9999 0.0129

A, = -0.1570£0.0050 0.1303 0.0127 -0.9914
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Table 4.7 Principal values and direction cosines of the g
and A matrices of VO2+ in COASH single crystal for the ions
I and II. These values are the same at all temperatures in
the 120 - 295 K range. The numbers in brackets for the
principal values are those repcrted by Jayaram et al. [83].

For other details see the caption of 7Tahle 4.3.

Ion Principal Values Direction Cosines
z/2' X/X’ Y/Y’
I gz, = 1.9595+0.0020 (1.9381) 0.7400 0.6499 =0.1734

9yr = 1.9960x0.0020 (2.0007) =-0.6550 0.7549 0.0345

gy, = 1.9972+0.0020 (1.9902) 0.1534 0.0880 0.9843
Az” = -0.533410.0050 (0.546) -0.9974 0.0248 0.0677
Ax” = -0.1946+0.0050 (0.215) -0.0406 0.9692 0.2429
Ay” = -0.1780£0.0050 (0.229) 0.0596 =-0.2450 0.9677

I1 g, = 1.9533+0.0020 (1.9361) 0.2566 0.6593 0.7067

9y = 1.9847+0.0020 (2.0009) 0.2968 0.6421 -0.7068

gy, = 1.,998810.0020 (1.9906) -0.9198 0.3911 -0.0309
Az” = -0.510610.0050 (0.549) 0.9948 0.1234 0.1221
Ax" = -0,253020.0050 (0.215) -0.1423 0.9767 0.1608
A, = -0.165810.0050 (0.220) 0.0993 0.1755 <=0.9794
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Table 4.8 Principal values and direction cosines of the g

and & matrices of Vo2’ 2+

in MDSD single crystal for the VO
ions I and II. These values are the same at all temperatures
in the 113 - 410 K range. For other details see the caption

of Table 4.3.

Ion Principal Values Direction Cosines

z/2' X/X’ Y/Y'

I g, = 1.9461 + 0.0020 0.7407 -0.6707 0.0388
gx, = 1.9827 ¢t 0.0020 -0.6426 -0.6905 0.3319

gy, = 1.9861 * 0.00620 0.1958 0.2708 0.9425

Az' = ~0.5321 ¢+ 0.0050 0.9972 -0.0057 0.0742

Ax, = -0.2240 ¢ 0.0050 0.0155 0.9912 ~0.1312

Ay’ = ~0.1953 & 0.0050 0.0728 -0.1320 ~0.9886

II 9, = 1.9391 ¢ 0.0020 0.0887 0.2905 ~0.9528
Iyr = 1.9820 ¢t 0.0020 0.3386 0.8908 0.3039

gy, = 1.9861 £ 0.0020 0.9358 -0.34958 0.0194

Az’ = =-0.5328 * 0.0050 0.9998 0.0009 0.0122

Ax' = -0,2230 * 0.0050 ~-0.0025 0.9897 0.1431

A = ~-0.2053 t 0.0050 0.0121 0.1432 ~0.9898
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parameters [20, 75, 82, 83), determined at RT only, are also
included in Tables 4.3, 4.4, 4.5, 4.6 and 4.7 for
comparison. The principal values and direction cosines of g

2+

and A matrices for VO in MDSD were found to be the same as

those in MASH. (No parameters have been reported for
V02+-doped MDSD.)
Specifically, it is seen from Table 4.5 that the

2+

principal axes of the g2 and A tensors for Vo2’ in ZASH are

almost coincident; in particular, no significant "in-plane
anisotropy" (20, 85) exists, i.e., the principal X, Y axes
for §2 and 52 are, indeed, coincident. This is consistent
with the results of Strach et al. [85], and in disagreement

with those of Borcherts et al. [20]. Thus, the present study

has resolved the "in-plane anisotropy" controversy [15].

1v.5 cu®? in MNa, (SO,),-4H,0 (M = Mg, Co)

4

2+

The EPR spectra of Cu ion in MNST and CNST were

fitted to the following S.H. [1]:

# =y B-g3 + 817, (4.14)

where S (= 1/2) is the electronic spin and I (= 3/2) is the

2+ (for both 63Cu and 65

nuclear spin of Cu Cu isotopes).

The principal values of the g% and A tensors and
their direction cosines were evaluated by the use of a
least-squares fitting (LSF) procedure [77, 78); they are

listed in Tables 4.9 and 4.10. Since *he EPR line positions
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2+

of Cu in MNST and CNST did not change significantly with

temperature, the SHP for the two samples are almost

temperature independent. Further, it is seen from Tables 4.9

and 4.10 that the principal axes of the §° and A’ tensors

are coincident within the experimental errors.
It is also noted from Tables 4.9 and 4.10 that
although a little difference is seen in the direction

cosines of the g matrices, the principal values of the g and

-+

A matrices of Cu2 in MNST and CNST are extremely close to

each other. This can be explained in the same way as thet

2+ 2+

for VO in Tutton salts (Chap. XI), arguing that the M (M

= Mg, Co) ions are not the nearest neighbors of the impurity

2+

ion cu®’; thus, they play little role in determining the SHP

of Cu2+.
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Table 4.9 Principal values and direction cosines of the g
and A matrices of Cu2+-doped MNST single crystal at 113 K.
The corresponding values of SHP at RT are found to be the

same within experimental errors, except that the principal

63

values of A matrix are the average of those for Cu and

65cu isotopes. For other details see the caption of Table

4.3.
Principal Value Direction Cosine
Isotope 2/2' X/X! Y/y’
g, = 2.3991 % 0.0030 0.0510  0.2027 0.9779
g, = 2.1979 * 0.0030 0.7258 0.6651 -0.1758
g, = 2.0299 * 0.0030 =-0.6860 0.7187  -0.1132
650y A, = 0.4430 t 0.0060 0.9760 =0.0020 0.2176
A, = 0.2513 £ 0.0060 0.0097 0.9994 =-0.0034
Ay, = 0.2060 * 0.0060 -0.2174 0.0355 0.9755
83cu A, = 0.4202 t 0.0060 0.9999 0.0017 =-0.0024
A, = 0.2427 £ 0.0060 -0.0018 0.9988  =0.0499
A, = 0.1986 * 0.0060 0.0023 0.0499 0.9988




85

Table 4.10 Principal values and direction cosines of the g
and A matrices of Cu2+-doped CNST single crystal at RT. Here

the principal values of A matrix are the average for the

5cy isotopes, since the hf lines due to the two

isotopes could not be separated because of large Cu2+ EPR

63Cu and

linewidths observed in this host consisting of paramagnetic

ions. For the other details see the caption of Table 4.3.

Principal Value Direction Cosine

/2’ X/X’ Y/Y’

9,0 = 2.4023 £ 0.0030 0.0110 0.4282 0.9036
9y = 2.1926 * 0.0030 -0.3588 0.8452 -0.3961
g = 2.0256 £ 0.0030 -0.9334 -0.3198 0.1629

A_, = 0.3678 t 0.0060 0.9999 -0.0146 0.0060

A = 0.2363 * 0.0060 =-0.0153 <~0.9923 0.1233

A = 0.1679 * 0.0060 -0.0041 0.1234 0.9924
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CHAPTER V
POSITION AND LOCAL SYMMETRY OF IMPURITY IONS

v.1 Mn?" in (NH4)2804, Two Inequivalent Sublattices

V.l.1 Two an+ centers

According to Abdulsabirov et al. [51], when the Mn2*

L} +
ion replaces a NH4 4)2
-+

neighbor NH4 is displaced to create a vacancy for charge

ion in the 1lattice of (NH S0, (AS), a

compensation; this is referred to as type-1
charge-compensation mechanism [86]). Abdulsabirov et al. [51)
did not specify which of the NHZ ions, in the a or B
position, was replaced by Mn2+, reporting the observation of
only one Mn?* center, with four physically equivalent

orientations. However, in the present work, two physically

2+

inequivalent Mn centers were, indeed, observed (Figs. 3.2,

3.3 and 3.4). This can be understood as follows. There exist
two inequivalent, NHZ(I) and NHZ(II) , lons in AS as verified

by a neutron-diffraction experiment [41]). When a NHI(I) ion

2+

is replaced by Mn“" a different Mn®* center is created from

-+

that when the Mn2t jon replaces a NH:(II) ion. This is due

to the smaller space available around NHI(I) ion

2+

(x-position); the substitution of Mn for NHZ(I) causes

greater distortion of the coordinations with the surrounding

2+ substitutes for NHI(II)

ion. Assuming that the larger EPR linewidth of Mn2+ center

ligands than that caused when Mn

II is due to the more distorted coordination, it appears
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from the present experimental results that the Mn%* ion, in

center II, is in the a-position, which is surrounded by five

soi" ions, with the Bg-position left as a vacancy. The an"~

ion in center I, replaces a NH:(I) ion, which is in the
B-position, surrounded by six Soi- ions, forming a distorted
octahedron, with the «a-position 1left as vacancy. The
a-position can also be considered, equivalently, to be

surrounded by six so? ions, one of them Jlying a little

4
farther from the NHZ ion, as compared with the remaining
five soi“ ions. Therefore, the environments of the « and g
positions appear to be very close to each other.
Using the geometrical orientations of the Soi- ions
[48], and the assumption that Soi- ions, being heavier than
NHZ ions, are responsible for the occurrence of a

spontaneous strain (acoustic mode) in the AS crystal, it is

presently concluded that there also exist two inequivalent

soi' groups. This inequivalence may be <caused by a

hypothetical ferroelastic phase transition from hexagonal to
orthorhombic symmetry, which is expected to take place at a
temperature higher than 630 K in the AS crystal [39]. The

NHZ ions also respond to this hypothetical transition,

resulting in the creation of two inequivalent, a« and B8,

cations. It is, therefore, 1likely that the two inequivalent

2 2+
4

the creation of two different Mn2+ centers in AS.

S04~ groups, which ligand to Mn ions, are responsible for
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V.1.2 Two Inequivalent Sublattices

2+

It is likely that the Mn centers I and II belong to

two inequivalent sublattices. Different EPR linewidths, and

different temperature dependences of the EPR spectra for the

2+

two Mn centers (Chap. VI), imply different distortions and

different dynamic behaviours of these two sublattices. This

conclusion is a logical consequence of the presence of two

crystallographically-inequivalent NHZ ions in the unit cell,

which implies that there also exist two sets of inequivalent

Soi' ions in the lattices of AS, since the two a- and B-NHZ

groups are surrounded by different soi

existence of two inequivalent sublattices in AS has also

groups. The

been proposed from temperature dependence of the reported
spontaneous polarization, and softening of a coupled-lattice
vibration mode by Fujimoto et al [59]. As for the EPR
studies on AS, the two-sublattices model was proposed only

from the EPR of SeO. ions in AS, namely, from the

3
observation of two inequivalent Seog ions, which substitute
for the S02~ ions, by Fujimoto and Jerzak [58].

4

V.2 ca’t in NH4Pr(So "4H,0, A Superposition-model

4)2
Calculation

As mentioned in Chap. III, a ca3? ion enters the site

of a Prot ion in APST substitutionally. It is noted that the

value of the zero-field splitting parameter bg of ca*t in
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APST (-~ 0.35 GHz), which is about the same as those in the
isostructural ACST, ANST and ASST hosts ([65, 66, 67], is
much smaller compared to those in other host crystals, e.g.

bl = 2.4 = 2.6 GHz in Livb ¥, F, (x = 0.0 - 1.0) [87] and

1-x
Ib)l = 0.7 - 0.8 GHz in RF, (R = ILa, Ce, Pr, Nd) ([88).
Buckmaster et al. [65, 66, 67] suggested that a lower
symmetry would lead to a larger value of bg, which is in
disagreement with the present case of a local symmetry lower

than C at the ca>t ion, for which the value of bg is

4v
rather small.

The presently-estimated small wvalue of bg can be well
explained by the superposition model of Newman [88, 89)]. 1In
the superposition model, the SHP (bg') can be expressed as

linear combinations of single-ligand contributions via the

intrinsic parameters BB(RO)' as follows:
m = m
bz = E be(Ri) Kﬂ(ei'¢i)' (5.1)

where

- - t

By(R;) = By(Ry) (Ry/R;) ~ (5.2)
In egs. (5.1) and (5.2), (Ri' ei, ¢i) are the coordinates of
ligand i, and Ry is a particular reference bond length,
which has been presently chosen to be 0.2499 nm, namely, the

3

length of the Pr>'-0(2) bond. The Kj(6,4) are angular

functions. Specifically [89],
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(3 cos®s - 1)/2,

0
X, (6,9)

K3 (6,8) = (35 cos'® - 30 cos®e + 3)/8,

(35 sinte cos4¢)/s.

4
K} (6,9)

For an APST crystal, one takes into account the nine
ligand-oxygen ions, forming a distorted-monocapped square
antiprism (Chap. II), being the nearest neighbors to the

Gd3+ 3+

ion, which substitutes for a Pr ion (Fig. 2.4a). In
the absence of crystal-structure data for APST, the values
of (Ri,ei,¢i) for APST can be calculated from the reported
crystal-structure data for the isostructural ASST (63], by

the use of Vegard’s law [90). Finally,

B,(R.) = bV R./R K K" (o 5.3
e(Ro) = B, /1T (Ro/Ry) * Kj(85, 0;)1. (5.3)

The intrinsic parameter 52 and value of t2 can now be
determined, according to the following procedure [88). For a

chosen value of t., one can determine b, in two ways. (a)

2
from eq. (5.3), for APST one has

2

B.(R.) = b2 R./R ©2 k% (s 5.4
2(Ro) = b3/ [T (R/Ry) * X3(65, 6:)1. (5.4)

(b) If the relation (5.2) is indeed true it should be

possible to express SZ(RO) for APST in terms of that for the

3+

Gd ion, denoted as 52(Gd), in the isostructural

NH4Gd(SO4)2-4HZO lattice, in which ca3* ions are the host
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ions. The required value of bg (= 0.380 GHz) for ca’t in
this concentrated crystal was obtained since bg is linear in
host-ion radius [88]. Thus one has

. = Gd,. T2

b, (Ry) = b,(Gd) (R, /Ry) (5.5)

where Rgd (= 0.229 nm) is the length of the Gd3+-0(2) bond

in the unit cell of the NH4Gd(So4)2-4H20 crystal ([63, 88].
The values of 52 as determined from egs. (5.4) and (5.5) are
referred to as Sz(A) and BZ(B), respectively. In order to

find the best b. and t. values for APST, the minimum of the

2 2
function

E(t,) = [b,(A) - b,(B)1/b,(B) (5.6)

was computed. Finally, the values of 52 and t, turned out to

be

52 = -4.85 GHz and t, = 9.5t 1.0,

The intrinsic parameter 52 calculated here for Gd3+ in APST
is very close to those calculated for ca®t in LiYb Y, F, (x

= 0.0 - 1.0) [87) and RF R = La, Ce, Pr, Nd) [88]). The t2

5 (
value determined here is close to that found for RF3 (t2 =
9) [88]. It is to be noted here, in particular, that the
sign of the presently-calculated value of 52 is negative,
the same as those in some other hosts, for which the sign of

resulting bg has been determined to be positive from

relative-intensity data at LHT [87, 88]. This fact supports
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the present assumption of a positive absolute sign for bg in

Chapter IV [89].

As for the value of the intrinsic parameter 54 (
0.020 GHz), it was estimated using only tbhe value of bg (=
-0.0087 GHz), since the use of b? with m # 0, requires the

exact values of ¢i' which are not available. b, was found to

4

increase slowly with the increase in the value of t The

4"
corresponding value of t4 was found to be 27 * 1, which is
much larger than 14, the value calculated for RF3 (88], and
still much larger than that in the range 5 -~ 8 as calculated
for MeF2 hosts (Me = ¢4, Ca, Sr, Pb, Ba) [91]. The value of
t, for APST was, however, calculated without considering any
distortions of the positions of the ligand oxygen ions,
which are likely to be caused when a ca3* ion substitutes
for a Pr3+ ion, since the two ions possess different ionic
radii. In the absence of any knowledge of what these
distortions are, some simple distortions were considered in
order to see the effect on t4. For example, rather small,
and same increases, by A8 in the value of each of the nine
angles 84 for the oxygen ions, yields the t4 values to be
15, 11, and 2 for A6 equal to 1.50, 2° and 5°. respectively.
This means that the same small increase in the values of all
e, by 86 = 1.7° yields a t, = 14 which is consistent with
those for RF, and MeF2 hosts.

Finally, a small absolute value of bg is quite

plausible if one realizes that the different angular factors
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K?(ei,qbi) in eq. (5.1) for various oxygen ligands partially
cancel each other for the nine-fold coordinated Gd3% ion in
APST. The same considerations should apply to the

isostructural Gd3+-doped ANST, ASST and ACST host crystals.

2+ .
V.3 VO in M(NH4)2(SO4)2-6H20 (M = Cd, Mg, 2n, Fe, CoO):

Model of [VO(H,0).1%* Complex

The model of [VO(H20)5]2+ complex [20] explains well
the features of the EPR spectra for V02+-doped CASH, MASH,
ZASH, FASH and COASH crystals. The site of an M?t ion in
M(NH4)2(SO4)2-6H20 (M = Cd, Mg, Zn, Fe, Co) is the most

2+

probable site for substitution by a VO ion, both being

doubly ionized. The vo?* ion enters the lattice to

2* jon and to form a [VO(H20)5]2+

substitute for an M complex
with its nearest-neighbors (Fig. 5.1), which possesses a
tetragonally-distorted octahedral symmetry. The two observed

groups of symmetry-related EPR 1lines are due to two

symmetrically-oriented [VO (HZO) 5] 2+ complexes. The
orientation of the principal Z axis of the §2 tensor for any
VO2+ complex is expected to be along its V4+-02- bond [20,

92]. Using the direction cosines (Tables 3.3, 3.4, 3.5, 3.6
and 3.7) and the crystal-structural data, the principal 2

axes of the g2 tensor are found to be almost parallel to the

2+
H,0(8)

2+

M2+-H20(7) direction for ion I, and to the M

2+

direction for ion II. When a VO ion substitutes for an M

ion in a M(NH4)2(SO4)2-6320 lattice, it expels one of the
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2+

Fig. 5.1 Orientations of the VO“ ions with respect to the

2+
5]

[VO(HZO) complexes, in the CASH, MASH, ZASH, FASH and

COASH lattices: (a) octahedral coordination of water

2+ 2

molecules around M ion, (b) v4+-o ~ bond orientation for

4%*_02" pond orientation for ion II. (It is

ion I, and (c) V
noted that the maximum SHF splitting occurs when B is along

the V4+-02- bond.)
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H20(7), or H20(8), or H20(9) molecules, forming the

so-called [V0(1~120)5]2+ complex [20], whose geometrical axis,

2-

i.e., the 1line joining the V4+ and O ions, is oriented

along the direction previously formed by the M2+—H20(7) pair

2

for ion I, and by the M +-H20(8) pair for ion II. (Jayaram

et al. [83] suggested, incorrectly, that the axis of the

2+ ion II was along the M2+-h20(9) direction for MASH and

VO
COAGH.) The orientations of '3, for which the maximum SHF
splitting occurs, i.e., X and XB' also support this
contention, as discussed in Chap. VII below. There is a
finite, though small, probability, in agreement with the

2+ ion (ion III in the present

2+

experimental data, for a VO

case) to orient itself along the M

M2+-H20(9) distance 1is the smallest of the three,

M2+-H20(i), i =17, 8,9, distances. As for a vo?'-doped MDSD

-H,0 (9) direction; the

crystal (Table 3.8), replacing H20(i) by Dzo(i) to form a
[VO(D20)5]2+-complex does not change the orientations of

4+_.2

v*7-0“" pbonds (Chap. 1IV).

v.4 cu?t in MNa, (S0,),"4H,0 (M = Mg, Co), Jahn-Teller

Distortion

From <tThe crystal structure of MNST and CNST, it
appears that the site of an M2+ (M = Mg, Co) ion, the center
of M02(320)4 complex, is the most probable site for

2+

substitution by a Cu ion, forming a Cuo2 (H20)4 complex.

Sastry et al. [121] concluded, from the EPR study of
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Cu2+—doped ZNST, that the orientation of the maximum

principal value of the g matrix, g,, is along the

Zn2+—H20(1) direction. The presently-determined direction

cosines of § matrices for both MNST and CNST (Chap. 1IV) do
not suggest a correlation between the orientations of the
principal axes of g matrices and the bond directions in the
Moz(H2°)4 complex of the MNST and CNST crystals. Similar

considerations apply to ca’* in ZNST host [(120].

2+ 2+

When a Cu

ion substitutes for an M ion to convert

a MOZ(H2°)4 complex to a CuOZ(Hzc)4 complex, it introduces a

local distortion due to the difference in the ionic radii

2+ 2+ 2+

between M and Cu ions. Further, the Cu ion, being a

Jahn-Teller ion, causes an additional distortion, which is
referred to as Jahn-Teller effect (JTE) (Chap. X). Due to
distortions, the three principal values of the g matrices of
Cu2+, in both MNST and CNST, are all different from each
other at room and lower temperatures (Chap. IV), indicating

a lower symmetry of the Cu2+

complex [i.e., Cuoz(H20)4
complex], namely, orthorhombically-distorted octahedral

symmetry.



CHAPTER VI
STUDY OF PHASE TRANSITIONS

VIi.1l Ferroelectric Phase Transition in (NH4)2804

2

VI.1l.1 Temperature Variation of Mn * EPR Spectra

Fig. 6.1 exhibits the variation of the highest-field
line position of the highest-field hf sextet corresponding
to center I, as well as that of the lowest-field 1line
position of the highest-field hf sextet corresponding to
center II, for the orientation of the external magnetic
field B in the ab plane, 25° away from the a-axis, in the
113 - 398 K temperature range. (These hf 1lines are
particularly chosen, because they are not flanked by other
lines, and are easy to identify.) It is clearly seen from
Fig. 6.1 that, as the temperature is decreased, the 1line
positions corresponding to center I show an abrupt jump to
higher magnetic fields at Tc = 223 K, thereafter, each line
splits into two lines below T characterizing a first-order
phase transition of the sublattice of AS crystal, to which
it belongs. On the other hand, the 1line positions
corresponding to center II do not at all undergo any jumps
at Tc, as the temperature is decreased, each of thenm
experiences only a splitting into two lines below Tc; this
indicates a second-order phase transition of the sublattice
of AS, to which center II belongs. Further, as seen from

Fig. 6.1, the splittings of the 1lines corresponding to
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Fig. 6.1 Temperature variation of the highest-field and the

lowest-field hf EPR line positions for the highest-field hf

2+

sextets for Mn centers I and II in AS, respectively, from

113 K to 398 K, for B in the ab plane, 25° from the a-axis.
At T, = 223 K, a jump of the line position for center I and
a continuous change of 1line position for center 1II, are
clearly exhibited. As wel! wunusual crossing of split lines

2+

for Mn center I at 147 K is clearly visible.
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center I exhibit a unique feature pever reported previously:;
the 1line splittina first increases with decreasing
temperature below Ter then it starts to diminish, finally
becoming zero at about 147 K. It splits again below 147 K in
the opposite direction. This feature is not exhibited by the
splitting of the EPR lines, which correspond to center 1II.
Fig. 6.2 exhibits detailed EPR spectra for B in the ab
plane, 25° from the a axis, over a temperature region,
including Tor confirming the conclusions drawn from Fig.
6.1. Another feature that is apparent from Fig. 6.2 for
center I, is that at 223.5 K (just above Tc), some weak
lines of the ferroelectric phase, that exists below T, are
also observed, although the EPR lines of the paraelectric
phase, that exists above Tc’ are dominant. This indicates a
coexistence of the paraelectric and ferroelectric phases
just above T.- Fig. 6.3 displays a detailed temperature
dependerce of the EPR spectra for B in the ab plane, 25°
from the a axis, over a temperature region including 147 K;
the EPR lines corresponding to center I show crossing of
split lines, in accordance with that exhibited by Fig. 6.1.
On the other hand, the 1lines corresponding to center 1II
continue to remain split, without reversing their splitting,
or crossing, at all temperatures below Tc.
Variable-temperature EPR measurements were made for
the orientaticn of B in the bc and ac planes also; similar

results to those observed for the orient.tion of B in the ab
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Fig. 6.2 EPR spectra for the highest-field Mn sextet in

AS single crystal, in the temperature range, covering Tc =
223 K, for B in the ab plane, 25° from the a-axis. IA and IB
indicate the spectra from the two sub-sublattices to which

center I belongs below T_ i the same applies to II, and 115

for center 1I.
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Fig. 6.3 EPR spectra, for the highest-field Mn2+ hf sextet

in AS single crystal in a temperature range covering 147 K,

for B in the ab plane, 25° from the a-axis. Mn2+ center I

exhibits an unusual crossing of split lines at 147 K, as
indicated by the relative positions of the solid circles
identifying the 1lines corresponding to center I on the
highest-field side. I, and Ig indicate the spectra from the
two sub-sublattices to which center I belongs below Tc: the

same applies to IIA and IIB for center II.
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plane were found, except for the fact that no crossing of

split lines was observed below Tc for any Mn2+ center.

VI.1l.2 Critical Exponents

For both the centers I and II, the critical exponent g8
is presently found to be 0.49 * 0.03 from the line splitting
(AB), in the region (0 < (Tc- T) < 10 K). This is clear from
Fig. 6.4, exhibiting 1log-log straight-line plots of AB
versus (Tc - T), the slopes being B. The result for center
II is in agreement with the that reported by Misra and
Shrivastava [53)], where a second-order transition was
considered, while that for center I it is in agreement with

that reported by Bhat et al. [61] for Croz--doped AS crystal

3=

for the CrO4

center, which undergoes a first-order phase

transition.

VI.1.3 Scaling Law and Rushbrooke Inequality

There exists a relation, (a + 2B + 7) = 2, involving
the critical exponents a and ¥ for T > T, and B for T < Teor
referred to as a scaling law (11]. It is interesting to
examine the fulfillment of this law for AS. The value of
critical exponent B is determined presently to be 0.5. The
critical exponents o and 7y are defined, for T > Ter from the
relations C « (T - Tc)-“ and ¥ « (T ~- Tc)-w, where C and ¥
are specific heat and susceptibility, respectively (93]. For
the AS crystal, 7 has been reported to be - 1.0 [70]). As for

«, it has been determined by Hoshino et al. [36], to be
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Fig. 6.4 Log-log plot of the temperature dependence of the

line splitting, AB, for Mn2t

centers I and II in AS, below
the ferroelectric transition temperature, Tc. The straight
lines show that AB « (T, - T)®, with g = 0.49 : 0.03 and T,
= 223 K, for both the centers in the range 0 K < (T, = T) <

10 K; this is consistent with Laudau theory [11].
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almost 0.0, for T > Tc' Thus, for AS, o + 28 + ¥ = 2, This
is in agreement with the scaling law. For T < Tc, there
exists only one inequality: o' + 28 + ¥’ 2 2, known as
Rushbrooke inequality [93]. Here the exponents a’ and ¥’ are
defined from the relations € « (T, - 7)™ and x « (Tg -
T)_T' [93]. For the AS crystal, ¥’ and «’ have been reported
to be ~ 1.0 [70], and - 0.2 [36], respectively. Thus for AS,
a’ + 2 + ¥’ = 2,2. This is in good agreement with

Rushbrooke inequality.

VI.1l.4 Mechanism of Phase Transition in (NH4)?_SO4

Unruh et al. [37]) concluded, from their measurement of
the spontaneous polarization, Ps, of AS, which changes sign
below 85 K, that P should not be treated as an order
parameter of phase transition, and, thus, considered the
transition to be ferrielectric, implying that the two
sublattices contribute differently to the resultant
spontaneous polarizations. Since P_, which is related to the
optical mode of 1lattice vibration, is not an order
parameter, some other mode must be responsible for the
occurrence of the phase transition. This other mode is
presently suggested to be the acoustic mode, related to the
existence of ferroelasticity in the paraelectric phase of
the AS crystal above Tc' The high value of the spontaneous
strain may cause additional crystal distortion, leading to

ferroelastic domains. This creates additional weak lines in
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the Mn2+ spectra at room-temperature in AS, over and above
those already mentioned. It is likely that the coupling to
the spontaneous strain (acoustic mode) is different for the
two sublattices. It is suggested presently that the

2+ center I belongs, which undergoes

sublattice, to which Mn
first-order transition, is strongly coupled to the acoustic
mode, while the sublattice to which center II belongs, which
undergoes second-order transition, is only weakly coupled to
the acoustic mode. This explains gqualitatively why these

2+

Mn ions which belong to different sublattices behave

differently at Tc. Bhat et al. [61] also noticed the
coexistence of discontinues (the same as that of center 1I)

and continuous (the same as that of center II), behaviours

3
4

they did not invoke the two-inequivalent-sublattices model,

of the EPR lines in CroO, -doped AS crystal at T.. However,
which would have provided the correct explanation of their
spectra.

2+ were measured for the two

The EPR linewidths for Mn
centers in the 113 - 398 K temperature range. Center II is
characterized by a slightly larger linewidth than that of
center I. The EPR linewidth for center I is 1.4 % 0.1 mT
above Tc' while it is 1.6 ¢+ 0.1 mT below Tc' on the other
hand, the linewidth for center II remains 1.7 * 0.1 mT at
all temperatures. The fact that only the 1linewidth

corresponding to center I experiences a change at 'I‘c

supports the contention that only one sublattice in &s,
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namely, the one to which center I belongs, is responsible
for the onset of ferroelectric phase transition; the other
sublattice, the one to which center II belongs, just follows
this phase transition.

The reversal of the sign of polarization, Ps, at low
temperatures, as observed by Unruh [37], can be explained as
follows. As the temperature is lowered below Tc' the
sublattice, to which center I belongs, splits further into
two sublattices with opposite polarizations; these
polarizations exhibit different temperature dependences. The
crossing of split lines for center I occurs when these two
polarizations are equal and opposite, i.e., at 147 K. (Fig.
6.3).

The two-inequivalent-sublattices model, as proposed
presently, is not the same as that postulated by Sawada et
al. [48], in which no further splittings of the sublattices
below Tc was predicted, contrary to the present finding for
AS, wherein each of the two sublattices, above Tc' splits
into two sub-sublattices below Tc' For, otherwise, the
observed polarization behavior below T, could not be
correctly explained, as discussed above. In the model
proposed presently, the soi' ions are also considered to be
inequivalent, contrary to the assumption of Sawada et al.
[48]). The Soi' ions play an important role in the splitting
of each of two sublattices, which exist above Tc' into two

sublattices below Tc. The effectiveness of soi’ ions in the
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ferroelectric phase transition has also been suggested by
Sawada et al. [39], and by Bhat et al. [61].

The present results and interpretation are similar to

3
ions in AS crystal. According to them, two inequivalent

those drawn by Fujimoto and Jerzak [58) from the EPR of SeO

centers of Seo; radical in AS belong to two coupled
sublattices; the EPR lines, above TC, of one center are very
strongly temperature dependent, while those of the other

almost temperat.ire independent.

V.2 First-order Structural Phase Transitions

in NH4Pr(SO4)'4H20

VI.2.1 Temperature Variation of EPR Spectra

EPR spectra were recorded, for B parallel to the RT Z
axis of one of the magnetically-inequivalent ca3t ions in
APST, in the 4.2 - 410 K temperature range. (Above 410 K the
crystal is destroyed due to dehydration.) Figs. 6.5a and
6.5b display, respectively, the temperature variations of
the overall splitting and linewidth of the EPR spectra.

(1) T > RT. As seen from Figs. 6.5a and 6.5b, the main
features of the EPR spectra remain the same at temperatures
higher than RT as those at RT. However, at higher

temperature, the overall splitting decreases significantly,

0
2'

decreases as the temperature increases. For example, at 374

implying that the zero-field splitting parameter, b

K, bg was estimated to be 0.297 % 0.002 GHz using the EPR
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Fig. 6.5 Temperature variation of (a) the overall
splittings of the EPR spectra and (b) the EPR linewidth for
B along the RT Z axis of one of the

3+ ions. The two phase

magnetically-inequivalent Gd
transitions, occurring at Tc1 = 266 K and Tc2 = 155 K, are

clearly seen.
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line positions for B Z and B ?, being 14.2% less than
the RT value. This behavior is similar to that for
Gd3+

~-doped LinxY F, (x = 0.0 - 1.0) crystals [87], where

1-x
the temperature dependence of bg has been accounted for by
the spin-phonon interaction and thermal expansion. Further,
the EPR linewidth decreases as the temperature is increased,
indicating a decrease in the host-ion spin-lattice
relaxation time (tT) of Pr3+ (Chap. IX).

(ii) T < RT. As the temperature was decreased below
RT, the overall splitting of the spectrum for B 1 Z
increased, associated with an increase in the linewidths of
each of the 14 allowed lines corresponding to the two
magnetically-inequivalent Gd3+ ions. The linewidths for all
the lines were the same at any temperature. At 267 * 0.5 K,
only 7 broad lines could be observed. A new spectrum with 14
lines, characterized by a much larger overall splitting,
appearced below Tcl = 266 * 0.5 K, indicating that a phase

transition had occurred at Tc Below T the EPR spectra

1° cl’
were much better resolved than those observed between RT and

267 K. The Z axis of one of the magnetically-inequivalent

3+

cd ions had about the same orientation as that in the RT

phase. However, the magnetic Z axes corresponding to the two

3+ .
ions were no longer

magnetically~inequivalent Gd
perpendicular to each other, as was the case at RT, perhaps
due to the disappearance of the inversion plane that existed

in the RT phase. No significant change in the spectra was
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Observed in the 266 - 156 K temperature range, except that
the overall splitting continued to increase monotonically as

the temperature was lowered. At Tc2 = 155 %+ 0.5 K another

phase transition occurred, since the spectrum showed a
drastic change, as revealed by the appearance of a

well-resolved spectrum, with very narrow linewidths, below

T The EPR line intensities increased abruptly as the

c2’

temperature was lowered below T a total of 56 lines

c2’
corresponding to eight magnetically-inequivalent ca’t ions

were observed. Below T as B was rotated in the 2X plane

c2’
of the RT phase, eight maxima of the overall splitting were

observed. Below T the overall splitting of the EPR

c2’
spectra increased; however, no further drastic changes were
found down to 4.2 K.

The abrupt changes of the overall splittings and the
linewidths, exhibited in Figs. 6.5a and 6.5b, indicate that
the two phase transitions, occurring at Tc1 and Tc2' are
each of first~-order.

As the temperature was increased from 4.2 K to RT, all
the spectra and the phase transitions as observed with the
lowering of temperature were found to repeat themselves,
except that the values of the phase-transition temperatures

T T were found to be about 2 K higher than those

cl’' “c2
determined when decreasing the temperature.

(iii) Comparison with previously-reported data on

the phase transitions in the isostructural ACST and ASST
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crystals. Buckmaster et al. {e6, 67] reported the
occurrences of three phase transitions in the 97 ~ 304 K
temperature range for the isostructural ACST and ASST
crystals. For the APST crystal, the present EPR study
revealed only the existence of two phase transitions in this
temperature range with different values of Tc1 and Tc2 from
those for ASST and ACST. However, the present results are in
agreement with those found by the IR and DSC measurements
for the APST crystal, which also yielded two transitions;

although, they occurred at lower temperatures; T and 'I'c

cl 2

being 36 K and 5 K lower, respectively [68].

VI.2.2 Nature of the Phase Transitions in NH4Pr(so4)2-4H20

Some conclusions regarding the nature and physical
mechanisms of the phase transition, can be mace for APST,
based on the present and previously-reported EPR data on the
isostructural ACST, ANST and ASST host crystals [65, 66,
67), in conjunction with the crystal-structure and IR data
on APST. These are described as follows:

(i) Between 'I'c1 and Tc the Z axes of the two

2’

3+

magnetically-inequivalent Gd centers were no longer

observed to be perpendicular to each other, implying the
disappearance of the inversion plane that existed at RT.

(ii) Below T there were observed eight

c2’
magnetically-inequivalent ca3*t ions, implying the breakdown

of the pr3* pairs that existed above T.,. and the appearance
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of a doubled unit cell, wherein one of the three unit cell
parameters (a, b, c) becomes doubled, forming the so-called

"superstructure".

(iii) At temperatures just above T (266 K), the

cl
broadening of EPR lines is similar to that observed for the
cr3t impurity ion in the (NH4)A1(SO4)2-12H20 alum, reported
by Owens [94], attributed to the fluctuations in the
fine-structure tensor due to the dipoles corresponding to
H20 molecules. Further, the behaviours of the Hzo nolecules
and the NHZ, Soi- ions change at low temperatures, thereby
affecting the EPR spectra. As revealed by infrared (IR)
studies [63, 67], the NHZ ions rotate freely in the RT
phase, but not below Tcl‘ Below Tc2’ new bands in the IR
spectra, due to the H20 molecules and soi' ions, were
observed [67], as compared to that at RT.

(iv) The sudden increase in the intensity of the EPR

lines below Tc is due to a decrease in the dielectric

2
constant of the sample [11], since a sudden decrease in the
leakage current of the microwave power reflected from the

EPR cavity was observed upon cooling the sample below Tcz'




CHAPTER VII

SUPERHYPERFINE INTERACTION

VII.1 Principal Values and Axes of SHF Interaction Tensor

The superhyperfine (SHF) interaction is the
interaction between the electronic magnetic moment of the
impurity ion and nuclear magnetic moment of the ligand ions
in the host lattice. It causes further splitting of each of
the EPR hyperfine lines of the impurity ion, known as the
SHF splitting. In this chapter, the SHF interaction between

2* and the ligand protons is considered.

2+

the impurity ion VO

The observed SHF splittings of the VO EPR lines in the

hydrated Tutton salts have been described, in detail, in

Chapter III.

The maximum principal values, Afl", of the SHF coupling

2+

tensor, KL, for the interaction of VO ion with the protons

of the nearest-neighbor water molecule in CASH, MASH and

2+ 2+

ZASH lattice.:, for the two VO ions in the

ions [three VO
case of ZASH (Chap. III)], are 1listed in Table 7.1, as
evaluated frox the respective maximum SHF splittings, using

the expression which takes into account the gquintet

splitting:
L - +
where (B~ -~ B+) is the overal) SHF splitting. For ion I of

2+

CASH, MASH or ZASH, the maximum VO SHF splitting occurred
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Table 7.1 The principal values (in MHz) of SHF interaction

tensor, AY, and values (dimensionless) of density of the

unpaired electron of V02+ at the site of a ligand proton,
£_, for vo** in M(NH,),(S0,),"6H,0 (M = cd, Mg, 2n, Fe, Co)

host lattices. Here AL = AL and A" = A” = A;.

M ion al Al £

cd I 12.3 1.9 0.28%

II 12.3 1.9 0.28%

Mg I 14.6 1.9 0.34%

II 14.6 1.9 0.34%

Zn I 14.6 1.9 0.34%

II 14.6 1.9 0.34%

III 12.9 1.9 0.30%

Fe I 1.9 1.9 0.11%

II 1.9 1.9 0.11%

Co I 1.9 1.9 0.11%

I1 1.9 1.9 0.11%
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for B at 45° from the X axis in the XY plane. The lines
corresponding to the SHF splittings for B along two
orthogonal directions to this, i.e. at 135° from the X axis
in the XY plane and along the Z axis, were not resolved.

L for the orientation

However, the two principal values of A
of B that produces the minimum SHF splitting for B can be
estimated, by appropriately taking into account the
inhomogeneously-broadened EPR linewidths (Chap. III). Thus,
the two principal directions of the SHF tensor, KL, for VO2+
ion I in CASH, MASH, or ZASH are very close to 45° and 135°
from the X axis in the XY plane, while the third principal
direction is along the Z axis; for example, for CASH the
corresponding principal values of KL are 12.3, 1.9 and 1.9
MHz. For ion II, the principal direction of the SHF tensor
corresponding to the largest SHF splitting is perpendicular
to that for icn I; it lies in the XY plane, with the same
principal value as that for ion I. The maximum principal
values of the SHF interaction tensor, i.e., 12.3 MHz for
CASH, as found presently, is 25% lower than that reported
previously by Satyanarayana et al. ([75] (16.8 MHz). For
MASH, the present value (14.6 MHz) is almost the same as
that reported by Jayaram et al. [83] (14.0 MHz); however,
the present minimum principal SHF value for MASH is
different from that reported by Jayaram et al. [83] (8.3
MHz). For ion 1III of 2ASH, the principal values and

principal axes of the SHF tensor, XL, are determined



e e

Ll

116

similarly. In particular, the maximum principal SHF wvalue
for ion III in ZASH is smaller than those for ion I and II
(Table 7.1), being observed for the orientation of B being
perpendicular to the two directions which yielded the
maximum SHF splittings when B was parallel to them for ions
I and II.

For  FASH and COASH crystals, consisting of
paramagnetic host ions, the principal values of the SHF
interaction tensor, assumed to be isotropic, are estimated
from the EPR hyperfine linewidths, taking into account of
the inhomogeneous broadening effect of the SHF interaction:
this has been described in detail in Chapter 1I1I. The
principal values are listed in Table ?7.1. It can be seen
from this table that the principal values of the SHF
interaction tensor (isotropic) for FASH and COASH hosts are
about 14% in magnitude of the maximum principal SHF value in

the hosts consisting of diamagnetic ions.

VII.2 Origin of SHF Interaction in V02+-doped
M(NH4)2(SO4)2-6H20 (M = ¢cd, Mg, Zn, Fe, Co)

The interaction between the magnetic electron of V02+

ion, which is localized on the central magnetic ion, and the
ligand nuclei, i.e. the protons of the neighboring Hzo
molecules, is dipolar [1]. There is a non-zero probability
that this unpaired electron is localized on the ligand ions.

The combined effect of the dipolar and Fermi-contact

TR g,

TS dm e e hade o s A ——
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interactions is responsible for the SHF splitting in the

present case. It should be noted that the nearest-neighbor

2+

ligands to a VO ion for both the sites are four protons of

the two H20(9) molecules, which determine predominantly the
SHF splitting for the ions I and II, as discussed in Chap.
V. The resulting EPR spectra should, then, consist of five
SHF lines, due to the combined spin I, =2 of the four
protons of nuclear spin 1/2 each, with the intensity ratios
of 1:4:6:4:1 [20]: this is in accordance with the present
data. Further, the SHF splitting should possess axial

symmetry about the bond axis [1], i.e., the line though the

2+

center of magnetic electron of the VO ion (I or II) and

the center of the four protons of two H20(9) molecules (a

2+

M site), for the two sites. The combined effect of the

four protons results in the experimental maximum SHF

2

splitting to occur for B along the M +—H20(7) direction for

2+-1-120(8) direction for ion II, as

ion I, and along the M
verified from the crystallographic data. For ion I this axis
lies in the XY plane, a’ about 45° from the X axis (i.e.,

the X, axis). This is in accordance with the present EPR

2+

A
data, confirming that the VO

an M2t ion in CASH, MASH or ZASH. There is a similar

ion, indeed, substitutes for

mechanism responsible for the resolved SHF splitting
corresponding to ion III in ZASH, except that here the four
protons responsible for this splitting belong either to the

two H20(7), or the two H20(8), molecules. Since the
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distances between the VO2+

ion and the ligand protons of the
two H20(7), or the two HZO(B), molecules are a little longer
than that of H20(9) molecules from the vo?* ion, the
resulting SHF interaction is a bit weaker than that of ions
I and II, as confirmed presently. Satyanarayana et al. [75]
also concluded that the maximum SHF splittings were observed

for B along M**-H,0(7) and ¥**

-H20(8) directions for CASH,
but they did not specify as to which four protons were
responsible for the observed SHF interaction. Although,
Jayaram et al. [83] did point out that the four protons of
the two H20(9) molecules were responsible for the SHF
interaction, they did not report the orientations of B for
which the maximum SHF splittings occur. All the features of

the SHF interaction in VO‘?+

~doped Tutton salts have been
presently explained.

The above explanation has been confirmed
experimentally by measuring the EPR spectra of a V02+-doped
MDSD crystal, in which no SHF splitting was observed. In a

MDSD crystal the H,O0O molecules of a MASH crystal,

2
surrounding the VO2+ ion, are replaced by DZO molecules.
This indicates unequivocally that the SHF splitting is due
2+

to the interaction between the unpaired electron of the VO
ion and the ligand protons in MASH. For, when there are no
protons surrounding a Vc>2+ ion, there occurs no SHF

splitting.
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2+

VII.3 Density of Unpaired Electron of VO° at Ligand Proton

Sites

The calculation to estimate the value of fs' the

2+ at the

probability density of the unpaired electron of VO
ligand site, from the SHF interaction, is described here.

The SHF interaction with axial symmetry,

_aszl2L_ ,L..L, L, -L L
Houp = 8.1 = BS, T, + A[(S,T, + S.I)) (7.2)
can be rewritten as
_ 2L L _ L L
Hopp = [AS TV + (22,5,T, = A (S, T+ S.T)], (7.3)
with
Al =a_ + 2a (7.4)
I s p’ .
and
L = -

In egqg. (7.3), the first term represents the isotropic
interaction between the 1ligand ions and the unpaired
electron, whose wavefunction contains an admixture of the s
and p states, while the second term represents the sum of
the anisotropic interaction and the dipole-dipole
interactions [95]) of ligand ions with the unpaired electron
in the p state.

The density fs of the unpaired electron at the ligand

ions is related to A  as follows [95]:
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0
a_ = (Ay/28) f_, (7.6)
2+
where S = 1/2 for VO and
) 8n 2
Ag = > I HpIyHy ¥ (0) 5. (7.7)
Ag is the Fermi contact energy, which has been reported to

be 1420 MHz for protons in the Tutton salts [83].

From egs. (7.4) - (7.6), one obtains

€

L L 0
s (A" + 2Al)/(3As/2S), (7.8)

L

L1 as

which can be estimated using the values of Aﬁ and A
determined presently from the EPR data.
Finally, the values of f_ as estimated for V02+-doped

M(NH4)2(SO -6H,0 (M = Ccd, Mg, 2Zn, Fe, Co) are also listed

4)2
in Table 7.1.

2




CHAPTER VIII

HOST-IMPURITY EXCHANGE INTERACTION

VIII.1 g-shift and Shape Effect

At low temperatures, the magnetization of paramagnetic
FASH crystal causes a shift of the g value of the VO2+
impurity ion, which depends (i) on the shape of the crystal
[2] and (ii) on the exchange interaction with the host Fe??
ion, as described in VIII. 2 below.

In general, it is difficult to estimate the
shape-dependent g shift for an arbitrary orientation of B,
and for an arbitrary crystal shape ([28, 29, 30, 31].
However, for special orientations of 3, and for particular
shapes of crystal, there exist simple expressions to
calculate the g shift theoretically, e.g., when B is along
one of the susceptibility axes. For FASH, one of the
principal axes of magnetic susceptibility has been reported
to be parallel to the crystal b axis, for which the
susceptibility is Xy = 0.79 emu/mol at 4.2 K [29, 96]). For
external magnetic field B 'ﬁ, the magnetization (in emu) is
M= x3Bd/A, where d (= 1.864 g/cm3) is the density of FASH
crystal and A (= 394.14) is its gram molecular weight [29].
For the presently-used thin disk-shaped FASH crystal the
demagnetization factor, N, for B 1 B is approximately zero
2

[29). Thus, the shape-dependent g shift for B n B is

estimated, according to Kittel ([27], to be, Ag =
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IM[ (4m/3)-N]/2B = 2mx,d/A = 0.0023.

VIII.2 g-shift and Exchange Interaction

At IHT, the exchange interaction of the VO2+

2+

ion with

the host Fe ions is equivalent to the presence of an

internal magnetic field at the vo?*

site, since magnetic
moments are induced on the paramagnetic host ions (Fe2+) due
to the polarization effect of the external magnetic field.
This results in a shift of the resonant-field value in the
host consisting paramagnetic ions from that in an
isostructural host lattice consisting of diamagnetic ions.
This is equivalent to a g-shift which can be estimated by

24__ 2+

taking into account the effect of the VO Fe exchange

interaction in a perturbation calculation.
o L] (] L3 +
Assume a pairwise exchange interaction between a vo?

2+

ion with a neighbor Fe ion. The total S.H. for the pair

can be expressed as

e =R+ H R (8.1)
. g . 2+ . .
where ¥ = gduBg- is the S.H. of the VO ion neglecting the
hf term, 94 is the effective g-factor of V02+, in an
isostructural diamagnetic host, and
H o= gﬁ“BBzSé + AXS; + Ays§ ’ (8.2)

is the S.H. of the non-Kramers’ ion Fe2+, where the
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2)1/2
Y
small zero-field splitting due to local distortion ([1, 2,

effective spin 8’ = 1/2, and A = (Ai + A represents the

97]. The third term in eq. (8.1),

®, =3, 8.8, (8.3)

2+_p 2+

exhibits the VO F exchange interaction, where Jp is the

exchange-interaction constant.
The wave functions of the total system can be
expressed as product wave functions wl(M)wz(M’), where the

values of the magnetic quantum numbers are M = *1/2, and M’

2+ 2+

= +1/2 for the VO and Fe ions, respectively. Thus, the

S.H. of the pair system is a 4x4 matrix. The following
expressions are derived for the energy levels E(M,M’), using

perturbation theory, for B parallel to the principal axis of

2+ 2+

the 3° tensor of the Vo°f ion, for the Fe’' energy level (M

= ~1/2), which lies the lowest at LHT:

E(+1/2,-1/2) = MggaB/2 = (1/2) [(gjug®) 2 + 82172 - 7 /4

(8.4)

1/2

= - - ' 2 2
E(-1/2,-1/2) = -up34B/2 = (1/2) [(gjuzB)° + 8°177° + 7 /4

(8.5)

Using these energy 1levels, the resonance condition

(for the transition 1/2,-1/2 & =-1/2,-1/2) AE = hv = gpuBB,

where g_ is the impurity-ion g value in the host consisting

p
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of paramagnetic ions, and taking into account the nearest

2+ 2+

and next-nearest neighbor Fe ions to a VO

ion, one
obtains, for the exchange constant, Jp, considering only the

nearest- and next-nearest neighbors:

I, = 2ugB(gy =~ 9,)/n’, (8.6)

where Ag = g_ - 94 is the shift in the g value of the vo2t

p
ion in FASH host consisting paramagnetic ions from that in

an isostructural host, ZASH, CASH or MASH, consisting of
diamagnetic ions; it can be determined experimentally. In

eq. (8.6), n’ = 6 is the number of nearest and next-nearest
2+ jon in FASH. To estimate Jp

from eq. (8.6), B can be chosen to be 0.34 T, being close to

neighbor re?’ ions to a Vo

the average magnetic field used in the present EPR

measurements.

2+__ 2+

VIII.3 Estimation of Exchange Constant of VO™ ~Fe in

Fe(NH,),(50,) ,"6H,0

The effective g factor for V02+ for B | i’, which is
one of the principal axes of magnetic susceptibility for

FASH [29, 96], can be expresses as:
Iy = [gg,cos2 (2',?) + g;?{,cos2 (')'f',?) + gi,cosz (?’,?)]1/2,

(8.7)

where 2’, 5?’, ¥’ are the directions of the principal axes of
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the g matrix, (9g.+ Gy Gy.) are the principal values of

2+

the g matrix of the Vo°" ion in FasH, (Z',%), etc. represent

the angle between the 2’ and X axes, etc. which can be
calculated using the values of direction cosines given in
Table 4.6.

Finally, for B ?,

J, = (2uBB/n’)(gdX -9g

b + 2mx,d/A) (8.8)

Py

For ZASH, MASH and CASH hosts, consisting of diamagnetic
ions, the average gq. = 1.9945, while for paramagnetic FASH
X

2+

g = 1,9622 averaged over the VO ions I and II, as

Py
2+ _p 2+

determined presently. Then, the \Y{e) F

exchange-interaction constant, Jp, averaged over the nearest

and the next-nearest neighbors is estimated to be 0.07 GHz

2+ 2+

in FASH. For comparison, Mn“ -Fe exchange interaction

constant wa. reported to be -0.006 GHz [29].



CHAPTER IX

HOST~ION SPIN-LATTICE RELAXATION TIME (T)

IX.1 Theoretical Expression for T

Spin-lattice relaxation time (7T) of the host
paramagnetic ions in doped crystals can be estimated, using
the contribution to the EPR linewidth of the impurity ion
due to the paramagnetism of the host ions, AB’, from the

following expression [33)

T = (3AB'g2uB)/ (110hg’ <Av?>) , (9.1)

where Hg h, g, and g’ are respectively the Bohr magneton,
Planck’s constant, the impurity~-ion Lande’s factor, and the
host-ion lande’s factor. In order to estimate AB’, one
should subtract, from the observed impurity-ion 1linewidth
the linewidth of the impurity ion in an isostructural host
consisting of diamagnetic ions, as well as the 1linewidth
contribution due to inhomogeneous broadening, caused by the
unresolved SHF structure, if any (Chap. III). For example, a
total of 0.7 mT (at all temperatures) has to be subtracted

from the observed V02+

EPR linewidths in Tutton salts,
consisting of paramagnetic ions, in order to obtain the
values of AB’ in FASH and COASH hosts to be used in eq.
(9.1), where <Av®> is the second moment for the impurity

ion. Misra et al. ([33] showed that <Av2> for crystals
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containing two different species of magnetic ions, for the
case when the distances between the impurity ions are
sufficiently 1large, and when the number of host-ion

neighbors considered is limited to N, can be expressed as

N

2. _ lasiar -2 2 .4 2 a2 2 _-6
<AVP©> = 3S ($’+ 1)h [NJp + gg HgHo §51 37jk,) rjk' +
2 X 2 -3
+ 20,99 uBuOE’(1-3wjk,)rjk,]. (9.2)

In eq. (9.2) S’, Jp, Ko rjk" and 7jk’ are the effective
spin of the host-ion, the average impurity-host
pair-exchange constant, the permeability constant, the

distance between j and k’ ions and the direction cosines of

-)
rjk’
primed quantities refer to the host ions while the unprimed

with the external Zeeman field, 3, respectively. (The

ones to the impurity ions.)

1x.2 Pr3t in cda3'-doped NH,Pr(SO,) ,4H,0

3+

IX.2.1 Estimation of Tt of Pr in NH4Pr(SO4)2-4H o

2
In order to compute T of prot in APST, using egs.
(9.1) and (9.2), one first needs to know the values of the
various quantities appearing therein. The values of AB’ at
different temperatures were determined, by subtracting the

3t jinewidth (2.3 mT) in the isostructural diamagnetic

Gd
ALST host [98], as well as the linewidth contribution (0.2

mT) due to the inhomogeneous broadening, caused by the
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unresolved SHF structure ([98)], from the observed EPR

linewidths of Gd3+

in APST. A computer program was used to
generate the APST lattice in order to calculate the
distances rjk’ and the corresponding direction cosines
(7jk,) of the external field. For the calculation of the
second moment, <Av2>, it was found sufficient to consider
only up to the fifth-nearest neighbors (N = 9); the
contributions of the farther-lying neighbors were found to
be negligible. As for the values of S, g’ and Jp, the
following considerations were made. The effective spin of
each of the non-Xramers’ ion Pr3+, is 8’ = 1/2 [1, 3]. (8 =
1/2 for Pr3+ for the case of lower local symmetry, being
equivalent to the presence of local distortions superimposed
on higher symmetry due to Jahn-Teller effect). Further, for

3+ 1 1] : -
Pr, g, = 2<§o|szlgo>, where |§o> is one of the

3+

time-conjugate states for the ground state of Pr” , and gl =

0 [1]. No experimental g’ values have been reported for the
host ions in APST or in the isostructural crystals. On the
other hand, the coordinations around a pr3t ion in ApPsT

3+ ion in the

3+

lattice are the same as that of a Pr

V(C,H ‘9H_ 0 lattice, so that the g’ values for Pr

5504) 37 9H,
ions in the two lattices are expected to be about the same

[2); for Y(CZHSSO4)3-9H 0 the theoretically calculated

3+

2

values are gh = 1.6, gi = 0.0 for Pr in Y(CZH5804)3-9H20

host [2, 99). In the numerical estimates made presently for

T, the direction of the external field has been assumed to
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be along the principal magnetic Z axis, i.e. the principal
axis of the bg‘ tensor of the Gd3+ ion [5, 65, 66, 67); which
is along the 4-fold axis of a distorted-monocapped-square
)

relative to the (a, b, ¢) axes (Chap. III). However, the
3+

antiprism, making approximately the angles (51°, 45°, 72°

principal magnetic axes (Z’) for the host Pr ions are not
necessarily parallel to the respective principal Z axes of
the impurity ca3*t ion. In this case, the averages of g;l and
g"l values, for the host ions were chosen for g’ in egs.
(9.1) and (9.2) for estimating t. This does not lead to any
significant error in the calculated values of T, because
there exists some uncertainty in other factors as well. The
value of Jp has not been determined experimentally for the

3+

ca3t-pr pair. In order to examine the effect of different

values of Jp on t, the values of Tt have been calculated at

room temperature for Jp = 0.1, 1.0, 5.0, 10.0 GHz, which

cover the possible range of values; they are listed in Table
9.1. It is seen from Table 9.1 for Pr3+ ion, that the =<
value fluctuates by three orders of magnitude, for choices
of value of Jp ranging from 0.1 to 10 GHz. However, as seen

from egs. (9.1) and (9.2), the T power-law dependence of

™!, which enables one to discern the spin-lattice

relaxation process is, in effect, independent of a

particular Jp value. As for the values T for the Pr>' ion in

APST at different temperatures, they are estimated in the

266 - 410 K temperature range for Jp = 5.0 GHz; they are
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Table 9.1 Calculated RT spin-lattice relaxation time (7)
for Pr3+ ion in APST 1lattice. The values of s’, g, g’, Jp
and AB‘, used in the present calculation, are also listed. T
values are expressed in seconds, while the figures inside

the round brackets following t are Jp values in GHz.

s’ 1/2

g 1.9949

g’ 0.80

AB (mT) 3.0

T (0.1) 7.64x10" 12

T (1.0) 2.23x10" 12

T (5.0) 1.04x10" %3
14

T (10.0) 2.57x10°




131

listed in Table 9.2, along with the required experimental
linewidths at different temperatures. Fig. 9.1 exhibits the

log-log plot of T~! vs. temperature in the 266 - 410 K range

for J_ = 5 GHz. No estimates were made for Tt for Pr3+ in

P
APST host crystal at temperatures above 410 K, or below 266

K, because of the unavailability of AB’ values. This is
because below 266 K the crystal underwent a phase
transition, while above 410 K the crystal deteriorated due

to dehydration.

For Pr3+ host ions in APST, a T7 dependence of 1:-1 is

found in the 266 - 296 K temperature range, while a T2

dependence is noted in the temperature interval 296 - 410 K.

IX.2.2 Spin-lattice Relaxation Mechanism for pr3t in

NH,Pr(S0,), 4H,0

A least-squares fitting of T to temperature indicates

3* in APST, as estimated presently

can be fitted well to T = BT ' in the 266 - 296 X

-2

that the T values of Pr

temperature range, and to T = CT in the 296 - 410 K

temperature range. In particular for Jp = 5.0 GHz, B =

4 sec.K7, C = 9.11)(10-9 sec.Kz. It is now possible,

2 temperature dependences of 1:'1, to

3.04x10
from these T7 and T
deduce as to which mechanisms are responsible for
spin-lattice relaxation in the two temperature regions.
Surveys of the various spin-lattice relaxation mechanisms

have been provided by Abragam and Bleaney [1], and by
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Table 9.2 The estimated spin-lattice relaxation times (<t)

of the Pr3+ ion for Jp = 5 GHz and the contribution to the
EPR linewidth of the impurity Gd>'
3+

ion due to the
paramagnetism of the host Pr ions, AB’, in the APST host

at various temperatures (T). The error for AB’ is *0.2 mT.

T (K) AB’ (mT) T(sec) T (K) AB’ (mT) T(sec)

266 9.3 3.23x10 13 333 1.7 6.03x10 14
269 8.3 2.88x10 13 347 1.4 5.01x10” 34
271 7.3 2.53x10"13 354 1.4 5.01x10 14
273 7.2 2.50x10"13 362 1.3 4.51x10" 14
278 6.2  2.15x10° 13 369 1.2 4.17x10” 14
285 4.4  1.53x10°13 374 1.1 3.82x10 14
292 3.2 1.11x107%3 383 1.1 3.82x10” 14
296 3.0  1.04x10° 1% 302 1.1 3.82x10" *4
303 2.4  8.32x10°1% 400 1.2 4.17x107 14
319 2.1 7.30x10" % 410 1.2 4.17x10 14

14

326 1.9 6.60x10
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T c10t@ sec. 1)

2.5
a7s 316 363 417
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Fig. 9.1 A log-log plot of the inverse of the spin-lattice
relaxation time (t-l) versus the temperature (T) in the 266

- 410 K range for the host paramagnetic ions Pr3+ in APST

crystal for Jp = 5.0 GHz. [It is noted that the values of

the slopes, determining as to which process of spin-lattice

relaxation is effective, do not change for different values

of J_, as can be seen from eqgs. (9.1) and (9.2).]
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Shrivastava [100].

As for the T/ dependence of T 1

3+

for a non-Kramers’
ion, such as Pr” , it is caused by the following processes:
(i) At low temperatures, by Raman processes, specifically
Raman spin-one phonon interaction in second order, Raman
spin-two-phonon interaction, and Raman process affected by
short wave-length phonons. (ii) At low temperatures, by a
process involving three phonons, described by Le Naour
[101], in which first the small wave-vector approximation is

used to obtain « transition from an upper 1level E,_ to

b
another upper level Ec by the emission of two phonons, and
integration is made over all the phonons from 0 to Ac (Ac =

E. - E_, where E, is the ground state). This is followed by
the calculation of a Raman process using phonons from A, to
the Debye cutoff, thus making full use of the Debye
spectrum. (iii) At intermediate temperatures, by the "sum"
process [102, 103], in which a spin transition is achieved
by means of emission or absorption of two phonons, the range
of temperature being centered at about 0.14 Ac/kB [103],
depending very sensitively on the structure of levels in the
host crystal (102, 103]. From the temperature ranges over
which processes (i), (ii) and (iii) are applicable, it
appears that the presently-observed 7’ behavior of t ! in
the range 266 =- 296 K may be explained to be due

predominantly to the sum process, since this temperature

range is more appropriately "intermediate", rather than




135

lllow" .

2

As for the T2 behavior of T » in the range 296 - 410

K, it can be explained to be due to any one of the various

Raman processes, described above, as well as due to and the

1

sum process, all of which predict T2 dependence of T - at

high temperatures. However, the sum process has nedligible
contribution compared to that of the usual Raman process,
particularly because in the sum process only the
lowest-energy phonons are required, whose number diminishes

considerably at high temperatures; in addition, the value of

1

the integral required in the expression for T - for the sum

process becomes gquite small at elevated temperatures [102,
103]. To explain further, at elevated temperatures, the

number of phonons for which W =W, =, required for the

usual Raman process, is extremely large compared to that for

which W, +w, =W required for the sum process. (Here hw is

the difference in the two levels of the spin system and W,

w., are the frequencies of the phonons involved in the Raman

2
or sum processes.) This is because the energy density of

phonons depends on temperature as xz/(ex-l), where x
hw/kBT, which tends to zero as T approaches =zero, or
infinity, from an intermediate value [1]. Thus, the number
of phonons required for the sum process, which come from the
lowest part of the phonon spectrum, is negligible at high
temperatures, while the number of phonons required for the

Raman process is large, because they can belong to any part
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of the phonon spectrum, including those belonging to the
highest phonon density, as long as w = W, = w,. Thus, the

Paman process is the predominant mechanism for spin-lattice

3+ ions in APST in the 296 - 410 K

temperature range. For Ce3+, Nd3+ 3+

relaxation of host Pr
and Sm ions in the
isostructural hosts ACST, ANST and ASST, Malhotra et al.
[67]) and Buckmaster et al. [66] predicted an Orbach process.
However, this conclusicn at variance with the present
deduction, was only gquessed by comparison with other systems
and not arrived by a study of temperature variation of T, as
only RT values of T were estimated.

An interesting feature of the behaviour of T versus

1 values

in APST exhibit a sudden transition from T7 to ’I‘2

temperature is that, as seen from Fig. 9.1, the T

for Pr3+

behavior at 296 K as the temperature is increased. If only

one of the processes, described above, 1is capable of

7

explaining the presently-observed T and 72 dependences of

1:-1 as one goes from low to high temperatures over the
entire 266 - 410 K temperature range, a gradual, and not
sudden, transition from the T7 to 72 behavior for ! should
be observed. The sudden transition of the T dependence of
t™l is, therefore, most likely, due to the simultaneous
presence of a number of competing spin-lattice relaxation
mechanisms which are in force at the transition temperature
296 K, depending on the Pr3+ energy levels in a complex

n n;

manner. Such a sudden transition, from T to T behavior
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of t-l, is in conformity with the various experimental data

exhibited in [1] and [100].

2+ L3 2+
IX.3 Fe®" in Vo“ ~doped Fe(NH,),(SO,), 6H,0

FASH lattice was generated using a computer program in
order to calculate the required distances between the

2+ ions and the

impurity ion (V02+) and the neighbor host Fe
direction cosines (7jk,) of the external field, relative to
the position vectors of the various ions. For the
calculation of the second moment, required in eq. (9.2), it
was found sufficient to <consider only up to the

2* jons (N =

fifth-nearest neighbors, i.e., a total of 20 Fe
20), the contributions of the farther-lying neighbors were
found to be negligible.

In the estimation of t from egs. (9.1) and (9.2), the

values of all the parameters required, except for S’ and g’,

have been determined presently. For the values of S’ and g’

2+

the following considerations were made. For Fe” , which is a

non-Kramers’ ion, its S.H. for the case of lower symmetry
(equivalent to the presence of 1local distortions
superimposed on higher symmetry due to Jahn-Teller effect),
as described by Abragam and Bleaney [1], is given by eq.

(8.3), wherei: A A represent the distortion, gﬁ =

x'’ Y
2<§0|Sé|go> where I€°> is one of the time-conjugate states

2+

for the ground state of Fe”™ , and gi = 0. gﬁ value has been

reported to be 8.989 for FASH [2, 97]. In the numerical
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estimates, made presently for T, the direction of the
external field was assumed to be along the Z (or parallel)

magnetic axis of the vo?t

ion. However, the 2’ magnetic axis
for the host ion is not necessarily along the respective
principal axis of the impurity vo?* ion. Thus, the average
of gh and gl values (= 4.49) for the host ion was chosen for
estimating Tt. Using these values, the value of Tt was

estimated to be 7.20x10" Y sec. at RT.

2% EPR linewidth in

The temperature independence of VO
FASH (Chap. III) does not necessarily imply that T does not
vary with temperature. For, it 1is well known that all
processes of spin-lattice relaxation do depend on
temperature [100]. Usually, EPR linewidth decreases as
temperature increases due to the host-ion spin-lattice
relaxation. Thus, there must exist other compensating
processes which «cause increase in EPR 1linewidth as
temperature increases. Upreti and Saraswat [82] suggested
that this compensating process might be the spin-quenching
process, but they «could not provide an appropriate
justification. The population fluctuation of the crystal

2+

field levels of Fe may cause the impurity-ion linewidth to

decrease with decreasing temperature which could be the

3+, Pr3+

compensating process, similar to those for Tm and
Tb3* [104, 105, 106]. Further, it may be suggested here that
the ordering of the host Fe2+ ions at low temperatures may

also play this compensating role [107].
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2+

IX.4 Co in V02+

-doped Co(NH,),(SO,),"6H,0

Similar to the case of V02+-doped FASH, for the
calculation of the second moment, <Av2>, in COASH using eq.
(9.2), it was found sufficient to consider only up to the
fifth-nearest neighbors, i.e., a total of 20 co®t ions (N =
20), the contributions of the farther-lying neighbors were

found to be negligible.
In the estimation of =T, the values of all the

parameters required have been determined presently, except
for S’, g’ and Jp, for which the following is noted. Co2+ is
a Kramer’s ion with 8’ = 1/2 [1]. Bleaney et al. [108] have

2+

reported the principal g values of Co in 2ASH: gi = 3.06,

gé = 3.06, gé = 6.45. The average of gi, gé and gs values

2+ host ion was then chosen for

2+

(g = 4.19) for the Co

estimating t. The value of Jp for vo’*-co has not been

reported. In the present case, several choices for the

values of Jp, in the range of 0.0 - 1.0 GHz, were used to

calculate T. However, variation of Jp in this range did not
change the calculated value of t significantly. This means

that only the dipolar interaction in COASH is of importance

2+_ o 2+

in determining t. Therefore, the value of Jp for VO C

in COASH was chosen to be 0.07 GHz, the same as J_ that for

P
2+ . 2+

Vo Fe exchange interaction in FASH (Chap. VIII).

Finally, the value of t for co®* ions in COASH was estimated

to be 8.42x10"'° gec. at RT. For comparison, it is noted



140

that Jayaram et al. [83] reported T = 5.5x10m12 sec. for

Co2+ in COASH at RT, using the incorrect formula, valid for

the presence of only one kind of paramagnetic ion. This
value of T is three orders of magnitudes larger than that
estimated presently.

The relaxation times, T, as calculated from the EPR

linewidth contribution due to the paramagnetism of the host

2+

ions (AB’), using egs. (9.1) and (9.2), for Co in COASH

can be fitted to temperature (T), within experimental error,

to a straight line as follows: T > 11

"1k™!, in the 143 - 413 K temperature range. This

= AT, where A = 2.35x10
Sec
temperature behavior of T is consistent with that predicted

for the direct process of spin-lattice relaxation {1, 100].

2+ .,
IX.5 Co in CoNaz(So4)2 4H20

For the calculation of the second moment <Av2> in
Cu2+-doped CNST using eq. (9.2), it was found sufficient to

consider only up to the fifth-nearest neighbors, i.e., a

2+

total of 20 Co ions (N = 20). In the estimation of T, ¢’

value (= 3.866) 1is chosen to be average of the three

2+

principal values of g matrix (97, 95, 93) of Co“" in ZNST

host, reported previously [119]: gi = 2,652, gé = 1.890, gé

2+-002+ has not been

= 7.442. The value of Jp for Cu
reported. Similar to the case of V02+-doped COASH, it was
found that the variation of Jp in the range of 0.0 - 3.0 GHz

did not change the calculated value of Tt significantly,
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confirming that only the dipolar interaction in CNST is of
importance in determining t. Therefore, the value of Jp was

chosen to be 0.3 GHz. The values of AB’ were obtained by

subtracting from the Cuz+ EPR linewidth in CNST host

2+

consisting of paramagnetic ions, the Cu linewidth in MNST

host consisting of diamagnetic ions, at the same
temperature, for the various temperatures considered in the
280 = 330 K temperature range. It was not possible to

2+ EPR linewidth beyond this temperature range

2

measure the Cu

+ EPR lines.
24+

because of complete broadening of Cu

Finally, the value of T of host-ion Co in CNST at RT

was estimated to be 3.01x10_l4 sec. For comparison, Jain et

al. [123] reported the value of T to be 1.66x10-12 sec. from

2+

the EPR linewidth of Mn impurity ion in CNST, using the

incorrect formula. Further, the present Tt - T dependence can

be fitted, within experimental errors, to be T+ = aT?,

where A = 5.64x108 sec.-lx-g, in the 280 -~ 330 K temperature
range. This temperature behavior of Tt is consistent with
that predicted for the Kramer’s Raman process of

spin-lattice relaxation [1, 100].
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CHAPTER X

JAHN-TELLER EFFECT

2+

X.1 Ground State of Cu® in MNaz(SO4)2-4H20 (M = Mg, Co)

2+

When the six ligands of a Cu®“ ion, in an octahedral

six-fold coordination, form a regular octahedron, the ground

2+

state of the Cu ion is the two-fold degenerate E_ state.

g
The degeneracy of the ground state of the Cu2+ ion is
usually removed by a Jahn-Teller distortion {1, 113]. In the

2+

present case, cu?t ions substitute for an M (M = Mg, Co)

ion in the MNST and CNST lattices. The M®' sites originally
have an elongated tetragonally~distorted octahedral
coordination with the 1ligands. However, due to the
Jahn-Teller distortion the principal values of the g

2+

matrices of Cu in MNST and CNST exhibit a lower, namely,

orthorhombically distorted octahedral, symmetry at RT and

lower temperatures. According to the crystal-field theory,

2+

the orbital doublet Eg of the cCu ion is split in a field

of orthorhombic symmetry, the lower state being either
IX2—Y2> or 1322-r2>; which one of these two is predominant
can be determined from the value of the parameter R ([113],

which is defined as R = (gx-gy)/(gz-gx), where g, > g, > g
2+

y!

are the principal values of the g matrix of Cu in the host

lattice. When the R-value is greater <than unity, a

2_2

predominantly [32°-r“> ground state is expected, while a

predominantly !XZ—Y2> ground state is expected when it is

R T T SupuesRe - DR Cam Gen ds w oy s R ey e A b T teee o reh, o



143

less than unity. Since, in the present case, the calculated
R-value is less than unity at RT and below, the predominant

ground state of cu®t ion in both the MNST and CNST hosts, is

2 2__2

le-Y > with an admixture of the excited state [3Z°-r“>.

X.2 Pseudo-static Jahn-Teller Effect

2

If the splitting between the ground state |X2-Y > and

the excited state |3zz—r2>, of cu?t is sufficiently small, a

mixing of the two states by coupling with the 1lattice
vibrations becomes quite possible. The vibronic mixing of

the close-lying (pseudo-degenerate) 1levels IX2-Y2> and

2 2+

132 -r2> due to the interaction of the Cu ion with its

ligands manifests itself as a pseudo JTE [113, 125]}.

The molecular and electronic structure of the Cu2+
ion, surrounded by six ligands of octahedral or trigonal
distortion, 1is conventionally described in terms of
Jahn-Teller coupling between the doubly degenerate

electronic (E) and vibrationnl (e ) states of the

g g
octahedral complex [125]. Assuming a harmonic-vibrational
potential, and taking into consideration only the 1linear
coupling terms, leads to the well-known Mexican-hat

2t complex

potential surface. The geometry of the Cu
fluctuates between the various conformations of D,,, and D,
symmetries, which are generated by linear combinations of Qg
and Qc’ the components of the ¢ g vibrational mode. Qg and Qg

are conventionally expressed as Qe = p cos¢ and Q. =P sing
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in terms of a polar coordination system (p,¢). When
higher-order coupling terms are included, the perimeter of
the Mexican hat becomes warped giving rise to three
equivalent minima whose projections correspond to different
¢ values in the (Qe' Qe) space. Finally, the Mexican-hat
potential results in three equivalent potential valleys.
However, as pointed out by Ham {115], a strain, having a
tetragonal component, that is prevalent in the present case
as indicated by the three different principal values of the
g matrices of cu?t in MNST and CNST, destroys the
equivalence of the three potential valleys. It s,
therefore, expected that, for both MNST and CNST, one of the
three inequivalent valleys lies much lower than the other
two. When only the lowest potential valley is occupied at
low temperatures, i.e., when AE > kBT (AE is the energy
difference between the lowest potential valley and the
next-lying potential valleys), the principal values of the g

2+

matrix of Cu are not expected to be very temperature

dependent, in accordance with the present observations.

Further, in the present case, only one set of hf lines for

2+

each of the two magnetically inequivalent Cu sites was

observed, implying that only the lowest potential valley is

2

occupied. For, otherwise, as seen in the case of Cu +-doped

Zn(C4H4N2)SO4-3H20 single crystal [126], three physically

equivalent sets of hf lines should be observed for each

2+

magnetically-inequivalent Cu“’ site.
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The above interpretation of the EPR spectra of
Cu2+-doped MNST and CNST at room and lower temperatures, in
terms of pseudo-JTE, wherein the lowest-lying levels of the
E state lie extremely close to each other but are not
degenerate, is equivalent to that of the '"static" JTE,
wherein the lowest levels of the E state are degenerate, the
degeneracy being lifted by a Jahn-Teller distortion, as
described by Abragam and Bleaney [1]. This is consistent
with the treatment of an E-state ion in a tetragonal
crystal-field, by Bir [127], for a tetragonally distorted

2+

octahedral Cu complex, such as [Cu(H20)6]2+.

X.3 Dynamic Jahn-Teller Effect

As the temperature was raised above RT, the hf 1lines
of Cu2+ in both MNST and CNST became nuch broader because of
decreased cu?? SLR times (Chap. III). At higher
temperatures, kBT is no longer smaller than AE, the
separation between the two lowest-lying Jahn~Teller
potential valleys. When kBT >> AE, the three potential
valleys are almost equally occupied. This is consistent with
the present observation of only a single isotropic line for
T>1% JT

to dynamic Jahn-Teller state; they are 347 K and 339 K, for

cu?t in MNST and CNST hosts, respectively. This is

T where T is the transition temperature from static

characteristic of type I dynamic JTE [115]. This occurs when

the rate of tunneling though the barrier, at higher
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temperatures, from one distorted configuration, or
Jahn-Teller potential valley, of the complex to another
exceeds the frequency difference between the corresponding
EPR resonance lines for the different distorted

configurations, i.e. that between the anisotropic spectra

. _ _ - _ 42 .
[115]). When dynamic JTE occurs 9, =9y < gy e X which

is equal to the average of the three principal values of the

2+

g matrix at T < T for both the cu’ ions I and II in the

JT'
unit cell [126]). Here, 9 (= 2.0023) is the g-value of the

free electron, A is the spin-orbit coupling constant for the

1

free cu®t ion (= -830 cm }) and A is the octahedral

crystal-field constant for Cu2+

2+

ion. For the typical value

of A/A = <0.05 for Cu® ion [1], the value of (ge - A/8) is

2.20, being the same as the presently observed g-values at T

2+

> TJT for both the Cu ions I and II in MNST and CNST and

the average of the three principal values of g at T < T

Since the EPR line position and linewidth for cu?t in

each of MNST and CNST were independent of the orientation of

B at higher temperatures (T > T the "oriented" and

J7)
"random" strains should be very small compared to kgT. This
is because the center of the EPR line depends on the
orientation of B if the "oriented" strains are large, while
the EPR linewidth depends on the orientation of B if the

“random" strains are large [115].

:
i

i
i

|

an

e
Po DN
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2* EPR spectra of MNa,(SO,), 4H,0

X.4 Comparison between Cu 2

(M = Mg, Co)

It is noted that the main features of Cu2+ EPR spectra

in MNST, consisting of diamagnetic host ions and in CNST,
consisting of paramagnetic host ions, crystals are very
similar, except for a difference in the EPR linewidth and
its temperature dependence (Chap. 1III). Both samples
exhibited a pseudo-static JTE at room and 1lower
temmperatures, and a dynamic JTE at higher temperatures. The

2* EPR were mostly made in host

previous studies of JTE by Cu
lattices consisting of diamagnetic ions [113, 126]. Misra et
al. [126] proposed a model to interpret the JTE observed in
Cu2+-doped diamagnetic crystals. The ©present studies
indicate that the model is applicable to the occurrence of
JTE in Cu2+-doped hosts, consisting of paramagnetic ions, as
well as in Cu2+-doped hosts consisting diamagnetic ions. The
reason why many JTE studies on Cu2+-doped hosts consisting
of paramagnetic ions have not been reported in the

literature is perhaps due to larger EPR linewidth, resulting

in poorer resolution of EPR spectra observed in these hosts.



CHAPTER XI
OPTICAL ABSORPTION AND BONDING COEFFICIENTS

EPR studies can provide a great deal of information
about the bonding in vanadyl (V02+) complexes. The
theoretical treatments, which relate the principal values of
the g and A matrices to the energy levels and the bonding
coefficients in vanadyl complexes, are by now well
established [22, 23, 24, 25, 26]. The V0" ion has the
electronic configuration (A).3d1, where (A) stands for the

closed Argon shell. The description of the molecular vanadyl
ion, V02+, based on LCAO-MO [22)] calculations of
[VO(H20)5]2+ reveals that the ground state of the vanadyl

2D3/2). In an octahedral crystalline field, the
2

D term, with five-fold orbital degeneracy, splits into ng
2 2

and Eg levels, of which ng lies lower. Thus, only one

band corresponding to 2T «— 2E  transition is expected to

29 g
be observed in the optical-absorption spectrum when the

ion 1is (3d1,
2

unpaired electron of the vanadyl ion is in an octahedral

crystalline field [24]. In the tetragonal (C4v) symmetry the

2 2 2 ,
29 and Ezg levels, while
[} (3 2 2
Eg levelzspllts into Blg and Alg levels, out of those

four 1levels B2g represents the 1lowest energy state. The

first-excited energy 1level 2g

T level splits further into “B

2g
the 2

29 is doubly degenerate. The

relative positions of the energy 1levels have already been

reported [22, 24]). These levels, in conjunction with their
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designations, are shown in Fig. 11.1. The expected
transitions in the optical-absorption spectra are, in order

of increasing energy [23],

By — ‘Epq = A, = =3Dg + 5D, (11.1)
2.  — 2B, =4, = 100D (11.2)
29 1g 1 qa’ )
2. — %A, _=4A =10D_ - 4D_ - SD,. (11.3)
29 1g q s t '

In Fig. 11.1 the parameters Dq, Ds and Dt are referred to as
the octahedral, the second- and fourth-order tetragonal

field parameters, respectively. The vanadyl complex, with

the Cay symmetry, is expected to undergo the transitions
(11.1) - (11.3). On the other hand, if the local symmetry of
the vo?t ion is lowered further, namely, to rhombic

symmetry, the degenerate 1level will become more split.

However, the optical-absorption spectrum did not exhibit the

slightly-rhombic nature of the localization of the vo?" ion

in detail, because the energy 1level 2

Eg is insufficiently
split to be observed. In this case, one expects to observe
only three optical absorption bands.

Optical-absorption spectra have been observed
presently for all V02+-doped Tutton salts CASH, MASH, ZASH,
FASH and COASH. The measured energy-level differences, Al

and A, defined by egs. (11.1) and (11.2) above, for VO2+ in

the various hosts are listed in Table 11.1. The VO2+ ion
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D +2°s-Dt Xy

2
d, ()

2

4D ¥2D,~D,  ‘xy

d

Free ion Octahedral Tetragonal crystal field Energy
crystal field differences

Fig. 11.1 Effect of tetragonal distortion upon the energy

levels of a dl ion in an octahedral field.
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4)2o6H20 (M = cd, Mg, Zn, Fe, Co) lattice

to substitute for an M2+ ion and to form a [VO(H?‘O)_,,]2+

enters a M(NH4) 2 (so

complex with its nearest-neighbors (Fig. 5.1), which

possesses a tetragonally-distorted octahedral symmetry.

2+

Since the VO EPR and optical-absorption data suggest

vanadyl complex with a nearly tetragonal symmetry, which

2+

implies Dy = and Ay & Ayy for both the VO ions I

Iyy
and II, the bonding parameters for this complex can be

estimated by the use of the following relations [22, 23, 24,

25, 26]:
2.2
- I (11.4)
94e - 9 = B, ' .
9 A7282
9de -9, = _—T_' (11.5)
2,2 2,2
4g_AB%R g_A7°B
= -pr - 43p2|lp | & 1721, _3]7e "2
A, = -PK {732}P { B, }P 7{ I, }P'
(11.6)
and
2,2
g_A7"B
2.2 11| ‘e 2
AJ. = -PK + {732}P - ﬁ{—T—}P. (11.7)

In egs. (11.4) - (11.7), P is the direct dipolar term
(dipole-dipole interaction of the electron and nuclear
spins), K is the Fermi-contact term, proportional to the

amount of unpaired electron density at the vanadium nucleus,
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and A is the spin-orbit coupling constant for the vanadium

1l

ion. Using Je = 2.0023, A = 170 cm ~ [92] and assuming Bg =

1.00 for the present case, since the electronic orbital
2

(dxy) of the ground state (Bzg)

strictly non-(in-plane)-m-bonding, (here, "in-plane" means

of the vanadium ion is

in the plane which is perpendicular to the direction of

4*_0%~ pond in the [VO(H20)5]2+-complex), as as predicted

v
by Ballhausen and Gray [22] and accepted by others (109,
110, 111)]:; the estimated values of the bonding parameters,
using eqs. (11.4) - (11.7), are listed in Table 11.1. The
values of (1 - Bi) and (1 - 72) are measures of covalency
[110], (the weaker the covalent character of the bonding the
closer are the values of the coefficients Bi and 72 to
unity), the former gives an indication of the influence of
o-bonding between the ion and the equatorial ligands, which
varies from compound to compound, generally depending upon
the ¢ donor strength of the ligand; it describes the bonding
between the vanadium ion and H20(9) molecules in the present
case. While the 1latter indicates the influence of the
m-bonding between the vanadium ion with the vanadyl oxygen.
Here, the o-bonding is defined to be the covalent bonding
containing two electrons formed by endwise overlap of
orbitals from the two ions such that the maximum charge
density is along the bond axis. While the mn-bonding is the

covalent bonding containing two electrons formed by sidewise

overlap of orbitals from the two ions such that the maximum
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charge density is directed normal to the bond axis [1, 128,
129). For o-bonding, the molecular orbitals have cylindrical
symmetry about the bond axis. On the other hand, for
n-bonding, the molecular orbitals may have nodal planes
through the bond axis [128, 129]. The values of Bi = 72 =
0.5 corresponds to a complete sharing of the electron
between the two atomic orbitals, namely, the orbital of the
vanadium ion and that of the ligand.

Table 11.1 shows that the values of (1 - B2) and (1 -
72) for CASH, MASH, ZASH, FASH and COASH are comparable to
each other, being different from those for the alums
KA1(S0,),12H

0 and NH4A1(SO4)2-12H 0 [112], for which the

2 2
covalency due to o-bonding is much greater than that due to
n-bonding. However, the present values are comparable to
those reported by Misra et al. [19] for V02+—doped

€d (C00) ,+3H,0.
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Table 11.1 The splittings of the vo?* energy levels (A¢'

A") as determined from the optical-absorption data, and

2

bonding coefficients (Bi, ", P, K, 33) of the [VO(HZO)S]2+

O (M = cd, Mg, 2n,
4

2+
complex for VO ~doped M(NH4)2(SO4)2-652

Fe, Co) Tutton salts. The units for Al, A“ and P are 10
em !, 10% emn”! ang GHz, while the other parameters are
dimensionless.
2 2 2
Host A, A, B 7 P K RS

CASH 1.34 1.59 0.77 0.76 0.36 0.85 1.00
MASH 1.33 1.48 0.65 0.71 0.34 0.90 1.00
ZASH 1.36 1.52 0.74 0.80 0.36 0.90 1.00
FASH 1.39 1.52 0.74 0.80 0.37 0.81 1.00
COASH 1.30 1.60 0.58 0.66 0.39 0.76 1.00




CHAPTER XII

2+

SYSTEMATICS OF VO EPR SPECTRA 1IN M(NH4)2(SO4)2-6H 0

2
(M = Cd, Mg, Zn, Fe, Co)

As mentioned 1in the introduction (Chap. I),
M(NH4)2(SO4)2-6H20 (M = 2Zn, Ccd, Mg, Fe, Co and Ni, i.e.

ZASH, CASH, MASH, FASH, COASH and NASH, respectively), form

2+

a series of Tutton salts [69]. For NASH, VO“ -doped sample

did not exhibit any EPR signai at any temperature, implying

<+

that the vo?* ion could not replace a Ni%* ion in the NASH

lattice. This is in contrast to the Mn2+ ion, which can,

2+ jons in the Tutton-salt lattice,

indeed, replace a host M
exhibiting a well-defined EPR spectrum [28].
After a careful comparison, the following points, as

2+ in the host

far as the systematics of properties of VO
lattices of the Tutton salts is concerned, are noted:

(i) The values of the g2 and A° tensors for all Lhe
V02+-doped Tutton salts as seen from Tables 4.3 - 4.7 are
very close to each other (within 5%). not depending
significantly on the host divalent metallic ions. For all

2

the samples, the principal values of the §°, A2 tensors

indicate an axial symmetry of the ligand field, i.e. two g,
and A, principal values being equal associated with a small
distortion. As well, these values are almost temperature
independent. (£xcept for a small g-shift due to the

2+_p 2+

VO F exchange interaction at LHT in FASH.) This can be
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: well explained by the model of the [VO(H2°)5]2+ complex, in
which the nearest-neighbor ions to the vo%* ion are five
water molecules whose crystal field determines the values of
: the g2, A% tensors of the Vo2 ion. In a similar fashion,
| the bonding coefficients of the [VO(H20)5]2+ complex for all

2

the VO +-doped Tutton salts are found to be about the same.

e 3A

3 The host M?% ions are only the next-nearest-neighbors to a

vo®*t ion; thus they have a rather weak effect on the 3%, &2

tensors and the bonding coefficients, although different

2+

radii of M ions cause sliightly different distortions of

o T R

the axial site symmetry seen by the vo2* ion in these

2+

crystals. Also, replacing the [VO(HZO)S] -complex by

M p e A e e

[VO(D20)5]2+-complex does not change the values of 52 and 52

tensors significantly, as seen in the case of V02+-doped

ER -

MDSD crystal. This seems to suggest that the ligand oxygen
ions play a dominant part in determining the V02+ SHP
values.

(ii) The SHF interactions in the hosts consisting of
diamagnetic ions and hosts consisting of paramagnetic ions,

are observed to be very different from each other.

)

;

£ Paramagnetic host-ions may have an effect in reducing the
f

3 SHF interaction between the vo2* ion and the ligand protons.
e

: For each of the CASH, MASH and ZASH hosts consisting of
i

f \ e s

‘ diamagnetic ions, the maximum principal value of the SHF
E interaction tensor was determined to be about 14 MHz.
§ However, for ¢the FASH and COASH hosts consisting of
%

g-,

A

]
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paramagnetic ions, the value of the SHF interaction tensor
(isotropic) was estimated to be about 1.9 MHz, being about
14% of the maximum SHF value in the diamagnetic hosts.

Accordingly, the values of fs’ density of the unpaired

2+

electron of VO at the ligand site, for FASH and COASH

hosts consisting of paramagnetic ions are also smaller than
those for CASH, MASH and 2ZASH hosts consisting of
diamagnetic ions.

(iii) The magnetic properties of the host M2t ions do

2+

play important roles in determining the VO EPR linewidths

(AB) in various crystals. For the CASH, MASH and ZASH hosts,

2+ 2+ 2+
v

containing diamagnetic Cd Mg® and Zn ions, smaller AB,

independent of temperature, were observed. However, for the
FASH and COASH 1lattices, containing the paramagnetic re2*
and C02+ ions, AB values were found to be about twice as
large as those in the diamagnetic hosts at RT.

(iv) The spin-lattice relaxation times (t) for the

2+ 2+ have been estimated from the V02+

host ions Fe and Co
EPR linewidths, due to the paramagnetism of the host-ions in

the FASH and COASH hosts, appropriately taking into account

the dipolar and exchange interactions of the V02+—Fe2+ or
vo?t-co?* pairs. Although both FASH and COASH hosts contain
2+

paramagnetic ions, their temperature dependences of the VO
EPR 1linewidths are found to be very different from each
other. For FASH, AB was almost independent of the

temperature in the range of 4.2 - 393 K, the temperature
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dependence of t has been discussed in Chap. IX. In the case

2+ -1

of Co in COASH, = « T (143 K s T s 413 K), where the

exponent (1.0) suggests the predominance of the direct
process of spin-lattice relaxation. Further, similar to the

case for the other host crystals containing C02+

ions [1], a
Cclearly-resolved Vo2+ EPR spectrum for COASH was observed

only above 117 K.




CHAPTER XIII
CONCLUSIONS

The conclusions drawn from the EPR studies of
Mn?*-doped AS, Ga>*-doped APST, v02*-doped CASH, MASH, ZASH,
FASH and COASH, and Cu2+-doped MNST and CNST crystals,

presented in this thesis, can be summarized as follows.

2+
XIII.1 Mn doped (NH4)ZSO4

The following are the salient features of the present

study:

2+ centers, belonging to two

(i) Two different Mn
inequivalent sublattices undergoing first- and second-order
phase transitions, have been simultaneously observed in AS.
Previously, either center I, or center II, but not both
there exist two

inequivalent sublattices in AS for each of the NH: and soi’

together, was observed. Above Tc’
ions which are coupled to each other; each of these split
further into two sub-sublattices below T

(ii) The ferroelectric phase transitions of different
natures for the two sublattices are caused by couplings of
different strengths of the two sublattices to the acoustic
mode, effected by the spontaneous strain.

(iii) The unusual crossing of split lines, observed

2+

for Mn center I below Tc' indicates that only one

sublattice is responsible for the temperature variation of
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the spontaneous polarization, P, since only one center
exhibits a crossing of split EPR lines as the temperature
changes.

(iv) The values of RT Mn2'

spin-Hamiltonian parameters
(SHP), as reported presently, have been estimated by the use
of a rigorous LSF procedure.

(v) The ferroelectric phase transition temperature,
Tc’ presently determined to be 223 K, is in agreement with
the well-accepted value. The critical exponent (B) for both
Mn’? centers in AS has been determined. The ferroelectric

phase transition in AS is found to satisfy both the scaling

law and Rushbrooke inequality.

3+
XIII.2 GAd~ -doped NH,Pr(S0,),-4H,0

The main results of the present EPR studies on
Gd3+-doped APST are as follows:

(i) The orientations of the principal axes for the two
magnetically-inequivalent ca3t ions, as well as the SHP of a
monoclinic spin-Hamiltonian for Ga®* have been determined
for 6a3t in APST at RT.

(ii) The superposition model has been satisfactorily
exploited to explain the observed small values of bg in this
crystal. Similar application should explain the small

0

observed values of b2 in the isostructural crystals

NH,Ce(S0,) ,-4H,0, NH,NA(S0,),*4H,0 and NH,Sm(S0,),-4H,0.

4)2 4)2 2 2
(iii) Two first-order phase transitions have been
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deduced to occur at 266 and 155 K from the temperature
variation of the overall EPR splittings and the EPR

linewidths.

(iv) The host-ion spin-lattice relaxation time (t) of

pr3t in APST has been estimated by the use of EPR linewidths

in the 296 - 410 temperature range, using the correct
expression for crystals consisting of two different kinds of

paramagnetic ions. Similar estimation has been done for T of

3+ 3+ 3+

Ce~ , Nd ions in the isostructural ACST, ANST and

and Sm
ASST lattices; much shorter T values than those estimated
using the incorrect expression [5] have been presently

estimated.

(v) The power-law dependence on temperature of 1:-1

values of the Pr3+ ion, which is independent of Jp, suggests

the dominance of the sum relaxation process in APST crystal

in the temperature range 266 - 296 K (T7 dependence of t-l),

and that of the Raman process in the 296 - 410 K range (T2

dependence of T°1).

XIII.3 Vvo?*-doped M(NH,),(50,),"6H,0 (M = cd, Mg, 2n, Fe,

2

4)2°6D20

Co) and Mg(ND4)2(SO

They following are the main findings of the present
EPR study on V02+-doped CASH, MASH, 2ZASH, FASH, COASH and
MDSD crystals:

(i) The principal values of the g and A matrices, and

those of the SHF interaction (KL) matrix, as well as their
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direction cosines, have been evaluated at different
temperatures from the positions of the allowed hf lines. It
is found that There is no significant temperature dependence

exhibited by the g and A matrices. Further, replacing H,0

molecules, surrounding the Vo2+ ion, with Dz° molecules does
2+

not change the VO SHP significantly.

2+ ion substitutes for a divalent metallic

(ii) The VO
ion, referred to as M2+, upon entering the CASH, MASH, ZASH,
FASH, or COASH lattice, forming the [VO(HZO)S]2+ complex.

4+_ .2

The vi*t-02~ orientations of the three Vvo?¥ ions I, II and

III are deduced to be along the M2+-H20(7), M2+-H20(8) and
M2+—H20(9) directions, respectively. The three VO2+ ions are
physically inequivalent. This is also true in the case of
V02+-doped MDSD crystal, where the model of
[VO(D20)5]2+-comp1ex applies. A mistake in one of the

2~ pond directions in

previously determined one of the vitoo
V02+—doped MASH and COASH crystals has been corrected.

(iii) The SHF splitting for ions I and II originates
as a result of the interaction between the vo®* ion and the
four protons of its nearest-neighbor pair of water
molecules, H20(9). As for ion III in ZASH, where one
observed resolved SHF structure, the four protons
responsible for SHF splitting belong either to the pair of
water molecules H20(7), or HZO(B). This has been confirmed

2+

experimentally by measuring the VO EPR spectra of MDSD

crystal.
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(iv) The Dbonding parameters of the complex
[VO(H20)5]2+ have been estimated from the present
optical-absorption and EPR data on CASH, MASH, 2ASH, FASH
and COASH crystals. The density of the unpaired electron of
the vo%* ions at the site of ligand protons has also been
estimated for all the crystals.

(v) The present study has resolved the "“in-plane
anisotropy" controversy, for V02+-doped ZASH, 1i.e. the
non-coincidence of the principal axes of the g and A
matrices. The principal axes of the g and A matrices in the
XY plane are presently determined to be coincident, contrary
to the previously-reported results.

2+ _p 2+

(vi) The VO F exchange-interaction constant has

been estimated in FASH host consisting of paramagnetic ions,
using the g-shift in the paramagnetic host from that in the
4)2 4)2-6H20 (M = 2Zn, Mg, ¢Cd) hosts
consisting of diamagnetic ions.

isostructural M(NH (so

(vii) The host-ion spin-lattice relaxation times (1)
of Fe®’t and co®*t in the FAaSH and COASH lattices,
respectively, have been estimated, using an appropriate
expression taking into account the presence of two kinds of
paramagnetic ions from V02+-impurity-ion EPR linewidths. The

2+ host

predominant process of spin-lattice relaxation of Co
ion has been deduced to be the direct process.
(viii) The present EPR and optical-absorption results

have been analyzed with a view to deduce the systematics of
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V02+

EPR spectra in this series of Tutton salts. The
paramagnetism of the host ions is found to have a
significant effect on the linewidth and host-ion
spin-lattice relaxation times, as well as on the SHF

2+

interaction of the VO°" ion with the nearest protons.

XIII.4 cu’*-doped MNa, (SO,),"4H,0 (M = Mg, Co)

The main results of the present EPR studies on
Cu2+-doped MNST and CNST single crystals are as follows:

(i) Two magnetically inequivalent, but physically
equivalent, Cu2+ complexes have been observed in both MNST

and CNST hosts. The Cu2+ ion enters the site of an M2+

(M =
Mg, Co) 1ion, forming a CuOZ(HZO)4 complex, which has an
orthorhombically distorted octahedral symmetry, as exhibited
by the three different principal values of g matrices.

(ii) At room and lower temperatures, a pseudo-static
Jahn-Teller effect (JTE) was observed for both the samples.
Cu2+ occupies only the lowest Jahn-Teller potential valley,
of the three potential valleys. At higher temperatures, a

dynamic JTE was observed, wherein the cu?t

ion occupies all
the three Jahn-Teller valleys with equal probabilities. The
transition between the two kinds of JTE was found to occur
at 347 * 2 K and 339 ¢ 2 K for MNST and CNST, respectively.
(iii) The temperature dependences of cu®t EPR
linewidths for MNST and CNST have been explained to be due

mainly to the spin-lattice relaxation processes of the
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impurity-ion cu?t for the MNST host consisting of

2+

diamagnetic ions, and the host-ion Co for the CNST host

consisting of paramagnetic ions, respectively. The

respective spin-lattice relaxation times, i.e., T of cu?t in

2+ in CNST, have been estimated. The

2+

MNST and T of Co
predominant spin-lattice relaxation process of host-ion Co
in CNST, in the 280 - 330 K temperature range, has been
deduced to be Kramers’ Raman process from the temperature
1

dependence of T~} « T7.
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Mn?"* EPR study of the phase transition in an ammonium sulfate single crystal:

Existence of two inequivaient sublattices

Sushil K. Misca, Jiansheng Sun,” and Stanislaw Jerzak'

(Recnived 14 December 1988)

Angular vansuons of X-band EPR spectrs, for the magnetic fleld onentations 1n three mutually
perpendicuiar pianes. of 8 uagle crystal of Ma®* -doped (NH,);504, have beetr recorded from 113 to
398 K. Two Ma’* centers, 1be priacipal axes of whoss zero-fleld splitung tensors (61 are found to
be onented very closs 10 each other. exhibit fesToelectric phase tranntions of entirely different an-
tures, although occurnng at the same traamtion temperature (7, =223 K), At T, the EPR liass
corresponding to one conter exhibut a jump (Arst-order tranmtion), while those for the other 3 coe-
tinwty (secomd-order iraamtion). For both the cemters sach EPR hyperine line sphits ms0 two
beiow T,. The Ma’® spua-Hemulsomas parameters 1a (NH,),SO, are evaivatad at room tesmpers.
ture, using & NPOrous least-squares-ftting procedure, combised with numencal disgosalizanoa of
the spin-Hamultonss matnz. The present EPR data coafrm the existencs of two inequivalent sub-
lastices in the (NH,),SO, crystal. The uswsual croamag of the EPR line pos:tons, below 7, for the
Mn?* center which uadergoes a frst-order phase tranmtioa at T, has been related to the reversal of
the spostaneows polanzation. The dymasuc bebavior of the two Mn®* centers, ia this ferroslaste
crystal, has here been isterpretad 1o be due (0 the deformanoa of the SO~ groups and the spon-
taneous straia produced by the acowstic mode. The cntical exponent J has been determined, for
both the centers, (o be 0.49:£0.03, from the line splitung below T,. It has been vended that the

Phyncs Depariment, Concordia Untvernty, 1433 de Mawsonneuve Boulevard West, Montreal, Quedre. Canada H3IG IM8

sealing law and Rushbrooks inequality are weil satrafied in (NH(),SO.

L INTRODUCTION

Ammonium suifate {((INH,);S0,] (AS, herealter) has
been found to undergo a phase transition, becoming fer-
roslectric below 223 K, by Maithiss and Remeika.'
Unusual fmoclectﬁc!pmpuua. e.g.. 3 low value of the
Curie-Weiss constant.’ a large spontaneous strain.’* pro-
vided a grest deal of interest in AS. In order 10 under-
stand the trannition mechamusm respoasible for the phase
transition, many experimental techniques, ¢.g., dielectric
measurement,’ neutron diffraction.® NMR,” EPR.*~% in.
frared,’! and Raman spectroscopy,® have been used to
study AS. Theoretically, different mechamisms, e.g..
order-disorder,?  displacive.’* improper-ferroelectnc.’
“coupled-oscillator-relaxator” model.”’ two-wequivalent
ferroslectric sublattices,”® and. more recently, the
wolecular-distortion model’’ and weakly Arstorder
Landau-type-transition model.™ have been invoked to ex-
plain the mechanism of the phase transiion in AS.
Despits 30 many studies, the phase-transition mechanism
in AS still remains controversial, Even the transition
temperature T,, the spontaneous polanzation P,, and its
temperature dependence, have been reported to have
different values; as well, the vanous explanations provid-
od are at variance from each other. Koshino e al.? re-
ported that P, was almost temperature independent in
the neighborhood of the ferroelectric “Cune™ tempera-
ture T, (223 K), while Ikada e al.’ found the same result
at a lower temperature (153 K). They explained it by the
use of a phenomenological theary. Later, Unruh ¢ al.*
reported that P, was strongly temperature dependent,

4

chanping the sign below 85 K; this was explained by
Sawsda er al.* 10 be due 1o the existencs of two.
inequivalent sublattices in AS. In the two-inequivalent.
sublattices model, also referred to as the ferroelectne
model, Sawada er al.* proposed that the two NH,* ions
in the unit cell of AS are crystallographically ine-
quivalent, possessing different dipole moments, which are
likely to be antiparallel along the ¢ axis. Sawada et al.’*
further proposed that all the SO~ jons in AS are
equivaient.

The AS crystal is ferroelastic, both in the parselectric
(1'>r{1 and ferroelectric (T<T,) phases.’® Makita
et al.’* reported that, at room temperature, AS crystals
consisted of three domains, separated by [O11] and
{0311 twin planes. These domains can be switched
amongst themselves by an external stress. Group-
theoretical analysis™ of AS crystal symmetry suggests
that the pseudohexagonal orthorhombic symmetry P,
(Z =4) in the paraelectnic phase may be derived by a hy-
pothetical phase transition of AS from a hexagonal ipro-
totype) structure of symmetcy P6,/mme (Z =2), sup-
posed to exist at high temperatures.

EPR has been used in the study of the phase-transition
mechanisms, in AS because of its high sensitivity to the
local changes in the environment around the paramagnet-
ic ions doped as microscopic probes. Many different
paramagnetic ions, such as Mn®* 8- Cyic -V
s¢0,°.ll.li volO.ltH cro‘l-.ll (C‘O‘,l-.u and
NH, " '“® have been used to this end. However, some of
these studies have been confined to either temperatures
above T, or both above and below T,, but not systemati-
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cally as a function of temperatyre in the range including
r,."-1 Similar 0 the dndings of the other tech.
nques, a3 lot of controversy exists in the EPR results on
AS a3 well.

Mn®* 1s an important EPR probe of the environment
around it since its 3pin (S = 5/2), being greater than 1/2,
capeniences the crystailine field directly vis the spin-
Hamiltonian (SH) perameters o7, b7, As for the EPR
studies of Mn®*<doped AS ungle crystal. Abdulsabirov
ef al.* found four physically equivalent Mn*" centers,
li.e., only one type of Mn" " centeri; the magmtudes of
the angies between the Z axes. defined to be the principal
axis of the zero-feld splitung tensor 5, of the four Mn**
centers and the crysiallographic axes (a,b.¢) were found
1o be about the same. The respective Z axes, were de-
duced to be along the NH,~(D-NH,"(ID direcuons, de-
pending on which NH," ion is replaced by the Mn** ion,
with a type-l chargecompensation mechanism being
effective.® The temperatuce variation of the value of the
zero-field splitting pacameter (57) was found by Abdulsa-
birov et al.® 10 be discontinuous at 215 K; thus implying
the occurrence of a Arst-order phase transition at 213 K.
This temperature was assumed 10 be 7., 8 K lower than
the well-aceepted value (223 K). Shrivastava’ aiso found
the existence of only one type of Ma*" center, corre-
sponding to four physicaily equivalent Mn** complexes
in the AS crystal, associated with 2 transition tempera.
ture of 217.5 K, 5.5 K lower than the accepted value of
T.. He observed that the EPR lines just split below 217.5
K without expeniencing any jump :n ther poniions; im-
plying that AS undergoes a seccu-order phase transition
at 217.5 K. Based on the data of Ref. 9, Misra and
Shrivastava'® estimated the cntical exponent 8 for this
second-order trunsition from the line splitung (AB)

below T,: B<(T.~T¥, with 8%0.5 and T,=217.$
K. Both Abduisabirov ¢t al.’ and Shnvastava® stimated
the Mn*" spin-Hamiltonian parameters in AS at room
temperature, the differences between their values are
significant 1Table 1). Furthermore, the paramaters were
evaluated, employing perturbation expressions, using the
line postions obtaned for one direction of the external
magnetic feid_(BHZ) by Shrvastava.’ while for three
directions (BIZ, X, Y by Abdulsatrov et al.?

The pretent paper reports yet much more detailed and
systetaatic EPR experimental study on the Ma** -doped
AS single crystal. The purpow is 10 venfy the existence
of two different Mn** centers, 10 deternune T, to study
the nature of the phase transition of AS at T, (At
and/or second order), to evaluate the room-temperature
spin-Hamiltoniun parameters for Mn** in AS by the use
of a rigorous least-squares-fiting procadure employning
axsct numencal diagonaiization of the spin-Hamiltontan
matrix,” and to interpret the temperature depeadences of
the EPR spectra for the two Mn*" centers. A detaled
discussion of the dynamic behavior of the two different
Mn®* centers is provided. In addivon. the value of the
cntical exponent 3 has been estimated from the line split-
tings of the two Mn*™ centers below T,,. As well, the va-
lidity of the scaling law and Rushbrooks inequality has
been examined.

IL EXPERIMENTAL ARRANGEMENT,
SAMPLE PREPARATION,
AND CRYSTAL STRUCTURE

The EPR spectra were recorded on a X-bend Varian
V4506 spestrometer, consusung of a3 12.n. Vanan Associ-
ates electromagnet. 3 Vanan power supply, and a druker

TABLE 1. Room-temperature Mn*" spin-Hamultonan parameters 1 (NH,),50, crystal. as evalv-
sted by the use of 3 ngorous leasi-squares-ftting procedure.”’ The resuits of Abdulsabirov e ¢/’ and
Shnivastava® are also included for companson. The umit for 4. A4 and 5 vaues s GHz. winle that for
X GHZ (' m(AE,|=hv, % here AL, 13 the caiculsted energy difference between the pair of levels
paricipsting 1 resonance for the stk line positson. v, 18 the corresponding klysiron frequency. and A

Planck's ). 713 the number of lines fitted simultancously. For tha data of Abdulsabirov ¢f af.*
and Shrivastava®, 1 are a5 calculated using ther reported parameters and the line positions observed
presentlv.
Parameters Present work Abdulsatirov et al. (Ref. ) Shnvastava ‘Ref. 9

" 2.0014.£0,0004 8= 20009 £=1.99%9

'3 2.017620.0079 g, = 10009

8, = 20014

»? 2.153 £0.003 =18 1484

b} =-0.714 =0.027 1.108 -0.717

» 0.001 20,00t 0.008 =0.006

bi 0.099 =0.048 0.000

bs -0.281 £0.1%0 0039

A =0.258 =0.003 0.2%9 -0.2%%

B =0.281 =£0.00} 0263 =025

[ 0.06)

¥'/n 0.003 0.09% 1.064

a 140 140 [L0]
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field controller (B-NM-2). The crystal was placed inside
a TE,q Vanan cavity. Temperatures, above and below
room (emperature, were maintained at the sample by
gently blowing nitrogen gas. passing respectively through
the heater coils and coils immersed in liquid nitrogen, of
3 Vanan temperature~controller umit imodel E4540), The
temperature stability was better than 0.5 K. as measured
by an Omega Engineenng Inc.  mxro-
processor-based thermocouple meter (model 680), wmith a
temperacure resoiution of 0.1 K.

The AS crysuals, used for measurements, were grown
by slow evaporation at room tempersture of an aqueous
solution of INH,),.SO, to which a small amoust of
MnSO, (0.5 at. %) was added. Good-quality crystals
with dimensions suitable for measurements (sbout
3IX2X 38 mm’) were abtained after about cight weeks. It
was found that Mn** does not enter the crystal lattics of
AS in large amounts. Thus the actual amount of Mns*
in AS crystals is much less than that present in the moth-
e liquor. The crystals so obtained were coloriess, had ex-
cellent clesvage in the (100) plane, and were almost fer-
roelastically monodomain, as venfied under a polanzing
microscope.

The growth habit of AS crystals is shown in Fig. 1.
The crysal structure of AS has been determined by
Schiemper and Hamilton,* by neutron diffraction; it is the
same as that of K;SO,. At room temperature, the crystal
possesses orthorhombic symmetry (space group P, ),
with the unitcell parameters being g =7.782, b =(0.64,
and ¢ =5.993 A.% (Some AS crysials show & superstruc-
ture at room temperature, i.e., charactenzed by the b and
¢ dimensions doubled.’!) Below T, the reflection planes
of the AS crystal disappear, changing the space group to
Pooy» while the crystal still possesses orthorhombsc sym-
metry; the ¢ axis becomes the axis of electric polanzation.
The unit-cell parameters of AS below 7, are a =7.837,
5=10.61,and ¢ =5.967 A.*

c
% /y
|~ | ¥

N a

FIG. 1. The growih habit and crystailographic anes a. b, and
¢ of INH,),50, ungle crystal. The | 100| plane. which exhibits
a perfect cleavage, 1 shaded by oblique lines.

W\":- «\: \\

At room temperature. the unit cell of AS contains four
formula units (Z =4). There are present (wo crystallo.
graphicaily different  NH, ") and NH,“(ID) ions.
NH, ") 10ns, with tive SO,*~ ions surrounding them, are
designated as a ammonium ons, while NH,"(II} vons, lo.
cated in the middle of a distorted octahedra of SO,
ions. are dessgnated as 3 ammonium 10ns. The directions
of the two NH"(I.NH, ~ (1) (or a-8) pairs make the fol
lowing angics. relative to the crystallographic axes:
@2Z)m=71.2, (5.Z)m=ss, S, and (3Z)m240.5,
These directions are found to be almost comaident with
the magnetic Z axes corresponding to the two Mn'*
centers, as seen in Sec. [11 below.

L. ROOM-TEMPERATURE EPR SPECTRA

EPR spectra were recorded (or the onentauons of the
external magnetic fleld (B) in the ab, ac, and be planes,
Figure 2 exhibits the high-field EPR spectrum for the
onentation of B in the ab plane, at 23° from the a axix;
six strong hyperfine lines of almost equal intensity, corre-
sponding to the highest-field fne-structure sextets
M =5/2e3/2 for the two Mn}* centers, denignated as §
and I, are clearly vimble. [For Mn®*, S=/ =$/2,
where S and /[ are the electronic and nuclear spins, re-
specuvely. Therefore, for each Mn** center, the EPR
spectrum conusts of five allowed sextets (M.m)
~{{M=1),m), where M and m are, respectively, the
electronic and nuclear magnetic quantum sumbers.] The
small difference in EPR line haights for Mn** centers |
and II, as seen in Fig. 2, results from a slightly larger
linewrdth of center II, as compared with that for center |
(17 G for center [T and 14 G for center I). This suggests a
somewhat bigger distortion of the surrounding of Mn**
center 11 as compared to that of center L. The equality of
the intens uies of the EPR lines corresponding to centers |
and I impiy that the occupation probabulities of the sites
available to centers I and II are about the ame. (It is
noted that there were observed, in addition. two other
centers of very wesk intensity designated as I1f and IV;
these are. most likely, due to additions! ferroelastic
domains of AS crystal, which were. however. not detect-
ed under a polarizing microscope, because of their negli-
gible volume. Centers I and IV have not at all been
studied 1n the present paper because of their extremely
wesk intensities.)

Figure J shows the angular vanaton of the highest.
feld resonant lines for centers | and 11 for the onentation
of B in the ab plane. The lines corresponding to the two
magnetically inequivalent Ma'* centers (I and 11} are
clearly visible tn Fig. 3. Thus is possible because the pnin-
cipal axes and magnitudes of the zero-field splitiing ten-
sors b7, corresponding 10 the two centers, are at
definitive vanance, albeit small, from each other.

Figures 4 and § exhibit the angular vanauon of EPR
spectra for the onentation of B in the &¢ and uc planes,
respectively; vhey are found to be symmetnc about the b
and ¢ axes. respectively, for the two centers, in accor-
dance with the crystal symmetry. Figures 4 and §
confim that there indeed exist two phvuc:lly ine-
quivalent Mn** centers with almost the same intensity
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but slightly different directions of the respective priacipal
axes and the values of the zero-field splitting tensors b7
These relative differences did not change much upon in.
creasng the temperature from room temperature 1o 198
K. except that the EPR line positions moved slighely to-
wards higher magnetic flelds for both the centers.
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FIG. 3, Angular vanation of the highest-Aeld line of the
Mghest-eid hyperfine sestet for Mn®® centers | and Il in
Mn’*doped INH, 1,50, crysusl at room temperature for the
onencation of B in the eb plane. The continuous lines are
$mooth curves that connect dsta points,

The orientations of the principal axes of the zero-feld
splitting tensor b7 (i.e., the magnetic Z axas) correspond-
ing to centers [ and II can be determined from the angu-
lar varistion of spectra in the three mutuaily perpendicu-
lar planes. (The magnetic Z, X, and Y axes of 2 Mn'*
compiex are defined to be thoss directsons of B for which
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FIG. 4. Angular varisation of the highest-Aeid line of the
highest-field hyperfine saatet for Mn’® cemters [ and 1§ 1n
Mné*doped INH,1,30, erystal at room temperature for the
onentation of B in the ac plans. The conumuous lines are
smooth curves 1hat connect dats points,
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the overall separations of the allowed lines exhibit extre-
ma; of these three, the overall separations occur in de-
creasing order for B along the Z, X, and Y axes, respec-
tively) The results are as follows. Center [
(Z,3)m75.6°£0.5°, (Z,b)=57.9°£0.5", and (Z.8)=35.9°
20.5°. Center [I: (Z.3)=74.5°20.5°, (Z,Di=62.8°
=0.5", and (Z,28)=32.2°20.5°. Furthermore, umng the
crystallographic data.! it is found that the Z axis for
center [ 13 aimost coincident wath the direction of one of
the two NH,"(D-NH,"(II) pasrs (within 5%; while that
for center 11 deviates slightly from this direction (about
9. The angle between the Z axes corresponding to
Mn** centers [ and Il is about 6".

Unlike the previous findings®® of the presence of only
one type of Mn!* center in AS, two different types of
Mn®* centers have, indeed, been detocted to exist simul-
ummlyinthcpfantm-choﬂhﬂmm”'

centers are charactenzed by EPR spectra which are
symmetrical about ¢, b. and 4 axes, for B 1n the ab, ae,
and be planes. respectively (Figs. 3. 4, and 5). (The term,
“Mn* " center” here refers to a complex consisting of a
Mn®* ion with surrounding SO,*~ groups and a nearest
vacancy: see Sec. V for more details.)

IV. ROOM-TEMPERATURE SPIN-HAMILTONIAN
PARAMETERS

In order to evaluate the spin Hamiltoman (SH) param-
eters, the EPR spectra were, specifically, recorded, at
room (emperature, for vanous oneatations of the exter-
nal magnetic tield in the magnetic ZX piane, correspond-
ing to the Mn** center I. The following spin Hamultoru-
an, appropriate to orthorhombic symmetry, is applicable
to Mo~ in AS':

Tt=py(8,8,S, +8,(8,S, +3,5,)]+ {5302 +5{0} )+ 5508 +5i0} +530%) + 4S,1, +BIS, I, +5,1,)

+ Q= + )+ Q U} =1}) .

In Eq. (4.1), uy is the Bohr magneton, and the O/ are
spin operators, as defined by Abragam and Bleaney.? A
rigorous least-squares-tting (LSF) procedure,’ utilizing
oumerical diagonalization of the SH matrix on a digital
computer, in which all clearly-resolved allowed Mn®*
line positions, observed for several onentations of B in its
ZX plane, were simultaneously fitted to evaluate the nine
SH parameters g, g,, b3, b}, 52 5%, 0%, 4, and B, (The
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FIG. . Angular vanauon of the highest-Aeld line of the
Nighest-Aeld hyperfine sestet for Mn'" centers | and If in
Mn‘* <doped (NH,),SO, crystal at room temperature for the
onentation of B in the bc plane. The conunuous lines are
smooth curves that connect data points.
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1
panrameters Q° and Q" could not be determined since the
allowed line positions do not depend upon them to fArst-
order 1n approximation.) The errors of the parameters
were determined by the use of a staustical method.*® Fi-
naily, a total of 140 line positions were used to evaiuate
the nine SH parameters. This included, generally, all the
six lines of each of the first, second, fourth, and fifth
hypertine thf) sextets for each of the onentations of B
close to, and including, the Z axis (at 0°, 2°, 4°, 6", §°, and
10" from the Z axis), and ail the six lines of esch of the
first and 6fth hf sextets for each of the onentatons of B
close to. and including, the .Y axis (at O°, 2°, 4%, 6%, and 8°
from the X axis). (Here, the sextets are referred to in in-
creasing values of the Zeeman field. 1.¢e., the first hf sextet
lies at the lowest values of 8, while the fifth hf sextet lies
at the highest values of B.) The values of the SH param-
etcis, so evaluated, are listed in Table I, which also :n-
clude the SH parameters reported by Abdulsabirov
et al.® and by Shrivastava.® As for the absolute signs of
the parameters. they could not be determined from the
present data since no relative-intensity data were avasl-
able at liqud-helium temperature. The sign of b7 was,
then, assumed to be positive. The signs of the other fine-
structure parameters, relative to that of b‘:’. as yielded by
the LSF procedure, are correct. The signs of the
hyperfine parameters A. B were chosen to be negative, in
accordance with the hyperfine-interaction data.”
Although the values of the SH parameters as evaluated
presently are for Mn*~ center 1. those for center !l are
expected not to be much different from these because of
the very close proximity of the environments of the two
centers, as discussed 1n Sec. V below.

V. INTERPRETATION OF Ma!* CENTERS 1 AND (1

A. Two Mal® centers

According to Abduisabirov ef al..' when the Ma**
ion replaces a NH,* ion :n AS, a neighbor NH,~ 1s dis-
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placed to create a vacancy for charge compensation; this
i» referred (0 as a type-1 charge-compensation mecha-
ansm.” The same charge-compensation mechznism was
uggested by Chaddha,'’' for the case when Cu’* repisces
~NH,° 1n AS. Abdulsabirov e al.! did not specify which
of the NH, " ions, 1 the @ or 8 poution. was replaced by
Mn*", reporting the observation of only one Mn**
center, with four physically equivalcat onentations.
However, in_the present work, two physically ine-
quivalent Mn** centers were, indeed. observed (Figs. 3,
4, and $). This can be understood a3 follows. There exist
iwo inequivalent, NH, (1) and NH,“(I1), ions in AS as
venfied by neutron<diffraction messurement.' When a
NH,"(D) ion is replaced by Mn'*, a different Mnl*
center is created from that when the Mn** ion replaces &
NH,"(ID) ion. This is due to the smaller space available
around the NH, ™) ion (a position); the substitution of
Mn** for NH,"(I) causes greater distortion.of the coor-
dinations with the surrounding ligands than that caused
when Mn** substitutes for the NH, " (II} jon. Assuming
that the larger EPR linewrdth of Mo** center 1 is due to
the more distorted coordination, it appesrs from the
present expenmzntal recuits that the Mn®™ on, in center
11, 13 in the @ positicn, which is susrounded by fve SO}~
ions with the 8 position left as 3 vacancy. The Mn2* jon
in center { replaces a NH, ™ (1) ion, which is in the 8 posi-
tion surrounded by six $0O,~ ions formung a distorted oc.
tahedron with the a position left as & vacancy. The @ po-
sition can also be conmdered. equivaiently, to be sur-
rounded by six $SO,’~ ions. one of them lying 1 little far-
ther from the NH,” ion as compared with the remaining
five SO,°" ions. Therefore, the environments of the a
and 4 positions appear 10 be very close to each other.
Using the geometnical onentations of the 50,°~ ions,>*
and the assumpuon that the SO,'" ions. bemng heavier
than the NH, ™ ions, are responsible for the occurrencs of
the spontanecous strain (acoustic mode) in the AS crystal,
it is presently concluded that there also exust two-
inequivalent SO~ groups. This inequivalence may be
caused by the Aypothetical ferroelsstic phase transition
rrom hexagonal to orthorhombic symmetry which is ex-
pected to take place at a temperature higher than 630 K
n the AS crysial® [Although. actually, INH,)SO,
changes into (NH,JHSO, above 630 K., it 15 known that
the other two 1somorphous crystals. K,SO, and K,SeO,,
do, 1n fact, undergo such transitions at 860 and 748 K.*]
The NH, " ions also respond to this hypothetical transi.
tion, resulting in the creation of two-inequivaient @ and 8
catsons. [t 13, therefore. likely th:u_the two-inequivalent
SO, " groups. which ligand to Mn*" ions. are responst-
ble for the creation of two different Mn* * centers in AS.

B. Two inequivalent sublattices

1t 1s likely that the Mn** centers | and 11 belong to
twn-inequivalent tublattices, Different EPR linewidths,
and diferent temperature dependences of the EPR spec-
1ra for the two Mn*" centers (Sec. VI), imply different
distortions and different dynamic behaviors of these two
sublattices. This conclusion 1t a logical consequence of
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the presence of two crystallographically inequivalent
NH," 1ons in the unit cell. which implies that there aiso
exist two sets of inequivaient SO, ~ ions i the iattices of
AS, since the two a- and §-NH, ™ groups are surrounded
by different SO~ groups. The eustence of two-
inequivalent sublattices in AS has also been proposed
from the temperature dependence of the reported spon-
taneous polanzation, and the softeming of a coupled-
lattice vibration mode by Fujimoto «r al.'* As for the
EPR studies on AS, the two-sublattices modei was pro-
posed only (rom the EPR of SeQ, " ions 1n AS, namely,
from the observation of two-inequivalent $¢C,~ ions.
whicl!’x substitute for the SO,'™ ions by Fujimoto and Jer-
22k ",

VL FERROILECTRIC PHASE TRANSTITION AT 223K

A. EPR spoctra

Figure 6 exbibits the variation of the highest-feld line
position of the highest-fleld hyperfine sexter corvespond.
ing to center [, as welil as that of the lowest-Geld line posi-
tion of the highest-field byperfine sextet corresponding (0
center 11, for the onentation of the external magnetic
field B in the ab plane, 15" away from the a axis, in the
temperature range 113398 K. (These hyperfing lines are
particularly chosen, because they are not Sanked by other
lines, and are easy 10 1denufy.) It 1s cleacly seen from Fig.
6 that, as the temperature is decreased, the line positions
carresponding to center [ show an abrupt jump to higher
magnetic fields at T, =223 K, thereaster, esch line split-
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FIG. 6. Vanation of the highest.field and the lowest.fichi
hypetfine EPR lins positians for the highest-Reld hyp srine ser.
tets far Ma** centers | and 1. respectsvely, as functions of tem-
perature, from 113 K 1o 398 K, for B in the ab plane, 35° from
the a axis. At T, =223 K, different natures of the phase tranvi-
tions. 1.e., 3 jump of the line position for center | amd a conunu.
ous change of hin: position for center (1, are clearly exhibitvd
As weil, ynusual crosung of split lines for Mn*® center | 31 147
K 15 distinctly vistble.
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ting into two iines below T,, characterizing a fArst-order
phase tranution of the sublattice of AS crystal to which it
beiongs. On the other hand. the line positions corve-
sponding to center II do not at all underge any jumps at
Teo 28 the temperature is decressed. each of them experi-
ences only a spliting into two lines below T,; this indi-
cates a second-order phase tramsition of the sublattice of
AS, to which center Il belongs. Furthermore, at seen
from Fig. 6 the splittings of the lines correspondiag to
center | exhibit a unique feature newer reported previous-
ly; the Eae splitting frst incresses with decressing tem-
perature below T, then it stuns to dimimish, Gmaily
becomiag zero at about 147 K. [t splits again below 147
K im the oppomte direction. This (esture is not exhibited
by the splitting of the EPR lines, which co.espoad to
center IL

Figure 7 exhibits detailed EPR spectra for B in the ab
plane, 25° from the a azis, Over a (emperature region, in-
cludiag T, confirming the comcinsions dra>n from Fig.
& Asother feature that is spparent from Fig. 7 for center
L is that at 223.5 K (just sbove T, ), some weak lines of
the ferrosiectric phase that exists below T, are aleo ob-
served, although the EPR lines of the parsslectric phase
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PIG. 7. EPR spectra (first denivauve), for the highest-feld
Mn®® seziet in (NH,),S0, sngle crysial, 1a the temperature
range, covenng the ferrodlectne transition tempersture T,
(=223 K), for B 1n the ab plane, 25" (rom the & axis. As the
temperature is lowered, the lines corresponding to Mai® center
[ show 3 jump at T,, then esch splits into two lines; the kines
corresponding to Mn** center 11, on the other hand. show only
a splitting of each line into (wo at T,, mthout undergoiag jum s
in line positions. (Some weak lines, indicated by arrows, belong-
ing to the (erroelectnic phase are also abserved just above T.)
14 and I, indicate the two subsublattices to which center | be-
longs below T,; tne same appiics to Il and 11, for center IL.
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that exist above T,, are dominant. This indicates a coex.
isence of the pamelectnic and (erroelectne phases just
sbove T,. Figure 8 displays a2 detailed lemperature
dependence of the EPR spectra, for B in the ab plane, 25
from the a axis, over a temperature region including 147
K: the EPR lines corrmsponding to center [ show crossing
of split limes, in accordance with that exhibited by Fig. 6.
On the other hand. the lines corresponding to center il
conunue to remain split, mithout reversing their splitting,
or crossiag, at all temperatures beiow T,.

Varisble-temperature EPR messuremments were made
for the orveatatson of B in the be and oc plenes also; simi-
lar results to thoss observed for the orieatation of B in
the sb plane wiru found, except for the fact that no cross-
ing of split linw was observed below T, for say Ma®*
osnler.

B Critieal expoucass

For both the centers [ and 11, the critical expoment S is
preseatly found to be 0.49+0.03 from the line splitting
(AB), in the region [0<(T,~T1<10 K]|. This is clear
from Fig. 9, exhibiting log-log straight-line plots of A8
versus (T, = T, the slopes being 5. The result for center
I is in agreement with that reported by Misra and
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FI1G. 8. EPR spectra (first denvative) for the highest-feld
Mn’" hyperfine sestet in INH, SO, ungle crystal in the teme
perature range covenng 147 K, for B in the b plane. 15° from
the @ anin It 15 clearly soen that Ma®® center [ exhibits an
wausual crossing of split lines a1 147 K, as indicated by the rela-
tve pomtions of the solid circls identifying the lines corre-
sponding to venter | on the ighest-held side. as functions of
temperature. J, aad [y indicate the two subsudiattices 10
which center [ deiongs below T; the same spplies 10 11, and

{1, for canter il.
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Shrivastava.'® where 2 sscond-order transition was con-
sidered, while that for center [ is in agreement with that
reported by Bhat et al.'’ for CrO'"-doped AS crystal
for the CrO,°~ center, which undergoes a fOrst-order
phase transition.

. Scaling law and Rusbbroske inoquality

There exists a relation, (a+20+y)=2, involving the
critical exponentsaand ¥ for T>T, and S for T< T,
known as a scaling law.” It is interesting to examine the
fuifiliment of this law for AS. The cntical exponent
8=0.5, as determined presently. The critical exponents
@ and y are defined, for T > T, from the relstions
Cx(T=T,)"" and Yx(T = T,1"7, where C and ¥ are
specific hest and susceptibility, respectively.’® For AS
erystal, 7 has been reported to be ~1.0.37 As for a, it
has been determined by Hoshino et a/.’ to be almost 0.0,
for T>T,. Thus, for AS, a+28+rm2. This is in
agreement with the scaling law. For T < T, there exists
only an inequality: a'+28+y° 22" known as the Rush-
brooke inequality. Here the exponents a' and y' are
defined (rom the rcelations Cx(7,—=7"" and Y
«iT,=T1"7.% Forthe AS crystal, y’ and @’ have been
reported to be ~1.0."7 and ~0.2’ respectively. Thus
for AS, a' =28y’ w2.2. This is in good agreement with
the Rushbrooke inequality.

D. Meochanism for phase trassition

Unruh ¢ al.* concluded from their measurement of
the spontaneous polarization, P,, of AS, that &, couid not
be treated as the order parameter of the phase transition
and thus called the teansition ferrielectric, implying that
the two sublattices contnbute differently to the resultant
spontaneous polarization. Since P,, which is related to
the opiic mode of latuce vibration, is not the order pa-
fameter, some other mode must be responsible for the oc-
currence of the phase transition. This other mode is
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presently suggested to be the acoustic mode. related to
the existence of ferroelasticity 1n the paraelectnic phase off
the AS crystal above T,. The high value of the spoatane.
ous strain may cause additional crystal distortion leading
1o ferroelastic domans. This creates additional weak
lines tn the Mn** spectra at room temperature in AS
over and above those aiready mentioned. It is likely that
the coupling to the spontaneous strain (acoustsc mode! 13
different for the two sublattices. It is suggested presently
that the sublatice to which Mn** ceater 1 belongs,
which undergoes first-order transition, is stroagly cou-
pled to the acoustic mode while the sublattice to which
center II belongs. which undergoes second-ordes trassi-
tion, is only weakly coupled to the acoustic mode. This
explains qualitatively why Mn?* icas belonging to
different sublattces behave differently a¢ T. Bhat
@ al.'S also noticed the cossistencs of disconrinuous (the
same as that of center 1) and conunuous (the same as that
of center 1), behavior of the EPR lines in CrO4*™ -doped
AS crystal at T,. However, they did oot invoke the two-
inequivalent-sublattices model, which would have provid-
od the correct explanation of their spectra.

The reversal of the sign of polanzaticn, P, at low tem-
peratures, as observed by Unruh,* can be explained as fol-
lows. As the temperature is lowered below T, the sub-
Iattice. to which center [ belongs, splits further into two
sublattices with opposits polanzations: thess polariza-
tions exhibit different temperature dependences. The
crossing of split lines for center 1 occurs when these two
polarizations are equal and opposite. i.e., at 147 K (Fig.
9.

The two-inequivalent-sublattices model. a8 proposed
presently, is not the same as that postulated by Sawada.*
in which no further spiitungs of the sublattices below T,
was predicted, contrary to the present inding for AS.
wherein each of the two sublsttices above T, splita into
two sub-sublattices delow T,. Otherwise, the observed
polanzation behavior below T, could not be correctly ex-
plained. as discussed above. In the model proposed
presently, the SO,°~ ions are also considered to be ine-
quivalent. contrary to the assumption of Sawada et al.*
The SO,°~ ions play an important role in the splitting of
each of two sublattices, which exist above T, into two
sublattices below T,. The effectiveness of SO,2~ ions 1n
the ferroelectnc &hm transitson has also been suggested
by Sawada e a/.”* and by Bhatet al."

The present results and wnterpretation are similar to
those drawn by Fujimoto and Jerzak' from the EPR uf
$¢0,” ions in the AS crystal. According to them, two
inequivalent centers of the SeO, ™ radical in AS belong to
two coupled sublattices: the EPR lines above T, of one
center are very strongly temperature dependent, while
those of the other are aimost temperature independent.

VIL. LINEWIDTH

The EPR linewidths for Mn®* were esumated (or the
two venters in the temperature range 113-398 K. Center
11 is charactenized by a shghtly larger linewidth than that
of center I. The EPR linewidth for center [ is 1421 G
above T, while it is 16=1 G below T,. On the other
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hand. the linewidth for center I remains 171 G atall
temperatures. The fact that only the linewidth corre-
sponding to center [ expenences a change at T, supports
the contention that only one sublattice in AS, namely, the
one to which center [ belongs, 1s responsible for the onset
of ferroeiecinic phase tranution: the other sublattice, the
one to which center 11 belongs. just follows this tranne
uon.

VL CONCLUDING REMARKS

It has been possible here 10 identify the presence of the
two different Mal* centers only because of the high sn.
sitivity of the Ma®* fine-strecture EPR lines 10 even very
smail change in the coaguratson of the SO,*~ ligands
to Ma2* ions; the configurations of the susroundiogs of
the @ and 4 positions are quits cioss to esch other.

The following sre the smilieat fearures of the pressat
stady. .

() Two different Mn?* centars, belonging to two ine-
quivalent sublaitices undergong frst- and second-order
phase trunsitions, have been simultaneowsly observed in
AS. Previously, aither ceater [, or center 11, but not both
together, was observed.

(i} Above T,, there exist two inequivalent sublastices
in AS for each of the NH,* and SO~ ions which are
coupled to each other; each of thess split further into two
subsublattices below T,

{iif} The ferroelectric phass transitions of different as-

tures for the two sublattices are caused by couplings of
different strengths of the two sublattices 10 the acousuc
mode, effecied by the spontaneous strain.

(i:n The unusual crossing of spin lines, obesrved for
Mn** center I beiow T, has not been reported previous
ly in AS crystals, whether doped by Mna'* or by any oth-
of paramagnetic ton.

(v} Only one sublattice is responsible for the tempera.
ture variation of the spontaneous polangzation, P,, since
only one center exhibits a crossing of split EPR lines as
the temperature changes.

{vi) The ferroeiecinc phase transition tempersture T,
presently determined to be 22 K, is in agreement wath
the value.

(vii) The room-temperature Mn!* spis-Hamiltonian
Parmeters, as reported presently, have bess evaluated by
the use of a rigorous least-squares-Aitting procedure.

{vili} The ferroslecine phase transition ia AS is found
to satsfy both the scaling law snd Rushbrooke isequali-
ty.
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EPR of a VO*“ «doped Zn(NH,);(SO);*6H.0 single crystai: Ligand superbyperfine intersction
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Detaled Y-hand alsctron-paramagnetic-rasonance (EPR) studies of the VO™ ion huve been care
ried ow on 3 angle crysal of the Tunos sait ZINH, )80, )y-6H.0 u 295, 30, sad 42 K. The data
are indicative of the prassace of two phymeally egwvalent VO3 mes tn the umet coll. meh soamst-
ing of thres magnensally aequevaiont VO'* isms, one of them bmag present with 2 much smaller
probability. Esch vemadyl hyperise lus is charscierised by s smssuesope tsmparsters
indepeadant quatat suparhyperine (SHIF) spiitting, vk the intenmey ratios 1:¢4:64:1. The ongs of
the SHF mplitiags bes bem explained. The principel valess and e orientatioes of the priscipal
anm of the SHF-iatoraction temeor, a weil as the desmry of the wapsired electron & (he site of
lignad protoss. have dbess sumated. The “in-plane 25:0r0py™ controversy hae bese rmoived.

L INTRODUCTION

Room-temperature (RT) EPR of VO*“doped
ZaiNH, ), 6H,0 (ZASH. hereafter) single emul bas
been muly reported by Borcherts er al.,' observing
superhypenine (SHF) structure for only oae out of the
three possble magnencally inequivalent VO3* icas: no
mdianprdinnhcpnwpdvdum principal axes
of the SHFW tensor (A%) were reported.
Strach « al.. {rom ther zero-fieid EPR measurements.
teported RT VOQ?~ byperfine-interaction studies on
ZASH. Thus far. 0o EPR study on VO3 *-doped ZASH
single crysual has been reported below RT. Further,
there cusis the so-called “in-piane waouopy coniro-
versy. :.c..mrdmnasonhemnal aithough the
principal Z axes of the J° and A * tensors are coincident,
thar priscipal X.Y ases are not comcident,' which 18
contrary to the fndings of Strach ¢f al.> The present pa-

per repons extensive X-band EPR study on YO~ doped

ZASH snngle crystal at 295, 80, and 4.2 K. with particu-
lar emphas:s on (il the interpretation of the SHF splitng
for the three m;umcaﬂv inequivalent VO** jons in the
unie cdl of ZASH, tiir resolution of the m-plam anisot-
ropy ™ controversy, and i) esimation of the densuy of
the unpaired electron of VO*~ at the site of ligand pro-
tons.

11. SAMPLE PREPARATION
AND CRYSTAL STRUCTURE

Single arvsials of ZASH. doped with VO* = 0.5 at. el
were grown 38 room temperature by siow evaporation of
2 saturated aqueous solution, contaiming stoichiometnic

a

amounts of ZasO,- TH,O and INH, 1,50, t0 which an sp-
propriate amount of VOSO,-2H.0 powder was added.

AZASHWBWWM&W
metry (space group B2 ,/al"’ The dimezmons of the
uait call are c=928 A, dwILST A, c®62S A, and
8=106.8°; it conusins two divalent metal ions. each of
which is surrounded by six water molecules, labeied »
H,07, R0, and H,09) i pairs. formung closely an
ocubdmu wih distance dzeom=2.138 A don

u'lA.uuw..-z.ossA. A ZASH crymai has
unhr growth habits as wtat of the other Tuttos
slts:® the b axis is easy 10 identify, bang perpendicular
to the (010) plane, which i well deveioped ia the form of
3 rectangular fat surface, conumng the ¢° (=g¢ mnf)
and ¢ axes.

IIl. EPRSPECTRA

EPR spectra were recorded at 295, 90, and 3.2 K for
the onentanon of the external Zeeman feid | D), 1 three
mutually perpendicular planes, defined by the X, Y. and
Z axes {laboratory frame:: The X' axus was chosen to be
parailel to the srystallographic b axis, axis, while the ¥
and Z axes were chosen 10 lie in the (0101 plane. of the
crystal, with the Z axts being perpendicular to the largest
flat ace of the irystal.® For an arourary onentation of B
and at any temperature. there were observed four sets of
typical vo:* spectra with strong intensits and (wo 18
with much wezxer intensuty, charactenzed by enght voi©
allowed hyperfine 'HF) lines tach me | deprces a type
13l spectrum for VO3 for B 1n the o°« plane at ¥°
from the Z axis. The ux sets of HF lines can be divided

L @199 The Amencan Physscal Socwty
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FIG. |. Fim<denvauve RT EPR spectrum, obtasned for B in the 2-7 (e *«¢) plane. 30" from the Z axxs. Due 10 the iavernon sym-
metry, only thres sets of VO?* HF lines were observed is this piane 1the fines for the three groups of two phymeally sqmvalent VO3 *
ions merged). although there were sz sots of lines st an arbitrary oriencanon of B (Sec. LID. The line pomuons for the thres woms L [L
and [11 are clesrly marked. For the ion 1L, three lines were seun: the other five lines were overiapped Dy the lines corrmpondiag te

iont | and IL. haviag much larger intenmties.

into three groups of two physically equivalent ions esch
(L I wath strong intensity, and {11 with much weaker in-
tensity) which are obtained from each other by symme-
try, conformung 10 the fact that the three VO~ jous,
which are located at ench of the two Zn°* sites. are phys-
ically equivalent, being situated symsnetrizally about the
#°«< plane. The lines corresponding to the ions III were
only studied. insofar as their SHF splitting is concerned.
due to thewr much weaker intensities. The ratios of the
iatensities of the VO*~ EPR lines corresponding to the
jons L. IL and [1I were found 10 be about 10:5:1; these are
different from those reported by Borcherts ef al.,! which
are 20:5:1.

A. SHF structures st recm tempersture

Figure 2 exhibus the SHF structure of VO*~ for ions L.
[1. and 111 for the onentauon of B for which the respec-
tive maxsmum SHF splittings were observed. Anisotrop-
ic quintet SHF splittings. with tne relative-intensity ratos
1:9:0:4:1. for 1ons | and Il were observed for B in the Z.X
and X-) planes: no sigmicant SHF splicting was observed
for B in the Z2-1 pianc. The maumum SHF splitung for
ion | was found to ocsur for B in the .X- Y piane. at an an-
gle of 20° with the ¥ anus ireferred to as the X', axisk: this
direction 1» very close to the 2n° “-H 017 direction. The
SHF spistung for 1on | was symmetric about the X, axis
for B in the X-¥ piane When B deviated by more than
18 from the X, asn. the SHF sphtting for 1on | was no
longer resulved and the dve SHF lines merged 1o form o
singic HF line  For B in the Z) plane. the SHF splitung
for wn | was the largest tor By, X, 1t decreases as B deviat-
ed from the .\ avn. bevoming unresolved for B.Z. For
ion 1. the maumum SHF spluting occurred for B in the

XY plane. 90° away from X,, and very close 10 the
Za°"-H,08) direction (X, axmi. The festures of the
SHF splitung for B 1n the XY place for 10n (I were found
to bu the same as those for ion [, except that there the
symmetry occurred about the X, aus. which lies at 90
from the X, axs. Although. for ion IIL the EPR lines
had the smallest intenmey, their SHF spiitang was sull
cleariy observed. The direction of B for which the max.
tmum SHF splitung {or 10n I1II occurred was found to be
papadicnhrwmacform.imludu.u.mhbo-
ratory Z axis, which 13 the Zn*~-H,O{9) direcuon.

B. Temperature dependence of SHF splitting

The crystal was orientated at RT for studying the tera-
perature dependence of the SHF spinttng 1 such 3 way
tha: B was successively slong the three directions fof
which the maxima of SHF splittungs of lines occurred for
one of the three physically equivaient VO*~ wons. The
SHF splitting was observed 1o be independent of temper-
ature 1n the 123398 K range for any 1on. Below 123 K
a cavity of small Q was used. which did not vield
suficrent resolution of the EPR spectrum 1o exhibit SHF
spiitting. Above 398 K the crystal deteriorated.)

IV, SPIN HAMILTONIAN AND EVALUATION
OF §: AND A ° TENSORS

A, Spin Hamittomian

The spin Hamiltonsan descnbing the snteractions of
the VO~ 10n can be expressed as’

H=u,S3B-S A-1-S-At 1 3.1
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FIG. 2. XYhed (Kywmron freqeemsy ~95 GHa) fm.
denvanve RT EPR sbeorpoon spestra. exhibiting the SHF
srecturs for the ioas L IL aad II1 of VO doped ZASH single
crysal, for the orientanon of B fer which the respestive maz-
imum SHP splictisgs were ohearved (Sec. {II). The intensicy re-
nos of the Ave SHF linas are 1:4:6eé] for smy ion. It is sees that
the SHIF splirtting for som [I1 is & bit smailer. The ineensitie of
the lines for ios [II are much weaker than those for isas | and
L
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In Eq. t4.1), the successive terms represent the electromie
Zeeman, the HF interaction. ina the SHF interaction
with the ligand protons. respectnery

B. Eve/satien of the g snd A ° tensens

The principal values and direction comnes of the §°
(mg grand A°(m A" Aiensors at 298, 30, and 4.2
K were evaluated by the use of 2 least.squares fiting
(LSF) procedure.'~'? applicable (0 noncomcident prinei-
pal axes of the §° and A * 1ensors. In s procedure ail
HF line positions observed for B in the Z-X, 2.7, and X-
Y planes are umultaneously fitied and the agenvaiues are
calculated to second order in perturdation. The values 50
obuaned for the VO** ions I and (1 at RT are listed in
Table L. The absolute signs of the pnncipal values of the
matnx A have been sssumed 1o be negative in accore
dance with those determined by Muncaster sad Parks. "'
The present vaiues of the spin-Hamiltonaa parameters
are temperature independent to withia 1% for § pnacipal
vajues and t. within 3% for A pnacipal valves. This
tempersture independence is typical of vamadyl com-
plexes, whose EPR spectra are charactenzed by an amal
symmetry of the ligand feid with mmall distoruon, as ree
vaaled by the slightly unequal pnacipal vaiuss 4,- aad
A,- of the hyperine-ateraction matnz. A (Table D.

G The “in-plane snisewesy” sonmeversy

It is seen from Table | that the prncrpal axes of the g2
and A’ tensors are almost conadent: in parucular, 0
significant “in-plane anisotropy” exisms. This is cowe
sistent with the results of Strach ¢ /-, and 18 disagree~
ment with thoss of Borcherts o2 al.!

V. SUPERHYPERFINE INTERACTION

The maxima of the prncipai values of the SHF cov-
pling tensor, A%, for the i1nteracuon of the VO™ ion

TABLE L Principal valess and direction cosises of the § and Kmmorvo“-domwﬂm-
gie crystal for 1ons | and 1 2t room temperature. (The corrssponding valuss at 90 and 4 2 X aiffer oaiv
withia 19% and 1% for the pnacipal valuss of §asd A metnices. raspectively.) The principal values of
§ s dimen ‘onless. while those of A are cxpremed 1n GHr The direction comnes of the §* tensor
(X.Y.2°) are pves mth respect 1o the L. 7. and Z anes (laboratory frame:, defined 1n Sec [{1. whue
thoss of the A° tensor (X, I™.Z") are axprassed relstive to0 (X7, 7. 2"", the princapai ases of the &°

ansor.
. Direction counes

fon Principal vaives Y ¢4 X: X Y'Y
1 £ =1.938420.0020 0.e582 0.9011 0.J8s2
2. @ 1.9854:0.0020 -0.3107 0.4543 0.139
2. =1.9742=0.0020 0.3044 0.2260 0.903
A,-® ={.5048=0.0050 =0.9974 0.0348 0.00%"
A,-®--023181=0.0050 =0.04006 09492 02420
A,-® =0,172420.0050 0.05% -0.2430 0.0
] 8 = 1.931320.0020 0.529 02207 Ofles
£, *1.982120.0020 -0.7609 =0.2064 0.9°":
8 ™ 1.988420.0020 0.3743 =0.92°t 0.0:°"
A,-= =0.534)20.0050 0.9948 Q.12 0.123¢
A, ==0.258820.0050° =0.142) 0.9%7 0.1008
A, = =0,1670=0.0050 0.0993 0.153 -0 9702
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with the protons of the nearest-neighbor water molecules
n the ZASH lattice, for the VO~ ions L. 11, and !IL.
were evaluated. from the respective maximum SHF spht-
nngs, to oe 13.6. 14.6, and 12.9 MHz, using the foliowing
expression:

Adtmiiy (87 =87, (3 B}

where 18~ =8 ") is the overall SHF splitting. Forion [
of ZASH. since the SHF splittings of the lines for B along
the two principal directions of the SHF tensor A &, other
than that along which the maximum VO* = SHF splitng
occurred. were not clearly observed. it was conciuded
that the two other principal values of A £ for ioa [ were
almost zero. Similar considerauions are applicabie to ions
IT and IIL

It s noted here that the nearest-nmghbor ligands of
VO ions [ and IL.for the two physically equivaient
ntes, responsible predomunantly for the SHF splitungs,
are the four protons of the two H,O(9) molecules. which
are the clossst t0 the VO* sites. The resulting EPR
spectra shouid. thus, consist of five SHF lines, due 10 the
combined spia [y =2 of the four protons of nuciear spins
¢ esch, with the intenuity ratios l:4:6:4:1;' this i3 in
sgreement with the present observaiions. Further, the
SHF splitting 13 expected 10 possess atial symmetry about
the bond axs. ? i.e.. the straight line drawn though the
position of the magneuc eisctron of the VO~ ion [ or
11} and the center of the four protons of the two H,O19)
molecules 1a Zn*“ site), for the two ntes. Accordingly,
the combined effect of the four protons results in the ex-
perimental maumum SHF splitting to occur along the
Zn°"-H 017 direction for ion I, and along the Za**.
H.0(8) direction for ion 1, as deduced unng the crymal.
lographic data. There is a similar mechanism responsible
for the SHF splitung of ion IIl. except that here the four
protons responmbie for this splitting belong either to the
two H,Ot7), or the two H,O(8), molecules. Since the dis-
tances between the VO*~ ion and the ligand protoms of
the two H.O17), or the two H,0t8), molecules are a little
longer than that of H,Ot9) molecules from the VO~ ion.
the resulting SHF interaction 13 3 bit weaker than that of
ons | and 1. as confirmed presently. (For more details,
see Misra and Sun. ')

BRIEF REPORTS Q

VI, DENSITY OF THE UNPAIRED ELECTRON OF v+

The density uf the unparred clectron. [, at the sug of
ligand protons can be estimated irom the vaiues of the
SHF interaction. ! determined i Sec. V The Anal ¢z,
pression. applicable presently, is

fy=AL/34) 6.0

where 4 is the Fermi<ontact inieraction ireported 10 be
1420 MHz for Tutton saits'®) and 4 < 18 the largest SHF
pnnaipal value. In deducing Eg. (6.1). the iact that twe
pnncipsl vaives of A ¢ are zero has been taken 110 ac.
count. Finally, /, 13 stimated 1o be 0.34% f{or each of
the 10ns [ and [1, 3ad 0.30% [orion I11.

VIL CONCLUDING REMARKS

Tha salient features of the present study are a3 follows,

{il The principal values and onentations of the primci.
pal azes of the § and A matnces for VO'” ia ZASH
bave been determuned at 295, $0. and 4.2 K. [n partica.
lar, low temperature values have been determined for the
first time: thase indicate that there is mo sigmificant varia.
tien in the § and A matnces at low temperstures. :

(ii) The SHF splitung for the three magnetically ines
quivalent VO2* joas have been clesrly obeerved, and ine
terpreted. The pnncipal values and oneastons of the
SHF tensors for the three VO~ ions have been deter-
puned. The SHF interaction constants have been found
t0 be temperature :ndependent. .

(ii) The densinies of the unpaired elactron of VO** ot
ligand protons have been estumated for the three magnetic
cally mequivalent VO*~ ions.

tivi The present study has resolved the “in-plane ame
isotropy™ controversy. in that tbe pnncipal axes of the §
and A mstrices 3 the X- Y piane are deternuned to be
comncident.
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EPR OF VO** IN CdINH,),(50,), - 6H,0 AND MgINH,),(S0,), - 6H,0 SINGLE CRYSTALS
LIGAND SUPERHYPERFINE INTERACTION AND SONDING COEFFICIENTS

Sushil K. MISRA and Jiansheng SUN'

Physics Depariment. Concordia Umversitv. 1355 de Masonneuve Boulevard Wesi. Montreal. Quebec H3G | MX,
Cunacda

Recewved 3 January 1990

Detaled X-band eiectron paramagnenc resonance (EPR) studies of the VO*' ion have been carned out in the single
crystais of Tutton salts Cd(NH,),(S0, ), 6H.O (CASH) and Mg{NH,).(SO,), - 6H.O (MASH) a1 293, 30 and 4.2 K. For
both sampies the data are indicative of the presence of two magnencally moqumlm but physically equivalent. VO** sites
in the umi cell. each consising of three magnencally inequivalent VO** jons. with one of them being present with a very
small probatrlity. Each vanadyl hypertine ling is charactenzed by an amsotrope quintet superhypertine (SHF) splitung,
with the intensity ranos 1:4:6:4: 1. For any of the two samples investigated. the maximum separations of the SHF splituag
for the two largelv populated magnencaily inequivalent VO** ions. _corresponding (0 any one site. are observed when the
onentanons of the external magnenc field (B) are along the M =H,O(7). and the M°"=H.0(8) directions (M** =
divalent metal ion, Cd*" or Mg* ). The temperature dependence of the SHF splitting was found to be different for the two
samples. The pnncipal values and direction comines of the principal axes of the §° and A° tensors are evaluated from a
simultaneous fitung of the various EPR line pouitions. usieg 3 least-squares titting progeam. The following detals apply to
both the samples: an impurity modef of the vanadyl ion. descnibed by the {VO(H.0),|*” compiex. 1 found to explan the
data adequately. The onentations of the V*° =0~ bonds have been deduced to lie close to cither the M *=H,O(7) and
M**~H,0(8) directions. The SHF structure 13 explained 10 be due to the interaction ot the unpuired clectron ot the vO'*
ion with the four protons of its two nearest-neighbor H,O(Y) moiecuies. The pnnaipal vaiues and onentations of the
principal axes of the SHF interaction tensor have been esumated. Using the repurted optical absrptivn- and the present
£PR data. the bonding cocificients of the [VO(H,0).])** compiex have been esumated

1. [ntroduction

The vanadyl ion (VO*") is the most stable
cation. amony the few molecular pammngnetic
transition-metal ions. which can exist in a variety
of ligand-field environments. The VO** EPR
spectrum is very sensitive to the crystalline-field
environment [1.2]. Superhypertine (SHF) struc-
ture of the EPR spectra, due to the interaction
of the unpaired ¢lectron of the vanadvi ion with
its ligunds has been obscerved in single crystals of
(NH, ):Mg.(SO,), [3]. (NH, )Zn (0,), {4
CJd(C00),-3H.0 [5] and Zna(NH,), (80,),"
6H.O [6]. The SHF structure can be used to
determine the locations of the VO* ions in the
unit cell; this is because the maximum super-

' On leave ot abnence trom the Center of Materials Analyss,
Nanping Unnveraty. Nanjing, Jiangsu. PR China,

hyperfine (SHF) separation occurs when the di-
rection of the external magnetic tield is parallel
to the bond axis between the puramagnetic ion
and the closest ligand ion {7]. The local symmet-
ry of the VO*" ion has been. generally. found to
be rather high [6. 3]

Room temperature (RT) EPR of 4 VO*-
doped CJ(NH,).(SO,), - 6H,O (CASH. hereaf-
ter) single crystal have been previously reported
by Juin et al. [9]: two magnenically meqmvalem
VO'" ions were observed ot RT. The spin-
Hamiltoman  purameters and  thar  direction
cosines suggested a correlation  between  the

V**.0' honds and the Cd~H.OQ dircctions.
Satyanarayana ct al. [10] reported more detailed
VO** EPR data cn CASH: the SHF structure
for bath the wny were obsenved and was exe
plained using the model ot [VO(H.0)}*" com-
plex. Salagram et al. 1] reported the EPR data

09214526/ 90/$02 3 © 199) = Elsevier Sacace Publnhers BV (North-Hulland)
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on a powder CASH sample. and caleulated the
moleculur-orbital cocthicients, As tor the EPR
study ot VO© -duped Mg(NH,).(80,), - 6H,0
crvstal (MASH. hereatter), Naravana et al. [12]
tound sl VO©© ons in the unit el 0 be mayg-
netically equivalent at RT. and esumated the
pnnup.nl values of the § and A matrices.
Jayaram et al. [13] observed two magnetically
inequvalent VO*~ ions in MASH & RT and
evaluated the principal values and direction
cosines of the principal axes of the § and A
matrices for ‘both the single crystal and powder
samples. They also observed the SHF structure.
Agarwal et al. [14] made EPR measurements on
a powder MASH sample at RT and estimated
the molecular-orbital coefficients.

Thus far. no EPR studies on VO** -doped
MASH and CASH single crystais have been
reported below RT. The interpretations of previ.
ously reported RT-EPR data have not been very
consistent. As an attempt to study systematically
VO*"-doped Tutton saits. the present paper re-
pors extensive X-band EPR studies on VO*"-
doped CASH and MASH single crystals at 295,
80 and 4.2 K. The particular motivations of the
present studies ure: (i) to determine the orienta-
tions of the V*“=0°" bond axes in CASH and
MASH from the vrientations of the principal
axis of the §* tensor. (ii) to evaluate the spm-
Humiltonian parameters of the VO~ ion in
CASH and MASH using a least-squares fitting
procedure. (iii) to investigate the interuction of
the paramagnetic ion, VO*". with the protons of
the ligund water molecules from the SHF split-
tings of the VO** hypertine (HF) lines. (iv) to
estimate  the  bonding  coctticients  of  the
[VO(H.O) )"~ complex using the present EPR
and previously reported upm.:l absorption data,
(v) to compare the VO°' EPR duata of CASH
and MASH crvstils, and (vi) to study the tem-
perature dependence of the SHF interaction,

2. Sumple prepuration and crystal structure
Sngle envstals of CASH and MASH., doped

with VO®", were grown at room temperature by
slow evaporation from saturated agucous solu-

EPRw VO
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nons, contaiing  stoichiometric amounts  of
3CUSO, NH.O  ur MgSO,-TH,O  and
(NH,).50,. 0 which a small qguantity of
VOSSO, 2H.0 powder was added. »o that there
was one VO© ion tor 100 Cd*” (or Mg*") ions
in the solutions. Crystals. suitable tor EPR meas-
urements. grew in about two weeks: thuse of size
3.0x2.5x L.omm' were chosen for the present
measurements. CASH crystals were stored in oil
to avoid dehvdration.

CASH and MASH crystals. being Tutton salts,
are characterized by monoclinic symmetry, with
the spuce group P2sa [15-17]. The unit-cell
dimensions are: for MASH. a=9.32A. &
12.60A. ¢=6.21A and B =107.14° and for
CASH. a=9.43 A, b= 12.82A. c=6.29A and
B = 106.87. The unit-cell of a Tutton salt con-
tains two divalent metal ions, each of which is
surrounded by six water molecules. forming al-
most an octahedron. The octahedron at the site
(0. i. }) is derived from that at (0.0.0) by a
transiation to (0. !. ) followed by a reflection in
the a®c plane (a® = asin 8). The six water mole-

—— 0 Y

Fig 1 The steuntrers b CANH and MASH crystuls g pro-
pected unte the w*h plane [10)
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X (b)

Fig. 2. Crystal-growth habits of CASH and MASH single
mw{onhcpfaemsl’nmunmn The orien-
tations of the laboratory axes .Y, Y and Z with respect to the
msnlhcahavebeenmdicaled.ne(ow)puuhsbnn
shaded.

cules surrounding a divalent metal ion are label-
led. as seen in fig. 1. as H,O(7), H,O(8) and
H.O(9) in pairs, each H.O of a paxr has the
same distance from the metal ion. M? *=H,0(7)
(M =Cd or Mg) distance is the longest. while
M*°~H,0(9) distance is the shortest [16 17].
Some relevant distances are Cd-O(7) = 2.298 A.

Cd-O(8)=2.297A and Cd-0(9) = 2.241 A
Mg-O(7)=2.08 A, Mg—O(S) = 2,07 A and Mg-
0(9) =2.05 A.

The crystals of CASH and MASH have similar
growth habits. Figure 2 shows the crystal-growth
hatit of CASH. Since the (0 10) plane of the
CASH crystals is well developed. the b axis is
easy to identify (b is perpcndlcul.xr to the (0 10)
plunc. which contains the ¢* and ¢ axes) [18].
For MASH crystals. the (0 1 ) plane is not well
developed: however, b is parallel to the large flat
surtace [18].

J. Experimental nmngemcnt. and details of the
spectra

The experimental arrangement is described
chewhere [5]. In order to observe the tempera-
ture dependence of the SHF structure, a cavity
of higher 0 was emplayed. in which the tem-
perature at the sample was varied by blowing

either cold nitrogen gas. or by using a heater
coil. to vary the temperature trom 123 to 93 K,
EPR spuectra were recorded, tor both the sam-
ples. at 295, 30 and 4.2 K tor the onentation of
the Zeeman fieid. B. in three mutually perpen-
dicular planes. detined by the X, Y and Z axes.
For CASH. the .Y axis was chosen to be parallet
to the crystallographic b axis: the Y and Z axes
were chosen to lie in the (U} U) plane of the
crystal. as exhibited in fig. 2. For MASH, a
similar coordinate system was chosen. EPR spec-
tra were recorded by varying the orientation of
the external magnetic field in each plane
(ZX.2ZY.XY) at 5° intervals. For both the
CASH and MASH crystals. there were observed
four sets of eight VO*" ailowed hyperfine lines
(AM ==l Am=0: M and m are the electronic
and nuclear magnenc quantum numbers, respec-
tively, fc - VO~ electronic spin S= | and nu-
clear spin /= ¢) at all temperatures, and at
general orientations of the external magnetic
field. These four sets of HF lines can be divided
into two groups which are related to each other
by symmetry. In the ZY {a°c or (1} | 0)] piane.
they merge to form two sets of eight HF lines.
For B|| X(b) axis. there were observed only two
sets of ¢ight HF lines. consistent with the fact
that there are two formula units in the unit-cell
and the two M*~ sites are svmmetrically situated
with respect to the b axis. This implies that there
are two magnetically inequivalent VO*° ions
present at each of the two sites responsible for
the four sets of spectra for an arbitrary onenta-
tion of B. The VO*" ions. which are located at
the two M*™ wites. are physically equivalent but
magnceucally inequivalent, being situsted sym-
metncally about the ¢ "¢ plane. In addition, some
very weak lines were also observed. which could
be frum a third possible magnetically |mquwal-
ent VO~ ion. which also accupies a M°” site.
These lines will not he studied presently due to
their much weaker intensuy.  Hercalter, the
VO ioms | and 11 refer to those magnetically
msquw.xlu.m VO jons. which are located at the
same M° 7 site in the unit el \\nh large popula-
tions [10. 13] Specitically. the vi-0° orenta-
tions of VO™ ions [ and 11 are along the M*”
H.O(7) and M* " =H,0O(X) dircctions. rc\p-.'.uvc-
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ly (see section 4 for more details). For both the
samples. the ratio of intensities of the VO*©
EPR lines corresponding to the ions I and 11 was
found to be about 2: |. which is somewhat differ-
ent from thut reported previously. especially for
CASH (10]. When the VO"" ion replaces a M~
ion. the V*"~-0"" bonds orient themselves along
the M?°-H,O(7). M*°=-H,O(8). or M*'-
H,O(9) direction. These orientations are oc-
cupied with different populations. one of them
being very small. while the other two being in
the ratio 2: 1. This is in agreement with the EPR
results for VO"" -doped Za(NH,).(SO,), - 6H.0
{6].

3.1. Room-temperature EPR spectra

The angular variation of the EPR spectra for
VO-"-doped CASH. which is similar to that for
VO**doped MASH. for B in the ZY [a°c or
(010)] planc at RT is displayed in fig. 3. Spectra
from two magnetically inequivalent VO=° ions
corresponding to each site are clearly seen. The
symmetry of the hypertine line positions about
the Z axis for B in the ZY plane is consistent
with the crystallographic symmetrv. It is seen
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from fig. 3 that the separations ot the adjacent
hypertine lines for ion [ arc almost eyual to each
other for B|| Y. which 1s close to the direction of
the maximum hypertine splitung for ion [. They
become more unequal, the farther the orienta-
tion of B deviates from the Y axis. VO** EPR
spectra for ion II. for B in the ZY plane. exhib-
ited the same features as those for ion [ for 8 in
the ZY plane except that the maximum HF
splitting for ion II occurred for the oricntation of
8 at 90° from that at which the maximum split-
ting of the HF lines occurs for VO*~ ion I, Also.
the greater the separation of the adjacent hy-
perfine lines, the higher the external magnetic
field value at which they occur for both the ions.
Angular varistion of the EPR spectra recorded
for the orientation of B in the ZX and XY planes
also confirmed the existence of two magnetically
inequivalent VO°~ ions for each site.

The following features are common to both
the CASH and MASH hosts. Anisotropic quin-
tet SHF splitting for both the ions (I and II) was
observed for B in the ZX and XY planes; no
significant SHF splitting was observed for 8 in
the ZY plane. The maximum SHF splitting, for
ion [, was found to occur for 8 in the XY plane.

1 2 v

/’
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MAGNETIC FIELD (G)

Fig . Angulir sanation of the EPR line posioons abswenved ot nom emperature for 8 a0 the ZY plane tor \ ()° -Juped CASH
srystal. The empty and solid arcles represent the expenmental line poations corresponding to VO® s § and 1. respectively;
the continuuus hines are smooth curves that connect the data posnts belunging 1o the same teansition. The SHE sphtting has been

suppressed, only the center of cach SHF guintet o shown,
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at an angle of 35° with the X axis (referred to as
the X', axis): this direction is verv close to the
M*°=H,0(7) direction. The SHF splitting for
ion [ is symmetric about the X, axis for B in the
XY plane. The EPR spectra for this orientation
ot B are shown in tig. 4 for both the CASH and
MASH hosts. exhibiting clearly that each HF
line for ion I splits into five with intensity ratios
of about 1:4:6:4:1. The farther B from the X,
axis in the XY plane. the smaller the observed
SHF splitting for ion I. Finally, when B deviates
from the X, axis by more than 35°, the SHF
splitting for ion [ is no lcnger resoived, the five
SHF lines merge to form a single HF line. Fur-
ther. the HF lines for ion [ become narrower as
B deviates farther from the X, axis in the XY
plane. while their peak-to-peak heights increase.
The minimum width of the HF lines for ion I was

) (2)
§

§

i

3

g (0
4 \/\f

w

\m—
[} 104

MAGNETIC rIELD (G )

Fig. 3 Firt dJenvative EPR spectra. exmibiing the SHF
structure for VO duoped CASH and MASH ungle crysaly,
ndicated by (3) and () respectively. at room temperature
tor the onentation of 8 tor which maximum SHF plan-y
was ubnerved. The intensity ratios of the tive SHF linc, <2
wlvarly seen to be aboat 1,4-6:4: 1, Each ot the magnen ¥
nequinalent VO wns 1 and (1, exutnt this tspe ot o
trum; however, the oneatations of & tor which the maxieaum
SHE sphtting are vbserved, are perpendicular to cach ather
for the twes jons.
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attined when 8 was perpendicular to the X,
axis i the XY piane. In the Z.X plane the SHF
splitting is the largest tor B||.X. it decreases as 8
moves away trom the X uxis. being unresolved
for 81| Z. For iun I1. the maximum SHF splittings
occurred for B in the XY plane 90* away from.
and very close to. the M*"~H.O(8) direction
(the Xy axis). The features of the SHF splitting
for B in the XY plane for ion I1 were found to be
the same as those for ion I, except that here the
symmetry is about the X, axis. which lies at 90*
from the X, axis.

3.2. EPR specira at lower temperatures

At lower temperatures (below [23K). it was
not possible to observe well-resolved SHF split-
ting because of - ie use of a cavity with a lower
Q. The other features of the spectra remained
the same as those at room temperature. At
liquid helium temperature, it was necessary to
reduce the microwave power considerably in
order that the EPR lines do not broaden due to
saturation, and remain resolved. because of the
long spin-lattice relaxation time of the VO*~ jon

[5).

3.3. Temperature dependence of SHF splitting

The crystals of VO““-doped CASH and
MASH were oriented so that B was along the
dircction for which the maximum SHF :plmmg
for one of the two VO*~ ions occurs. using the
cavity with the higher Q. and varying the tem-
perature in the range 123-398 K. It is seen from
fig. 4 that at room temperature the VO~ SHF
splitting is larger in MASH thun in CASH. The
SHF splitting for MASH was almust temperature
independent. As for CASH. as the temperature
was decreased, the resolution of the SHF split-
ting became worse (fig. §). Below 186 K. the five
SHF lines merged to form u single HF line. This
is due either to an increase sn the linewidth of
the individual SHF lines, or. to u decrease in the
SHF nteraction. Above 350 K. the CASH crys-
tal was destroyed due to dehydration.
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i%

MAGNETIC PIELD (G)

Fig. 5. EPR spectra exhibiting the temperasure dependence
of the maximum SHF splitting for CASH and MASH. as
indicated by (a) and (b), respectively.

4. Spin Hamiltonian and evaluation of §* and A*
tensors

4.1, Spin Hamiltonian

For -'O°" ion the effective electronic spin
S = ! and its nuclear spin [ = {. The spin Hamil-
tonian characterizing the VO*° jon can be ex-
pressed as (5]

Xup,S-§B+S-AT+S-A 1. .1

In eq. (4.1) the successive terms represent elec-
tronic Zeeman. HF and SHF interactions_ wuh
the ligund protons. respectively. while uy. A.A

and I. arc the Bohr magncton. the hypertine- '

interaction matrix. the SHF matrix and the re-
sultant spin (= 2) of the four ligand protons,
respectively,

4.2, Evaluation of the §° and A° tensors

The principal values of the §° (w§'-§: T

© EPR at V()
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denotes transpose of a matrix) and A° (w A A)
tensors were cvaluated by the use of a least-
squares fitung (LSF) prm(.dure {19. ‘()I applic-
able to the cases with non-coincident §° and A’
tensors. {n summary. a total of 384 allowed HF
line positions (avernzcd over SHF splitting), ob-
served for the VO*~ compiex for any magnetical-
lv inequivalent VO~ ion. were fitted simulta-
neousiy to evaluate the principal values of the g
and A matrices and their direction cosines
(elgenvectors) The values so obtained. for the
two VO~ ions. are listed in tables 1 and 2 for
CASH and MASH. respectively. The absolute
signs of the principal values of A have been
assumed to be negative in accordance with those
determined by Muncaster and Parke (21]. At
lower temperatures. the SHF splitting was not
observed: thus no averaging of line positions was
necessary in order to estimate § and A. Itis seen
from tables 1 and 2 that the principal axes of the
§° and A° tensors are almost coincident. for
both the samples These values of the parame-
ters. listed in tables 1 and 2, are typical of
vanadvl complexes characterized by the axial
symmetry of the ligand field. The previously
reported  parameters for CASH by
Satyanarayvana et al. [10] and for MASH by
Javaram et al. [13]. determined at room tem-
perature only. are aiso included in tables | and 2
for comparison.

5. Superhyperfine interaction and the density of
unpaired electrons

Tte maximum_principal values of the SHF
cnuplmu tensor. A for the interaction of VO*~
ion with the pmmns of the nearest-neighbor
water molecule in CASH and MASH lattices. for
both the VO™~ ions. were evaluated. from the
respective maximum SHF splittings. to be 12.3
and 14.6 MHz. respectively, using the expression
derived by Misra and Wang [5]. moditicd to take
into account quintet splitting:

A=l (B 8. (5.1)

where (B =B 7) is the overall SHF splitting. For
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Table 1

Principal values and direction cosines (cigemectors) of the § and A matnces ot VO* -Joped CASH single crystal. The
pnncpal values of § ure dimensonless. while thuse of A are expressed in GHz. The indicated crrors are those
estimated by the use of a statstical methed [33]. The direction cosines of the §° tensor (X', ¥, Z°) are piven with
respect 10 the X. Y and Z axes (luburatory trame). defined in section 3. and deprcted in tig. 1. while those ot the A°
tensor (X", Y°. Z°) are expressed relutive to (X", Y*. 2°), the pnincipat axes of the §° tensor. The numbers 1n brackets
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are those reported by Satyanarayanu et .. [1),

T lon Prncipal values Direction cosines
2!1Z Xx Yy
295K z 8 = 19363 =0.0020 (1.947) 0.73%9 - 0.6500 -0.17H
: 8. = 1.9810=0.0020 {1.999) - 0.6550 0.7548 0.0348
g, @ 1.9847 =0.0020 (1.992) 0.1538 0.0879 0.9842
A, = =0.5343 =1.0050 (0.5178) 0.9973 0.0421 0.0398
A,. = - 0.2159 = 0.0050 (0.2068) - 0.0538 0.9761 0.2106
A,.= - 0.1997 =0.0050 (0.2007) 0.0493 0.2132 - 0.9758
n 8, = 1.9242=0.0020 (1.945) 0.2660 0.6560 = 0.6941
8. = 1.9800 =0.0020 (1.998) -0.3179 0.7674 0.4829
g, = 1.9846 =0.0020 (1.993) o.910t -0.0924 0.4034
A, = ~ 05358 =0.0050 (0.5172) 0.9962 0.0448 - 0.072
A= = 0.2189 =1.0050 (0.2069) - 0.0356 0.9920 0.1214
A,. = =(,2028 =0.0050 (0.2008) 0.079%0 -0.1183 0.9%98
0K I g, = 1.9481 =0.0020 0.7408 - 0.6200 -02m
g, = 1.991 =0.0020 - 0.6669 0.7514 0.0830
g, = 1.994 =0.0020 0.0668 0.2741 0.95%
A, = - (5328 =0.0050 0.9988 = 0.0046 0.0484
A= -02223 =0.0050 - 0.0162 0.9698 0.2432
A,.= - 0.2021 =0.0050 0.0458 0.2437 - 0.9688
n g, = 1.9488 =0.0020 0.3373 0.6427 - 0.6879
g, = 19948 =0.0020 - 0.341 0.7868 0.4124
g. = 1994 =0.0020 0.9303 -0.33% 0.13%0
A, = = (.5607 = 0.0050 0.9863 0.1632 - 0.0233
A, = - 0.2191 =0.0050 - 0.0763 0973 0.1129
A, = = (.1983 = 0.0050 0.1361 - 0.1000 0.9820
42K 1 g = L9 =00 0.6851 -1).6838 - 0.2511
g = L99W3Izuvo0l0 -0.7292 0.6344 0.2592
g, = L9N =000 0.0179 0.3604 0.9326
A, = -05514 0.3 0 9978 0.0431 0.05%6
A= =12337 =0 S0 - (10480 0.9944 0.0803
A, =~ ()1938 =0.0080 00514 027 = (1L.Y9IN
n PRI K ORI 0. 3869 10.6238 - 0.0821
g = lLywiZzam - 0.21% 0.77% 0.3180
g = Lo =omi0 onr - {).2181 0.187%
A= =) S5 00050 0.9y 1).1836 -00um
A == 0207 08 - 0.0um 1.9763 0,238
A, == 10199 = n s 0.1812 = 1.228 0.9380)

ion | of CASH or MASH. the muximum VO*~
SHF splitting occurred for 8 at 45° trom the X
axis in the XY plane. Since the lines correspond-
ing to the SHF splittings for B along two ortho-
gonal diections to this, i.c.. at 135° trom the X

m

axis in the XY plane and along the Z axis. were
not resolved. being too small. it was concluded

that two principal values of A" for the two ions

of CASH and MASH were almost zero. Thus.
the two principal directions of the SHF tensor,
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Table 2
Principal values and direetion anines ol the § and A matnces of VO -doped MASH wingle cevstal. The numbers in
hrackets are thuse reported by Javaram ot al. (1], For other details see the caption of tabde [,

T {on Principal values Dircction cosines
zz X Yy
5K { B = L= 0.0020 (1920 11.5666 0.4906 - 0y
g. = LYN2B=0.0020 (2,0062) = 04940 0.8182 02940
g. = L.9KSY = 0.0020 (1.9875) 00698 0.2997 09515
A,. = =1).5226 = (L.O0SY (0.562) 0.9954 -2 0.0938
A== 02216 = 5.0050 (0.20) -1.0593 09724 01728
A,.= = (1L.2072 = 0.0180 (0.229) 0.0753 0.1734 ~0.9743
n s = 1.9383 =0.0020 (1.9372) 0.1647 0.5420 - 0.8241
g = 19827 =0.0020 12.0025) 0.2389 0.7888 0.5665
g, = 1.9862 =0.0020 {1.9972) 0.9570 - 10.2902 0.0004
A, = = 0.5319 = 0.0050 (0.554) 0.9989 0.0420 - 0.0224
A= - 0,229 = (L0050 (0.221) - 0.0421 0.9991 0.0051
A,.= = 0,192 = 0.0050 (0.248) - 0.0223 = (1.0061 0.9997
0K t g = LY51020.0020 0.919 0.3496 -0.1823
§. = 19958 =0.0020 -0.3513 0.9360 0.0242
g, = L9943=0.0020 0.1791 0.0418 0.9830
A, = =(.5230 =1).0050 0.9942 -0.1197 0.U34
A, = (12588 = 0.0050 - 0.0056 0.9835 U.1466
A,.=~01812 20.0050 0.0760 0.1424 - 0.9875
H g, = 19507 =0.0020 0.0888 0.2905 - 0.9527
g = 199%0=0.0020 0.3384 0.8%08 0.3032
g, = L9938=0.0020 0.9368 -0.3493 0.0192
A= = 05360 = 0,080 U.9994 0.0325 =-10.0143
A, =~ 10,238 = D008 =1.0141 0.9333 0.2798
A== 01830 = 1050 ~0.0327 -0.2192 0.9833
42K 1 5 = L9303 =000 0.9492 1.2890 -0.12%
g = LWl =0.0020 =1.2603 11.943§ 1.2053
g, = Lytsbz0imin 0.1769 0.1624 09707
A, == .28 =00 1Yoy = .00 00124
A, = =10 3612 2 00080 - 1.4026 0.9897 01431
A, = = (L1863 = 008 nn2 0.44M - DYN9
{] g, = JWNzom 01863 10,5063 = 3481
PR I B (ALK D 04227 07417 05208
g = Lot ziamln 08927 = 1).43 04980
A, & -0 S om0 H.99R% 0ARMN - ILU4TY
A, = = 1,236 = L.0050 - 10082 1.9325 0.3612
A, = - 0198 sty - 14dN2 - 11,3612 09313
A", for ion [ of CASH (or MASH) are very close same principal values as those for ion [ The
to 45° and 135* from the .Y axis in the XY plane. other two principal values are zero. the corre-

while the third principal direction is along the Z sponding principal axes being very close to W°
axis: the corresponding principal values of A" from the principal Jiscction corresponding to the
are 12.3. 0 and O MHz. respectisely. For ion 1. maximum principal value in the XY plune and
the principal direction of the SHF tensor corre- very close to the Z axis. The maximum principal
sponding to the largest principal value is perpen- value of the SHF interaction, i.c.. 12.3 MHz for
diculur to that for ion [ in the XY plune, with the CASH. as found presently, is 257 lower thun
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that ceported previously by Satvanarayana et al.
[10] (16.8 MH2). For MASH. the present value
(14.60 MHz) 15 almost the same as that reported
by Juyaram et al. [13] (14.0 MHz). However. the
nmmum pnnupal value of the SHF intcruction
tor MASH. A" is found to be aimost zero. which
is different from that reported by Javaram et al.
[13] (8.3 MHz). The present maximum values of
the SHF interaction for CASH and MASH are
comparable to 13.3 MHz. as reported by Misra
and Wang for vO**© -doped Cd(COO).-3H,0
crystal [5].

The interaction between the magnetic electron
of VO** ion. which is localized on the central
magnetic ion. and the ligand nuclei. i.e.. the
protons of the neighboring H.O. is dipoiar [7].
There is a non-zero probability that this unpaired
electron is localized on the ligand ions. (See
section 7 below for more details). The combined
effect of the dipolar and Fermi-contact interac-
tions is responsible for the SHF splitting in the
present case. It should be noted that the nearest-
neighbor ligands t0 a VO~ ion for both the sites
are four protons of the two H.O(9) molecules.
which determine predominantly the SHF split-
tng, as will be discussed below in section 6. The
resulting EPR spectra should. then. consist of
five SHF lines. due to the combined spin / =2
of the four protons of nuclear spin ! each., with
the intensity ratios of [:4:6:4:1 [6]: this is in
accordance with the present data. Further, the
SHF splitting should pussess axial symmetry

about the bond axis [7]. i.e.. the line thruuuh the
center of m.uznem. electron of the VO*~ 1on (a
M* 7 site. M = Cd or Mg) and the center of four
protons of xwo H,0(9) molecules. tor the two
stes, The combined effect of the tour protons
results in the experimental maximum SHF split-
ting to occur along the M*°=H.0(7) direction
tor won 1. and atong the M* -H, sOt8) direction
tor wn 1. ay venticd from the sry\mllug_.mphu
data. For ton 1 this axis lies in the XY plane. at
about 457 from the X axis (.. the Y axis)h
This has been supported by the present EPR
data, contirmmg  that the VO on. indeed.
substitutes tor 4 M*7 1on in CASH or MASH.
Satsamarayana et al. [10] also concluded that the
unentations of the maximum SHF splitting were
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along M =H.0(7) and M*"=H,O(8) directions
for CASH. but they did not specify which tour
protons were responsible for the obsened SHF
interaction. Although, Jayaram et al. [13] did
point out thut the four protons of H,0(9) were
the origin of the SHF interacuon. they did not
report the orientations of the maximum SHF
splitung. All the features of the SHF interaction
have been well explained in the present study.
for both the samples and for both the ions.
The density of the unpaired electron. f.. at the
site of ligand protons has been estimated from
the SHF interaction, using the procedure de-
scribed in the appendix. to be 0.285% for CASH
and 0.34% for MASH. For comparison. Jayaram
et al. [13] reported that f, =0.8% for MASH.

6. Positions of the vanadyl ions in CASH and
MASH lattices

From the crystal structure of CASH and
MASH. it appears that the site of a M"~ ion is
the most probable site for substitution by the
vO*- ion. The orientation of the pnnmpal Z axis
of the g° tensor. for anv VO*~ complex. is
expected to be along the V*"-0"" bond [6. 22).
From the present EPR data. the orientation of
the pnincipal Z axis of the §° tensor has been
determined to be almost parailel to the M'
H.O(7) dircction for ion 1. and to the M*"-
H,O(8) direction for ion II. as seen from fig. 6,
taking into account the dircction cosines of the
principal Z axes tor the two ions (10, 13]. When
the VO ion enters the CASH-. or MASH-
lattice it substitutes for a M=~ ion. expelling one
of the two H.O(7) or H.O(¥) mulecules. and
arranges iself in such a way that the geometrical
axis of the \0" ion. i.e.. the line joiming the

V¥ and O° tons, orients iself along the direc-
tion previously formed by M°'=H, O( ) tor ion |
and by M* " =H.O(3) for ion 11 The vrentations
of B. for which the maximum SHF plitting
occurs. i X and X, also support this conten-
ton, as discussed in section 5 above. Using the
model ot [VO(H,0).]*" complen. described
below, all the teatures ot the EPR spectry for
VO* " -doped CASH and MASH crystals can be
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(o)
o ®
M0 el

Fig. 6. Orientations of the VO** ions. and the [VO(H.0),]'" compiexes. in the CASH and MASH lattices. (a) octahedral
coordination of water molecules around M°* ion (M = Cd or Mg). (b) V**-O*" bond orientation for ion [. and (c) V*°-O*" bond
otientation for ion IL. (It is noted that the maximum SHF spiitung occurs when B is along the V**=0*" bond.)

well interpreted. The two observed groups of
symmetry reiated EPR lines are due to two
symmetrically oriented [VO(H.0),]* com-
plexes.

The distance between M** and H,O(9) is the
smallest of the three M** and H,O distances.
There is a finite. although small. prabability for
the VO** ion to orient itself along the M*“-
H,0(9) direction, as exhibited by the set of very
weak HF lines observed for MASH. Jayaram et
al. [13] suggested. for MASH. that the axis of
the VO*° ion II was along the Mg-H.O(9)
direction. which is. obviously, incorrect.

7. VO** energy levels and bonding coefficients

The VO*" ion enters the lattice to substitute
for an M*~ ion (M =Cd or Mg) and to form a
(VOtH.0),)"" complex with its nearest-neigh-
bors (fig. 6). which possesses a tetragonaily-
distorted octahedral symmetry. The description
of the molecular vanadyl ion. VO*~, based on
LCAO-MO  [23] calculations of the
(VO(H.0).)*" complex. indicates that the
ground state of the vanadyl ion is 3d' (°D, ,). In
an octahedral crystalline field. the d' electron
occupivs the lowest-lying orbital *T,,. the next-
exaited state being “E.,. The tetragonal compo-
nent of the crystalline ficld splits the °T,, and
*E,, levels into (:B:,.:E:,) and (:B,,.:A,l)

levels respectively.

The predicted transitions are {24]:

4_=°B,=°E,,. (1.1)
4, =°B,,—~’B,, . (7.2)
a="B,,—A,,. (7.3)

in order of increasing energy. These transitions
have been observed experimentally in the opticai
absorption spectra of the vanadyl ion in CASH
and MASH lattices. recorded at room and liquid
nitrogen temperatures [24].

Since the EPR and the optical absorption data
suggest a neariv tetragonal vanadyl complex.
which implies that g, ® g,, and A, ¥ A, the
bonding parameters for this complex can be
estimated by using the following relations
(23.25-27]

4g,AB; 83
x.-g.'L_\B—‘&- (74)

Ay'@: )
s,-g.-——g’}a'. (1.5)

43,1:5?[!?} P

A,s-Px-(spg;P-{
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and alums KAl(SO,), - 12H,0 and NH,AlSO,),:
. 12H.O [32]. tor which the covalency due to
== Pk« (ig\p I \y ‘B a-bonding 15 much greater than that due to
A = {:83}P~ 31 IP n-bonding. However, the present values are

(1.7

In ¢gs. (7.4)=(7.7). P is the direct dipolar term
{dipvle-dipole interaction of the electron and
auclear spins). K is the Fermi-contact term. pro-
portional to the amount of the unpaired electron
density at the vanadium nucleus. and A is the
spm-orblt coupling constant for the vanadium
ion. The energy differences. as obtained from
the optical data of VO** are for CASH: J. =
14035, 3, =16000 and A=23529cm™" [i0],
and for MASH: 4, = 13000, 4, =16 100 and
3=30000cm™' [14]. Using g,-’.0023. Am
170cm™" [22] and assuming B3 =1.00 for the
present case. since the orbital of the ground state
is strictly non-(in-plane)-bonding. as predicted
by Ballhausen and Gray [23] and accepted by
others (28-30]. The estimated values of the
bondmg parameters. using eqs. (7.4)-(7.7), are
listed m table 3. The values of (1 - 87} *) and
(1-v°) are measures of covalency [’9] The
former gives an indication of the intluence of the
cr-bondmg between the atom and tiie equntonnl
ligands. i.c.. the bonding between the VO** ion
and H,O(9) molecules in the present case. while
the latter indicates the w-bonding with the van-
advl oxygen.

Table 3 shows that the values of (1~ B8] *) and
(1 -9°) for CASH and MASH ure compairable
to each other. being different from those for the

Table 3

comparable to those reported by Misra and
Wang (5] for VO*"-doped Cd(COO). *3H,0.
MASH has higher values of bonding purameters
than those for CASH. due to the shorter dis-
tances between the M™" ion and the neighbor
H.O molecules in CASH as compared to that in
MASH. This explains way the VO** jon in
MASH exhibits larger SHF splitting than that in
CASH.

8. Concluding remarks

The following are the main findings of the
present EPR study of VO**-doped CASH and
MASH crystals.

(i) The principal values of the § and A mat-
rices. and those of the SHF interaction (A )
matrix. as well as their direction cosines. have
been evaluated from the positions of the allowed
HF lines.

(ii) 1t is concluded that the VO"~ ion substi-
tutes for a M~ ion (M = Cd or Mg) upon enter-
ing the CASH- or MASH-lattice. The V*°-0*"
orientations of two VO~ ions I and Il are
deduced to be along the M*"~H,0(7) and M*"-
H.O(8) directions. respectively: these are mag-
netically inequivalent.

(iii) The SHF splitting originates as a result of
the interaction between the VO** ion and the

Bonding parameters fur V 0 -duped CASH and MASH crystals, a» caleulated ssuming
Bi= 10 The unin for P and X are GHz, while the uther parameters are dimension-
less. The numbers in brackets are thuse reported by Salugram et ol [11) and by Agarwat

et al. [14] for CASH and MASH. respectively, who conadered only one Vo

wn

Sample lon g y: P I 8
CASH 1 [ 180 (IR XS 1.0
(137 IR} TUC2Y)
1l "3 (LR 3 "3 1 X8 1o
MASH ! new 0.4 "< u NS (ML
W=7 (h 55 (1 38) 11 X&)

0=y

no

[[RL] x& 1
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tour protons of its nearest-ncighbor pair of water
molecules, H,O(9). for both the samples and for
both ions.

(iv) The bonding purumeters of the compiex
[VO(H.O)]*" have been estimuted from the
reported optical absorption and the present EPR
data on CASH and MASH crystals. The density
-of the unpaired electron at the site of ligand
protons has aiso been estimated.

(v) VO**-doped CASH and MASH crystals
show different SHF splittings and temperature
dependences. as well as different bonding coef-
ficients. However. the principal values of their g
and A marrices are comparable.
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Appendix

The procedure to estimate the value of £, the
probability density of the unp.nred electron of
VO~ at the Inzund site. is described in this
appendix. The SHF interaction with axial sym-
metry.

Mo = S-AL 1" = AUS 15+ AYS L+ 5,17)

(A.l)
can he rewritten as
Foe =[AS"- 1]
+[2A S0 = AS TV + 510 . (AD)
with
Ay = A +24,. (AJ3)

and
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Al =4 -4 (A4
In cq. (A.2). the first term represcnts the iso-
tropic interaction between the ligand ions and’
the.unpiired clectron, whose wave function con-
tains an admixture of s und p states. while the
second term represents the sum of the aniso-
tropic interaction and the dipole-dipole interac-
tions [31] of ligand ions with the unpaired elec-
tron being in the p state.

The density f, of the unpaired electron at the
ligand ions is refated to0 A, as follows {31}:

A=A, (A.5)
where
A= = 58,88, WO (A6)

A! is the Fermi contact energy. which has been
reported to be 1420 MHz for both CASH and
MASH for protons [13].

From egs. (A.3)~(A.5), one abtains

fi= (AT +245)(34)), (A7)

which Gan be estimated using the values of A¥
and A", as determined from the present EPR
data.
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EPR Of a V02+-D0ped Fe(NH‘)z (504)2 * 6"20
Single Crystal

VO?*-Fe?* Exchange Interaction and Spin—Lattice Relaxation Time
of Host Fe2* lons

By
SusHIL K. Misra, JIANSHENG SUN3), and U. ORHUN

X-band (x9.5 GHz) electron paramagnetic resonance (EPR) studies of the VO?* ion are carried out
on a single crystal of the Tutton salt Fa(NH,);(SO,); - 6H,O (FASH) at 295, 80, and 4.2 K. The data
indicate two physically-equivalent VO?** sites in the unit cell, each consisting of three magnetically-
inequivalent VO** ions. The principal values and direction cosines of the principal axes of the g* and
A? tensors are evaluated, using a least-squares-fitting program. An impurity [VO(H,0)* " complex
model of the vanadyl ion is found to explain the data well. The V** O3~ bond directions for the
VO3?* ions are deduced. The VO3* -Fe* exchange-interaction constant in FASH is esumated. The
host-ion (Fe?*) spin-lattice relaxation time is estimated from VO?* EPR linewidth.

On a mesuré le RPE a bande-X sur up monocristal du sel Tutton. Fe(NH,),(S0,), - 6H,0 (FASH),
4 295, & 80, et 4 4,2 K. Les données indiquent deux sites physiquement équivalents de VO** dans
'unité de cellule. chacun contient trois ions de VO?*, non-équivalents magnétiquement. Les valeurs
principaux et les cosinus des directions des axes principaux des tenscurs g? ct A? ont été évalués, en
utilisant un programme d"adaptation aux moindres carrés i I'ordinateur. Un modéle d'impureté. décrit
par le compiexe [VO(H,O4)**, explique bien les données. On a déduit les licns V4 -0~ pour les
ions de VO2*. Le constant d'intéraction d'échange VO?*-Fe** a é1é estimeé. Le temps de relaxation
spin-réseau des ions hotes (Fe* *) a été estimé. en utilisant leslargeurs RPE de I'ion d'impurete VO? *.

1. Inmroduction

When a paramagnetic impurity ion is introduced in a paramagnetic host lattice. it experiences
a g-shilt from that in an isostructural diamagnetic host [1] at low temperatures due to the
exchange interaction between the impurity and host paramagnetic ions. in addition to that
due to the shape of the paramagnetic host crystal [2]. Using this technique. Misra et al. [3
to 6] estimated Mn?*-Ni**, Mn**-Fe**, Co?*-Ni**, and Gd**-Yb’* exchange-interac-
tion constants from their EPR measurements. No report has, so far. been published on the
estimate of exchange interaction between the molecular paramagnetic impurity ion. VO?*,
and host paramagnetic ions. Neither has any study been published on the estimate of host
spin-lattice relaxation time () of the paramagnetic host ion Fe**, using EPR linewidths
of impurity ions, in particular, that of the VO?2* ion [7]. Further. in the previously-made
estimates of t of host ions using the VO** ion as impurity an incorrect expression was
used [7. 8], which is only applicable to the cuse, where there is present only one kind
of paramagnetic spin in the system, thus neglecting the important dipolar and exchange

') 1455 de Maisonncuve Boulevard West, Montreal, Quebee H3G IMS, Cunuda.
3) Permanent address: Center of Materials Analysis, Nanjing University. Nanjing, Jiangsu, 210008,
People’s Republic of China.
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interactions between the impurity and host 1ons, Misea and QOrhun (8] derived the correct
expression for 1, valid fur a typical EPR situation, where there are present two different
kinds of magnetic spins in the system. eg. VO*' and Fe*' n the VO**-doped
Fe(NH,),180;), - 6H,0 (FASH. hereafter) lattice.

EPR of VO? '-doped FASH single crystals hus been previously reported by Upreti and
Saraswat {9]: however. these studies werc conlfined to room temperature (RT). Two
magnetically-inequality YO?* 10ns were observed. The spin-Hamiltonian parameters and
their direction cosines. calculated using a fiest-order perturbation approximation. suggested
a correlation between the V**-0°"~ bonds and the Fe**-H,0 directions. The spin-
Hamiltonian was assumed to have axial, rather than orthorhombic, symmetry. and the
principal axes of g* and A* were assumed to be coincident: no estimate of VO?* -Fe3*
exchange interaction, or that of t of the host Fe** ions. was made.

In an attempt to study systematically VO?*-doped Tutton salts [10, 11}, the present
paper reports an extensive X-band EPR study on VO?*-doped FASH single crystal a* 295,
80. and 4.2 K.. The particular motivations of the present studies are: (i) to evaluate accurately
the spin-Hamiltonian parameters of the YO** ion in FASH. at room., liquid-nitrogen, and
liquid-helium temperatures without the assumptions of axial symmetry and coincidences of.
the principal axes of g*> and A? tensors, using eigenvalues calculated to second order in
perturbation: (ii) to determine the orientations of the V4* -0~ bond axes in FASH from
a knowledge of the orientations of the principal axes of the g* tensor; (iii) to estimate the
VO?*-Fe** exchunge-interaction constant in FASH, using the g-shift of VO2* in the
paramagnetic FASH host latticc from that in the isostructural diamagnetic Zn(NH,);(SO,), '
- 6H,0 (ZASH), Mg(NH,),(SO,), - 6H,O (M.A\GH), and Cd(NH,);(SO,); - 64,0 (CASH)
lattices {10, 11]; and (iv) to estimate the spin-lattice relaxation time of the host Fe** ions
in FASH from VO** EPR linewidths, using the correct expression (8].

2. Sample Preparation and Crystal Structure

Single crystals of VO* * -doped FASH were grown at room temperature by slow evaporation
of a saturated aqueous solution. containing stoichiometric amounts of FeSO, and
{NH,},S0,, to which a small quantity of VOSOQ, - 21,0 powder was added. so that there
was one VO?* ion per 100 Fe** ions in the solution. Crystals. suitable for EPR
measurements, grew in about two weeks: a crystal of size 3.0 x 3.0 x 1.0 mm?® was chosen
for the present measurements.

FASH crystal. being a Tutton salt. is characterized by monoclinic symmetry (space group
P2,/a) [12. 13). The unit-cell dimensions are: 4 = C932 nm, h = 1,265 nm, ¢ = 0.624 nm,
and ff = 106.8". The unit cell of a Tutton salt contains two divalent metal ions. each of
which is surrounded by six water molecules. forming closely an octahedron. The octahedron
of water molccules about the site (1,2, 1,2, 0) is derived from that at (0. 0. 0) by a translation
to (1.2, 1/2. 0) followed by a reflection in the u®c plane (u* = asin f). The six water
molecules surrounding a divalent metal ion are labelled as H,O(7), H,0(8). and H,0(9)
in pairs: each H,0 of a pair hus the sume distance from the metal ion: the distances of
the oxygens belonging to the various water molecules from the metal ion are: Fe~-O(7) =
0.2t6 nm. Fe¢ -O(8) = 0.214 nm, and Fe O(9) = 0.209 nm {13].

The growth habit of a FASH crystal. as depicted in Fig. 1. is similar to that of the other
Tutton salts [4, 10, 11). Since the 10 1 0) plane of the FASH crystal is well developed as a
rectangular flat surface, the b-axis. which is perpendicular to the (0 | 0) plane containing
the «®- and c-axes [4. 10, 1] is casy to identify.
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3. EPR Spectra

The experimental arrangement is described eisewhere {14, 15). EPR spectra were recorded
at 295, 80, and 4.2K for the orientation of the Zeeman field. B. in three mutually
perpendicular planes, ZX, ZY, and XY, at every 5° interval. The X-axis was chosen to be
parallel to the crystallographic b-axis, while the Y- and Z-axes were chosen to lie in the
(0 1 0) plane of the crystal with the Z-axis being perpendicular to the largest flat crystal
surface, which defines the XY plane [4, 10, {1]; this is indicated in Fig. 1. At a general
orientation of 8. there were observed four intense distinct sets of eight VO2* allowed
hyperfine (HF) lines (AM = +1, Am = 0; where M and m are, respectively, the electronic
and nuciear magnetic quantum numbers: for VO?2* electronic spin § = 1/2 and nuclear
spin I = 7/2) each. at any temperature. These four sets of HF lines can be divided into two
groups which can be obtained from each other by symmetry operations. i.c.. these two
groups are physically equivalent to each other. For Bin the ZY plane, as well as for B X,
only two distinct sets of eight HF lines each were observed. consistent with the physical sym-
metry. Thus, there were present four magnetically-inequivalent, ic.. distingushable by B,
VO?2* molecular ionsin the unit cell of FASH with intense EPR spectra for an arbitrary orien-
tation of B. These correspond to two pairs of physically-equivalent VO?* molecular ions in
the unit cell, referred to as I and I1. In addition, some weak lines were also observed. which
were presumably due to a third possible pair of physically-equivalent VO2* molecular ions,
referred to as II1, with different orientation of its axis. also occupying a Fe** site. In
conclusion, each of the two Fe** sites in the unit cell of FASH is occupied by VO** ions
with three different orientations of their molecular axes. The group of the three VO** ions
occupying a Fe®* site is physically equivalent to that occupying the other Fe** site
in the unit cell of FASH (for more details see Section S5). The lines corresponding
to the third ion were not studied in detail. due to their much weaker intensities.
A typical EPR spectrum. for B in the ZY plane. showing the presence of the various
kinds of VO** ions is exhibited in Fig. 2. The angular variation of EPR spectra for 8
in the ZY plane at room temperature is displayed in Fig. 3. The ratios of the intensities
of the VO** EPR lines corresponding to the VO*‘ complexes I 1. and 11l were
found to be about 10:6:1. According to the model of the [VO(H,0)]* " complex
(Section $), when a VO** ion replaces a Fe** ion in FASH the V** -0~ bonds orient
themselves along the Fe? *~H,0(7), Fe2*-H,0(8). or Fe**-H,0(9) directions. In the
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Fig 2. First-derivative room-temperature VO?* EPR spectrum in FASH, recorded for 2 in the ZY
plane, at 25° from the Z-axis. Due to inversion symmetry, only two distinct sets of VO** hyperfine
lines were observed in this plane; the lines for each of the two physically-equivalent VO?* pairs merged
into cach ather for the orientation of & in the ZY plane. There were four sets of lines at an arbitrary
orientation of B. see Section 3. The line positions for the two largely-populated physically-equivalent
pairs VO?* jons (I and ID) are indicated. The much weaker lines are due to the third pair of
physically-equivalent VO?* ion III (Section 3)

039
magnetic field (T) —

Fig. 3. Angular variation of EPR line positions obscrved at room temperature for 8 in the ZY plane
for VO**-doped FASH crystal. The empty and solid circles represent experimental line positions
corresponding to VO* * jons 1 and N, respectively; the continuous lines are smooth curves that connect
duta points belonging to the same transitton
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present case. the ions belonging to these orientations are present with different probuabilities,
one of them (ion 111 being very small.

The EPR linewidths of VO** in FASH were found independent of temperature in the
range 4.2 to 393 K. being 1.4 £ 0.1 mT for the two VO** ions I and IL. for any transition,
These VO** EPR linewidths in the paramagnetic FASH host are found to be twice those
in the diamagnetic ZASH. MASH. and CASH hosts [10. t ]. Because of narrower linewidth,
the ligand superhyperfine (SHF) structure was well resolved in the diumagnetic hosts;
however. SHF for the VO** jon in FASH was not resolved due to increased linewidth.

4. Spin-Hamiltonian and Evaluaticn of g? and A2 Tensors

The spin-Hamiltonian, without the assumption of axial symmetry, or coincidences of the
principal axes of the g* and A? tensors, describing the interactions of the VO** ion,
responsible for the observed EPR transitions, can be expressed as {14]

X = uS-g-B+SA-l )

In (1), the two terms represent the electronic Zeeman and the HF interactions, with § = 1/2
and I = 7/2, respectively. Here 1y, g and A are, respectively, the Bohr magneton. the matrix
for g and the hyperfine-interaction matrix. In (1) the quadruple-interaction term has been
omitted, as it has negligible effect [14].

The principal values and direction cosines of the g* (mg" - g; T denotes the transposed
matrix) and A% (mAT - A) tensors were evaluated by the use of a least-squares fitting (LSF)
procedure [16 to 18), using cigenvalues calculated to second order in perturbation, applicable
to non-coincident principal axes of the g and A? tensors. In summary, a total of 384
allowed HF line positions observed for the VO3 * complex for Bin the ZX.ZY, XY planes
in FASH, for any magnetically-inequivalent VO?2* ion, were fitted simultaneously in the LSF
procedure. The results for the VO** ions I and I are listed in Table 1. The absolute signs
of the principal values of A have been assumed to bhe negative in accordance with those
determined by Muncaster and Parke [19]. Table 1 reveals that the principal axes of the g2
and A? tensors are almost coincident. As well, the values of g, and g, are somewhat different
from each other; this is also true for 4, and A,. This implies a small departure from axial
symmetry. The present values of the spin-Hamiltonian parameters are typical of vanadyl
complexes, characterized by axial symmetry of ligand field with small distortion. especially
in so far as the hyperfine parameters are concerned. The previously-reported room-
temperature parameters [9] have also been included in Table 1 for comparison.

S. Positions of the Vanadyl lons in FASH Lattice

Similar to the situations in VO?*-doped ZASH, MASH. and CASH [10. 11), the site of the
metallic host ion (Fe** ion in the present case) is the most probable site for substitution
by the VO?* ion. both being doubly ionized. The orientation of the principal Z-uxis of the
g’ tensor, for any VO** complex. is expected to be along the V**-O*" bond (20, 21].
Using the direction cosines (Table 1) and crystal-structure data. the principal Z-axes of the
g* tensor are found to be almost parallel to the Fe?*-H,0(7) direction for ion L. and to
the Fe* * - H,0(8) direction for ion 1. When the VO** ion substitutes for a Fe** ion in
the FASH lattice. it expels one of the H,0(7), H,0(8). or H,0(9) molecules. forming the
so-called {VO(H,0),]* * complex [20}. whose geometrical axis. i.e.. the line joining the V**
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Table |

Principal values and dircction cosines of the g and A matrices of VO*© in FASH single
crystal for the ions | and 11 The principal values of g are dimensionless, while those of A
are expressed in GHz The indicated errors have been estimated by the use of a statisucal
method [26}. The direction cosines of the principal axes of the g* tensor (X', Y', 2" are
given with respect to the laboratory frame (X, Y, 2). defined in Scction 3. while those of
the A® tensor (X" Y™, Z7) arc cxpressed relative to (X', Y’ Z'). The numbers in brackets
for the pnincipal valucs arc those reported by Upreti und Suraswat {9, who assumed
8y =gy =g, and A- = 4,. = A, (room temperature)

tempera- ion  principal valucs direction cosines
ture

ziz Xix Yy

205K 1 g = 1.9364 £+ 0.0020 (1.941) 0.7400 06499 ~0.1734
£ = 1.9809 £ 0.0020 (1.990) -0.6550 07549  0.0345
8, = 1.9846 + 0.0020 (1.950) 0.1534 00880 0.9843
A, = -0,5344 £ 0.0050 (0.540) -09919 0.1124 0.0593
Ay = =0.2136 + 0.0050 (0.220) 0.1098 09930 -0.0446
A, = =0.1813 + 0.0050 (0.220) 00639 00378 09972
Il g8 = 1.9371 £ 0.0020 (1.941) 00408 07407 -0.6707
g = 1.9801 + 0.0020 (1.990) -=0.3309 06343 0.6904
g,y = 1.9741 & 0.0020 (1.990) 09428 0.1938  0.6904
A, = =0.5412 + 0.0050 (0.522) 0.9909 --0.0041 0.1347
A = —0.2578 + 0.0050 (0.220) 0.0157 09963 -0.0850
A, = <0.1776 £ 0.0050 (0.220) 0.1339 -—-0.0864 -0.9872
80K I g = 1.9363 + 0.0020 0.7452 06466 -—0.1630
. g = 1.9907 + 0.0020 -0.6514 07582 0.0292
g, = 19868 + 0.0020 0.1425 00844 09862
A,- = =05318 + 0.0050 -0.9512 =02967 0.0856
A = ~=0.2174 4 0.0050 -0.2983 09545 -0.0063
A, = —0..835 £ 0.0050 00793 00314  0.9964
i g = 19401 + 0.0020 0.0388 0.7407 -0.6707
g = 19827 + 0.0020 -0.3319 06426 0.6906
g2, = 1.9661 + 0.0020 09425 01958 02708
A.- = =0.5633 + 0.0050 09972 -00058 0.0742
A, = =0.2567 + 0.0050 . 0.0155 09912 -0.1312
A,- = —0.2008 + 0.0050 0.0728 ~0.1320 -0.9886
412K 1 g = 1.9364 £+ 0.0020 0.7400 06499 -0.1734
g = 1.9809 + 0.0020 —0.6550 0.7549  0.0345
g, = 1.9846 + 0.0020 0.1534 00880 09843
A,- = —~0.5344 + 00050 -0.9972 00378 0.0639
Ay = =0.2136 + 0.0050 0.0446 09930 -0.1098
4, = =0.1813 £ 0.0050 00593 01124 09919
n . = 1.9237 4+ 0.0020 0.0398 07413 —-0.6699
L = 19769 £ 0.0020 —-0.3310 06423 06913
g = 1.9749 + 0.0020 09428  0.1942 0.2710
Ao = =0.5238 + 00050 09915 ~00027  0.1303
A= =02373 £ 00050 0000 09999 00129
A, =

=0.1570 £+ 0.0050 0.1303 00127 -09914
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(o] [ ]
#20 Fe?* ve

Fig. 4. Oricntations of the VO?* ions, and the [VO(H,0)s]** complex, in FASH lattice. a) Octahedral
coordination of water molecules around Fe** ion. b) V4*-0%~ bond orientation for ion I, and c)
V4*~0Q?" bond orientation for ion II

0%

and O2" ions, is oriented along the direction previously formed by Fe**-H,0(7) for ion
I, and by Fe3*-H,0(8) for ion II, as shown in Fig. 4. There is a finite, though small,
probability, in agreement with experimental data, for the VO?** ion to orient itself along
the Fe?* -{1,0(9) direction, because the Fe**-H,0(9) distance is the smallest of the three
Fe?*—H,0(), i = 7, 8, 9, distances. Thus, the model of the [VO(H,0),]** complex
(Fig. 4) explains well the features of the EPR spectra for VO? *~doped FASH crystal. The two
observed groups-of symmetry-related intense EPR spectra are due to the two symmetrically-
oriented [VO(H,0)]** complexes. The same conclusion applies to VO?* EPR spectra in
other VO?*-.doped Tutton saits {10, 11].

6. g-Shift and VO?*-Fe?* Exchange Interaction

6.1 Shape effect

At low temperatures, the magnetization of paramagnetic FASH crystal causes a shilt of the
g-value of tie VO?** impurity ion, which depends (i) on the shape of the crystal [2] and
(i) on the exchange interaction with the host Fe?* ion. as described in Section 6.2.

In general, it is difficult to estimate the shape-dependent g-shift for an arbitrary orientation
of B. and for an arbitrary crystal shape {3 to 6. However. for special orientations of 8. and
for particular crystal shapes, there exist simple expressions ‘to calculate the g-shift
theoretically, e.g.. when B is along one of the susceptibility axes. For FASH, one of the
principal axes of magnetic susceptibility has been reported to be parallel to the crystal
b-axis, for which the susceptibility is 7, = 0.79 e.m.u. mol at 42K [4. 22]. For external
magnetic field B || &, the maynetization (in e.m.u.) is M = y¢yBd/ 4, where d (=1.864 g/cm’)
is the density of FASH crystal and A (=1394.14) is its gram-molecular weight {4). For the
presently-used thin disk-shaped FASH crystal the demagnetization fuctor. N. for B ulong
b is approximatcly zero [4. 10, 11]. Thus. the shupe-dependent g-shift for B || b is estimated,
according to Kittel [2], to be Ag = 3IM[(4n/3) ~ N] 2B = 2ry,d/A = 0.0023.



211

392 S. K. MisRA. JiansHENG SUN, and U, Oruun

6.2 Exchange interaction

At liquid-helium temperature, the exchange interaction of the VO* * ion with the host Fe**
ions is equivalent to the presence of an internal magnetic field at the VO site. since
magnetic moments are induced on the paramagnetic host ions (Fe* *)due to the polarization
effect of the external magnetic field. This resuits in a shilt of the resonant-field value in the
paramagnetic host from that in an isostructural host lattice consisting of diamagnetic ions,
This g-shift can be estimated by taking into uccount the effect of the VO * ~Fe** exchange
interaction in a perturbation calculation.

Assume a pairwise exchange interaction between a VO
The total spin-Hamiltonian for the pair can be expressed as

2+

ion with a neighbor Fe** ion,

H= X+ XN+ N, v}

where # = g,usS - B is the spin-Hamiltonian of the VO?* ion neglecting the HF term,
8q is the effective g-factor of VO2* in an isostructural diamagnetic host, and

X' = g ugB.S. + 4,5, -+ 4,5, 3

is the spin-Hamiltonian of the non-Kramer's ion Fe?*, where the effective spin §* = 1/2,
and 4 = (4} + 4%)"/? represents the small zero-field splitting due to local distortion
{1, 23, 24). The third term in (2),

X, =JS- 5, L)

exhibits the VO?**~Fe'* exchange interaction, where J, is the exchange-interaction
constant.

The wave functions of the total system can be expressed as product wave functions
vy (M) p,(M"), where the values of the magnetic quantum numbers are M = +1/2,
and M’ = +1/2 for the VO** and Fe?* ions, respectively. Thus, the spin-Hamiltonian of
the pair system is a 4 x 4 matrix. The {ollowing expressions are derived for the energy levels
E(M. M), using perturbation theory, for B parallel to the principal axis of the g* tensor
of the Fe?* ion, for the Fe** energy level (M' = ~1/2), which lies lowest at liquid-helium
temperature,

E(+1/2, =1/2) = uyg B2 — (1/2)[(g)1aB)? + 4%]'2 - J 4, 5
E(=1/2, —1)2) = —pugg,Bi2 — (1/2)|(gy64B) + 4% + J /4. (6)

Using these energy levels. the resonance condition (for the transition 1/2, —1/2 — —1/2,
—1/2) AE = hv = g uB. where 2, is the impurity-ion g-value in the paramagnetic host,
and taking into account the nearest and next-nearest neighbor Fe** ions to a VO?** ion,
one obtains for the exchange constant J,, considering only the nearest- and next-nearest
neighbors,

J, = 2uyBlg, - g)/n" . M

where Ag = g, — g, is the shift in the g-value of the VO** jon in FASH puramagnetic
host from that in an isostructural diumagnetic host. ZASH. CASH. o1 MASH: it can be
determined experimentally. In (7). = 6 is the number of nearest and next-nearest neighbors
toa VO** ion in FASH. To estimate J,, from (7), B can be chosen to be 0.34 T. being close
to the central magnetic field used in the present EPR measurements.
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6.3 Estimation of J,

For the effective g-factor for VO** in the orientation B || X. which is one of the principal
axes of magnetic susceptibility for FASH [4. 22]. one has

gx = [g3 cos® (Z'. X) + g3 cos® (X'..X) + gi cos® (Y. X))'*2. (8)

where Z'. X', Y’ are the directions of the principal axes of the g matrix. (gz.. gy gy) are

the principal values of the g matrix of the VO** ion in FASH. (Z'. X). etc. represent the

angle between the 2’ and X axes. etc. which can be calculated using the values given in Table 1.
Finally, for B | X.

Jp = (2usB/n’) (845 — 8px + 2Miad/A). )

For diamagnetic ZASH, MASH. and CASH, the average g, = 1.9945 [10, 11}, while for
paramagnetic FASH g,, = 1.9622 averaged over VO** jons I and II, as determined
presently. Then, the VO?*-Fe?* exchange-interaction constant, J,, averaged over the
nearest and the next-nearest neighbors is estimated presently to be 0.07 GHz in FASH.
Forcomparison,Mn?* -Fe? * exchange interactionconstant was reported to be —0.006 GHz
(3, 4).

7. Spin-Lattice Relaxation Time (t) of Host Fe?* Jons

For a correct estimate of t in doped crystals. where there are present two different kinds
of paramagnetic ions, one has to use the appropriate second moment, described by Van
Vleck [25]. Misra and Orhun [8) showed that for the case when the distances between the
impurity ions are sufficiently large and when the number of neighbors considered is confined
to N, the correct second moment can be reduced to

N
AvDHy = 4SS+ A2 [NJ‘: + (gg') u3ug 1\: (1 =351

N
+ 2J,28'uio :Z (1 - 37%) r,-‘..’]- (10)

In (10), J, is the average host-impurity pair-exchange constant and g, is the permeability
constant. required for the purpose of calculations in SI units. the summation is over the
host ions surrounding the impurity ion: r; and ;' represent the length of the straight line
joining the j and k ions and the direction cosines of r; with the external field. respectively:
the primed quantities describe the host ions. while the unprimed ones the impurity ion.
Finally, t of the host paramagnetic ions in doped crystals. at temperature around or higher
than the room temperature, can be estimated. using the contribution to the EPR linewidth of
the impurity ion due to the paramagnetism of the host ions AB,,,. from the following
expression [8):

t = (3AB,,,82up)/(110hg" <Ay . (11

In order to estimate A8, one should subtract. from the observed impurity-ion linewidth
{1.4 mT) the linewidth of the impurity ion in an isostructural diamagnetic host, as well as
the linewidth due to the inhomogeneous broadening. caused by the unresolved super-
hyperfine structure, i.c. a total of 0.7 mT (10, 1i]. Finally. AB,,,, is estimated to be 0.7 mT
at room temperature.

M physica (b} 162.2
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A computer program was used to generate the FASH lattice in order to culeulate the
required distances between the impurtty 1on (VO* ") and the neighbor host Fe®* ions and
the direction cosines (7, ) of the external lield. relatne to the position vectors of the various
ions. For the caleulation of the second moment. 1t was found sulficient to consider only up
to the fifth-nearest neighbors. te. a total of 20 Fe*” wons (N = 201 the contributions of
the farther-lying neighbors were found to be negligble.

In the estimation of 1. the values of all the parameters required. except for §' and g',
have been determined presently. For the values of §* and g’ the following considerations
were made. For Fe?*, which 1s a non-Kramer's ion. its spin-Hamiltonian for the case of
lower symmetry (equivalent to the presence of local distortions superimposed on higher
symmetry due to Jahn-Teller effect), as described by Abragam and Bleaney [1], 1s given by
(3). wherein A, A, represent the distortion: and g = (3l SLIE,)> where |3,) is one of
the time-conjugate states for the ground state of Fe**. and g, = 0. g} value has been
reported to be 8.989 for FASH [23, 24]. In the numerical estimates, made presently for t,
the direction of external field was assumed to be along the Z (or parallel) magnetic axis of
the VO?* ion. However. the parallel (Z') magnetic axis for the host ion is not necessarily
along the respective parallel axes of the impurity VO** ion. Thus. the average of g and
g, values {= 4.49) for the host ion was chosen for estimating t. This does not lead to any
significant error in the calculated values of t, because of the uncertainty .a other factors.
Finally, the value of ¢ was estimated to be 7.20 x 107'* s at room temperature.

The temperature inde>=ndence of the VO?* EPR linewidth in FASH (Section 3) does
not necessarily imply that t does not vary with temperature. It is well known that all
processes of spin-lattice relaxction do depend on temperature {27]. Usually, the EPR
linewidth decreases as temperaturs increases due to host-ion spin-lattice relaxation. Thus,
there must exist compensating processes which cause increase in EPR linewidth as tempera-
ture increases. Upreti and Saraswat [9] suggested that this compensating process might be the
spin-quenching process. but they could not provide an uppropriate justification. The
population fluctuation of the crystal field levels of Fe? * may causc the impurity-ion linewidth
to decrease with decreasing temperaturc which could be the compensating process, similar
to those for Tm?**, Pr3*, and Tb** [28 to 30]. Further, it may be suggested here that the
ordering of the host Fe* * ions at low temperatures may also play this compensating role{31].

8. Concluding Remarks

The main results of the present EPR study on VO**-doped FASH ure as follows:

(i) The principal values of the g and A matrices. withoat the assumption of axial symmetry,
as well as their direction cosines. have been evaluated at 295, 80, and 4.2 K. from the present
EPR data. The results indicate some distortion from axial symmetry. The model of the
[VO(H,0)s]* ¥ complex is found to explain the data adequately.

(i) The VO?* -Fe* exchange-interaction constant has been estimated to be 007 GHz
in the paramagnetic host FASH. using the g-shilt in the paramagnetic host from that in
the isostructural diamagnetic hosts M(NH,),(SO,), - 6H,O (M = Zn. Mg, Cd).

(iii) The host ion (Fe®') spin-lattice relaxation time has been estimated to be
7.20x 10~ "5 at room temperature in the FASH crystal lattice. using an appropriate
expression taking into account the presence of two Kinds of paramagnetic 1ons from
VO* ' -impurity ion EPR linewidths.
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EPR of a Gd**-Doped NH,Pr(SO,), - 4 H,0 Single Crystal

Study of Phase Transition and Superposition Model Calculation
of Zero-Field Splitting Parameters

By
S. K. MisraA and JIANSHENG SuN?)

X-band EPR spectra of a single crystal of Gd**-doped NHPr(SO,), - 4 H,O (APST) are recorded
in the temperature range 4.2 to 410 K. The angular variation of the EPR line positions indicates the
presence of two magnetically-inequivalent Gd®* ions. The orientations of their prncipal axes are
determined. The Gd®* spin-Hamiltonian parameters are evaluated using a rigorous least-squares-fitting
procedure. The superposition model is applied to calculate the values of the zero-field splitting
parameters b3, b3 of Gd**, and those of the intrinsic parameters 5, and b,. The temperature variation
of the EPR spectra reveals the occurrences of two [irst-order phase transitions in APST crystal at 266
and 155 K.

On a enregistré les spectres de la RPE a bande-X sur un monocnstal de NH, Pr(SO,); - 4 H,0, diowt
par I'ion Gd* ", dans I'intervalle de températures 4.2 4 410 K. La variation angulaire des positions des
raies de 1a RPE indique le préscnce de deux centres non-¢quivalent magnétiquement de I'ion Gd* *. Leurs
axes principaux ont été déterminés. Les paramétres du spin hamiitomen du Gd** ont été évalués par
une méthode rigoureuse d'adaptation aux moindres carrés. Le modéle de superposition a été utilisé,
pour calculer les valeurs des paramétres b2, b3 du clivage dans un champ nul du Gd*~ dans le cristal,
ainsi que les valeurs des paramétres intrinséques 5., 6,. Les variations des spectres de la RPE indiquent
I'occurrence de deux transitions de phase dans ce cnstal, & 266 et & 155 K.

1. Introduction

The NH, Pr(SO,), - 4 H,O crystal (hereafter. APST) belongs to the series of isostructural
crystals of the double sulfates NH,R(SO,), -4 H,O (R = rare earth) (1], which are of
analytical significance. because they can be used to separate the light and heavy lanthanides
[2). These crystals are interesting for EPR studies. since they exhibit a series of phase
transitions below room temperature [3 to 6}. Infrared {IR) studies on these crystals have
been reported [1. 5).

EPR studies on Gd**-doped NH,Nd(SO,), -4 H,O (ANST). NH,SmiSO,), -4 H,0
(ASST), and NH,Ce(SO,), - 4 H,O (ACST) have been reported by Buckmaster. Malhotra,
and Bist [3 to 5). The room-temperature (RT) values of the spin-Hamiltonian parameters
(SHP) of Gd?* in these crystals were evaluated. assuming an orthorhombic site symmetry.
Three phase transitions were deduced to oceur in the 97 to 304 K temperature range. So
far. no EPR studies above RT. as well as below 97 K. have been reported on ANST, ASST,
and ACST. Further, there exist some discrepancies in the interpretation of the previously-

1) 1455 de Maisonncuve Boulevard West, Monteeal. Quebee HIG M8, Canuda.
2} Permanent address: Center of Materials Analysis. Nanjing University. Nanjing. Jiungsu. People’s
Republic of China.
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reported EPR studies 3 to 5: (i) an incorrect formula was used in the estimation of ¢ the
spin—lattice relaxation time. as pointed out by Misra et al. [7]; (ii) a spin-Hamiltonian
appropriate to a monoclinic sitc symmetry should have been used. in accordance with the
crystal structure [1}, instead of the orthorhombic site symmetry used in [3 to 5]; and (iii)
there was no explanation provided as to why the value of the parameter b3 of Gd** was
unusually smail in the ANST, ASST, and ACST hosts. as compared to that found usually
in other host crystals.

As for APST, no EPR studies have so far been reported. Jasty et al. 6] studied the phase
transitions in APST using Fourier-transform infrared (FTIR) and differential scanning
calorimetry (DSC) techniques in the 100 to 300 K temperature range. and detected two
phase transitions, occurring at about 230 and 150 K. The present paper reports an extensive
X-band EPR study of a Gd**-doped APST crystal in the 4.2 to 410 K temperature range,
with particular emphasis on the explanation of the values of SHP of Gd** in this crystal,
as well as on the detection of the phase transitions experienced by the APST lattice.

2. Sample Preparation and Crystal Structure

The experimental arrangement has been described elsewhere {8, 9}.

APST crystals doped with Gd** were grown by slow evaporation at RT of an aqueous
solution, containing Pr,(SO,), - 8 H,0 and (NH,),SO, mixed in the molar ratio of 1:4,
to which a small quantity of Gd,(SO,), - 8 H,O powder was added, so that there was one
Gd** ion for every 100 Pr** ions in the solution. An amount greater than the stoichiometric
amount of (NH,),SO, was used. since it has a strong tendency to creep out of the container
{4, 5]. Also, some dilute H,SO, was added to the solution in order to prevent hydrolysis.
Prismatic crystals, with the green characteristic color of Pr** ions, were obtained in about
three weeks: one of size 3.0 x 2.0 x 1.0 mm® was chosen for the present measurements. The
crystals were stored in oil to avoid dehydration.

At room temperature, an APST crystal is monoclinic, characterized by the space group
C3. containing four formula units per unit cell [1); the unit-cell parameters are: a

Fig. 1. Crystal structure of APST at room temperature. a) The coordination polyhedron about a Pr3*
ion for APST: a monocuapped square antiprism. Wa indicates an oxygen ion belonging 1o a water
molecule, while On an oxygen ion belonging to a sulfute 1on, as displayed in [1]. Only the oxygen
ions ncarest 1o the rarc-carth ion have been shown. b) Positions of the four Pr®* ions in the unit ccll
of APST
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= 0.6444 nm. b = 1.8963 nm. ¢ = 0.8798 nm. and § = 97.18". The Pr? * ion is coordinated
to nine oxygen ions as shown in Fig. 1a. of which six belong to sulfate 1ons and three to
three water molecules. The fourth water molecule 1s held between the suilfate layers by
hydrogen bonding. The polyhedron of the nine-coordinated oxygens can be considered to
be equivalent to a distorted monocapped square antprism (approximately C,, symmetry).
The Pr** ions are located in the unit cell at (0.5, 0.1321. 0.0), (0.5. 0.3677, 0.5), (0.5. 0.6323.
0.5), and (0.5, 0.8678, 0.0) {7), labelled as 1. 2. 3. and 4. respectively. as depicted in Fig. 1 b.
The Pr’* jons 1 and 2 belong to a pair, having parallel orientations of the respective C,,
axes, which is the Pr3*-O(4) bond axis, making angles of about (51°, 45°, 72°) relative to
the (a. b, ¢) axes. The pair of ions 1, 2 is symmetrically related to the other pair (ions 3, 4)
by the ac inversion plane. So far, no i1. ormation about the crystal-growth habit for APST
is available. As well, no crystal-structure data have been reported for the phases diflerent
from the RT phase.

3. RT EPR Spectra and Orientations of the Principal Axes

EPR spectra were recorded at RT for the orientations of the external magnetic field (8) in
the principal ZX and ZYplanes of the zero-field splitting tensor b7 of one of the magnetically
inequivalent Gd>* ions in the unit cell. (The principal axes (X. Y. Z) are defined to be those
directions of the external magnetic field (B) for which the extrema of overall splittings occur
[10, 11)], with the splittings being successively greater for B || X, Y. Z.) The spectra revealed
the presence of two magnetically-inequivalent Gd** ions. Each ion exhibited seven
allowed transitions (AM = +1; here M is the electronic magnetic quantum number), corre-
sponding to the electronic spin S = 7/2 of Gd**. The Gd* ions substitute with equal
preference at the two magnetically-inquivalent Pr’* sites in the unit cell, because the
intensities of the EPR spectra for B parallel to their respective Z-axes are equal.

The EPR spectrum, for B || Z. of one of the magnetically-inequivalent Gd** ion is shown
in Fig. 2. while Fig. 3a and b exhibit the angular variations of the EPR lines for the same
Gd** ion for Binits ZX and XY planes. respectively. The four Pr** ions in the unit cell
of APST, having the same nine-fold coordinations as the ligand ions, were found to be
physically-equivalent, as revealed by the EPR spectra. For euch of the two magnetically-
inequivalent Gd** ions, the splittings for B along its X and Y-axes were found to be about
the same. The Z-axis for one pair was found to be paraliel to the X-axis for the other pair,

EPR signal

Fig. 2. First-derivative EPR spec-
trum of Gd* " 1 APST for B(| Z
for one of the magnetically-incqui-

{ ! 1 | e y 11 valent Gd* * ions (1), and 8] X for
the other magnetically-inequivalent
J | | Gd** ion (1) ut room temperature
% 029 as a3y

magnelic field (T) e——e




218

268 S. K. MisrRa and JIANSHENG SUN

o]

l [ !
| % :
i~

3

veeevecee
0315—4\//

LD

0265 | | | | | |
Z dg°  60° Xx X 30° &0°

angle e—————om

Fig. 3 Angular variation of EPR line positions for one of the magnetically-inequivalent Gd** ions at
room temperature for B a) in its ZX plane and b) n its XY plane.

and vice versa; the Y-axes for the two pairs. lying in the ac plane were observed to be
parallel to each other. at 64° from the a-axis. Buckmaster and coworkers [3 to 5] also made
the same observations in the isostructural ANST. ASST, and ACST crystals. However, they
did not relate the magnetic axes (Z. .X. Y) to the crystal axes.

4. RT Spin-Hamiltonian Parameters

A spin-Hamiltonian (SH) .# appropriate to monoclinic symmetry, with the two-fold axis
C; || Z. was chosen to fit the EPR line positions of Gd** in APST. This is consistent with
the site symmetry. since the Z-axis, as discussed in Section 3, lies along the local C,, axis,
which is oriented very close to the crystal C, axis (h-axis). Accordingly [10, 11],

X = pylg,B.S. +2,(B,S. +BS)N+ Y (1/3)h307 +

ma(), +2
+ Y (160 b30T+ 3 (1/1260) h707 4.1
m=0,t2, 4 m=s0, £2,¢4,26

wherc gy is the Bohr magneton and OF are spin operators, as defined by Abragam and
Bleaney [11}. In (4.1), g, g;. and b{* are the spin-Hamiltonian parameters (SHP). (The
monoclinic spin-Hamiltonians appropriate to C, | X and C, || ¥ [10], as well as a
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spin-Hamiltonian for orthorhombic symmetry, were also used to (it the EPR line positions;
however. they gave much larger least-squares g* values. and thus were excluded.)

A rigorous least-squares fiting (LSF) procedure [12], utilizing numerical diagonalization
of the SH matrix on a digital computer. in which all clearly-resolved Gd** allowed line
positions, observed for several orientations of B in the ZX and XY planes. were
simultaneously fitted to evaluate the 17 SHP', g, g,, and b[". The errors of the parameters
were estimated by the use of a statistical method [13). Finally, a total of 154 line positions
were used to evaluate the 17 SHP; they are listed in Table 1. As for the absolute signs of
the parameters, they could not be determined from the present data. since no relative-
intensity data are available at liquid-helium temperature (LHT); because at LHT. the crystal
is in a different phase (Section 5). The sign of b3 was then assumed to be positive. which
is consistent with the results of the superposition-model calculatioa (Section 5). The signs
of the other fine-structure parameters (b"), relative to that of b3, as yielded by the LSF
procedure, are, of course, correct.

It was not possible to evaluate the SHP below the phase-transition temperature 266 K,
since the orientations of the magnetic axes changed below 266 K, and the magnetic field
orientation could no longer be varied in the magnetic ZX, XY planes. required for the
evaluation of SHP.

5. Superposition Model Calculation of RT SHP (8]")

It is noted that the value of the parameter b3 of Gd** in APST (=0.35 GHz), which is
about the same as those in the isostructural ANST, ASST, and ACST {3 to 5], is much
smaller compared to those in other host crystals, e.g., {63 = 2.4 to 2.6 GHz in LiYb,Y, _,F,
(x = 0to 1) [14] and |bY] = 0.7 to0 0.8 GHz in RF, (R = La, Ce, Pr, Nd) (15]. Buckmaster
and coworkers [3 to 5] suggested that a lower symmetry would lead to a larger value of
b3, which is in disagreement with the present case of a local symmetry lower than C,, at
the Gd** ion, for which the value of b3 is rather small.

Table 1

Room-temperature Gd*~ spin-Hamiltonian parameters in the NH,PrtSO,), - 4 H,O single

crystal

parameter value parameter value

g 1.9950 + 0.0004 b2 0.0006 + 0.0005

A 1.9948 + 0.0004 b3 0.0001 + 0.0034

b3 0.3469 + 0.0009 b} -0.0215 + 0.0060

S mmnmn R o
32 0914 + 0. o -0.0796 + 0.

b Toworioom e 00176 1 0089
H -0.0002 + 0.002 . " 0176 + 0.

b ~00284 + 00022 n 154

hy? 0.0328 + 0.0049 £#n 0.0037

bt 0.0014 + 0.0032

The unit for the values of b} is GHz, while it is GHz* for z‘<£ Z (IAE,| = hv,)?*; here
]

AE, is the calculated energy difference between the pait of levels participiting in
resonance for the j-th line position. v; the corresponding klystron frequency, and
h Planck’s constant), n is the number of lines fitted simultaneously.

\
h

s e el
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The presently-estimated small value of b9 can be well explained by the superposition
model of Newman [15. 16]. In the superposition model. the SHP (b7") can be expressed as
linear combinations of single-ligand contributions via the intrinsic parameters 6(R,), as
follows:

bi" = Z b(R) K0, 0)) . (5.1)

where
b(R) = hi(Ro) (Ro/R)" . (5.2)

In (5.1) and (5.2), (R, 8,, ¢,) are the coordinates of ligand i, and R, isa particular reference
bond length, which. has been presently chosen to be 0.2499 nm. namely, the length of the
Pr3*-0(2) bond. The K{*(0, ¢) are angular functions. Specifically [16},

K3, o) = (3cos?8 — 1)/2.
K2(6. @) = (35 cos* 8 — 30cos® 9 + 3)8,
200, p) = (35 sin* 0 cos 4¢)/8.

In the APST crystal, one takes into account the nine ligand-oxygen ions, forming a
distortedmonacapped square antiprism {Section 2), being the nearest neighbors to the
Gd** ion, which substitutes for a Pr3* ion (Fig. 1a). In the absence of crystal-structure
data for APST. the values of (R,, 0,, ¢,) for APST can be calculated. from the reported
crystal-structure data for the isostructural ASST (1}, by the use of Vegard’s law [17]. Finally

by(Ro) = bI/[T. (Ro/R)* KO, )] - (5.3)

The intrinsic parameter 5, and value of t; can now be determined, following the procedure
described by Misra et al. [15], to be

52 = -4.85 GHZ and ‘2 = 9.5 i I.O.

The intrinsic parameter A, calculated here for Gd** in APST is very close to those calculated
for Gd** in LiYb,Y,_ F, (x = 0 to 1) [14] and RF; (R = La, Ce. Pr, Nd) {15]. The ¢,
value determined here is close to that found for RF; (1, = 9) [15]. It is to be noted here,
in particular. that the sign of the presently-calculated value of b, is negative, the sume as
those in some other hosts. for which the sign of the resulting b9 hus been determined to
be positive from relative-intensity dats [14. 15) at LHT. This fact supports the present
assumption of a positive absolute sign for b3 (Section 4) [16].

As for the value of the intrinsic parameter A (= 0.020 GHz). it was estimated using only
the value of b (= —0.0087 GHaz), since the use of bT with m % 0 requires the exact values
of o, which arc not available. b, was found to increase slowly with the increase in the
value of 1. The corresponding value of 1y was found to be 27 + 1, which is much larger
than 4, calculated for RF [15] and in the range 5 to 8 for McF, (Me = Cd. Cu. Sr, Pb,
Ba) [18]. This value of ry for APST was, however, calculated without considering any
distortions of the positions of the ligand oxygen ions, which are likely to be caused when
a Gd** ion substitutes for a Pr** jon, the two ions posscssing different ionic radii. In the
absence of any knowledge of what these distortions are, some simple distortions were
considered in order to see the effect on ty. For example. rather small but equal increases
by AN of cach of the nine angles ), for the oxygen ions. yield the ¢, values to be 15, 11, and
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2 for A0 equal to 1.5%, 2° and 5°, respectively. This means that the same small increase in
the values of all 8; by A = 1.7° yields t, = 14 which is consistent with those for RF, and
MeF,; hosts.

Finally, a small value of b3 is quite plausible, if one realizes that the different angular
factors KT'(8,, ) in (5.1) for various oxygen ligands partially cance! éach other for the
nine-fold coordinated Gd** ion in APST. The same considerations should apply to the
isostructural Gd**-doped, ANST, ASST, and ACST host crystals.

6. Temperature Variation of EPR Spectra and Phase Transitions

EPR spectra were recorded, for B parallel to the RT Z-axis of one of the magnetically-inequiv-
alent Gd** ions, in the 42 to 410K temperature range. (Above 410 K the crystal is
destroyed due to dehydration.) Fig. 4a and b display, respectively, the temperature
variations of the overall splitting and linewidth of EPR spectra.
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Fig. 4. Temperature variation of ) the overall splittings of the EPR spectra and b) the EPR lincwidth
for B along the room-temperature Z-axis of onc of the magnetically-inequivalent Gd** ions. The two
phase transitions, occurring at T,, = 266 K and T,, = 155 K, are clearly scen
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6.1. EPR spectra above RT

As seen from Fig. 4a and b. the main features of the EPR spectra remuin the same at
temperatures higher than RT as those at RT. However, at higher temperatures, the overall
splitting decreases significantly. implying that the zero-field splitting parameter. 59, decreases
as the temperature increases. For example, at 374 K. b3 was estimated to be (0.297 + 0.002)
GHz using the EPR line positions for B || Zand B ) X. being 14.2% less than the RT value.
This behavior is similar to that for Gd**.doped LiYb,Y,...F, (x = O to 1) crystals (14],
where the temperature dependence of b3 has been accounted for by the spin-phonon
interaction and thermal expansion. Further, the EPR linewidth decreases as the temperature
is increased, indicating a decrease in the spin-lattice relaxation time t {7}.

6.2, EPR spectre and phase transitions delow RT

As the temperature was decreased below RT, the overall splitting of the spectrum for B | Z
increased, associated with an increase in the linewidths of each of the 14 allowed lines
corresponding to the two magnetically-inequivalent Gd** ions. The linewidths for all the
lines were the same at any temperature. At (267 + 0.5) K. only seven broad lines could be
observed. A new spectrum with 14 lines. characterized by a much larger overall splitting,
appeared below T, = (266 £ 0.5) K. indicating that a phase transition had occurred at T;,.
Below T,,, the EPR spectra were much better resolved than those observed between RT
and 267 K. The Z-axis of one of the magnetically-inequivaient Gd** ions had about the
same orientation as that in the RT phase. However, the Z-axes corresponding to the two
magnetically-inequivalent Gd** ions were no longer perpendicular to each other, as was
the case at RT, perhaps due to the disappearance of the inversion plane that existed in the
RT phase. No significant change in the spzctra was observed in the temperature range 266
to 156 K, except that the overall splitting continued to increase monotonically as the
temperature was lowered. At T,; = {155 + 0.5) K another phase transition occurred, since
the spectrum showed a drastic change, as revealed by the appearance of a well-resolved
spectrum, with very narrow linewidths, below T, ,. The EPR line intensities increased abruptly
as the temperature was lowered below T,; a total of 56 lines corresponding to eight
magnetically-inequivalent Gd** ions were observed. Below T, as B was rotated in the
ZX plane of the RT phase. eight maxima of overall splitting were observed. Below T,,, the
overall splitting of the EPR spectra increused: however. no further drastic changes were
found down to 4.2 K.

The abrupt changes of overall splittings and linewidths exhibited in Fig. 4a and b
indicate that the two phase transitions. occurring at T, and T_,, are each of first order.

As the temperature was increased from 4.2 K to RT, all the spectra and the phase
transitions as observed with the lowering of temperature were found to repsat themselves,
except that T,. 7., were found to be about 2 K higher than those determined when
decreasing the temperature.

6.3. Comparison with previously-reported data on the phuse transitions in the other isostructural
ASST and ACST crystals

Buckmaster and coworkers [4. 5] reported the occurrence of three phuse transitions in the
97 1o 304 K temperature range for the ASST und ACST crystals. For the APST crystal,
the present EPR study revealed only the existence of two phase transitions in this temperature
range with difTerent values of 7., and T, from those for ASST and ACST. However, the
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present results are in agreement with those found by the FTIR und DSC measurements
for the APST crystal. which aiso yielded two transitions aithough they occurred at lower
temperatures. T;, and T, being 36 and 5 K lower, respectively [6].

7. Discussion

Some conclusions regarding the nature and physical mechanisms of the phase transition,
can be made for APST., based on the present and previously-reported EPR data on the
isostructural ANST, ACST, and ASST (3 to 5], in conjunction with the crystal structure
and IR data on APST. These are described as follows:

(i) Between T;, and T,, the Z-axes of the two magnetically-inequivalent Gd** centres
were no longer observed to be perpendicular to each other, implying the disappearance of
the inversion plane that existed at RT.

(i) Below T;,, there were observed eight magnetically-inequivalent Gd** ions, implying
the breakdown of the Pr3* pairs that existed above T;,, and the appearance of a doubled
unit cell, wherein one of the three unit cell parameters (g, b, c) becomes doubled. forming
the so-called “superstructure™.

(iii) At temperatures just above T;, (266 K), the broadening of EPR lines is similar to
that observed for the Cr** impurity ion in the (NH,)AI(SO,); * 12 H,O alum, reported by
Owens [19], attributed to the fluctuations in the fine-structure tensor due to the H,O dipoles.
Further, the behaviors of the H,O molecules and the NH;, SO;~ ions change at low
temperatures, thereby affecting the EPR spectra. As revealed by IR studies 1. 5), the NH;
ions rotate freely in the RT phase, but not below T;,. Below T,,, new bands in the IR
spectra, due to the H,O molecules and the SO; ™ ions, were observed (5], as compared to
that at RT.

(iv) The sudden increase in the intensity of the EPR lines below T;, is due to a decrease
in the dielectric constant of the sample {20}, since a sudden decrease in the leakage current
of the microwave power reflected from the EPR cavity was observed upon cooling the
sample below T,,.

8. Concluding Remarks

The main results of the present EPR studies on Gd* “-doped APST are as follows:

(i) The orientations of the principal axes for the two magnetically-inequivalent Gd**
ions. as well as the SHP of a monoclinic spin-Humiltonian for Gd?*, have been determined
for Gd** in APST at RT.

(ii) The superposition model has been satisfuctorily exploited to explain the observed
small values of b? in this crystal. Similar application should explain the small observed
values of b3 in the isostructural crystals ACST, ASST. and ANST.

(iti) Two first-order phase transitions have been deduced to occur at 266 and 155 K.,
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Spin-lattice relaxation times (r) for the host rare-earth ions R’*
(R = Sm. Ce. Nd) in NH,R(SO,), * 4H,0 crystal lattices have been
estimated at room-temperature from X-band EPR linewidths of Gd'*
impurity ion, using an appropriate expression based on the second
moment for crystals consisung of two different kinds of paramagnetic
spins. In addition, the ¢ values for Pr'* ions in NH,Pr(SO,), - 41,0
lactice have been estimated in the 266-410K temperature range from
EPR linewidths of the impurity ion Gd’>*. The values of ¢ for Pr'*
indicate that ¢~ varies as T’ (T = temperature) in the 266~296K
range. and as T in the range 296-410K. It is concluded that the T’
behaviour is predominantly due to the sum process. while the T

behaviour is predominantly due to the Raman process.

1. INTRODUCTION

NH,R(SO); - 4H,O (R = rare-earth) compounds.
forming a series of isostructural crystals [1], are
interesting because they exhibit multiple phase tran-
sitions below room-temperature (RT) as revealed
by EPR, infrared [2-5], and differential scanning
calorimetry (DSC) {6] studies. As for EPR, tempera-
ture variation of EPR linewidth (A8) of the impurity
jon, e.g. Gd’* , in these host crystals. being sensitive to
temperature variation of the host crystal lactices (7],
has been exploited to study phase transitions.

The impurity ion finewidths can aiso be used to
estimate spin-lattice relaxation times (r) of the host
paramagnetic ions (8]. For the NH,R(SO,), - 6H.0
hosts, characterized by R = Sm. Ceand Nd. estimates
of spin-lattice refaxation times h. -+ been reported by
Malhotra er a/. (2] and by Buckmaster ¢r al. {3], using
Gd’* EPR linewidths, However. in their calculations,
they employed a frequently-used erroneous expression,
applicabie to the presence of only one kind of magnetic
spin in the system, valid only for a simple cubic lattice
{9}. Misra and Orhun [8] detived the correct expression
for 1. for the presence of two different kinds of
magnetic spins in the system. typical of the EPR
situation wherein the host ions arc paramagnetic. The

® On leave of absence from the Center of Materials
Analysis, Nanjing University, Nanjing, Jiangsu, The
People’s Republic of China.

purpose of the present paper is to estimate t of the
host 10ns R?* in the NH,R(SO,); * 4H,0 crystals, for
R = Sm, Ce, Nd at room temperature, and for
R = Prin the temperature range 266-296 K, by the
use of the correct expression (8], employing experi-
mentally observed Gd’* impurity-ion EPR line-
widths. The power-law temperature dependence of the
values of ¢ for Pr'* wiil be used to discern the spin-
latuce relaxation processes governing the host Pr’*
ions in the NH,PriSO,), - 4H,0 lattice. To this end,
the X-band data of Misra and Sun 4] for Gd'* EPR
linewidths in the NH,PrtSO,), * 4H,O crystal wiil be
used.

2. CRYSTAL STRUCTURE

NH,R(SO,), - 4H,0 crystais are monoclinic.
characterized by the space group C,, contaiming four
formula units per unit cell 1], The unit-cell parameters
for crystals, where R = Nd, Ce, Sm and Pr. are listed
in Tuble 1. [n the absence of reported experimental
daa for the posttions of the four R'* 1ons in the unit
cell. required to estimate the spin-lattice relaxation
time (1) of the host 1ons. the R** positions have been
presently deduced. using the information provided in
the hiterature 1. 3} to be10.5,0.1321. 0.0). (0.5, 0.3677,
0.5),10.5. 0.6323. 0.5) and (0.5, 0.8678. 0.0), as shown
in Fig, 1; they are lubeled as |, 2. 3 and 4, respectively.
The R'* ions | and 2 form a pair. being related by
symmetry to the other pair, formed by the ions 3 and
4, through an inversion plane.
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Fig. 1. Positions of the four R’* ions in the unit cell of
the NH,R(SO, ), * 4H, O hosts. They are marked as 1,
2. 3 and 4, respectively. The positions of the nine R**
ions (one Ist. two 2nd. two 3rd. two 4th and two Sth
nearest neighbors) surrounding the impurity Gd'*
ion, substituting for the R** ion 2, are also exhibited.
Similar considerations apply when the Gd** ion
replaces any one of the R’* ions 1, 3 or 4.
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3. ESTIMATE OF ¢

3.1. Theoretical expression

t of the host paramagnetic ions in doped crystals
can be estimated from impurity ion EPR linewidth
(A8). using the expression [8]

t = (348¢ uy)/(1104g’ (AV')), )]

where iy, h. g, and g are respectively Bohr's magneton.
Planck’s constant, the impurity-ion Lunde’s factor,
and the host-ion Lande’s factor. In equation (1) (Av*)
ts the second moment for the impurity ion. Misra and
Orhun (8] showed that (Av*) for crystals containing
two different species of magnetc ions. for the case
when the distances between the impurity ions are
sulliciently large. and when the numbor of host-ion
neighbors considered is limited to V. can be expressed

Fable 1. Umitecell purameters of NH R(SO, 5« $H O
vngle crvstals (R = Nd. Ce, Smoand Pr) (1)

IN SINGLE CRYSTAL Vul. 76. No. 7

as [8)

Av) = 1SS’ - D "[.VJ;' + 1R nss
v
x T = 3%
'Y

+ 2,88 Hibla ‘E - 3':7: . |]- (2
In equation (2) S°. J,, pta. 7 . and 7, are the effective
spin of the host-ion, the average impurity-host ion-
pair exchange constant. the permeability constant, the
distance between j and &’ ions and the direction
cosines of 7, with the external Zeeman fieid. respect-
ively. (The primed quantities refer 10 the host ions
while the unprimed ones to the impurity ions.)

3.2. Numerical estimates

In order to compute =, using equations (1) and (2),
one first needs 10 know the values of the various
quantities appearing therein. A computer programme
was used to generate the various NH,R(SO,), - 4H.0
(R = Nd, Ce. Sm. and Pr) latuces required to calcu-
late the distances r, and the corresponding direction
cosines (7.} of the external field. For the calcuiation
of the second moment. (Av* ), using equation (2), it
was found sufficient to consider only up to the fifth-
nearest neighbors (¥ = 9). the contnibutions of the
farther-lying neighbors were found to be negligible.
Table 2 lists the calculated distances for these neigh-
bors of an impurity Gd'* ion, while their positions are
shown in Fig. 1. As for the values o’ S°. g" and J,. the
following considerations were muade. The effective
spin of each of the Kramer's ions Ce'~. Nd'~, and
Sm'-. as well as that of the non-Kramer's ion Pr'= . is
S’ = 1/2[7. 10}.{§" = 1/2tor Pr " s true lorthecase
of lower symmetry. being equivalent to the presence
of local distortions supenimposed on higher symmetry
due to Juhn-Teller effect). Further, for Pre, g =
2301 871340, where s 3,0 15 one ol the ume-conjugate
states for the ground state of Pr'* und ¢ = 0(7]. No
expenimental ¢ values have been reported tor the host

Tuble 2. Distances (i ) between Gd* and the aeichbor
R " 1w, There are one Iste, o 2md-. mo Jrde,
twaor Sthe and two Sthencarest newehbors (un)

R at\) MA) oAA) f R Istun 2ndon Aedn dthan  Sthnn
Nd 6.625 18.928 8.789 97.06° Pr s02 6.27 6 44 ST 8.50
Ce 6.676 19.005 8.821 97.28° Sm 5.0 6.24 6.5 3.26 8.74
Sm 6.5%2 18.886 8.736 96.88° Nd 5.0 6.26 6.62 8 3 8.79
Pr 6.644 18.963 8.798 97.18° Ce 5.03 6.28 6.68 8.36 8.82
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ions in the presently considered crystals. However, the
coordinutions around a R'* ion in NH,R(SO,), * 4H.O
latice are the same as that of a R'* ion in the
Y(C.H.SO, ) * 9H,0 tatuce. so that the g values for
R'* ions in the two lattices are about the same {12]. A
theoretical calculution yields g; = 3.81.¢. = 0.20for
Ce'" in Y(C,H,SO, ),  9H,0 {11]. Similurly. one has
for the P, Nd'* and Sm'* ions (g, g.) =
(1.6, 0.0), (3.65. 1.98), and (0.73, 0.40) respectively
[12. 13]. In the numerical estimates made presently for
t, the direction of the externai field has been assumed
to be along the principai Z magnetic axis. i.e. the
principal axis of the 57 tensor. of the Gd’* ion [2-4];
the Z axis for the Gd** ion in NH,Pr(SO,), - 4H,0
has been determined by Misra and Sun (4] to be along
the 4-fold axis of a distorted-monocapped-square
antiprism. making approximately the angies (51°, 45°,
72) relative to the (a. b, ¢) axes. However. the principal
magnetic axes (Z’) for the host R’* ions are not
necessarily parallel to the respective principal Z axes
of the impurity Gd’* ion. In this case. the averages of
8 and g, values, listed in Table 3. for the host ions
were chosen for g” in equations (1) and (2) for esumat-
ing «. This does not lead to any sigmficant error in the
caiculated values of t. because of some uncertainty in
other factors. The required g values of the Gd** ion
have been reported previously (2-5], and are listed in
Table 3. As for the values of J,, they huve not been
determined experimentally for the Gd’*-Nd’*,
Gd’* -Pr'~. Gd’*-Sm**, and Gd** -Ce'* pairs. The
present calculations of r have been made for J, = 0.1,
1.0. 5.0. 10.0GHz values, which cover the possible
range of values. '

The room-temperature t values for Sm'*, Ce’*,

7
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and Nd'* were estimated from equations (1) and (2),
using the reported expenimental Gd'* EPR linewidths
in the NH,R(S0,), - 4H.0. R = Sm. Ce. and Nd
hosts (2. 3. 5. As lor the estimate of' ¢ lor the Pr** ion,
the Gd'* EPR linewidths. us reported by Misra and
Sun [d], in the 266—4H10K temperature range. in the
NH,PrtSO,), - 4H.O host. were used. No estimates
were made for ¢ for PP * in NH,PrS0O,), « 4H,0 host
crystal at temperature above 410K. or below 266 K.
because of the unavailability of A8 values. This is
because below 266 K the crystal underwent a phase
transition, while above 410K the crystal deteriorated
due to dehydration [4].

The t values estimated at room temperature for
Sm**, Ce’*, Pr* and Nd’, are listed in Table 3,
along with the previously reported vaiues of ¢ by
Malhotra et al. (2] and Buckmaster ez a/. (3], estimated
using the incorrect expression, for comparison
purposes.

As for Pr*, Fig. 2 exhibits the log-log piot of
t~' vs. temperature in the 266—~10K range for J, =
5 GHz the calculated ¢ values being listed in Table 4
along with the required expenmental linewidths at
different temperatures.

3.3. Discussion of t values

Asseen from Table 3, the r values for Sm'*.Ce’*,
Pr'= and Nd'*, computed using the correct expression,
equation (1), for various values of J,, are quite
different. by up to an order of 3. from those calculated
using the incorrect expression. The large differences
arise because of the inclusion of dipolar interactions,
along with exchange inteructions. between two dil-
ferent kinds of ions (host and impunty) in (A¥),

Tuble 3. Caleuluted roometemperuature spinluttice reluxation umes (t) for Sm's, Ce*=. Nd'* and Pr'* ions in
VH,RSO,); * 4H.0 lattices. The values ot S° g. 8. J,. and the impuruy-1on (Gd'* ) linewxdtl (AB). used in the
present caleulutions, are also listed. t values are expressed in seconds, winle the figures insule the round hrackets

tollowing t are J, values in GH:=

R Sm Nd Pr Ce

s 112 12 112 12

I 1.9922 1.9830 1.9949 1.9930

¢ 0.57 282 0.80 2.01
AB(Gw M 6d 53 1]

Ty 9 x 10" 376 x 10" 1.35 < 10 " g4 10"
vl S04 x 10" 345 < 10" 39S x 19 "¢ 670 « 10"
Ty 22 % 00 ¢ SYL x 1O " 1.8 x 10 " 69¢ « 10"
(10 §.26 x 10" 1.56 < 10 4 455 x 10 " 176 < 10"
" 20 x 100" 210 x 10" - oo < 10"

“Calculated presently.
*Reported an (2] and [3).
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Fig. 2. A log-log plot of the inverse of spin-lattice
relation time (¢*') versus the temperature (T), in the
266-410K range. for the host paramagnetic ion Pr’*
in the NH,Pr(SO,), - 4H.O crystai for J, = 5.0GHz
(The vaiues of the siopes do not change for different
values of J,, as seen from equations (1) and (2).)

given by equation (2). It is also seen from Table 3, for
Pr'* and Sm’* ions. that their t values fluctuate by
three orders of magnitude, while this fluctuation is
only by one order of magnitude for Nd** and Ce’*
ions, for J, vaiues ranging from 0.1 o 10GHz
However, as seen from equations (1) and (2). the T
power-law dependence of t~', which enables one to
discern the spin-lattice reiaxation process in effect, is
independent of a particular J, value. For Pr'* host
ions in NH,Pr(SO,),  4H,0. a T’ dependence of ¢ is
found in the temperature range 266296 K, whilea 7*
dependence in the temperature interval 296~410 K.

4. SPIN-LATTICE RELAXATION MECHANISM
FOR Pr’* IN NH,PrSO,), * 4H.0

A least-squares fitting of t to temperature indi-
cates that the r values of P’ * in NH, Pr(S0,), - $H.0.

as calculated presently for J, = 5.0GHz, can be titted
welltot = 8T " with 8 = 3.79 x 10°s. K in the
temperature range 266-296 K. and to ¢ = CT * with
C = 1.61 x 10 "s. K’in the temperature range 296~
410K, It 1s now possible, from these T’ and T
temperature dependences of t '. to deduce as to
which mechanisms are responsible for SLR in the two
temperature regtons. Surveys of the varous SLR
mechanisms have been provided by Abragam and
Bleaney (7], and by Shnvastava {14).

As for the T’ dependence of ¢ ' for a non-Kramers
jon. such as Pr’*, it is caused by the following pro~
cesses: (i) at low temperature, by Raman processes,
specifically Raman spin-one phonon interaction in
second order, Raman spin-two-phonon interaction,
and Raman process effected by short wave-length
phonons. (ii) At /ow temperatures. by a process
invoiving three phonons, described by Le Naour {15,
in which first the small wave-vector approximation is
used to obtain a transition from an upper level E, to
another upper level £, by the emssion of two
phonons. and integration is made over all the phonons
from 0 (0 A, (= E, = E,, where £, is the ground
state). This is followed by the calculation of 2 Raman
process using phonons from A, to Debye cutoff, thus
making full yse of the Debye spectrum. (iii) At inter-
mediate \emperatures, by the “sum’ process {16. 17},
in which a spin transiton is achieved by means of
emission or absorption of two phonons: the range of
temperature being centered at about 0.14 4, (17},
depending very sensitively on the structure of levels in
the host crystal {16. 17]. From the temperature ranges
over which the processes (i). (ii) and (iii) are applicable,
it appears that the presently-observed T~ behaviour of
t~' in the range 266-296 K may be expiained 10 be due
predominantly to the sum process, since this tempera-

Tuble 4. The calculated spin-lattice relaxation times (t) of the Pr'* ion and the nhserved Gd'~ EPR linewidths
(A8) in the NH PASO,), - 6H,0 hust at varwus temperatures (T') for J, = $GHz. The error for AB s =3 Gs

T (K) 48 1Gs) t (s) (K 48 (Gs) t(s)

266 16 403 x 10 " 333 ] 138 < 1079
269 106 . Jeg x 10" kXY k] L322 x 107"
hid ] 96 Jxayxio" 354 k¥} 1.28 x 1079
73 98 Jx 10" 62 36 1.28 < 10°°
g A8 295 x 10°" 169 kK] 1Li1g < 10"
hiY; 67 233 x10" kY 2] ki L ox 10
hON 35 191 x 10" 3 n t1S < 10"
96 &3 1.84 x 10" 2 q 1ig < 10"
303 3l .77 x 10 " 40 36 12§ x 10"
1T} u 1.53 x 10 " 10 37 2y x 10"
126 42 t46 x 10 ¢
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ture range 1s more approprately “intermediate”, rather
than “low™.

As for the T behavior of ¢ ' in the range 296-
410 K. it can be explained (o be due 10 any one of the
various Raman processes. described above, as well us
duc to the sum process. ull ol which predict T?
dependence of ¢ ' at hagh temperatures. However, the
sum process has negligible contnbutton compared to
that of the usual Raman process. particularly because
in the sum process only the lowest-energy phonons are
required, whose number diminishes considerably at
high temperatures: in addition, the value of the
integral required in the expression for = for the sum
process becomes quite small at elevated temperatures
{18. 17]. To explain further, at elevated temperatures,
the number of phonons for which a ~ wy = w,
required for the usual Ramar process, is extemely
large compared to that for which w + vy m @
required for the sum process. (Here.ho is the dif-
ference in the two levels of the spin system and @), w,
are the frequencies of the phonons involved in the
Raman. or sum. processes.) This is because the energy
density of phonons depends on temperature as
(e’ = 1), where x = hwik, T. which tends to 2er0
as Tapproaches zero: or inflity, from an intermediate
value {7]. Thus. the aumber of phonons required for
the sum process. which come from the lowest part of
the phonon spectrum becquse w = @, + wy, is
negligible at high temperatures, while the number of
phonor.s required for the Raman process is large,
because they can belong to any part of the phonon
spectrum. including those belonging to the highest
phonon density, as long as @ = wy = w,. Thus, the
Raman process is the predominant mechanism for
SLR of host Pr’* ions in NH,Pr{SQ,), » 4H,0 in the
296—410K temperature range.

Finally. as seen from Fig, 2. the = values for Pr°*
in NH,PrSO,),  $H,O exhibit a sudden transition
from T to T behavior at 296K as the temperature is
increased. If oniy one of the above-mentioned
processes. which is capable of exiubiting both T’ and
T? dependence of ¢ ' as one goes from low 10 high
iemperature, were operative over the entire tempera-
ture range 266-410K. a gradual. and not sudden.
transition from the T to T behavior for ¢~ would be
observed. The sudden transition of the T dependence
of ¢ '1s. most likely, due 10 the simultaneous presence
of a number of competing SLR mechanisms which are
in force ut the transition temperature 295 K., depending
on the Pr'* cnergy levels in a complex manner. Such
a sudden transition, from T™ 1o T~ behaviour of ¢,
is 1n conformity with the various experimental data
exhubited in [7) and {14}
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5. CONCLUDING REMARKS

The muin results of the present numencal com.
putattons of t are as follows:

(i) The correct expression. equations (1) and (2),
yields much shorter v values for the host R'* 1ons in
the NH,R(SO,),* 4H,O crystuls, where R = Ce,
Nd and Sm. than those esumated using the incorrect
expression.

{ii) The power-law dependence on temperature of
! values of the Pr’* ion, which is independent of J,,
suggests the dominance of the sum relaxation process
in NH,Pr(SO,); « 4H,O crystal in the tempersture
range 266~29% K (T’ dependence of 13'), and that of
the Raman process in the 296~310 K range (T2 depen-
dence of £™'). For NH,R(S0,); - 4H,O(R = Sm, Ce
and Nd) Maihotra er o/. {2] and Buckmaster er al. [3]
predicted an Orbach process. However, this cone
clusion was only guessed by comparison with other
systems and not arrived at by a study of temperature
variation of r, as only room-temperature values of ¢
were estir vted.
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APPENDIX II

COMPUTER PROGRAMS

This appendix contains the computer programmes for the
evaluation of (i) the values of 9yr 9, b’f, A and B for the
Mn?* ion from the hyperfine 1line positions (programme MN),

(ii) the values of 9yr 9 g, and blf of the Gd3+ ion from

yl
the fine-structure line positions (programme GD), (iii) the

principal values and direction cosines of the g> and A2

2+

tensors of the VO ion from the hyperfine line positions

(programme VO), and (iv) the principal values and direction

2 2+ ion from the

cosines of the g2 and Ai° tensors of the Cu
hyperfine line positions (programme CU).

The four programs have similar structures. Each
contains a main program which inputs (i) the experimental
data, e.g., EPR line positions as required for different
orientations of B and the microwave frequency; (ii) the
initial wvalues of the spin-Hamiltonian parameters as
required in the least-squares fitting procedure. The main
program calls the subroutine CURFIT, which in return calls
the subroutines FUNC, EXAM, MATINV and JACOBI. The
subroutines CURFIT and FUNC are the key parts of each
program, apart from the main programme. The subroutine
CURFIT does the least-squares fitting, utilizing the
procedure described in Chapter IV, using the energy levels

corresponding to the various resonant-field values, as

calculated in the subroutine FUNC. The other subroutines are
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used to handle the calculations involving the various
matrices: subroutine JACOBI is used to diagolize the
spin-Hamiltonian matrix in order to find its eigenvalues and
eigenvectors (direction cosines), while the subroutine
MATINV is used to invert a matrix.

The programmes VO and CU are almost the same, except
for a little difference in the respective subroutines FUNC
due to the difference in the nuclear spin (I) for the Vo2+

and Cu2+

ions. The main program of each programme calls the
subroutine EULER, which calculates the Euler angles required
to rotate the laboratory axes to coincide with principal
axes of the 52 tensor. The subroutines JACOBI3 and JACOBI4
are used in the programmes VO and CU to diagolize the
matrices of different dimensions.

The programmes MN and GD are similar to each other;
the difference 1lies in the subroutine FUNC due to the

different electronic spins, 5/2 and 7/2 for Mn2+ and Gd3+

ions, respectively. In addition the Mn?' ion is
characterized by the nuclear spin 5/2. The subroutines EXAM
and MATINV in these two programmes are almost the same as
those in the programmes VO and CU, except for differences in
the matrix dimensions. For the diagolization of the
matrices, instead of JACOBI3 and JACOBI4, the
library-subroutines EIGRS, HTRIDI and HTRIBK are used, from
the computation-package IMSLIB4 and EISPACK. Therefore, when

executing the programmes MN and GD on the computer, one has
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to use appropriate commands to avail the usage of these
library—-subroutines.

Full programme 1listing for the evaluation of
spin-Hamiltonian parameters of the vo2t ion (programme VO)

3+ and Cu2+ ions

is listed. While for those of Mn2+, Gd
(programmes MN, GD and CU), respectively, in order to avoid
repetitions of 1listings, only the main programs, the
subroutines CURFIT and FUNC, and the beginning parts of the
other subroutines, indicating the dimensions of the
matrices, are listed. The subroutines in the programs for

the Mn2*, 3+ 2+

Gd and Cu ions are very similar to those
listed for the vo?" ion, except for the possible differences
in the dimensions of the matrices required. One can
reconstruct the subroutines, other than the subroutines
CURFIT and FUNC, for programmes MN, GD and CU from those for
programme VO, by appropriately changing the beginning part

of respective subroutines.
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PROGRAM MN (INPUT,OUTPUT,TAPES=INPUT, TAPE6=OUTPUT)
NO = THE NO. OF FIRST MAG FIELD IN DATA INCLUDED IN
FITTING

M = NO. OF PARAMETERS
L4 = NO. OF ITERATIONS ALLOWED
Q1 = MIN. VALUE OF SUM OF SQUARES FOR FITS (CHI-SQUARE

TOLERANCE)

2(I) = MAGNETIC FIELD VALUES FOR FITS

B = PARAMETER MATRIX
N = NO. CF DATA POINTS USED IN LEAST-SQARES FITTING

Q1 = N/10

Q2 = TOLERANCE ON GRAD(CHI**2) = APPROX .01

FM(I) = MEASURED VALUES

FC(I) = CALCULATED VALUES

ERR(I) = STANDARD DEVIATION ON FM(I) = SQRT(FM(I))

ENTER THETA IN DEGREES

DIMENSIONS OF Q,V IN JACOBI1 SHOULD BE THE SAME AS
THOSE OF B3,B2 RESPECTIVELY IN CURFIT
NUMBER = INDEX THAT CHANGES WITH EACH NEW CASE
NCASES = NO. OF CASES CONSIDERED. ITS VALUE SHOULD BE

ENTERED.
IBB(II,1) AND IBB(II,2) INDICATE THE EIGENVALUES
INVOLVED IN RESONANCE FOR THE NO. II MAG FIELD VALUE
B = G = GPARRALEL, GPERPENDICULAR, B20, B22, B40,
B42, B44, A, B.

DIMENSION Z(350), FM(350), FC(350), DF(350), ERR(350),
1B(12), B1(12), B2(12,12), DC(5000), ABC(2), Y(4),
222(350,4), G(12,20), THETA(350), GG(12,4),
3IBB(350,2), DELHH(350,4), DELH(350)

DIMENSION TEETA(350,4), FREQ(20), FACTOR(20), NN(20),
1HN(20), 21(350,4), ADD(20), Z2(350), IAB(30,2),
21CC(30,2), DDF(350,4), SMDD(4), JJII(10,2),
3IA1(350,4), IA2(350,4), SSS(350)

COMMON/DATA1/ABC, Y
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COMMON/DATA2/DC
COMMON/DATA3/DELH

EQUIVALENCE (Z,DC), (FM,DC(501)), (FC,DC(1001)),
1(DF,DC(1501)), (ERR,DC(2001)), (B,DC(2989)),

2(B1,DC(3013)), (B2,DC(3025)), (N,DC(3169)),

3(L4,DC(3170)), (Q1,DC(3171)), (Q2,DC(3172)),

4(M,DC(3173)), (SSMD,DC(3178)), (IBB,DC(4000)),

5 (THETA,DC(3500)), (I,DC(3174)), (L,DC(3175)),

6 (BO,DC(3176)), (SMD,DC(3177)), (HN,DC(3179)),

7 (NUMBER, DC(4999) )

DATA (ABC=2HNO, 3HYES) , (¥Y=1H ,1HC, 1H*, 1HM)

DATA(Z2Z(J,1) ,J=1,204)/
28.5,41.,54.,66.,78.5,91.5,103.5,116.,128.5,141.,
154.,167.,248.,260.5,274.,287.5,301.,315.5,322.5,
335.,348.,363.,377.5,392.5,29.,41.5,54.5,66.5,79.,
91.5,103.5,116.,128.5,141.,154.167.,248.5,261.,
274.5,287.5,301.5,316.,321.5,334.5,347.5,362.5,
377.,392.,31.,43.5,56.,69.,81.5,94.,105.5,117.5,
130.,142.5,155.5,168.5,248.,260.5,274.,287.,301.,
315.,317.,330.,343.,358.,372.5,388.,35.,48.,60.5,73.,
85.5,98.5,109.,121.,133.,145.5,158.5,171.5,245.5,
258.5,271.5,285.,298.5,312., 307.,320.,333.5,347.5,
362.5,378.,42.,54.,67.,79.5,92.,105.,114.,125.5,138.,
150.5,163.5,176.,348.,363.5,61.,74.,86.5,99.5,112.5,
125.5,130.,140.5,153.,165.,177.,190.,236.5, 249.,
260.5,274.,287.,300.,253.,266.5,280.,294.5,309.5,
330.,104.5,118.5,132.,146.5,159.,172.,218.,231.5,
244.,257.,270.5,284.,88.,101.5,115.5,129.5,144.5,
158.5,217.,268.,279.,292.,305.,319.,83.,96.,110.,
124.,138.5,154.,128.,140.5,154.,167.5, 244.,257.,
271.,284.5,80.5,94.,108.,122.,136.,324.5,338.,80.,
93.,107.,121.,135.5,151.,125.,138.,151.5,275.5,
287.,299.5,312.,325.5, 340./

DATA (TEETA(J, 1) ,J=1,204)/

1 24%0.,24%2.0,24%4.0,24%6.0,24%8.0,24%10.0,

N N0 e W N M YU ®OWN R YU oY N
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2 12%82.,12%84.,12%86.,12%88.,12%90./

DATA(G(J,1),J=1,9)/

1 2%2.,.7,-.2,.001,-.02,-.035,-.26,~.26/
c HERE ONE DEFINES THE QUANTUM NUMBERS FOR VARIOUS LINES

DATA (IAB(J,1),J=1,30)/
130,29,28,27,26,25,24,23,22,21,20,19,13,14,15,16,17,18,
27,8,9,10,11,12,1,2,3,4,5,6/

DATA (IAB(J,2),J=1,30)/
136,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,
213,14,15,16,17,18,7,8,9,10,11,12/

DATA (ICC(J,1),J=1,30)/
11,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,

2 24,23,22,21,20,19,30,29,28,27,26,25/

DATA (ICC(J,2),J=1,30)/
17,8,9,10,11,12,13,14,15,16,17,18,24,23,22,21,20,19,
2 30,29,28,27,26,25,36,35,34,33,32,31/

C JJII(,1),(,2) TELL GROUPS OF 30 LINES WHICH ARE
c BETWEEN O AND 25 DEG. AND BETWEEN 75 AND 90 DEG.
C RESPECTTIVELY.

DATA(JJII(J,1) ,J3=1,3)/6,6,7/
DATA(JJII(J,2),J=1,3)/5,5,4/
DATA (FREQ(J) ,J=1,3)/9.412,9.435,9.447/
DATA (FACTOR(J) ,J=1,3)/6.8004,6.7537,12.205/
DATA (ADD(J) ,J=1,3)/281.1490,223.5594,115.088/
DATA (NN (J) ,J=1,3)/204,330,330/
DO 331 JJ=1,3
NNJJ=NN (JJT)
DO 331 J=1,NNJJ
DELHH (J,JJ) =FACTOR (JJ) *2
331 CONTINUE
NZERO=1
NUMBER=NZERO
NCASES=2
1 CONTINUE
C*****DEFINE HERE QUANTUM NOS. FOR VARIOUS LINES
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FACTOR CONVERTS MMS ON GRAPH TO GAUSS
188 FORMAT (1H1)
8 FORMAT (1X,4HQ1 = ,E13.5,5X,4HQ2 = ,E13.5)
137 FORMAT (3X,I2,5X,E16.6/)
136 FORMAT(10X,19H INITIAL
1PARAMETERS//3X, 1HT, 10X, 4HB(J)//) 1
135 FORMAT (1X,11H PARAMETERS//
13X, 1HJ, 10X, 4HB(J) , 27X, 6HERRORS//)
9 FORMAT (2X,4H HN= ,F9.4)
140 FORMAT (3X,I2,5X,E16.6,15X,E16.6/)
138 FORMAT (5X,14H CASE NUMBER =,I2//)
141 FORMAT (10X,6H SMD =,E13.5//)
235 FORMAT (15X,5(E13.5,8X)/)
144 FORMAT (2X,*LINE NUMBER*,2X,*LINE POSITION*,2X,*ANGLE*,
1 2X,*LINE NUMBER*,2X,*LINE POSITION*,2X,*ANGLE*,/)
145 FORMAT (3X,I3,6X,F10.1,6X,F8.2,3X,I3,6X,F10.1,6X,F8.2)
M=11
MM=M
L4=1
Q1=1.E-8
Q2=1.E-40
BO CONVERTS GAUSS TO GHZ
BO=92.732/(6.6252%10000.)
1G=1
958 CONTINUE
WRITE (6,188)
N=NN (NUMBER)
HN (NUMBER) =FREQ (NUMBER)
N1=N
THE FOLLOWING FOR MEASURING MAGNETIC FIELD FROM THE
GRAPH WITH A LINEAR FACTOR
DO 16 IJK=1,N1
THETA ( IJK)=TEETA (IJK, NUMBER)
21 (IJK,NUMBER) = (2Z (IJK, NUMBER) +ADD (NUMBER) ) *
1FACTOR (NUMBER)
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IF (22(IJK,NUMBER).EQ.(0.)) 21(IJK,NUMBER)=0.
FOLLOWING PUTS SELECTED LINES EQUAL TO O
THI=THETA (IJK)

IF (THI.LT.(0.)) 21(IJK,NUMBER)=0.
IF (THI.GT. (90.)) 21(IJK,NUMBER)=0.
CONTINUE

DO 806 IJK=1,N1

IF (THETA(IJK).GT.(25.)) GO TO807
JYJ=JJII (NUMBER, 1)

DO 340 II=1,30

DO 340 JJ=1,JYJ

JJ1=(JJI-1)

II1JI=II+JT1*30
IBB(IIJJ,1)=IAB(II,1)

IAi (IIJJ,NUMBER)=IBB(IIJJ,1)
IBB(IIJJ,2)=IAB(II,2)

IA2 (IIJJ,NUMBER)=IBB(II1JJ,2)
CONTINUE

GO TO 342

CONTINUE

JXJ=JJII (NUMBER, 2)

D0343 II=1,30

DO 343 JJ=1,JXJ

JJ1=(JJ-1)
I1JJ=II+JJ1*30+JJII (NUMBER, 1) *30
IBB(IIJJ,1)=ICC(II,1)
IA1(IIJJ,NUMBER)=IBB(IIJJ,1)
IBB(IIJJ,2)=ICC(II,2)
IA2(IIJJ,NUMBER)=IBB(IIJJ,2)
CONTINUE

CONTINUE

CONTINUE

DO 210 LI=1,MM

B(LL) =G (LL, NUMBER)

WRITE (6,138) NUMBER
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WRITE (6,136)

WRITE (6,137) (J,B(J),J=1,M)
DO 3 IJK = 1,N1

DELH (IJK) =DELHH (IJK, NUMBER)
Z(IJK) = 21(IJK,NUMBER)

IF (NUMBER.NE.1) GO TO 20
CONTINUE

IF (NUMBER.NE.3) GO TO 22 ;
CONTINUE )
WRZ TE(6,144)

DO 146 IJK=1,N1

IF(Z(IJK).NE. (0.)) WRITE (6,145) IJK,Z(IJK),THETA(IJK)
IF(Z(IJK).NE.O0.)WRITE(7,145)1JK,Z2(IJK) , THETA (1JK)
WRITE(6,8)Q1,02

WRITE(6,9) HN (NUMBER)

DO 201 II=1,N1

FM(II)=HN(NUMBER)

CALL CURFIT

DO 202 II=1,N1

DDF (11, NUMBER)=DF (II)

SMDD (NUMBER) = SSMD

WRITE(6,188)

WRITE(6,135)

DO 220 LL=1,M

GG (LL, NUMBER) = B(LL)

WRITE(6,140) (J,B(J),B1(J) ,J=1,M)

WRITE(6,188)

NUMBER = NUMBER + 1

IF ( NUMBER - NCASES) 1,1,2

CONTINUE

DO 230 LL=NZERO,NCASES

N=NN(LL)

IF (LL.GT.NZERO) WRITE(6,188)

WRITE (6,138) LL

WRITE (6,141) SMDD(LL)
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WRITE (6,302)
302 FORMAT (5X,* IDENTIFICATION OF LINES*)
DO 300 II=1,N
IF(21(II,LL))563,562,563
563 CONTINUE
562 CONTINUE
300 CONTINUE
WRITE(6,301) ( (II,IA1(II,LL),IA2(II,LL)),II=1,N)
WRITE (6,658)
658 FORMAT (//)
SSS1 IS SMD(1),THAT IS WHEN ALL(LINES)SIGMA=1
SS51=0.
NEFF=0
DO 555 ID=1,N
IF(2Z(ID,LL))561,560,561
561 CONTINUE
NEFF=NEFF+1
SSS (ID)=DDF (ID,LL) **2
§SS1=8SSS (ID)+85S1
560 CONTINUE
555 CONTINUE
WRITE (6,656) ( (ID,SSS(ID)),ID=1,N)
ANEFF=FLOAT (NEFF)
SSSAV5=SSS1+5. /ANEFF
WRITE (6, 658)
WRITE (6,657)SSS1,SSSAVS
657 FORMAT (10X,*SMD(1)=+*,E13.5,5X, *SSSAVS=*,E13.5,//)
656 FORMAT (2X,*LINE NO.=*,I3,3X,*SMD=*,E13.5,2X, *LINE
1NO.=%*,I3,3X,*SMD=+,E13.5)
301 FORMAT (2X,*FIELD NO.=+%,I3,3X,*E-VALl=#%,613,3X,
1*E-VAL2=*,I3,2X, *FIELD
2NO.=+*,I3,3X, *E-VAL1=*,I3,3X, *E-VAL2=%,I3)
230 WRITE (6,235) (GG(LM,LL),IM=1,11)
708 CONTINUE
STOP
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END

SUBROUTINE CURFIT

EXAM HANDLES ALL MATRICES OF DIMENSIONS UPTO THE
DIMS.MM OF A,B,C THAT IS M IS LESS THAN OR EQUAL TO MM
(SAME IS TRUE OF MATINV AND JACOBI)

IN EQUIVALENCEGRAD SHOULD BE PLACED IMMEDIATELY AFTER

B SINCE IN FUNC B(12,2)=BB(12),GRAD(12) IN CURFIT

DIMENSION OF B3 SHOULD BE M* (M+1)/2

DIMENSION Z(350),FM(350),FC(350),DF(350),
1ERR(350),B(12),B1(12), B2(12,12),B4(12,12),HN(10),
2DC(5000) ,ABC(2),Y(4),X(350),GRAD(12),D1(12),
3D2(12,12),B3(66),IBB(350,2),THETA(350)
COMMON/DATA1/ABC, Y

COMMON/DATA2/DC

EQUIVALENCE (2,DC), (FM,DC(501)), (FC,DC(1001)),
1(DF,DC(1501)), (ERR,DC(2001) ), (B,DC(2989)),
2 (GRAD,DC(3001)), (B1,DC(3013)), (B2,DC(3025)),
3(N,DC(3169)), (L4,DC(3170)), (Q1,DC(3171)),
4(Q2,DC(3172)), (M,DC(3173)), (I,DC(3174)),
6 (L,DC(3175)), (D1,DC(2501)), (D2,DC(2513)),
7 (BO,DC(3176)), (SMD,DC(3177)), (SSMD,DC(3178) ),
9 (IBB,DC(4000)), (THETA,DC(3500)), (HN,DC(3179)),
1(S,DC(2901)), (SA,DC(2902)), (BMOD,DC(2903)),
2 (PROD, DC(2904)),
3 (GMOD, DC(2905) ), (LE,DC(2906) ), (LLX,DC(4998))

DATA (ABC=2HNO, 3HYES) , (Y=1H , 1HC, 1H*, 1HM)

MM=M

NN=N

Ll =0

SA = 0.0

SA1 IS SA WITH SIGMA (ALL LINES)=1.

SA1=0.

DO 1000 J=1,MM

B1(J)=0.0
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DO 1000 K=1,MM
B2(J,K)=0.0
WRITE (6,901)
LLX=0 ALLOWS WRITING E.VALUES IN FUNC
LLX=0
DO 100 ITI = 1, NN
I=II
L=1
CALL FUNC(2)
X(II)=ERR(II)**2
FORMAT (5X,10H FUNC2,210 )
DF(II) =FM(II) - FC(II)
DO 101 J=1,MM
B1(J)=B1(J)~-(2.0*DF(II)*D1(J))/X(II)
DO 101 K=1,MM
B2(J,K)=

1B2(J,K)-(2.0%(DF(II)*D2(J,K)-D1(J)*D1(K)))/X(II)

SA1=SA1+DF (II) **2
SA = SA + DF(II)**2/X(II)

LLX=1 OMITS WRITING E.VALUES IN FUWNC
LLX=1

EQZERO TELLS IF ELEMENTS OF B2,Bl ARE ZERO
CALL EQZERO(B2,Bl1,M,IC1,IC2,IC3)
WRITE(6,901)

LM=1
WRITE(6,5)CPU, LM

FORMAT (5X, *CPU=% ,F8.2, *LM=*, I2)

GMOD=0.0

DO 102 J=1,M

GMOD=GMOD+B1 (J) **2
WRITE (6,243)SA,GMOD

FORMAT (1X,26H*INITIAL VALUE SUM OF
15Q.=E13.5,20X,17H*SQ MOD OF GRAD =E13.5)
WRITE(6,244) SAl

244 FORMAT (5X,*INITIAL VALUE SUM OF SQ.(ALL SIGMA
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1 =1)=*,E13.5,//)
WRITE(6,1751)
1751 FORMAT (14HO DERIVATIVES-)
WRITE (6,240) (B1(J),J=1,M)
240 FORMAT (15X,5(E13.5,8X)/)
LLIJ=0
Ck**%% FOLLOWING FOR CALCULATING INITIAL VALUES ONLY
c LLIJ=1
IF(LLJJ.NE.O) GOTO 559
IF (SA - Q1) 110, 110, 200

110 LE = 1
GO TO 600

200 S = 0.0
GMOD = 0.0
BMOD = 0.0
PROD = 0.0
A2=ABC(1)
DO 210 J = 1, MM
B1(J) = 0.0

DO 210 K = 1, MM
210 B2(J,XK) = 0.0
WRITE (6,902)
DO 220 II = 1, NN
I=II
I=1
CALL FUNC(2)
X(II)=ERR(II)#**2
902 FORMAT (5X,10H FUNC2,210 )
DF(II) = FM(II) - FC(II)
DO 220 J = 1, MM
B1(J) = B1(J) - (2.0%DF(II)*D1(J))/X(II)
DO 220 K = 1, MM
220 B2(J,K) = B2(J,K) - (2.0%(DF(II)*D2(J,K)
1-D1(J) *D1 (K)))/X(II)
CALL EQZERO(B2,B1,M,IC1,IC2,IC3)
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WRITE(6,902)
LM=2
WRITE(6,5) CPU, LM
DO 230 J = 1, MM
230 GRAD(J) = B1(J)
Ll = L1 + 1
WRITE(6,903)
CALL EXAM (B2,Bl1,M,LF)
WRITE (6,903)
903 FORMAT(5X,9H EXAM,230 )
IF (LF) 250, 250, 305
250 DO 231 II=1,M
DO 231 JJ=1,II
KK=II*(II-1)/2+JJ
231 B3 (KK)=B2(II,JJ)
WRITE (6,904)
CALL EIGRS(B3,M,1,B1,B2,M,B4,NR)
IF(NR.EQ.0) GO TO 387
WRITE(6,386)NR
386 FORMAT (5X,*NR=*,2X,15)
387 CONTINUE
WRITE(6,904)
904 FORMAT(5X,12H EIGRS,231 )
WRITE(6,240)B1
DO 389 I5=1,MM
AB1=ABS (B1(I5))
IF((AB1).GT.(1.E-10)) GO TO 388
B1(I5)=0.
388 CONTINUE
389 CONTINUE
I4=5
IF (I4.EQ.1) GO TO 912
A2=ABC(2)
DO 260 J = 1, MM
260 D1(J) = 0.0
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DO 270 J
DO 270 K

1, MM

D1(K) = D1(K) + B2(J,K) *GRAD(J)

DO 275 J = 1, MM
IF (B1(J)) 280, 290, 285

B1(J) = =~ B1(J)
D1(J) = D1(J)/B1(J)
GO TO 275

D1(J) = 0.0
CONTINUE

DO 295 J = 1, MM
B1(J) = 0.0

DO 300 J = 1, MM
DO 300 K = 1, MM

B1(J) = B1(J) + B2(J,K)*D1(K)
DO 310 J=1,MM

GMOD = GMOD + GRAD(J)*%2

BMOD = BMOD + B1(J)#**2

PROD = PROD + GRAD(J) *B1(J)
IF (GMOD - Q2) 315, 315, 320
LE = 2

WRITE(6,1761) GMOD

FORMAT (5X,7H GMOD =,E13.5//)
GO TO 600
C=PROD/SQRT ( BMOD*GMOD)

IF (C) 335, 335, 400

LE = 4
GO TO 600
ID=20
L3 =0

DO 410 J = 1, MM
GRAD(J) = B(J) - B1(J)
WRITE(6,905)

DO 420 II = 1, NN
I=1T
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L=2
CALL FUNC(1)

X(II)=ERR(II)**2

FORMAT (5X,10H FUNC1,450 )
DF(II) = FM(II) - FC(II)

S = S 4+ DF(II)**2/X(II)

LM=3

WRITE(6,5)CPU,IM

WRITE (6,905)

IF (SA - S) 435, 500, 500

ID = ID + 1

WRITE (6,906)

DO440 J = 1, MM

B1(J) = B1(J)/2.0

FORMAT (5X,16H BINARY CHOP,430 )
GRAD(J) = B(J) - B1(J)

WRITE (6,906)

S = 0.0

L3 = L3 + 1

IF(L3-3)450,460,460

LE = 5

GO TO 600

IF (LD) 505, 505, 506

LD = 0

GO TO 430

DO 510 J = 1, MM

B(J) = GRAD(J)

SA =S

IF (SA - Q1) 507, 507, 530

LE = 1

GO TO 600

IF (L4) 200, 200, 900
WRITE(6,920)L1,A2,L3,S,GMOD, (B(J),J=1,M)
FORMAT(//,15H ITERATION NO.=I5,10X,43H

1TRANSFORMATION MADE TO PRINCIPAL AXES = A4,10X,

18H
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2BINARY CHOP USED=I3,6H TIMES/1X,27H WEIGHTED SUM OF
3SQUARES = E14.7,25X,32H SQUARE MODULUS OF GRADIENT =
4E14.7/20H PARAMETERS B(J) -/ (6E17.8)/)
IF (L1 - L4) 200, 910, 910
910 LE = 6
GO TO 600
600 DO 710 J=1,MM
B1(J) = 0.0
DO 710 K=1,MM
710 B2(J,K) = 0.0
I=1
907 FORMAT (5X, *FUNC(2) AT 720%,/)
C*****FOLLOWING FOR INITIAL VALUES ONLY
559 CONTINUE
WRITE (6,907)
DO 720 II = 1, NN
I=I1
CALL FUNC(2)
X(II)=ERR(II)**2
DF(II) = FM(II) - FC(II)
DO 720 J = 1, MM
B1(J) = B1(J) - (2.0*DF(II)*D1(J))/X(II) :
DO 720 K = 1, MM
720 B2(J,K) = B2(J,K) - ((DF(II)*D2(J,K)
1-D1(J) *D1(K) ) ) /X(II)
CALL EQZERO(B2,B1,M,IC1,IC2,IC3)
IM=4
WRITE (6,5) CPU,IM
WRITE (6,3029)
3029 FORMAT(* I AM LOST IN MATINV*)
3030 FORMAT(* I AM OUT OF MATINV*)
CALL MATINV(B2,M,B1,1, DETERM)
WRITE (6,3030)
DO 730 J=1,MM
IF (B2(J,J)) 2001,2002,2002
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2001 B1(J) = =-SQRT(-B2(J,J))
GO TO 730
2002 B1(J)= SQRT(B2(J,J))
730 CONTINUE
DO 740 J=1,MM
DO 740 K=1,MM
740 B2(J,K)=B2(J,K)/(B1(J)*B1(K))
WRITE (6,551) LE, SA
551 FORMAT(//,13H EXIT NUMBER=I3,20X,25H WEIGHTED SUM OF
1SQUARES=E15.8//)
SSMD = SA
912 CONTINUE
RETURN
END

SUBROUTINE FUNC (LX)
c SUBROUTINE FUNC
DIMENSION SZ(6,6),5SX(6,6),520(6,6),540(6,6),
1s42(6,6),sSU(6,6) ,AR(6,6) ,SY(6,6),522(6,6),
2SPX(6) ,544(6,6) ,HN(10)
DIMENSION DC(5000),B(12,2),D1(12),D2(12,12),
1FC(350),2(350),SIGN(350) ,SP(8,12),IBB(350,2),
2THETA (350) ,W(36) ,2R(36,36) ,SR(36,36) ,SI(36,36),
3cc(36,36),A(666),ERR(350) ,DELH(350)
COMMON/DATA2,’DC
COMMON/DATA3 /DELH
EQUIVALENCE (Z,DC),(B,DC(2989)),(D1,DC(2501)),
1(D2,DC(2513)), (M,DC(3173)), (L,DC(3175)),
2(I,DC(3174)), (BO,DC(3176)), (HN,DC(3179)),
3 (IBB,DC(4000)), (THETA,DC(3500) ), (FC,DC(1001)),
4 (LLX,DC(4998) ), (NUMBER, DC(4999)), (ERR, DC(2001))
C B(I,L) ARE THE LITTLE B(I,L) AS IN THE SPIN HAMILTONIAN
C FOR RELATION TO CAP.B(I,L) SEE ABRAGAM AND BLEANEY
DATA(SP(J,1) ,J=1,6)/2.5,1.5,.5,~.5,~1.5,=2.5/
DATA (SPX(J) ,J=1,6)/10.,-2.,-8.,-8.,-2.,10./
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DATA (SP(J,5),J=1,6)/1.,=3.,2.,2.,~3.,1./

C  #%**TO BE REMOVED LATER
DO 91 JIJ=1,6

91 SP(JIJ,3)=SPX(JIJ)/3.
R2=SQRT(2.0)
R3=SQRT(3.0)
R5=SQRT(5.0)
R7=SQRT(7.0)
R10=SQRT(10.0)
SP(1,4)=R10/3.
SP(2,4)=R2
SP(3,4)=R2
SP(4,4)=R10/3.
SP(1,6)=3.%R10/20.
SP(2,6)=-5.*R2/20.
SP(3,6)=-5.%R2/20.
SP(4,6)=3.*R10/20.
SP(1,7)=1./R5
SP(2,7)=1./R5
SP(1,2)=R5/2.
SP(2,2)=R2
SP(3,2)=1.5
SP(4,2)=R2
SP(5,2)=R5/2.
IF (Z(I)) 18,21,18
18 CONTINUE

c PBBZ, PBBX, PBBY ARE COEFFS. MULTIPLYING S(Z),

C S(X),S(Y) SPIN COMPONENTS
DO 500 IX=1,6
DO 500 JX=1,6

Sz (IX,JX) = O.
SX(IX,JX) = O.
SY(IX,JX) = O.

S20(IX,JX) = O.
S22(IX,JX) = O.
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S40(IX,JX) = O.
S42(IX,JX)=0.
S44(IX,JX) = O.
AR(IX,JX) = O.
SU(IX,JX) = 0.
CONTINUE

DO 605 IX=1,36

W(IX) = O.

DO 605 JX=1,36
SR(IX,JX)=0.
ZR(IX,JX)=0.
SI(IX,JX)=0.
cC(IX,JX)=0.

DO 505 IX=1,6
SZ(IX,IX) = SP(IX,1)
S20(IX,IX) = SP(IX,3)
S40(IX,IX) = SP(IX,5)
SU(IX,IX) = 1.
CONTINUE

DO 510 IX=1,4

IX2 = IX + 2

S22 (IX,IX2) = SP(IX,4)
S22 (IX2,IX) = SP(IX,4)
CONTINUE

DO 515 IX=1,5

IX1=IX+1
SX(IX,IX1) = SP(IX,2)
SX(IX1,IX) = SP(IX,2)
CONTINUE

S42(1,3)=9.%R10/60.
S42(2,4)=-15.*R2/60.
S42(3,5)=542(2,4)
S42(4,6)=S42(1,3)
S42(3,1)=S42(1,3)
S42(4,2)=S42(2,4)
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S42(5,3)=542(3,5)

S42(6,4)=542(4,6)

S44(1,5)=12.*R5/60.

S44(2,6)=S44(1,5)

S44(5,1)=S44(1,5)

S44(6,2)=544(2,6)

TH = THETA(TI)*3.14159264/180.

CSTH =(COS (TH))

SNTH =(SIN(TH))

PBBZ = B(1,L)*BO*Z(I)*CSTH

NEXT TWO LINES CHANGE FROM GXX INDEPENDENT TO GXX=GZZ
PBBX = B(2,L)*BO*Z(I)*SNTH
PBBX=B(1,L) *BO*Z (I) *SNTH

PBBY = 1.

AR(1,1)=2.5%PBBZ+10.*B(3,L)/3.+B(5,L)

AR(2,2)=1.5*PBBZ-2.*B(3,L)/3.-3.*B(5,L)

AR(3,3)=.5*PBBZ-8.*B(3,L)/3.+2.*B(5,L)

AR(4,4)=AR(3,3)-PBBZ

AR(5,5)=AR(2,2)-3.*PBB2

AR(6,6)=AR(1,1)=5.*PBB2

AR(1,3)=B(4,L)*R10/3.+B(6,L)*9.%R10/60.

AR(2,4)=B(4,L)*3.%R2/3.~B(6,L)*15.*R2/60.

AR(3,5)=AR(2,4)

AR(4,6)=AR(1,3)

AR(3,1)=AR(1,3)

AR(4,2)=AR(2,4)

AR(5,3)=AR(3,5)

AR(6,4)=AR(4,6)

AR(1,5)=B(7,L)*R5%12./60.

AR(2,6)=AR(1,5)

AR(5,1)=AR(1,5)

AR(6,2)=AR(2,6)

AR(1,2)=R5*PBBX/2.

AR(2,1)=AR(1,2)

AR(2,3)=R2*PBBX
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AR(3,2)=AR(2,3)
AR(3,4)=1.5*PBBX
AR(4,3)=AR(3,4)
AR(4,5)=R2*PBBX
AR(5,4)=AR(4,5)
AR(5,6)=R5*PBBX/2.
AR(6,5)=AR(5,6)
SY(1,2)=-R5*PBBY/2.
SY(2,1)=-5Y(1,2)
SY(2,3)=~R2*PBBY
SY(3,2)=-5Y(2,3)
SY(3,4)=-1.5*%PBBY
SY(4,3)==8Y(3,4)
SY (4,5)=-R2*PBBY
SY(5,4)=-SY(4,5)
SY(5,6)=-R5*PBBY/2.
SY(6,5)=-8Y(5,6)
DO 520 IV=1,6
DO 520 JY =1,6
DO 520 IZ=1,6
DO 520 J2=1,6
IX=(IY-1)*6+IZ
JIX=(JY-1) *6+J2
SR(IX,JX)=AR(IY,JY)*SU(IZ,J2Z)+
1 SU(IY,JY)*(S20(I2,J2)*B(8,L)+522(12,J2)*B(9,L))+
2B(10,L)*SZ (IY,JY)*SZ(I2,J%)+B(11,L)*(SX(IY,JY) *
3SX(I2,J2 -SY(IY,JY)*SY(IZ,JZ))
520 CONTINUE
DO 999 II=1,36
DO 999 JJ=1,II
KK=II*(II-1)/2 + JJ
999 A(KK)=SR(II,JJ)
CALL EIGRS(A,36,1,W,2R,36,SI,IER)
IF (IER) 997,996,997
997 CONTINUE
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WRITE (6,998) IER
996 CONTINUE
998 FORMAT (5X, *IER=*,13)
c #* TO BE REMOVED LATER(LLX IS DEFINED IN FUNC)
IF(LLX) 992,993,992
993 CONTINUE
WRITE(6,995)I
995 FORMAT(5X,*I=*,I3)
WRITE(6,994)W
994 FORMAT(2X,6E12.4)
992 CONTINUE
C DEFINE HERE THE LINES WHOSE QUANTUM NOS. NOT DEFINED ABOVE
16=1
IF (NUMBER.NE.1) GO TO 1814
I1=IBB{I6,1) $ I2=IBB(I6,2)
GO TO 803
1814 CONTINUE
IF (NUMBER.NE.2) GO TO 815
11=IBB(I6,1) $ I2=IBB(I6,2)
GO TO 803
815 CONTINUE
IF (NUMBER.NE.3) GO TO 816
I1=IBB(I6,1) $ I2=IBB(I6,2)
GO TO 803
816 CONTINUE
IF (NUMBER.NE.4) GO TO 817
I1=IBB(I6,1) $ I2=IBB(I6,2)
GO TO 803
817 CONTINUE
C DEFINE ABOVE THE LINES WHOSE QUANTUM NOS. NOT DEFINED
C ABOVE
802 CONTINUE
I11=1
I2=2
DELMIN=ABS (ABS (W(1) -W(2) ) -HN (NUMBER) )
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DO 85 IX=1,35
IX1=IX+1
DO 81 JX=IX1,36
DELI=ABS (ABS (W(IX)-W(JX) ) -HN (NUMBER) )
IF (DELI-DELMIN)84,84,86
84 DEIMIN=DELI
I1=IX
12=JX
IBB(I,1)=T1
IBB(I,2)=I2
86 CONTINUE
81 CONTINUE
85 CONTINUE
803 CONTINUE
FC(I)=ABS (W (Il)-W(I2))
SIGN(I)=(W(I1)-W(I2))/FC(I)
DO 301 IY¥=1,6
DO 301 JY=1,6
DO 301 I2=1,6
DO 301 J2=1,6
IX=(IY~1)*6+IZ
JIX=(JY-1) *6+J2
CC(IX,JIX)=BO*DELH(I)*(B(1,L)*CSTH*SZ (IY,JY) *SU(IZ,JZ)+
1 B(2,L)*SNTH*SX(IY,JY)*SU(IZ,J2))
301 CONTINUE
ERR(I)=0.
DO 814 IX=1,36
DO 814JX=1,36
ERR(I)=ERR(I)+CC(IX,JX)* (2R(JX,I1)*2ZR(IX,I1)
1 -ZR(JX,I2)*ZR(IX,I2))
814 CONTINUE
GG TO 17
21 CONTINUE
FC(I)=HN (NUMBER)
ERR(I)=1.
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SIGN(I) =1.
CONTINUE

IF(LX~1)110,110,120

CONTINUE

DO 235 IZ=1,12

D1(IZ) = 0.0

DO 235 JZ=1,12

D2(12,J2) =0.0

IF (2(I)) 418,217,418
CONTINUE

DO 237 KX=1,11

DO 236 IY=1,6

DO 236 JY=1,6

DO 236 IZ=1,6

DO 236 J2=1,6

IX=(IY-1)%6 + IZ

JIX=(JY-1)*6 + JZ

GO TO (705,706,707,708,709,710,711,712,713,714,715) , KX
CC(IX,JTX)=SZ(IY,JY)*SU(IZ,JZ)
ALPHA=BO*Z (I) *CSTH

GO TO 720
CC(IX,JX)=SX(IY,JY)*SU(IZ,JZ)
ALPHA=BO*Z(I) *SNTH

GO TO 720

CC(IX,JIX)=S20 (IY,JY)*SU(IZ,JT2Z)
ALPHA=1.

GO TO 720
CC(IX,JTX)=S40(IY¥,JY) *SU(I1Z,JTZ)
ALPHA=1.

GO TO 720
CC(IX,JX)=SZ(IY,JY)*SZ(I12,JZ)
ALPHA=1.

GO TO 720
CC(IX,JIX)=SU(IY,JY)*S20(IZ,JTZ)
ALPHA=1.
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GO TO 720
710 CC(IX,JX)=S42(IY,JY)*SU(IZ,JZ)
ALPHA=1.
GO TO 720
711 CC(IX,JX)=S44(IY,JY)*SU(IZ,J2)
ALPHA=1.
GO TO 720
708 CC(IX,JX)=S22(IY,JY)*SU(IZ,JZ)
ALPHA=1.
GO TO 720
713 CC(IX,JX)=SU(IY,JY)*S22(IZ,JZ)
ALPHA=1.
GO TO 720
715 CC(IX,JIX)=SX(IY,JY)*SX(IZ,J2)
2 -SY(IY,JY)*SY(IZ,J2)
ALPHA=1.
720 CONTINUE
SR(JX,IX)=(2ZR(JIX,I1)*2R(IX,I1)-2ZR(JIX,I2)*ZR(IX,I2))*
1 SIGN(I)
FOLLOWING TWO LINES CHANGE FROM GXX INDEPENDENT TO GXX=G2Z
KX1=KX
IF(KX.EQ.2) KX1=1
236 D1(KX1)=D1(KX1)+CC(IX,JX)*SR(JIX,IX)*ALPHA
FOLLOWING LINE CHANGES GXX INDEP. TO GXX=GZZ
D1(2)=0.
237 CONTINUE
217 CONTINUE
110 CONTINUE
RETURN
END

SUBROUTINE EXAM(A,B,M,LF)
SUBROUTINE EXAM
DIMENSION A(12,12),B(12),C(12)
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SUBROUTINE MATINV(A,N,B,M,DETERM)

SUBROUTINE MATINV

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS

DIMENSION IPIVOT(12),A(12,12),B(12,1),
1INDEX(12,2),PIVOT(12)

EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T, SWAP)

SUBROUTINE EQZERO(A,B,M,IC1,IC2,IC3)
DIMENSION A(12,12),B(12)

1C1=0

1C2=0

I1C3=0

DO 5 J3=1,M

IF ((ABS(B(J3))) .GT.(1.E-20)) GO TO 10
B(J3)=0.

I1C1=J3

WRITE(6,100) IC1

CONTINUE

DO 5 J4=1,M

IF ((ABS(A(J3,J4))).GT.(1.E-10)) GO TO 15
A(J3,J4)=0.

1C2=J3

1C3=J4

WRITE(6,101) IC2,IC3

CONTINUE

CONTINUE

FORMAT (5X, I3)

FORMAT (5X,213)

RETURN

END
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PROGRAM GD (INPUT,OUTPUT=121B, TAPES=INPUT, TAPE6=OUTPUT)

ANGLES IN XY PLANE ARE ENTERED TO BE BETWEEN -1 AND
-360 DEG. (0 DEG.= -360 DEG.)

NO =THE NO. OF FIRST MAG FIELD IN DATA INCLUDED IN

FITTING

M =NO. OF PARAMETERS

L4 =NO. OF ITERATIONS ALLOWED

Q1 =MIN. VALUE OF SUM OF SQUARES FOR FITS (CHI-SQUARE

TOLERANCE)

Z(I) = MAGNETIC FIELD VALUES FOR FITS

B = PARAMETER MATRIX

B=GZZ,B20,B22,B2-2, (OR B21,0R B2-1),B40,B42,B44,B4-2
(OR B41,0R B4-1) ,B4-4 (OR B43, OR

B4-3) ,GXX,GYY,GXY (ORGZX,OR GZY),

B60,B62,B64,B66,B6-2,B6-4,B6-6.

N =NO. OF DATA POINTS USED IN LEAST-SQARES FITTING

Q1 =N/10

Q2 =TOLERANCE ON GRAD(CHI**2) =APPROX .01

FM(I) = MEASURED VALUES

FC(I) = CALCULATED VALUES

ERR(I)= STANDARD DEVIATION ON FM(I) = SQRT(FM(I))
DIMENSIONS OF A,B IN EXAM AND MATINV SUBROUTINES
SHOULD BE THE SAME AS THOSE OF B2,Bl RESPECTIVELY IN
THE MAIN PROOGRAM AND IN CURFIT

DIMENSIONS OF Q,V IN JACOBI1 SHOULD BE THE SAME AS
THOSE OF B3,B2 RESPECTIVELY IN CURFIT

NUMBER=INDEX THAT CHANGES WITH EACH NEW CASE

NCASES=NO. OF CASES CONSIDERED. ITS VALUE SHOULD BE
ENTERED.

NN (J)=NO. OF LINES IN ZX PLANE FOR JTH CASE

NM(J)=NO. OF LINES IN XY PLANE FOR JTH CASE

NMAG(2,20) ,FOR 20 CASES,REPRESENTS A NUMBER THAT TELLS

WHETHER THE MAG.FIELD DATA IS RECORDED 1IN KHZ,MM OR
GAUSS (FOR N= 0,2,4 RESPECIVELY)
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DIMENSION Z(400),FM(400),FC(400),DF (400),ERR(400),
B(16),B1(16),B2(16,16),DC(4500),ABC(2),

3Y(4) ,THETA (400) ,HN (400), 22 (325,10) , HHDPPH (325, 10),
4NN (25), GG(16,10),SMD(10),IBB(400,2),

3

1l
1l
2
3
4
5
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2

O & W N O 0 36 U & & W N P

SSMD(400) , TEETA(325,10),G(16,10) ,ADD(2,20) ,NMAG(2,20)
DIMENSION FREQ(2,20),FACTOR(2,20),NM(25),N11(25)
COMMON/DATA1/ABC, Y

COMMON/DATA2/DC

COMMON/DATA3/NN, NM

EQUIVALENCE (Z,DC), (FM,DC(801)), (DF,DC(401)),
(FC,DC(1201)), (ERR,DC(1601) ), (THETA,DC(2001)),
(HN,DC(2401)), (B,DC(4000)), (B2,DC(4049)),
(N,DC(3675)), (L4,DC(3676)), (Q1,DC(3677)),
(Q2,DC(3678)), (M,DC(3679)), (I,DC(3680)), (L,DC(3681)),
(B1,DC(4032)), (IBB,DC(2801)), (SMD,DC(3683)),
(NUMBER, DC (3682) )

DATA (ABC=2HNO, 3HYES) , (Y=1H ,1HC, 1H*, 1HM)

DATA(G(J,1) ,J=1,16)/
1.9869,1.8518,~1.054,-.0329,-.03312, .
03175,-.005,~-.001877, -.02389,7%0.0/

DATA(Z2Z(J,1),J3=1,147)/
10.5,42.0,70.5,98.0,128.0,157.5,211.0,10.0,40.0,70.0,
97.5,129.0,158.5,214.0,10.0,69.0,97.0,129.0,
159.0,214.0,245.0,10.0,41.0,71.0,98.0,127.5,
158.0,210.0,10.0,42.0,71.5,98.0,127.0,155.0,208.0,
12.0,45.0,73.0,98.0,125.0,150.5,175.0,208.0,13.5,
75.0,98.0,123.0,147.0,199.0,17.0,52.0,76.5,97.5,
120.0,141.0,197.0,18.0,38.0,53.5,77.0,96.0,116.5,
136.5,185.0,24.0,58.5,79.0,95.0,113.0,131.0,152.0,
178.0,27.5,61.0,79.0,92.5,109.5,126.5,172.0,35.5,
65.5, 80.5,91.5,106.0,121.5,166.0,69.0,
80.0,89.0,103.5,118.0,162.0,52.5,72.5,80.0,88.0,
100.0,145.5,158.0,60.0,74.0,79.0,85.5,97.5,111.0,
153.5,69.0,76.0,78.5,84.0,96.0,109.0,150.0,77.0,
78.0,82.0,93.0,105.5,146.0,76.5,78.0,81.5,86.0,92.5,
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6 105.0,144.5,76.0,77.5,81.0,87.5,92.0,105.0,
7 144.5,76.5,77.5,81.5,86.0,93.0,105.0,145.5,77.0,
8 78.0,82.0,83.0,93.0,105.5,146.0/

DATA (TEETA(J,1),J=1,147)/

1 7%-350.,7%=360.,7%=5.,7*=10.,7*%-15.,7%-20.,7%-25,,
2 7%-30.,7%-35.,7%=40.,7*-45.,7%=50.,7*%=55.,7%=60.,
3 7%—65.,7%=70.,7%=80.,7*=85.,7%=90.,7%=95,,7%=100./
DATA (NN(J) ,J=1,10)/

1 147,90,97,64,56,81,64,84,72,57/

DATA (NM(J) ,J=1,10)/

1 147,70,155,133,142,154,142,70,158,139/

DATA (ADD(1,J),J=1,10)/7*%0.,453.2,0.0,0.0/

DATA (FACTOR(1,J),J=1,10)/7%0.,5.291,0.0,0.0/

DATA (FREQ(1,J),J=1,10)/7*0.,9.534,0.0,0.0/

FORMAT (1H1)

FORMAT (1X,4HQ1 = ,E13.5,5X,4HQ2 = ,E13.5)

FORMAT (3X,I2,5X,E16.6/)

FORMAT (10X, 19H INITIAL

1 PARAMETERS//3X,1HJ,10X,4HB(J)//)

FORMAT (1X, 11H

1 PARAMETERS//3X,1HJ,10X,4HB(J),27X,6HERRORS//)
FORMAT (2X, *HN=*,10 (F9.4,4X))

FORMAT (3X,I2,5X,E16.6,15X,E16.6/)

FORMAT (5X,14H CASE NUMBER =,I2//)

FORMAT (10X, 6H SMD =,E13.5//)

FORMAT (15X,5(E13.5,8X)/)

NUMBER=1

NCASES=1

NUMBI I=NUMBER

M=12

MM=M

L4=5

Q1 =1.E-8

Q2 =1.E-40

WRITE (6,188)
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CONTINUE

N=NN (NUMBER) + NM (NUMBER)

N11 (NUMBER) =NN (NUMBER) +1

DO 210 LL=1,16

B(LL)=0.

DO 211 LI=1,MM

B(LL) =G (LL, NUMBER)

WRITE (6,138) NUMBER

WRITE (6,136)

WRITE (6,137) (J,B(J),J=1,M)

N1=N

DO 3 IJK = 1,N1

ID=1

IF(IJK.GT.NN(NUMBER)) 1ID=2

IF (IJK.LT.NN (NUMBER) . OR.IJK. EQ.NN (NUMBER) )
NNMAG=NMAG ( 1, NUMBER)

IF(IJK.GT.NN(NUMBER)) NNMAG=NMAG (2, NUMBER)
IF (NNMAG.EQ. (=9)) GO TO 620

IF (NNMAG-2) 605,610,615

CONTINUE

FOLLOWING FOR LINE POSITION FREQUENCY(KHZ) MEASURED BY
FLUXMETER

HN ( IJK) =HHDPPH (IJK, NUMBER) *

1 (92.732/66252.) %2.0037%.23487

THETA (IJK) = TEETA(IJK,NUMBER)

IF (NUMBER.GT.1.AND.IJK.LT.N11 (NUMBER) )
THETA (IJK) =90.-THETA (IJK)

2 (IJK)=2Z (IJK,NUMBER) *.23487

GO TO 620

CONTINUE

FOLLOWING FOR MEASURING MAG.FIELD FROM GRAPH IN MM
HN (IJK)=FREQ(ID, NUMBER)

THETA (IJK) =TEETA (IJK, NUMBER)

IF (NUMBER. GT.1.AND.IJK.LT.N11 (NUMBER))
THETA (IJK) =90.-THETA ( IJK)
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7 (IJK) =(2Z (IJK,NUMBER) +
1 ADD(ID,NUMBER) ) *FACTOR (ID,NUMBER)
GO TO 620
615 CONTINUE
C FOLLOWING FOR DPPH AND LINE POSITIONS RECORDED IN GAUSS
HN(IJK) =HHDPPH (IJK, NUMBER) *2.0037%(92.732/66252.)
2 (IJK) =22 (ITK, NUMBER)
THETA ( IJK) =TEETA ( IJK, NUMBER)
IF (NUMBER.GT.1.AND.IJK.LT.N11 (NUMBER) )
THETA (IJK)=90 . -THETA (IJK)
620 CONTINUE
3 CONTINUE
WRITE (6,8)Q1,Q2
WRITE(6,9) (HN(J),J=1,N1)
WRITE (6,726) (Z(J) ,J=1,N1)
726 FORMAT (2X,*Z=%,10(F7.1,2X))
DO 201 J = 1,N1
ERR(J)=1.
201 FM(J)=HN(J)
CALL CURFIT
WRITE (6,188)
WRITE(6,135)
DO 220 LI~1,M
220 GG(LL,NUMBER) = B(LL)
WRITE(6,140) (J,B(J),B1(J),J=1,M)
DO 300 II=1,N
300 WRITE(6,301) II,IBB(II,1),IBB(II,2)
S55=0.
DO 555 ID=1,N
SSS=DF (ID) **2
WRITE(6,6556) ID,SSS
555 CONTINUE
656 FORMAT (10X,*LINE NUMBER = *,I3,5X,*SMD = *,E13.5)
301 FORMAT (10X,*LINE NO. = *,I3,5X,*EIGENVALUEl =*,6I3,5X,
1* EIGENVALUE 2 =*,I3)
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WRITE(6,188)

NUMBER = NUMBER + 1

IF ( NUMBER - NCASES) 1,1,2
CONTINUE

DO 230 LL=NUMBII,NCASES

WRITE (6,138) LL

WRITE (6,141) SMD(LL)

WRITE (6,235) (GG(LM,LL),LM=1,M)
STOP

END

SUBROUTINE CURFIT

EXAM HANDLES ALL MATRICES OF DIMENSIONS UPTO THE

DIMS.MM OF A,B,C THAT IS M IS LESS THAN OR EQUAL TO

MM (SAME IS TRUE OF MATINV AND JACOBI)

DIMENSION Z(400),FM(400),FC(400),DF(400),ERR(400),
1B(16),B1(16),DC(4500),ABC(2),Y(4),X(400),GRAD(16),
2D1(16),D2(16,16),SMD(10) ,B3(16,16),B2(16,16)

DIMENSION AI(16,16),W(16),2R(16,16),2I(16,16),FV1(16),
2FM1(2,16)

COMMON/DATA1/ABC, Y

COMMON/DATA2/DC

EQUIVALENCE (Z,DC), (FM,DC(801)), (DF,DC(401)),

1(Fc¢,DC(1201)), (ERR,DC(1601)), (B,DC(4000)),
1 (GRAD, DC(4016) ), (B2,DC(4049)), (N,DC(3675)),
2(L4,DC(3676)), (Q1,DC(3677)),(92,DC(3678)),
3(M,DC(3679)), (I,DC(3680)),(L,DC(3681)), (D1,DC(3700)),
4 (D2,DC(3720)), (SMD,DC(3683)), (NUMBER, DC (3682))

EQUIVALENCE(B1,DC(4032)), (NZ,DC(3694))

DATA (ABC=2HNO, 3HYES) , (Y=1H ,1HC, 1H*, 1HM)

L1 =0
SA = 0.0
MM =M

DO 1000 J =1,MM
B1(J)=0.0
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DO 1000 K = 1,MM
1000 B2(J,K)=0.0
WRITE(6,901)
NN = N
DO 100 I8 = 1,NN
X(I8) = ERR(I8)**2
L=1
I=I8
CALL FUNC(2)
901 FORMAT(5X,10H FUNC2,210 )
DF(1I8) =FM(I8) - FC(IS8)
DO 101 J=1,MM
B1(J)=B1(J)=-(2.0*DF (I8)*D1(J))/X(I8)
DO 101 K=1,MM
101 B2 (J,K)=B2(J,K)~-(2.0*(DF(I8)*D2(J,K)~-
1D1 (J) *D1(K)))/X(I8)
100 SA = SA + DF(I8)**2/X(I8)
WRITE(6,901)
GMOD=0. 0
DO 102 J=1,MM
102 GMOD=GMOD+B1 (J) **2
WRITE (6,243)SA,GMOD
243 FORMAT (1X,26H*INITIAL VALUE SUM
10F SQ.=E13.5,20X,17H*SQ MOD OF GRAD =E13.5)
WRITE(6,1751)
1751 FORMAT(14HO DERIVATIVES-)
WRITE(6,240) (B1(J),J=1,MM)
240 FORMAT (15X,5(E13.5,8X)/)
IF (SA - Q1) 110, 110, 200
110 LE = 1
GO TO 600
200 S = 0.0
GMOD = 0.0
BMOD = 0.0
PROD = 0.0
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A2=ABC(1)

DO 210 J =1,MM

B1(J) = 0.0

DO 210 K=1,MM

B82(J,K) = 0.0

WRITE(6,902)

DO 220 I8=1,NN

I=1

I=I8

CALL FUNC(2)

FORMAT (5X,10H FUNC2,210 )
DF(I8) = FM(I8) - FC(I8)
DO 220 J=1,MM

B1(J) = B1(J) ~- (2.0*DF(I8)*D1(J))/X(I8)
DO 220 K =1,MM

B2(J,K) = B2(J,K) - (2.0%(DF(I8)*D2(J,K)
-D1(J) *D1(K)) ) /X(I8)
WRITE(6,902)

DO 230 J=1,MM

GRAD(J) = B1(J)

Ll =11 +1

WRITE(6,903)

CALL EXAM (B2,B1,MM,LF)
WRITE(6,903)

FORMAT (5X,9H EXAM, 230 )
IF (LF) 250, 250, 305

DO 231 II=1,MM

DO 231 JJ=1,MM
AI(II,JJ)=0.
B3(II,JJ)=B2(II,JJ)

WRITE (6,904)

CALL HTRIDI(MM,MM, B3,AI,W,FVl,FV1,FM1)
DO 1001 IR=1,MM

DO 5000 JR=1,MM
ZR(IR,JR)=0.
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CONTINUE
ZR(IR,IR)=1.

CONTINUE

CALL TQLZ2 (MM,MM,W,FV1,ZR, IERR)
CALL HTRIBK(MM,MM,B3,AI,FM1,MM,Z2R,2I)
DO 5005 IR=1,MM

B3 (IR, IR)=W(IR)

DO 5005 JR=1,MM

B2 (IR,JR)=ZR(JR,JR)
WRITE(6,904)

FORMAT (5X,12H JACOBI1,231 )

DO 235 K =1,MM

Bl (K)=B3 (K, K)

A2=ABC(2)

DO 260 J=1,MM

D1(J) = 0.0

DO 270 J=1,MM

DO 270 K=1,MM

D1(K) = D1(K) + B2(J,K) *GRAD(J)
DO 275 J = 1, MM

IF (B1(J)) 280, 290, 285

B1(J) = - B1(J)
D1(J) = D1(J)/B1(J)
GO TO 275

D1(J) = 0.0
CONTINUE

DO 295 J=1,MM
B1(J) = 3.0

DO 300 J=1,MM

DO 300 K=1,MM

B1(J) = B1(J) + B2(J,K)*D1(K)
DO 310 J=1,MM

GMOD = GMOD + GRAD(J) *#2
BMOD = BMOD + B1 (J)**2
PROD = PROD + GRAD(J) *B1(J)
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IF (GMOD - Q2) 315, 315, 320
315 LE = 2

WRITE(6,1761) GMOD
1761 FORMAT (5X,7H GMOD =,E13.5//)

GO TO 600
320 C=PROD/SQRT (BMOD*GMOD)

IF (C) 335, 335, 400

335 LE = 4
GO TO 600
400 LD =0
I3 =0

DO 410 J=1,MM
410 GRAD(J) = B(J) - B1(J)
WRITE(6,905)
450 DO 420 I8=1,NN
L=2
I=I8
CALL FUNC (1)
905 FORMAT (5X,10H FUNC1,450 )
DF(I8) = FM(I8) - FC(I8)
420 S = S + DF(I8)**2/X(I8)
WRITE(6,905)
IF (SA - 8) 435, 500, 500
435 LD = LD + 1
WRITE (6,906)
430 DO 440 J=1,MM
B1(J) = B1(J)/2.0
906 FORMAT(5X,16d BINARY CHOP,430 )
440 GRAD(J) = B(J) - B1(J)
WRITE (6,906)

S = 0.0

L3 = L3 + 1

IF (L3-4 )450,460,460
460 LE = 5

GO TO 600
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IF (LD) 505, 505, 506
LD = 0

GO TO 430

190 510 J=1,MM

B(J) = GRAD(J)

SA =8

IF (SA - Q1) 507, 507, 530
LE = 1

GO TO 600

IF (L4) 200, 200, 900

WRITE(6,920)L1,A2,L3,S,GMOD, (B(J),J=1,MM)
FORMAT (/,',15H ITERATION NO.=I5,10X,43H
1TRANSFORMATION MADE TO PRINCIPAL AXES = A4,10X, 18H
2BINARY CHOP USED=is,6H TIMES/1X,27H WEIGHTED SUM OF
3SQUARES = E14.7,25X,32H SQUARE MODULUS OF GRADIENT =
4E14.7/20H PARAMETERS B(J) -/ (6E17.8)/)

IF (L1 - L4) 200, 910, 910

910 LE = 6

GO TO 600

600 DO 710 J=1,MM

B1(J) = 0.0
DO 710 K=1,MM

710 B2(J,K) = 0.0

L=1
DO 720 I8=1,NN

I=18

CALL FUNC(2)

DF(I8) = FM(I8) - FC(I8)

DO 720 J=1,MM

B1(J) = Bl(J) - (2.0%DF(I8)*D1(J))/X(I8)
DO 720 K=1,MM

720 B2(J,K) = B2(J,K) - (2.0%(DF(I8)*D2(J,X)

1-D1(J)*D1(K)))/X(I8)
CALL MATINV(B2,MM,B1,1,DETERM)
DO 730 J=1,MM
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IF (B2(J,J)) 2001,2001,2002
B1(J) = =-SQRT(-B2(J,J))

GO TO 730

B1(J) = SQRT(B2(J,J))
CONTINUE

DO 740 J=1,MM

DO 740 K=1,MM

B2 (J,K)=B2(J,K)/(B1(J)*B1(K))
WRITE(6,551)LE, SA

FORMAT (//,13H EXIT NUMBER=I3,20X,25H WEIGHTED SUM
1SQUARES=E15.8//)

SMD (NUMBER) =SA

RETURN

END

SUBROUTINE FUNC (LX)

SUBROUTINE FUNC

DIMENSION DC(4500),B(16,2),D1(16),
1FC(400),%(400) ,HN(400),S(8,8) ,R(8,8),SIGN(400),
2THETA (400) ,IBB(400,2),SP(8,17),D2(16,16)
DIMENSION AR(S,8),AI(8,8),W(8),
1ZR(8,8),2I(8,8),Fv1(8),FM1(2,8)

DIMENSION NN (25),NM(25)

COMMON/DATA2/DC

COMMON/DATA3 /NN, NM

EQUIVALENCE (2Z,DC), (FC,DC(1201)), (THETA,DC(2001)),
1(B,DC(4000)), (D1,DC(3700)), (D2,DC(3720)),

OF

2(M,DC(3679)), (I,DC(3680)), (L,DC(3681)), (HN,DC(2401)),

3 (IBB,DC(2801)), (N,DC(3675)), (NZ,DC(3694)), (NUMBER,
4DC(3682))

DATA (SP(J,1) ,J3=1,8)/3.5,2.5,1.5,.5,~.5,~1.5,=2.5,~3.5/

DATA (SP(J,3) ,J=1,8)/7.-1.,=3.,=5.,~5.,=3.,1.,7./
DATA (SP(J,5) ,J=1,8)/7.,-13.,-3.,9.,9.,~3.,~13.,7./
DATA(SP(J,8) ,J=1,8)/1.,-5.,9.,-5.,-5.,9.,-5.,1./
FACTOR=92.732/66252.
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RD=3.14159264/180.
R2=SQRT(2.0)
R3=SQRT(3.0)
R5=SQRT(5.0)
R7=SQRT(7.0)
AAl=1.
AA2=0.
AA3=0.

c (2A1,AA2,AA3)=(1,0,0) CONSIDERS B2-2, =(0,1,0)

C CONSIDERS B21, =(0,0,1) CONSIDERS B2-1
SP(1,4)=R7/R3
SP(2,4)=R5
SP(3,4)=2.*R5/R3
SP(4,4)=2.*R5/R3
SP(5,4)=R5
SP(6,4)=R7/R3
SP(1,6)=R7*R3/2.
SP(2,6)=1./(2.*R5)
SP(3,6)=-2.*R3/R5
SP(4,6)=-2.*R3/R5
SP(5,6)=1./(2.*R5)
SP(6,6)=R7*R3/2.
SP(1,9)=2./(R7*R3)
SP(2,9)=-2./R5
SP(3,9)=2./(R3*R5)
SP(4,9)=2./ (R3*R5)
SP(5,9)=-2./R5
SP(6,9)=2./(R7*R3)
SP(1,7)=R7/RS
SP(2,7)=R3
SP(3,7)=R3
SP(4,7)=R7/R5
SP(1,10)=R5/R7
SP(2,10)=-1./R3
SP(3,10)=-1./R3
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SP(4,10)=R5/R7
SP(1,11)=2./R7
SP(2,11)=2./R7
SP(1,2)=R7/2.
SP(2,2)=R3
SP(3,2)=R3*R5/2.
SP(4,2)=2.
SP(5,2)=R3*R5/2.
SP(6,2)=R3
SP(7,2)=R7/2.
C FOLLOWING IS MATRIX FOR 021 OPERATOR(REPLACES 02-2)
SP(1,12)=1.5%R7
SP(2,12)=2.*R3
SP(3,12)=R3*R5/2.
SP(4,12)=0.
SP(5,12)= -SP(3,12)
SP(6,12)= -SP(2,12)
SP(7,12)= -SP(1,12)
C FOLLOWING IS THE MATRIX FOR 041 OPERATOR (REPLACES 04-2)
SP(1,13) = R7%30.

SP(2,13) = =-R3*30.
SP(3,13) = -R3*R5%18.
SP(4,13) = 0.
SP(5,13) = -SP(3,13)
SP(6,13) = -SP(2,13)

SP(7,13) = =-SP(1,13)
C FOLLOWING IS MATRIX FOR 043 OPERATOR (REPLACES 04-4)
SP(1,14)= R7*R5+%6.
SP(2,14)= R5%12.
SP(3,14)= O.
SP(4,14)= -SP(2,14)
SP(5,14)= -SP(1,14)
DO 100 IX=1,8
DO 100 JX=1,8
AI(IX,JX)=0.




272

S(IX,3X) = 0.0
100 R(IX,JX) = 0.0
IF(I.GT.NN(NUMBER)) GO TO 97
TH=THETA (I)*3.14159264/180.
ACOSTH=COS (TH)
ASINTH=SIN(TH)
c PBB IS COEFFT. OI' SZ
PBB=B (1, L) *Z (I)*ACOSTH+B(12,L) *Z (I)*ASINTH*AA2
PBB = PBB*92.732/66252.
c PAA IS COFFT. OF SX
PAA = B(10,L)*Z(I)*ASINTH+B(12,L)*%(I)*ACOSTH*AA2
PAA = PAA*92.732/66252.
PAD=Z (I) *ASINTH
PBD=Z (I) *ACOSTH
PBAD=2 (I) *ASINTH*AA2
PABD=Z (I) *ACOSTH*2A2
PACD=0.*AAl
PCAD=2Z (1) *ASINTH*AA}
PBCD=AA3*0.
PCBD=2% (I) *ACOSTH*AA3
C PCCIS COEFFICIENT OF SY
PCC=AA1*B(12,L)*32(I)*ASINTH*92.732/66252.
1 +AA3*B(12,L)*2(I)*ACOSTH*92.732/66252.
PCD=0.
GO TO 98
97 CONTINUE
TH=-THETA (I) *RD
ACOSTH=COS (TH)
ASINTH=SIN (TH)
PBB=B(12,L)*Z (I)*ACOSTH*FACTOR*AA2+
1B(12,L)*Z (I) *ASINTH*FACTOR*AA3
PBD=0.
PAA~B(10,L) #2 (I) *ACOSTH*FACTOR+
1B(12,L)*2 (I) *ASINTH*FACTOR*AA1+AA3*0.
PAD=Z (I) *ACOSTH
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PBAD=Z (1) *ACOSTH*AA2
PABD=0.*AA2
PACD=Z (I) *ASINTH*AA1
PCAD=Z (I) *ACOSTH*AA1
PCBD=0.*AA3
PBCD=2 (I) *ASINTH*AA3
PCC=B(11,L)*2% (I)*ASINTH*FACTOR+
1B(12,L) *Z (I) *ACOSTH*FACTOR*AAL
PCD=Z (I)*ASINTH
98 CONTINUE
S(1,1)=3.5*PBB +7.%B(2,L) +7.*B(5,L) + B(13,L)
S(2,2)=2.5%*PBB +B(2,L) -13.*B(5,L) - 5.*B(13,L)
S(3,3)=1.5%PBB -3.*B(2,L) =-3.*B(5,L) +9.*B(13,L)
S(4,4)=.5%PBB -5.*B(2,L) +9.*%B(5,L) -5.%B(13,L)
S(5,5)=S(4,4) -PBB
S(6,6)=S(3,3) =-3.*PBB
S(7,7) =S(2,2)-5.*PBB
s(8,8) =S(1,1)-7.*PBB
S(1,3) =R7*B(3,L)/R3 + R7*R3*B(6,L)/2. +
1 2.%B(14,L)/ (R7*R3)
IN FOLLOWING LINE 16,1 SHOULD BE CHANGED TO 17,L AFTER
INCREASING DIM. OF B
AI(1,3)=(-R7*B(4,L)/R3-R7*R3*B(8,L)/2.
1-2.%B(16,L)/ (R7*3.) ) *aAl
S(1,5) = R7*B(7,L)/R5 + R5*B(15,L)/R7
AI(1,5)=(-R7*B(9,L)/R5 - R5*B(16,L)/R7)*AAl
IN LINE ABOVE CHANGE 16,L TO 18,L AFTER CHANGING DIM. OF B
s(1,7) = 2.*B(16,L)/R7
IN LINE BELOW CHANGE 16,L TO 19,L AFTER CHANGING DIM. OF B
AI(1,7)=(-2.*B(16,L)/R7)*AAl
S(2,4) = R5*B(3,L)+B(6,L)/(R5%2.) - 2.*B(14,L)/R5
IN LINE BELOW CHANGE 16,L TO 17,L AFTER CHANGING DIM. OF B
AI(2,4)=(~B(8,L)/(R5%2.)-RS5*B(4,L)+2.*B(16,L)/R5) *AAl
S(2,6) = R3*B(7,L) - B(15,L)/R3
IN LINE BELOW CHANGE 16,L TO 18,L AFTER CHANGING DIM. OF B
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AI(2,6)=(-R3*B(9,L) +B(16,L)/R3)*AAl
S(3,5)=2.*R5*%B(3,L)/R3-2.*B(6,L) *R3/R5+
1 2.*B(14,L)/ (RS*R3)

AI(3,5)=(2.%*B(8,L)*R3/R5-2.*R5*B(4,L)~
1 2.%B(16,L)/ (R5%R3) ) *AAl

DO 901 I4=1,6

II4=I4+1

I1I5=8-I4

AI(II4,8)=AI(1,II5)

S(I14,8)=S(1,II5)
DO 902 IS5=1,4
116=I5+2
117=7-1I5

AI(II6,7)=AI(2,I17)

S(I16,7)=S(2,1I17)
DO 903 I6=1,2
II8=I6+3
119=6-16

AI(II8,6)=AI(3,II9)
S(II8,6)=S(3,II9)
S(1,2)=PAA*R7/2. +AA2*(3.*(R7/2.)

1 *B(4,L)+30.*R7*B(8,L))
S(2,3)=PAA*R3+AA2* (2, *R3*B(4,L)~30.*R3*B(8,L))
S(3,4)=PAA*R3*(R5/2.)+AA2* (R3* (R5/2.)

1 *B(4,L)~18.*R3*R5*B(8,L))

S(4,5)=PAA*2,
S(5,6)=S(3,4)=2.*%AA2* (R3* (R5/2.)

1 *B(4,L)-18.*R3*R5*B(8,L))
S(6,7)=S(2,3)=-2.*AR2% (2, *R3*B(4,L)~30.*R3*B(8,L))
S(7,8)=S(1,2) =-2.%AA2#%(3.%(R7/2.)

1 *B(4,L)+30.*R7*B(8,L))
S(1,4)=AA2*R7*R5%6.*B(9,L)
S(2,5)=AA2*R5%*12.*B(9,L)

S(3,6)=0.

R
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S(4,7)=-5(2,5)
5(5,8)=-S(1,4)
AI(1,2)=-PCC*R7/2.

1 +AA3*(-3.%*B(4,L)*R7/2.~30.%R7*B(8,L))
AI(2,3)=-PCC*R3+AA3*(-2,*R3*B(4,L)+30.*R3*B(8,L))
AI(3,4)=-PCC*R3*R5/2.

1 +AA3* (-R3*R5*B(4,L)/2.+18.*R3*R5+B(8,L))
AI(4,5)=-PCC*2.
AI(5,6)=-AI(3,4)~PCC*RI*RS
AI(6,7)=-AI(2,3)-2.*R3*PCC
AI(7,8)=-AI(1,2)~-PCC*R7
AI(1,4)=-AA3*R7*R5%6.%B(9,L)
AI(2,5)=-AA3%R5%12.*B(9,L)
AI(3,6)=0.

AI(4,7)=-AI(2,5)
AI(5,8)=-AI(1,4)
DO 207 IY=1,8
DO 207 JY=1,8
IF(IY-JY) 205,205,206
206 S(IY,JY) =S(JY,IY)
AI(IY,JY)=-AI(JY,IY)
205 CONTINUE
207 CONTINUE
DO 5006 IR=1,8
DO 5006 JR=1,8
5006 AR(IR,JR)=S(IR,JR)
CALL HTRIDI(S8,8,AR,AI,W,FV1,FV1,FM1)
DO 1000 IR=1,8
DO 5000 JR=1,8
ZR(IR,JR)=0.
5000 CONTINUE
ZR(IR,IR)=1.
1000 CONTINUE

CALL TQL2(8,8,W,FV1,2ZR, IERR)

CALL HTRIBK(S,8,AR,AI,FM1,8,2R,2I)
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DO 5005 IR=1,8
S(IR,IR) = W(IR)

DO 5005 JR=1,8

R(IR,JR)=2ZR (IR, JR)

CBA=ABS (ABS (S (1,1)-S(2,2))-HN(I))
IBB(I,1)=1

IBB(I,2)=2

16 = 1

17 = 2

DO 20 I8 = 1,7

Iz = I8 + 1

DO 20 I9 = IZ,8

S1=ABS (ABS(S (I8,I8)~-S(I9,I9))-HN(I))
IF (CBA-S1)21,22,22

CBA=S1

IBB(I,1)=I8

IBB(I,2)=I9

16=I8

17=I9

CONTINUE

CONTINUE

FC(I)=ABS(S(I16,16)~5(I7,17))
SIGN(I)=(S(I6,16)~S(I7,I7))/FC(I)
IF(LX-1)110,110,121

CONTINUE

DO 235 I2=1,16

D1(IZ) = 0.0

DO 235 JZ=1,16

D2(I2%,J2%) =0.0

DO 236 IT=1,8
RR1=(R(IT,I6)**2~R(IT,I7)**2)*SIGN(I)
1+(2ZI(IT,I6)**2 - ZI(IT,I7)**2)+*SIGN(I)
D1(1) = D1(1) + SP(IT,1)*RR1*PBD*FACTOR
D1(2) = SP(IT,3)*RR1 +D1(2)

D1(5) = SP(IT,5)*RR1 +D1(5)
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D1(13)=SP(IT,8)*RR1+D1(13)
D1(12)=D1(12)+SP(IT,1)*RR1* (PBAD+PBCD) *FACTOR
236 CONTINUE
DO 237 IT=1,6
IT2 =IT + 2
RR2=2.% (R(IT,I6)*R(IT2,I6)-R(IT,I7)*R(IT2,I7))*SIGN(I)
1 +2.%(2ZI(IT,I6)*2I(IT2,16)
1 -ZI(IT,I7)*2I(IT2,I7))*SIGN(I)
RR3==2.* (-ZR(IT,I6)*2I(IT2,16)+2I(IT,I6)*ZR(IT2,16)
1+ZR(IT,I7)*ZI(IT2,I7)=-2I(IT,I7)*ZR(IT2,I7))*SIGN(I)
D1(3) = SP(IT,4)*RR2 +D1(3)
D1(6) = SP(IT,6)*RR2 +D1(6)
D1(14)=SP(IT,9) *RR2+D1(14)
D1(8)=SP(IT,6) *RR3*AA1+D1 (8)
D1(4)=SP(IT,4)*RR3*AA1+D1 (4)
C IN FOLLOWING LINE CHANGE D1(16) TO D1(17) AFTER CHANGING
C DIM. OF B
D1(16)=SP(IT,9) *RR3+D1(16)
237 CONTINUE
DO 238 IT=1,4
IT4 = IT + 4
RR4=2.* (R(IT,I6)*R(IT4,I6)-R(IT,I7)*R(IT4,I7))*SIGN(I)
1+2.%(ZI(IT,I6)*2I(IT4,16)
1-2I(IT,I7)*2I(IT4,I7))*SIGN(I)
RR5=-2.%* (-ZR(IT,I16) *ZI(IT4,16)+2I(IT,I6)*ZR(IT4,16)
1+ZR(IT,I7)*2ZI(IT4,I7)-2I(IT,17)*ZR(IT4,17))*SIGN(I)
D1(7) =SP(IT,7)*RR4 +D1(7)
D1(9)=SP(IT,7) *RR5*AA1+D1 (9)
D1(15)=SP(IT,10)*RR4+D1(15)
C IN LINE BELOW CHANGE D1(16) TO D1(18) AFTER CHANGING DIM.
C OF B
D1(16)=SP(IT,10)*RR5+D1(16)
238 CONTINUE
DO 239 IT=1,2
IT6=IT+6
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RR6=2.% (R(IT,16)*R(IT6,I6)~R(IT,I7)*R(IT6,I7))*SIGN(I)
142.% (ZI(IT,I6)*2I(IT6,I6)
1-ZI(IT,I7)*ZI(IT6,I7))*SIGN(I)

RR7=-2.% (~ZR(IT,16)*2I(IT6,16)+ZI(IT,I6)*ZR(IT6,16)
1+2ZR(IT,I7)*2I(IT6,17)-2I(IT,I7)*2R(IT6,I7))*SIGN(I)

D1(16)=SP(IT,11) *RR6+D1(16)

C IN LINE BELOW CHANGE D1(16) TO D1(19) AFTER CHANGING DIM.
C OF B
239 D1(16)=SP(IT,11)*RR7+D1(16)

DO 401 IT=1,7

IT1=IT+1
RR2=2.% (R(IT,I6)*R(IT1,16)-R(IT,I7)*R(IT1,I7))*SIGN(I)
1+2.% (2I(IT,I6)*ZI (IT1,16)
2-2I(IT,I7)*2I(IT1,I7))*SIGN(I)
RR3=-2.%(~-2R(IT,I6)*2I(IT1,I6)+2I(IT,I6)*ZR(IT1,I6)

1 +ZR(IT,I7)*2I(IT1,I7)-2I(IT,I7)*ZR(IT1,I7))*SIGN(I)
D1(4)=D1(4) + AA2*SP(IT,12)*RR2
D1(4)=D1(4)~AA3*SP(IT,12)*RR3
D1(8)=D1(8)+AA2*SP (IT,13) *RR2
D1(8)=D1(8)-AA3*SP(IT,13) *RR3
D1(10)=D1(10)+SP(IT,2)*RR2*PAD*FACTOR
D1(12)=D1(12)+SP(IT,2)*

1 (RR2* ( PABD+PACD) +RR3* (PCAD+PCED) ) *FACTOR

401 D1(11)=D1(11)+SP(IT,2)*RR3*PCD*FACTOR

DO 402 IT=1,5
IT3=IT+3
RR2=2.* (R(IT,16)*R(IT3,I6)=R(IT,I7)*R(IT3,I7))*SIGN(I)
1 +2.%(2I(IT,I6)*2I(IT3,I6)

1 =ZI(IT,I7)*2I(IT3,17))*SIGN(I)
RR3=-2,*(ZR(IT,16)*2I(IT3,I6)+2I(IT,I6)*ZR(IT3,I6)

1 +ZR(IT,I7)*2I(IT3,17)-2I(IT,I7)*2R(IT3,I7))*SIGN(I)
D1(9)=D1(9)-AA3*SP(IT,14)*RR3

402 D1(9)=D1(9)+AA2*SP(IT,14)*RR2
110 CONTINUE
RETURN

[OOSR
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END

SUBROUTINE EXAM(A,B,M,LF)
SUBROUTINE EXAM
DIMENSION A(16,16),B(16),C(16)

SUBROUTINE MATINV(A,N,B,M, DETERM)

SUBROUTINE MATINV

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS

DIMENSION IPIVOT(16),A(16,16),
1B(16,1),INDEX(16,2),PIVOT(16)

EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX, T, SWAP)
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PROGRAM VO (INPUT,OUTPUT, TAPES=INPUT, TAPES8=0UTPUT)
THIS PROGRAM ANALYSES EPR DATA FROM HYPERFINE LINES
WITH ELECTRON SPIN S=1/2 AND NUCLEAR SPIN I=7/2 FOR
V02+. IT FITS BOTH G-SQUARE AND A-SQUARE

TENSOR (12 PARAMETERS)~-SECOND ORDER PERTURB.

M =NO. OF PARAMETERS; L4 =NO. OF ITERATIONS ALLOWED
Q1 =MIN. VALUE OF SUM OF SQUARES FOR FITS (CHI-SQUARE
TOLERANCE)

Z (I)=MAGNETIC FIELD VALUES FOR FITS; B =PARAMETER
MATRIX

N =NO. OF DATA POINTS USED IN LEAST-SQARES FITTING
Q1 =N/10; Q2 =TOLERANCE ON GRAD (CHI**2) =APPROX .01
FM(I) = MEASURED VALUES; FC(I) = CALCUIATED VALUES
ERR(I)= STANDARD DEVIATION ON FM(I) = SQRT(FM(I))
DIMENSIONS OF A,B IN EXAM AND MATINV SUBROUTINES
SHOULD BE THE SAME AS THOSE OF B2,Bl1 RESPECTIVELY IN
THE MAIN PROOGRAM AND IN CURFIT.

ENTER TEETA IN DEGREES

DIMENSIONS OF Q,V iIN JACOBI1 SHOULD BE THE SAME AS
THOSE OF B3,B2 RESPECTIVELY IN CURFIT

PARAMETERS=I.GT IS G**2-TENSOR

(G**2Z% ,G**2ZX,G**2XX,G**2ZY,G**2YY, G**2XY)
GGT(J,NUMBER) REPRESENTS G-SQUARE TENSOR.

II. (B(I),I=1,6)=A2%,AZX,AXX,AZY,AYY,AXY

A=A-SQUARE TENSOR ABOVE ENTER A WITH POSITIVE SIGN
DELANG(I,J),J=1,2,3 ARE ANGLE CORRECTIONS FOR ZX,ZY,XY
PLANES AS DETERMINED BY "KKDBLT" FOR VARIOUS CASES.
NUMBER=INDEX THAT CHANGES WITH EACH NEW CASE

ITS VALUE SHOULD BE THAT OF THE FIRST CASE CONSIDERED.
NCASES=NO. OF LAST CASE CONSIDERED. ITS VALUE SHOULD
BE ENTERED.

N1(J1,NUMBER)=NO.OF LINES(FOR VARIOUS ORIENTATIONS)
FOR J1 HYPERFINE LINE OF CASE NO.=NUMBER
2Z(J,K,L)=LINE POSITIONS,J=WHICH ONE OF K=HYPERFINE

o et e LA
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c LINE OF CASE NO.=L
DIMENSION Z(400),FM(400),FC(400),DF(400),ERR(400),
1B(12),B1(12),B2(12,12),DC(5000) ,ABC(2) ,¥(4),
3HN (400) ,G(8,12) ,GG(6,8) ,SMD(9) ,AAA(3,3) ,000(3,3),
4AAV(3,3),QQV(3,3),IBB(400,2),THETA(400) , D1(12),
4D2 (12,12) ,HHN(3,8) ,AADD(3, 8),FFACTR(3, 8),
STEETA(50,8,8),22(50,8,8) ,NN(8) ,N1(8,8) ,ACOSZ(400),
6ACOSX(400) ,ACOSY (400) , DELANG(8,3) , AJ1(400),GGT(3,3),
7GGTT(8,3,3) ,DELHH(400,8) ,DELH(400) ,A4(3)

COMMON/DATA1/ABC, ¥

COMMON/DATA2/DC,ACOSZ , ACOSX,ACOSY , AJ1

COMMON/DATA3/DELH

EQUIVALENCE (Z,DC), (FM,DC(401)), (FC,DC(801)),
(DF,DC(1201)), (ERR,DC(1601)), (HN,DC(2001)),
(THETA, DC(2401)), (IBB,DC(2801)), (B,DC(4101)),
(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
(L4,DC(4302)), (Q1,DC(4303)),(Q2,DC(4304)),
(M,DC(4305)), (I,DC(4306)), (L,DC(4307)),
(BO,DC(4308)) , (SMD,DC(4309)), (SSMD,DC (4320)),
(D1,DC(4321)), (D2,DC(4333)),

(NUMBER, DC(4100)), (GT,DC(4093))

DATA (HHN (J,1) ,J=1,3) /9.5280,9.5255,9.5260/
DATA (FFACTR(J,1),J=1,3)/5.236,5.281,5.236/
DATA (AADD(J,1) ,J=1,3) /468.95,463.27,468.88/
DATA(G(1,J),J3=1,3)/3.91900,3.94790,3.77984/
DATA(G(1,J),3=7,12)/

1 0.0285,-0.0020471,0.014641,0.0260,0.203,-0.002/
DATA (DELANG(1,J),J=1,3)/0.0, 0.0,0.0/
DATA(GGTT(1,1,J),J=1,3)/0.2094,~0.9762,~0.05568/
DATA(GGTT(1,2,J),J=1,3)/0.5473,0.16425,-0.8205/
DATA(GGTT(1,3,J),J=1,3)/0.8102,0.1413,0.5687/
DATA(N1(J,1),J=1,8)/8%48/

DATA (DELHH(J, 1) ,3=1, 384)/384%2.0/
DATA(2Z(J,1,1) ,J=1,16)/
1 99.3, 99.5,100.1,101.4,105.0,107.2,110.0,113.4,

N OB W DD W
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120.9,125.5,129.5,133.6,142.4,145.5,148.5,149.4/
DATA (22(J,2,1) ,J=1,16)/
126.7,127.2,127 .4,128.0,130.4,131.7,133.7,136.5,
141.0,144.4,146.5,149.4,154.3,156.0,157.3,157.5/
DATA(22(J,3,1) ,J=1,16)/

1 154.2,154.3,154.4,154.5,155.5,156.3,157.2,158.5,

160.5,162.3,163.5,164.4,166.0,166.5,166.6,166.7/
DATA (2Z(J,4,1) ,J=1,16)/

1 180.9,180.8,180.6,180.5,180.3,180.2,180.1,180.0,
2 179.8,179.7,179.5,179.2,178.1,177.5,177.1,177.0/

DATA(ZZ(J,5,1) ,J=1,16)/

1 207.4,207.1,206.5,206.0,204.4,203.2,202.3,201.3,
2 198.3,197.2,195.4,193.5,190.4,188.8,188.1,188.0/

DATA(2Z(J,6,1) ,J=1,16)/

1 233.3,233.1,232.4,231.3,228.0,226.1,224.1,221.6,
2 216.4,214.0,210.6,207.7,202.7,201.0,199.9,199.4/

DATA(22Z(J,7,1) ,J=1,16)/

1 259.3,259.2,258.0,256.3,251.6,248.7,245.5,242.1,
2 234.4,230.3,225.4,222.4,215.7,213.5,212.3,211.5/

DATA (2Z(J,8,1) ,J=1,16)/

1 285.4,285.2,283.6,281.5,275.4,271.6,267.1,262.5,
2 252.4,247.4,242.1,236.9,229.4,226.5,225.0,224.4/

DATA (TEETA(J,1,1),J=1,16)/

o., 5., 10., 15., 25., 30., 35., 40.,
50., 55., 60., 65., 75., 80., 85., 90./
DATA(2Z(J,1,1) ,J=17,32)/
99.4, 96.4, 93.6, 91.5, 89.0, 88.0, 87.6, 88.0,
90.2, 91.9, 94.0, 97.4,105.0,108.6,113.8,119.0/
DATA (22 (J,2,1) ,J3=17,32)/

1126.9,124.9,123.1,121.6,119.9,119.4,119.3,119.4,
2 121.0,122.0,123.4,125.4,130.5,132.7,136.5,139.6/

DATA(22(J3,3,1) ,J=17,32)/

1153.7,153.0,152.4,151.8,151.3,150.8,150.5,150.9,
2 151.4,152.0,152.6,153.0,155.5,156.4,158.4,159.6/

DATA(2Z(J,4,1) ,3=17,32)/

1
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180.4,180.7,181.5,182.1,182.5,182.5,182.5,182.4,
182.2,182.0,181.5,181.0,180.3,180.1,179.8,179.5/
DATA(22(J,5,1) ,J=17,32)/
206.5,208.5,210.0,211.5,213.3,213.7,214.0,213.8,
212.4,211.0,209.6,208.3,204.7,202.2,200.2,197.5/
DATA (22 (J,6,1) ,J=17,32)/
232.4,235.7,238.6,241.4,244.8,245.4,245.7,245.3,
242.6,240.5,238.4,235.3,228.5,224.3,220.5,216.0/
DATA (22 (J,7,1) ,I=17,32)/
258.5,263.6,267.6,271.4,276.5,277.4,277.7,277.4,
273.6,270.6,266.6,262.4,252.4,246.2,240.3,233.5/
DATA (2Z(J,8,1),3=17,32)/

1 284.3,291.4,296.4,301.5,308.4,309.5,310.1,309.4,

304.5,300.5,295.4,289.4,276.0,268.0,260.0,251.5/
DATA (TEETA(J,1,1),3=17,32)/

1 -360.,-5.,~10.,-15.,-25.,-30.,-35.,-40.,

-50.,-55.,-60.,~65.,~75.,-80.,-85.,-90./
DATA (22(J,1,1),J3=33,48)/

1 149.5,149.0,147.6,145.7,140.7,138.5,135.7,133.2,

128.5,126.5,124.5,122.8,120.7,119.7,119.0,118.7/
DATA (22 (J,2,1) ,J=33,48)/
157.5,157.3,156.7,156.0,153.6,152.1,150.6,149.0,
146.0,144.7,143.5,142.2,140.8,140.3,139.9,139.6/
DATA (22 (J,3,1),3=33,48)/
166.6,166.6,166.5,166.4,165.8,165.4,164.9,164.4,
162.9,162.2,161.6,161.0,160.2,160.0,159.8,159.7/
DATA (2% (J,4,1) ,J=33,48)/
177.0,177.0,177.2,177.4,177.8,178.5,178.8,179.0,

2 179.1,179.2,179.2,179.3,179.4,179.4,179.5,179.5/

DATA (22 (J,5,1) ,J=33,48)/
188.0,188.0,188.1,188.7,190.4,191.4,192.3,193.2,
194.8,195.4,195.9,196.5,197.4,197.5,197.7,197.7/
DATA(2Z(J,6,1) ,J=33,48)/
199.4,199.5,200.0,200.6,203.0,204.6,206.0,207.4,
210.2,211.6,212.7,213.6,215.0,215.4,215.7,215.9/
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DATA (2Z(J,7,1),J=33,48)/
211.5,212.0,212.4,213.2,216.2,218.0,219.7,221.5,
225.4,227.1,228.6,230.1,232.3,233.0,233.5,233.6/
DATA (22 (J,8,1),3=33,48)/
224.6,225.0,225.5,226.4,229.8,231.9,233.8,235.8,
240.5,242.8,244.8,246.7,249.5,250.4,251.0,251.3/
DATA (TEETA(J,1,1) ,J=33,48)/
9000.,9005.,9010.,9015.,9025.,9030.,9035.,9040.,
9050.,9055.,9060.,9065.,9075.,9080.,9085.,9090./
9050.,9055.,9060.,9065.,9075.,9080.,9085.,9090./
FORMAT (1H1)

FORMAT (1X,4HQ1 = ,E13.5,5X,4HQ2 = ,E13.5)

FORMAT (3X,I2,5X,E16.6/)

FORMAT (10X, 18HINITIAL PARAMETERS/3X,1HJ,10X,4HB(J)/)
FORMAT (1X, 9HPARAMETER/3X, 1HJ, 10X, 4HB(J), 27X, 6HERRORS /)
FORMAT (2X,4H HN= ,F9.4)

FORMAT (3X,12,5X,E16.6,15X,E16.6/)

FORMAT (5X,14H CASE NUMBER =,I2//)

FORMAT (10X, 6 SMD =,E13.5//)

FORMAT (15X,5(E13.5,8X)/)

FORMAT (15X, 3 (E13.5,8X)///)

FORMAT (15X, *DIAGONAL ELEMENTS OF G-SQUARE TENSOR

ARE=%*,///)

237 FORMAT(15X,*DIAGONAL ELEMENTS OF A-SQUARE TENSOR
1ARE=*,///)
238 FORMAT(15X,*"G" DIR. COS.(ROWS) ACC. TO E.VALS. ABOVE=

1

*///)

7238 FORMAT (15X, *"A" DIR. COS.(ROWS) ACC. TO E.VALS. ABOVE=

1

*//7)
PI2=2.%3.1415926

RD=PI2/360.
NZERO=1
NUMBER=NZERO
NCASES=1
M=12
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L4=7
Q1=1.E-8
Q2=1.E-20
MM=M
WRITE (58,188)
1 CONTINUE
N11=N1 (1,NUMBER)
DO 1188 J=1,8
DO 1188 J1=1,N11
1188 TEETA(J1,J,NUMBER)=TEETA (J1, 1, NUMBER)
DO 300 IA=1,3
DO 300 JA=1,3
300 GGT(IA,JA)=GGTT(NUMBER,IA,JA)
WRITE (58,121)
DO 122 IA=1,3
122 WRITE(58,123) (GGT(IA,JA),JA=1,3)
121 FORMAT (5X, *ELEMENTS OF INITIAL GGT MATRIX AS THE
1IMATRIX OF DIR. COSINES OF G-SQUARE TENSOR ARE=+,//)
123 FORMAT (5X,3 (F10.6,2X),/)
CALL EULER(GGT,THITA,PHI,PSI)
B(4)=THITA
B(5)=PHI
B(6)=PSI
LINE=0
DO 150 J1=1,8
NN1=N1 (J1, NUMBER)
DO 150 Il=1,NN1
LINE=LINE+1
AJ1(LINE)=J1
THETA (LINE)=TEETA(I1,J1,NUMBER)
IF (THETA(LINE) .GT.8000.) GO TO 155
IF(THETA(LINE).LT.0.) GO TO 160
TH=THETA (LINE) *RD+DELANG (NUMBER, 1) *RD
ACOSZ (LINE)=COS (TH)
ACOSX (LINE)=SIN(TH)
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ACOSY (LINE)=0.
HN (LINE) =HHN (1, NUMBER)
Z (LINE)=(2Z(I1,J1,NUMBER)
1 +AADD(1,NUMBER) ) *FFACTR (1, NUMBER) :
IF(2Z(I1,J31,NUMBER) .EQ.0.) Z(LINE)=0. '
9160 FORMAT(S5X,*ACOSZ ETC=*,3E12.5)
GO TO 165
160 TH=-THETA(LINE)*RD + DELANG (NUMBER, 2)*RD
ACOSZ (LINE)=COS (TH)
ACOSY (LINE)=SIN (TH)
ACOSX (LINE)=0.
HN (LINE) =HHN (2, NUMBER)
Z (LINE)=(2Z(I1,J1,NUMBER)+AADD (2, NUMBER) ) *FFACTR (2 , NUMBER)
IF(22(I1,J1,NUMBER) .EQ.0.) 2(LINE)=0.
GO TO 165
155 TH=THETA (LINE) *RD+DELANG (NUMBER, 3) *RD
ACOSZ (LINE)=0.
ACOSX (LINE)=COS (TH)
ACOSY (LINE)=SIN (TH)
HN (LINE) =HHN (3, NUMBER)
Z (LINE)=(2Z(I1,J1,NUMBER)
1 +AADD(3,NUMBER) ) *FFACTR (3 , NUMBER)
IF(2Z(I1,J1,NUMBER) .EQ.0.) Z(LINE)=0.
165 CONTINUE
150 CONTINUE
NN (NUMBER) =LINE
N=NN (NUMBER)
N9=N
DO 210 LI=1,MM
IF (LL.GT.3.AND.LL.LT.7) GO TO 210
B(LL)=G (NUMBER, LL)
210 CONTINUE
WRITE(58,138) NUMBER
WRITE(58,136)
WRITE(58,137) (J,B(J),J=1,M)

P
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WRITE (58, 6659)
: WRITE(58,6657) (2(J),J=1,N)
; WRITE(58,6660)
WRITE(58,6657) (HN(J),J=1,N)
6660 FORMAT (5X, *FREQUENCY~KLYSTRON ARE=*, /)
6659 FORMAT (5X,*MAG. FIELD VALUES ARE=%,/)
6657 FORMAT (5X,8(E12.5,2X))
DO 201 II=1,N9
DELH (II)=DELHH (II,NUMBER)
201 FM(II) = HN(II)
CALL CURFIT
SMD (NUMBER) = SSMD
WRITE(58,188)
WRITE(58,135)
DO 220 LL=1,M
220 GG(LL,NUMBER) = B(LL)
WRITE(58,140) (J,B(J),B1(J),J=1,MN)
WRITE(58,188)
3 CONTINUE
$SS=0.
S8S1=0.
DO 555 ID=1,N
SSS=DF (ID) **2
$5S51=SSS1+SSS
WRITE(58,656) ID,SSS
555 CONTINUE
WRITE(58,6656) SSS1
6656 FORMAT(/,10X,*CHI-SQUARE=*,E13.5,/)
656 FORMAT (10X,*LINE NUMBER = *,I3,5X,*SMD = *,6E13.5)
WRITE (58,7237)
WRITE(58,236) (B(J1),J1 = 1,3)
WRITE (58,238)
SB4L=SIN(B(4))
CB41=COS (B(4))
SB5L=SIN(B(5))

:
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CB5L=COS (B(5))

SB6L=SIN(B(6))

CB6L=COS (B(6))

GGT(1,1)=CB4L

GGT(1,2)=SB4L*SB5L
GGT(1,3)=~SB4L*CB5L
GGT(2,1)=SB6L*SB4L

GGT (2, 2) =CB6L*CB5L~CB4L*SB5L*SB6L
GGT (2, 3)=CB6L*SBSL+CB4L*CB5L*SB6L
GGT(3,1)=CB6L*SB4L

GGT (3, 2)=-SB6L*CB5L-CB4L*SBSL*CB6L
GGT (3, 3)=-SB6L*SB5SL+CB4L*CBSL*CB6L
DO 25 J1 = 1,3

WRITE (58,236) (GGT(J1,J32),J2 = 1,3)
CONTINUE

DO 245 J=1,3

A4(J)=SQRT(B(J))

WRITE (58,246)
WRITE(58,236) (A4 (J),J=1,3)
FORMAT ( 5X, *PRINCIPAL VALUES OF G-TENSOR ARE=%,/)
AAA(1,1)=B(7)

ARA(1,2)=B(8)

ARAA(2,2)=B(9)

AAA(1,3)=B(10)

AAA(3,3)=B(11)

AAA(2,3)=B(12)

DO 720 J1=1,2

J4=J1+1

DO 720 J2=J4,3
AAA(J2,J1)=AAA(J1,J2)

CONTINUE

CALL JACOBI3(3,AAA,1,NR,AAV)

WRITE (58,237)

WRITE (58,236) (AAA(J1,J1),J1=1,3)
WRITE (58,7238)

R o<
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DO 725 J1=1,3
WRITE (58,236) (AAV(J2,J1),J2=1,3)

CONTINUE

DO 7245 J=1,3

IF (AAA(J,J) .LT. 1.0E-4) AAA(J,J)=0

A4(J)=SQRT (AAA(J,J))

WRITE (58,7246)

WRITE (58,236) (A4 (J),J=1,3)
FORMAT (5X, *PRINCIPAL VALUES OF A-TENSOR ARE=*,/)
NUMBER=NUMBER+1

IF (NUMBER-NCASES) 1,1,2

CONTINUE

DO 230 LL=NZERO,NCASES

WRITE (58,138) LL

WRITE (58,141) SMD(LL)

WRITE (58,235) (GG (ILM,LL),IM=1,MM)

STOP

END

SUBROUTINE CURFIT
EXAM HANDLES ALL MATRICES OF DIMENSIONS UPTO THE
DIMS.MM OF A,B,C, THAT IS M IS LESS THAN OR EQUAL TO
MM (SAME IS TRUE OF MATINV AND JACOBI)

EQUIVALENCE OF GRAD BEGINS AT DIMENSION OF B AFTER THE
EQUIV. OF B

DIMENSION Z(400),FM(400) ,FC(400),
1DF(400) ,ERR(400),B(12),B1(12),
2B2(12,12),DC(5000) ,ABC(2),Y(4),
3X(400) ,GRAD(12),D1 (12),D2(12,12),
4B3(12,12),SMD(9),HN(400),
5ACOSZ (400) ,ACOSX(400),ACOSY(400)

DIMENSION IBB(400,2),THETA(400),GT(6)

DIMENSION AJ1(400) ,GGTL(8,3),GGTM(8,3),GCTN(8,3)
COMMON/DATA1/ABC, Y

COMMON/DATA2,/DC,ACOSZ, ACOSX,ACOSY,AJ1
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EQUIVALENCE (2,DC), (FM,DC(401)), (FC,DC(801)),
(DF, DC(1201) ), (ERR,DC(1601)), (HN,DC(2001)),
(THETA,DC(2401)), (IBB,DC(2801)), (B,DC(4101)),
(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
(L4,DC(4302)),(Q1,DC(4303)),(Q2,DC(4304)),
(M,DC(4305)), (I,DC(4306)), (L,DC(4307)),
(BO,DC(4308) ), (SMD,DC(4309)), (SSMD,DC(4320)),
(D1,DC(4321)),(D2,DC(4333)), (GRAD,DC(4113)),
(NUMBER, DC(4100) ), (GT,DC(4093))

ABC(1)="NO"

ABC(2)="YES"

L1 =0

SA = 0.0

MM=M

I6=I

NN=N

DO 1000 J=1,MM

B1(J)=0.0

DO 1000 K=1,MM

1000 B2(J,K)=0.0

DO 100 I6 = 1, NN
L=1
I=16
CALL FUNC(2)
X(I6)=ERR(I6)**2
901 FORMAT(5X,10H FUNC2,210 )
DF(I6) =FM(I6) - FC(I6)
DO 101 J=1,MM
B1(J)=B1(J)-(2.0*DF (I6)*D1(J))/X(I6)
DO 101 K=1,MM
101l B2(J,K)=B2(J,K)~(2.0*(DF(I6)*D2(J,K)~
1D1(J) *D1(K)) ) /X(I6)
100 SA = SA + DF(I6)**2/X(I5)
GMOD=0.0
DO 102 J=1,M
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102 GMOD=GMOD+B1 (J) *#2
WRITE(58,243)SA,GMOD

243 FORMAT (1X,26H*INITIAL VALUE SUM OF
1SQ.=E13.5,20X,17H*SQ MOD OF GRAD =E13.5)
WRITE(58,1751)

1751 FORMAT(14HO DERIVATIVES-)
WRITE(58,240) (B1(J),5=1,M)

240 FORMAT (15X,5(E13.5,8X)/)
IF (SA - Q1) 110, 110, 200

110 IE = 1
GO TO 600

200 S = 0.0
GMOD = 0.0
BMOD = 0.0
PROD = 0.0
A2=ABC(1)
DO 210 J = 1, MM
B1(J) = 0.0

DO 210 K = 1, MM

210 B2(J,K) = 0.0
WRITE(58,902)
DO 220 I6 = 1, NN
I=1
I=16
CALL FUNC(2)
X(I16)=ERR(I6)**2

902 FORMAT(5X,10H FUNC2,210 )
DF(I6) = FM(16) - FC(I6)
DO 220 J = 1, MM
B1(J) = B1(J) - (2.0*DF(I6)*D1(J))/X(16)
DO 220 K = 1, MM

220 B2(J,K) = B2(J,K) = (2.0%(DF(I6)*D2(J,K)
1-D1 (J) *D1(K)))/X(16)
DO 230 J = 1, MM

230 GRAD(J) = B1(J)
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Ll = L1 + 1

CALL EXAM (B2,31,M,LF)
WRITE (58,903)

FORMAT (5X,9H EXAM,230 )
WRITE (58,914) LF

FORMAT (5X,I3)

IF (LF) 250, 250, 305

DO 231 II=1,M

DO 231 JJ=1,M
B3(II,JJ)=B2(II,JJ)

WRITE (58,904)

CALL JACOBI4 (M,B3,4,NR,B2)
FORMAT (5X, 12H JACOBI1,231 )
WRITE (58,904)

DO 235 I6=1,MM
B1(I6)=B3(I6,I6)

A2=ABC(2)

DO 260 J = 1, MM

D1(J) = 0.0

DO 270 J = 1, MM

DO 270 K = 1, MM

D1(K) = D1(K) + B2(J,K) *GRAD(J)
DO 275 J = 1, MM

IF (B1(J)) 280, 290, 285
B1(J) = = B1(J)

D1(J) = D1(J)/B1(J)

GO TO 275

D1(J) = 0.0

CONTINUE

DO 295 J = 1, MM

B1(J) = 0.0

DO 300 J = 1, MM

DO 300 K = 1, MM

B1(J) = B1(J) + B2(J,K)*D1(K)
DO 310 J=1,MM
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GMOD = GMOD + GRAD(J) *#*2
BMOD = BMOD + B1(J)*#*2

PROD = PROD + GRAD(J)*B1(J)
IF (GMOD - Q2) 315, 315, 320
LE = 2

WRITE(58,1761) GMOD

FORMAT (5X, 7H GMOD =,E13.5//)
GO TO 600

C=PROD/SQRT (BMOD*GMOD)

IF (C) 335, 335, 400

LE = 4
GO TO 600
ID =20
L3 =0

DO 410 J = 1, MM
GRAD(J) = B(J) - B1(J)

DO 420 I6 = 1, NN

L=2

I=16

CALL FUNC (1)
X(I6)=ERR(I6)**2

FORMAT (5X,10H FUNC1,450 )
DF(I6) = FM(I6) - FC(I6)

S = S + DF(I6)**2/X(I6)
WRITE (58,905)

IF (SA - S) 435, 500, 500
ID = LD + 1

DO440 J = 1, MM

B1(J) = B1(J)/2.0

FORMAT (5X,16H BINARY CHOP,430
GRAD(J) = B(J) - B1(J)
WRITE(58,906)

S=0.0

L3 = L3 + 1
IF(L3~5)450,460,460

)
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LE = 5
GO TO 600

IF (LD) 505, 505, 506
LD = 0

GO TO 430

DO 510 J = 1, MM

B(J) = GRAD(J)

SA =S

IF (SA - Q1) 507, 507, 530
IE = 1

GO TO 600

IF (L4) 200, 200, 900

WRITE (58,920)L1,A2,L3,S,GMOD, (B(J),J=1,M)

FORMAT(//,15H ITERATION NO.=I5,10X,43H

oy

RIS SR

St DMt 2

s 4" aetnsteE Ll s A

1TRANSFORMATION MADE TO PRINCIPAL AXES = A4,10X, 18H
2BINARY CHOP USED=I3,6H TIMES/1X,27H WEIGHTED SUM OF

910

600

3SQUARES = E14.7,25X,32H SQUARE MODULUS OF GRADIENT =

4T14.7/20H PARAMETERS B(J) =-/(6E17.8)/)
IF (L1 - L4) 200, 910, 910

ILE = 6

GO TO 600

DO 710 J=1,MM

B1(J) = 0.0

DO 710 K=1,MM

710 B2(J,K) = 0.0
I=1
WRITE (58,907)

907

FORMAT (5X,* FUNC(2),720 *)
DO 720 I6 = 1, NN

I=16

CALL FUNC(2)

X(I6)=ERR(I6)**2

DF(I6) = FM(I6) ~ FC(I6)

DO 720 J = 1, MM

B1(J) = B1(J) ~ (2.0%DF(I6)*D1(J))/X(I6)
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DO 720 K = 1, MM
B2(J,K) = B2(J,K) - ((DF(I6)*D2(J,K)

~=D1(J) *D1(K)))/X(16)

WRITE (58,3029)

FORMAT (* I AM LOST IN MANTINV#)

CALL MATINV(B2,M,B1,1,DETERM)

WRITE (58,3029)

DO 730 J=1,MM

IF (B2(J,J)) 2001,2001,2002

B1(J) = =-SQRT(-B2(J,J))

GO TO 730

B1(J)= SQRT(B2(J,J))

CONTINUE

DO 740 J=1,MM

DO 740 K=1,MM

B2 (J,K)=B2(J,K)/(B1(J)*B1(K))

WRITE(58,551)LE,SA

FORMAT (//,13H EXIT NUMBER=I3,20X,25H WEIGHTED SUM OF

1SQUARES=E15.8//)

SSMD = SA

CONTINUE

RETURN

END

SUBROUTINE FUNC(LX)

SUBROUTINE FUNC

DIMENSION DC(5000),B(12,2),D1(12),
D2 (12,12),FC(400),2(400),S(4,4),SIGN(400), HN(400),
ST(4,4,16),FM(400) ,DF(400),DELH(400) ,ERR(400),B1(12),
B2(12,12),SMD(9) ,ACOSZ(400) ,ACOSX(400) ,ACOSY (400),
IBB(400,2),THETA (400),DD(16),GT(6) ,AJ1(400),

AL(400) ,AM(400),AN(400),GGT(3,3),C1(12),

AZ(6) ,AX(6),AY(6) ,GB(6),F2(6),C2(12),C3(12),CK(12),
F4 (12),CC(12) ,AK2(6) ,BB(6)

COMMON/DATA2/DC, ACOSZ,ACOSX, ACOSY, AJ1
COMMON/DATA3/DELH
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EQUIVALENCE (2,DC), (FM,DC(401)), (FC,DC(801)),
(DF,DC(1201)), (ERR,DC(1601)), (HN,DC(2001)),
(THETA,DC(2401) ), (IBB,DC(2801)), (B,DC(4101)),
(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
(L4,DC(4302)), (Q1,DC(4303)), (Q2,DC(4304)),
(M,DC(4305)), (I,DC(4306)), (L,DC(4307)),
(BO,DC(4308)), (SMD,DC(4309)), (SSMD,DC(4320)),
(D1,DC(4321)), (D2,DC(4333)),

(NUMBER, DC(4100) ), (GT,DC(4093))

IF(Z(I).EQ.0.) GO TO 135

BETA=92.732/66252.

BETAN=.00054464 *BETA

RD=3.1415926/180.

FACTOR=92.732/66252.

SB41=SIN(B(4,L))

CB41~COS(B(4,L))

SBSL=SIN(B(5,L))

CB5L=COS(B(5,L))

SB6L=SIN(B(6,L))

CB61=COS(B(6,L))

GGT(1,1)=CB4L

GGT(1,2)=SB4L*SB5L

GGT(1,3)=-SB4L*CB5L

GGT(2,1)=SB6L*SB4L

GGT(2,2)=CB6L*CB5L~CB4L*SBSL*SB6L

GGT (2, 3)=CB6L*SB5L+CB4L*CBSL*SB6L

GGT(3,1)=CB6L*SB4L

GGT(3,2)=-SB6L*CB5SL-CB4L*SB5L*CB6L

GGT(3,3)=~SB6L*SB5L+CB4L*CBSL*CB6L

IF (I.GT.1) GO TO 119

WRITE (58,118)

DO 117 IA=1,3

117 WRITE(58,116) (GGT(IA,IB),IB=1,3)

116 FORMAT (5X,3(F10.6,3X),/)

118 FORMAT (5X, *ELEMENTS OF COMPUTED GGT MATRIX FROM

N =Y R W

EULER
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1 ANGLES ARE=*,//)
119 CONTINUE

AL(TI)=ACOSZ(I)*GGT(1,1)+

1ACOSX(I) *GGT(1,2)+ACOSY (I)*GGT(1,3)
AM(I)=ACOSZ(I)*GGT(2,1)+

1ACOSX(I) *GGT(2,2)+ACOSY (I)*GGT(2,3)

AN (I)=ACOSZ (I)*GGT(3,1)+

1ACOSX(I) *GGT(3,2)+ACOSY (I)*GGT(3,3)
FCI=B(1,L)*AL(I)**2+B(2,L)*AM(I)**2+B(3,L)*AN(I) *+2
ENELSP=2Z (I) *BETA*SQRT (FCI)

BB(1)=B(1,L)*AL(I)**2

BB(3)=B(2,L)*AM(I)*+*2

BB(5)=B(3,L) *AN(I) **2
BB(2)=2.*SQRT(B(1,L)*B(2,L))*AL(I)*AM(I)
BB(4)=2.*SQRT(B(1,L)*B(3,L))*AL(I)*AN(I)
BB(6)=2.*SQRT(B(2,L)*B(3,L))*AM(I)*AN(I)
AEFF2=B(7,L)*BB(1)+B(9,L) *BB(3)+B(11,L) *BB(5)+
1B(8,L)*BB(2)+B(10,L)*BB(4)+B(12,L)*BB(6)
AMI=4.5-AJ1(I)

IF (AEFF2.LT. (0.)) GO TO 109

AEFF=SQRT (AEFF2/FCI)

HYPFEN=AEFF*AMI
CC(7)=B(7,L)**2+B(8,L) **2+B(10, L) **2
CC(8)=B(7,L)*B(8,L)+B(8,L)*B(9,L)+B(10,L)*B(i2,L)
CC(9)=B(8,L)**2+B(9,L) **2+B(12,L) **2
CC(10)=B(7,L)*B(10,L)+B(8,L)*B(12,L)+B(10,L)*B(11,L)
CC(11)=B(10,L)**2+B(12,L) #*2+B(11,L)**2
cC(12)=B(8,L)*B(10,L)+B(9,L)*B(12,L)+B(11,L)*B(12,L)
CKK=CC(7) *BB(1)+CC(9) *BB(3)+CC(11)*BB(5)+CC(8) *BB(2)+
1CC(10) *BB(4)+CC(12) *BB(6)

AKK=SQRT (CKK/AEFF2)

AI=3.5

ATI1=ATI#*(AI+1.)
DELE3=(0.5%(B(7,L)+B(9,L)+B(11,L) ) *(AI1-AMI*#2)—
1AKK#**2# (AI1-3, *AMI*#2) /2 . ~HYPFEN+*2) /(2. *ENELSP)
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FC(I)=ENELSP+HYPFEN+DELE3
ERR (I)=SQRT (FCI) *DELH (I) *FACTOR
ERR(I)=1.
GO TO 136
135 CONTINUE
FC(I)=HN(I)
ERR(I)=1.
136 CONTINUE
IF(LX-1)110,110,120
120 CONTINUE
DO 235 IZ = 1,12
D1(IZ) = 0.0
DO 235 JZ = 1,12
235 D2(IZ,JZ) =0.0
IF(Z(I).EQ.0.) GO TO 110
DDD=.5*AMI/ (FCI*AEFF)
C2 (7)=DDD*BB(1)
C2(8)=DDD*BB(2)
C2 (9)=DDD*BB(3)
C2(10)=DDD*BB(4)
€2 (11)=DDD*BB(5)
C2 (12)=DDD*BB(6)
BETAB=BETA*Z (I)
GZ=SQRT(B(1,L))
GX=SQRT(B(2,L))
GY=SQRT(B(3,L))
AZZ=SQRT(BB(1))
AXX=SQRT (BB(3))
AYY=SQRT(BB(5))
AZ(1)=0.5*%AL(I)/GZ
AZ(2)=AZ(3)=0.
AX(2)=0.5%AM(I)/GX
AX(1)=AX(3)=0.
AY(3)=0.5%AN(I)/GY
AY(1)=AY(2)=0.
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ALL=ACOSX(I)
AMM=ACOSY (I)
ANN=ACOSZ (I)
AZ (4)=GZ* (ALL*CB4L*SB5L-AMM*CB4L*CB5L~ANN*SB4L)
AZ (5)=GZ* (ALL*SB4L*CB5I+AMM*SB4 L*SB5L)
AZ (6)=0.
AX (4)=GX* (ALL*SB4L*SB5L*SB6L-
1AMM*SB4 L*CB5L*SB6L+ANN*CB4 L*SB6L)
AX (5)=GX* (ALL* (~CB6L*SB5L.—~CB4L*CB5SL*SB6L) +
1AMM* (CB6L*CB5L~1CB4L*SB5L*SB6L) )
AX (6)=GX* (ALL* (~SB6L*CB5L~CB4L*SB5L*CB6L) +
1AMM* (-SB6L*SB5L+CB4L*CB5L*CB6L) +ANN*CB6L*SB4L)
AY (4)=GY* (ALL*SB4L*SB5L*CB6L-
1AMM*SB4 L*CB5L*CB6L+ANN*CB6L*CB5L)
AY (5)=GY* (ALL* (SB6L*SBSL~CB4L*CB5L*CB6L) +
1AMM* (-SB6L*CB5L~1CB4L*SBSL*CB6L) )
AY (6)=GY* (ALL* (~CB6L*CB5L+CB4L*SB5L*SB6L) +
1AMM* (~CB6L*S35L-CB4L*CB5L*SB6L) ~ANN*SB6L*SB4L)
DO 910 IA=1,6
GB (IA)=(AZZ*AZ (IA)+AXX*AX (IA)+AYY*AY (IA))+*BETAB/ENELSP
IA1=IA+6
C1 (IAl)=0.
910 C1 (IA)=BETAB*GB(IA)
c C1(IA) ARE DERIVATIVES OF ENELSP
AXX=SQRT (BB(3))
AYY=SQRT (BB(5) )
AZZ=SQRT (BB (1))
F2(1)=2.*AZ (1) *(AZZ*B(7,L)+AXX*B(8,L)+AYY*B(10,L))
F2(2)=2.%AX(2)* (AZZ*B(8,L)+AXX*B(9,L)+AYY*B(12,L))
F2 (3)=2.%*AY(3) * (AZZ#*B(10,L) +AXX*B(12,L)+AYY*B(11,L))
DO 915 IA=4,6
F2 (IA)=2.* (AXX*AX (IA)*B(9,L)+AYY*AY (IA)*B(11,L)+
1AZZ*AZ(IA) *B(7,L)+ (AXX*AY (IA)+AYY*AX (IA))*B(12,L)+
2 (AXX*AZ (IA) +AZZ#*AX (IA)) *B(8,L)+
3 (AYY*AZ (IA) +AZZ*AY (IA) ) *B(10,L))

.
b
f
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915 CONTINUE
F4 (1)=2.%AZ (1) * (AZZ*CC(7)+AXX*CC(8)+AYY*CC(10))
F4 (2)=2.*AX(2)* (AZZ*CC(8)+AXX*CC(9)+AYY*CC(12))
F4 (3)=2.%AY(3)* (AZZ*CC(10)+AXX*CC(12)+AYY*CC(11))
DO 920 IA=4,6
F4 (IA)=2.% (AXX*AX(IA) *CC(9)+AYY*AY (IA)*CC(11)+
1AZZ*AZ (IA) *CC(7)+
2 (AXX*AY (IA)+AYY*AX (IA) ) *CC(12) +
3 (AXX*AZ (IA)+AZZ*AX (IA) ) *CC(8) +
4 (AYY*AZ (IA)+AZZ*AY (IA) ) *CC(10))
920 CONTINUE
DO 925 IA=1,6
925 C2(IA)=(-BETAB*HYPFEN*GB(IA)/ENELSP+
1(BETAB*%2) *F2 (IA) /(2. * (ENELSP#%*2) *HYPFEN) ) *AMI
C2(IA) ARE DERIVATIVES OF HYPFEN
DO 927 IA=1,6
IA1=IA+1
927 C2(IAl)=(AMI**2)*BB(IA)/(0.5*FCI*HYPFEN)
DO 930 IA=1,6
930 AK2 (IA)=( (BETAB*AMI/ (ENELSP*HYPFEN))*#*2)*(F4 (IA)-
1(2.*CCK/ (ENELSP*HYPFEN) ) * (C1 (IA) *HYPFEN+
2ENELSP*C2 (IA)))
DO 935 IA=1,6
935 C3 (IA)=(ENELSP*(~0.5% (AI1-3.* (AMI**2))*AK2(IA)-
1 2.*HYPFEN*C2(IA))-
2(0.5%(B(7,L)+B(9,L)+B(11,L)) * (AI1~(AMI**2))-
3 0.5%(AKK**2) % (AI1=3, % (AMI**2))~
4 HYPFEN*#2)%C1(IA))/(2.%(ENELSP**2))
C3(IA) ARE DERIVATIVES OF DELE3
F4 (7)=2.%BB(1)*B(7,L)+BB(2)*B(8,L)+BB(4)*B(10,L)
F4(8)=2.*(BB(1)+BB(3))*B(8,L)+BB(2)*(B(7,L)+B(9,L))+
1BB(4)*B(12,L)+BB(6)*B(10,L)
F4(9)=2.*BB(3)*B(9,L)+BB(2)*B(8,L)+BB(6)*B(12,L)
F4(10)=2.%(BB(1)+BB(5))*B(10,L)+
1BB(4)*(B(7,L)+B(11,L))+
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2BB(2)*B(12,L)+BB(6)*B(8,L)
F4(11)=2.+*BB(5)*B(11,L)+BB(4)*B(10,L)+BB(6)*B(12,L)
F4(12)=2.*(BB(3)+BB(5))*B(12,L)+
1BB(6)*(B(9,L)+B(11,L))+
2BB(2)*B(10,L)+BB(4) *B(8,L)
DO 1237 IA=7,12
1237 CK(IA)=~AKK*C2(IA)/(AEFF*AMI)+
1F4 (IA)/ (2.*FCI* (AEFF**2) *AKK)
DO 1236 IA=7,12
ATIA=O0.
IF (IA.EQ.7.0R.IA.EQ.9.0R.IA.EQ.11) AIA=1.
1236 C3(IA)=(AKK*CK(IA)* (3.*AMI%**2-
1 AI1)+0.5%(AT1-AMI##2)*ATA-
2 2.*HYPFEN*C2(IA))/(2.*ENELSP)
DO 1235 IA=1,12
123" D1(IA)=C1(IA)+C2(IA)+C3(IA)
GO TO 110
109 WRITE(58,108) I
108 FORMAT(5X,*NEG AEFF2 FOR I=*,6I3)
FC(I)=FM(I)
DO 197 JJ=1,12
197 D1(5J)=0.
110 CONTINUE
RETURN
END

SUBROUTINE EULER(GGT,THETA,PHI,PSI)
SUBROUTINE EULER
THIS PROGRAMME CALCUIATES THE EULER ANGLES THETA, PHI
AND PSI FROM THE DIRECTION COSINES OF G-SQUARE
DIAGONAL MATRIX.
DIMENSION GGT(3,3),TPS(4,4,4),AMTRX(9),
1 BMTRX(64,9),A(64),B(64),
2 C(64),IA(64),IB(64),1C(64),ABSMT(9)
AMTRX (1)=GGT(1,1)
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AMTRX (2) =GGT(1,2)
AMTRX (3) =GGT(1,3)
AMTRX (4) =GGT(2,1)
AMTRX (5) =GGT(2,2)
AMTRX (6) =GGT(2,3)
AMTRX(7)=GGT(3,1)
AMTRX (8) =GGT(3,2)
AMTRX (9) =GGT(3,3)

DO 50 I=1,9

ABSMT (I)=AMTRX(I) /ABS (AMTRX(I))
ATHETA=ACOS (ABS (AMTRX(1) ) )
APHI=ATAN (ABS (AMTRX(2) /AMTRX(3) ) )
APSI=ATAN (ABS (AMTRX (4) /AMTRX(7) ) )
API=3.141592654

DO 5 Il=1,4

DO 5 I2=1,4

DO 5 I3=1,4
TIK=I3+(I2-1)*4+ (I1-1) *16

IF (I1.EQ.1.) THETA=ATHETA

IF (I2.EQ.1.) PHI=APHI

IF (I3.EQ.1.) PSI=APSI

IF (I1.EQ.2) THETA=API-ATHETA

IF (I1.EQ.3) THETA=API+ATHETA

IF (I1.EQ.4) THETA=2.*API-ATHETA
IF (I2.EQ.2) PHI=API-APHI

IF (I2.EQ.3) PHI=API+APHI

IF (I2.EQ.4) PHI=2.*API-APHI

IF (I3.EQ.2) PSI=API-APSI

IF (I3.EQ.3) PSI=API+APSI

IF (I3.EQ.4) PSI=2.*API-APSI
BMTRX (IJK, 1) =COS (THETA)

BMTRX (IJK, 2)=SIN (THETA) *SIN(PHI)
BMTRX (IJK, 3)=-SIN(THETA) *COS (PHI)
BMTRX (IJK, 4)=SIN (THETA) *SIN(PSI)
BMTRX (IJK, 5)=COS (PHI) *COS (PSI)
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1-COS (THETA) *SIN (PHI) *SIN (PSI)
BMTRX (IJK, 6) =SIN (PHI) *#COS (PSI)
1+COS (THETA) *COS (PHI) #SIN (PSI)
BMTRX (IJK,7)=SIN(THETA) *COS (PSI)
BMTRX (IJK, 8) =-COS (PHI) *SIN (PSI)
1~COS (THETA) *SIN (PHI) *COS (PSI)
BMTRX (IJK, 9)==-SIN (PHI)*SIN (PSI)
1+COS (THETA) *COS (PHI) *COS (PSI)
DO 100 I=1,9
100 BMTRX(IJK,I)=BMTRX(IJK,I)/ABS(BMTRX(IJK,I))
IA (IJK) =11
IB(IJK)=1I2
IC(IJK)=I3
WRITE(58,60) IJK,IA(IJK),IB(IJK),IC(IJK),BMTRX(IJK,1),
1BMTRX (IJK, 2) , BATRX (IJK, 3) , BMTRX (IJK, 4) , BMTRX (IJK, 5) ,
2BMTRX (IJK, 6) , BATRX (IJK,7) , BATRX (IJK, 8) , BMTRX (IJK, 9)
60 FORMAT (5X,4(I3,2X),9(F8.2,1X),/)
5 CONTINUE
DO 25 IJK=1,64
ACOS2=0.
DO 10 ITI=1,9
10 ACOS2=ACOS2+ (BMTRX (IJK,II)=-ABSMT (II)) **2
WRITE(58,55) ACOS2,IA(IJK),IB(IJK),IC(IJK)
55 FORMAT (5X,*ACOS2=*,E10.4,3X,
1*IA=*,I2,3X,*IB=+*,12,3X,*IC=+*,12,/)
IF (ACOS2.GT.(0.01)) GO TO 15
WRITE(58,35) IJK, IA(IJK),IB(IJK),IC(IJK)
I1=IA(IJK)
I2=IB(IJK)
I3=IC(IJK)
I4=1JK
15 CONTINUE
25 CONTINUE
35 FORMAT(2X,*IJK=*,I4,2X,*IA=+*,
1I4,2X,*IB=+*,14,2X,*IC=*,1I4,/)
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40 FORMAT (2X, *THETA=+*,F10.4,2X,
1*PHI=*,F10.4,2X,*PSI=*,F10.4,2X,
2*DTAETA=*,F10.4,2X, *DPHI=+*,F10.4,2X, *DPSI=*,F10.4)

IF (I1.EQ.1) THETA=ATHETA

IF (I2.EQ.1) PHI=APHI

IF (I3.EQ.1) PSI=APSI

IF (I1.EQ.2) THETA=API-ATHETA

IF (I1.EQ.3) THETA=API+ATHETA

IF (I1.EQ.4) THETA=2.*API-ATHETA
IF (I2.EQ.2) PHI=API-APHI

IF (I2.EQ.3) PHI=API+APHI

IF (I2.EQ.4) PHI=2,*API-APHI

IF (I3.EQ.2) PSI=API-APSI

IF (I3.EQ.3) PSI=API+APSI

IF (I3.EQ.4) PSI=2.*API-APSI
DTHETA=180. *THETA/API
DPHi=180.*PHI/API
DPSI=180.*PSI/API

WRITE(58,40) THETA,PHI,PSI,DTHETA,DPHI,DPSI
RETURN

END

SUBROUTINE EXAM(A,B,M,LF)
SUBROUTINE EXAM
DIMENSION A(12,12),B(12),C(12)
DO 80 J=1,M

80 C(J)=A(J,J)
IF(A(1,1)) 60,200,70

60 A(1,1) =-SQRT(-A(1,1))
GO TO 300

70 A(1,1) =SQRT(A(1,1))
GO TO 100

100 IF(M-1) 400,400,110

110 DO 115 K=2,M

115 A(1,K)=A(1,K)/(A(1,1)
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50

40

130
135

145
120
400

405

415
410
420

435
425

430

DO 120 J=2,M

J1=J-1

S=A(J,J)

DO 125 I=1,J1
S=S-A(L,J) **2

IF (S) 50,200,40

A(J,J) ==-SQRT(-S)
GO TO 300

A(J,J) =SQRT(S)
GO TO 130
IF(J-M)135,400,400

J2=J+1

DO 120 K=J2,M
S=A(J,K)

DO 145 L=1,J1
=S-A(L,J) *A(L,K)

A(J,K)=S/A(J,5)
B(1)=B(1)/A(1,1)
IF(M~1)420,420,405
DO 410 J=2,M
S=B(J)

J1=J-1

DO 415 I=1,J1
S=S-A(L,J) *B(L)
B(J)=S/A(J,J)
B(M)=B(M) /A(M,M)

J=M-1

IF(J) 450,450,425
S=B(J)

J2=J+1

DO 430 L=J2,M
S=S-A(J,L) *B(L)
B(J)=S/A(J,J)
J=J-1

GO TO 435
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LF=1

GO TO 460
LF=0

GO TO 460
LF=-1

DO 465 J=1,M
A(J,J)=C(J)
IF(J-M)470,475,475
J2=3+1

DO 465 K=J2,M
A(J,K)=A(K,J)
RETURN

END

SUBROUTINE MATINV(A,N,B,M, DETERM)
SUBROUTINE MATINV

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS

DIMENSION IPIVOT(12),A(12,12),
1B(12,1),INDEX(12,2),PIVOT(12)
EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX,T,SWAP)
DETERM=1.0

DO 20 J=1,N

IPIVOT(J)=0

DO 550 I=1,N

AMAX=0.0

DO 105 J=1,N

IF (IPIVOT (J)~-1) 60,105, 60

DO 100 K=1,N

IF (IPIVOT (K)-1)80,100,740

IF (ABS (AMAX)-ABS (A(J,K)))85,100,100
IROW=J

ICOLUM=K

AMAX=A(J,K)

CONTINUE
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CONTINUE
IPIVOT (ICOLUM)=IPIVOT (ICOLUM) +1
IF (IROW-ICOLUM) 140,260,140
DETERM=-DETERM

DO 200 L=1,N

SWAP=A (IROW, L)
A(IROW,L)=A(ICOLUM, L)

A(ICOLUM, L)=SWAP

IF (M) 260,260,210

DO 250 L=1,M

SWAP=B (IROW, L)
B(IROW,L)=B(ICOLUM,L)
B(ICOLUM, L) =SWAP

INDEX (I,1)=IROW

INDEX (I,2)=ICOLUM

PIVOT (I)=A (ICOLUM, ICOLUM)
DETERM=DETERM*PIVOT (I)
A(ICOLUM, ICOLUM)=1.0

DO 350 L=1,N
A(ICOLUM,L)=A(ICOLUM,L)/PIVOT (I)
IF(M) 380,380,360

DO 370 I=1,M

B(ICOLUM, L)=B(ICOLUM, L) /PIVOT (I)
DO 550 L1=1,N

IF (L1-ICOLUM)400,550,400
T=A(L1,ICOLUM)

A(L1, ICOLUM)=0.0

DO 450 I=1,N
A(Ll,L)=A(L1,L)-A(ICOLUM,L)*T
IF(M) 550,550,460

DO 500 I=1,M
B(L1,L)=B(L1,L)~-B(ICOLUM,L)*T
CONTINUE

DO 710 I=1,N

L=N+1-I
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IF (INDEX(L, 1) -INDEX(L,2))630,710,630
JROW=INDEX(L, 1)
JCOLUM=INDEX (L, 2)

DO 705 K=1,N
SWAP=A (K, JROW)

A (K, JROW) =A (K, JCOLUM)
A(K,JCOLUM) =SWAP
CONTINUE

CONTINUE

RETURN

END

SUBROUTINE JACOBI4 (N,Q,JVEC,M,V)
SUBPROGRAM FOR DIAGONALIZATION OF MATRIX Q BY
SUCCESSIVE ROTATIONS
DIMENSION Q(12,12),V(12,12),X(12),IH(12)
FORMAT (2E15.5,//)

NEXT 8 STATEMENTS FOR SETTING INITIAL VALUES OF MATRIX V

10

11

12
14
15

IF(JVEC) 10,15,10

DO 14 I=1,N

DO 14 J=1,N

IF(I-J) 12,11,12

V(I,J)=1.0

GO TO 14

V(I,J)=0.

CONTINUE

M=0

NEXT 8 STATEMENTS SCAN FOR LARGEST OFF DIAG. ELEM. 1IN
EACH ROW

X(I) CONTAINS LARGEST ELEMENT IN ITH RCW

IH(I) HOLDS SECOND SUBSCRIPT DEFINING POSITION OF
ELEMENT

MI=N-1

DO 30 I=1,MI

X(I)=0.
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MJI=I+1

DO 30 J=MJ,N

IF (X(I)-ABS (Q(I,J))) 20,20,30
20 X(I)=ABS (Q(I,J))

IH(I)=J
30 CONTINUE
c NEXT 7 STATEMENTS FIND FOR MAXIMUM OF X(I)S FOR PIVOT
c ELEMENT

40 DO 70 I=1,MI
IF(I-1) 60,60,45
45 IF (XMAX-X(I)) 60,70,70
60 XMAX=X(I)
IP=I
JP=IH(I)
70 CONTINUE
c NEXT 2 STATEMENTS TEST FOR XMAX,IF LESS THAN 10%*-8,GO
c TO 1000
EPSI=1.E~-12
IF (XMAX-EPSI) 1000,1000,148
148 M=M+1
c NEXT 11 STATEMENTS FOR COMPUTING
c TANG, SINE,COSN,Q(I,I),Q(J,J)
IF (Q(IP,IP)-Q(JP,JP)) 150,151,151
150 TANG =-2.*Q(IP,JP)/ (ABS(Q(IP,IP)-
1Q(JP,JP) ) +8QRT ((Q(IP, IP)-Q(JP,JP)
2) *%2+4 . *Q(IP,JP) **2) )
GO TO 160
151 TANG =+2.*Q(IP,JP)/ (ABS(Q(IP,IP)~
1Q(JP,JP) ) +SQRT ( (Q(IP, IP)-Q(JP,JP)
2) **%2+4 . *Q(IP,JP) **2))
160 COSN=1.0/SQRT (1.0+TANG**2)
SINE=TANG*COSN
QII= Q(IP,IP)
Q(IP,IP)=
1COSN**2% (QII+TANG* (2. *Q(IP,JP)+TANG*Q (JP,JP)))
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Q(JP,JP)=
1COSN#*#2* (Q (JP,JP) ~TANG* (2. *Q (IP,JP) -TANG*QII))
Q(IP,JP)=0.
NEXT 4 STATEMENTS FOR PSEUDO RANK OF THE E1GENVALUES
IF (Q(IP,IP)-Q(JP,JP)) 152,153,153
TEMP=Q(IP, IP)
Q(IP,IP)=Q(JP,JP)
Q(JP,JP)=TEMP
NEXT 6 STATEMENTS ADJUST SIN,COS FOR COMPUTATION OF
Q(I,K),V(I,K)
IF (SINE) 154,155,155
TEMP=+COSN
GO TO 170
TEMP=-COSN
COSN=ABS (SINE)
SINE=TEMP
NEXT 10 STATEMENTS FOR INSPECTING TS8E IHS BETWEEN I+1
AND N-1 TO DETERMINE WHETHER A NEW MAXIMUM VALUE
SHOULD BE COMPUTED SINCE THE PRESENT MAXIMUM IS IN THE
I OR J ROW
DO 350 I=1,MI
IF (I-IP) 210,350,200
IF (I-JP) 210,350,210
IF (IH(I)-IP) 230,240,230
IF (IH(I)-JP) 350,240,350
K= TIH(I)
TEMP=Q(I, K)
Q(I,K)=0.
=T+1
X(I)=0.
NEXT 5 STATEMENTS SEARCH IN DEPLETED ROW FOR NEW
MAXIMUM
DO 320 J=MJ,N
IF (X(I)-ABS(Q(I,J))) 300,300,320
X(I)=ABS (Q(I,J))
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IH(I)=J

320 CONTINUE

350

Q(I,K)=TEMP
CONTINUE
X(IP)=0.
X(JIP)=0.

NEXT 30 STATEMENTS FOR CHANGING THE OTHER ELEMENTS

370

380

390

400

420

430

440

450

480

490

500

510

DO 530 I=1,N

IF (I-IP) 370,530,420

TEMP=Q(I,IP)
Q(I,IP)=COSN*TEMP+SINE*Q(I,JP)

IF (X(I)=-ABS(Q(I,IP))) 380,390,390
X(I)=ABS(Q(I,IP))

IH(I)=IP
Q(I,JP)=-SINE*TEMP+COSN*Q(I,JP)

IF (X(I)-ABS(Q(I,JP))) 400,530,530
X(I)=ABS(Q(I,JP))

IH(I)=JP

GO TO 530

IF (I-JP) 430,530,480

TEMP=Q(IP,I)
Q(IP,I)=COSN*TEMP+SINE*Q(I,JP)

IF (X(IP)-ABS(Q(IP,I))) 440,450,450
X(IP)=ABS(Q(IP,I))

IH(IP)=I
Q(I,JP)=~SINE*TEMP+COSN*Q(I,JP)

IF (X(I)-2ABS{Q(I,JP))) 400,530,530
TEMP=Q(IP,I)
Q(IP,I)=COSN*TEMP+SINE*Q(JP, I)
IF(X(IP)-ABS(Q(IP,I))) 490,500,500
X(IP)=ABS(Q(IP,I))

IH(IP)=I
Q(JP,I)=-SINE*TEMP+COSN#*Q(JP, I)

IF (X(JP)-ABS(Q(JP,I))) 510,530,530
X(JP)=ABS (Q(JP,I))

OF Q
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IH(JP) =1

CONTINUE

NEXT 6 STATEMENTS TEST FOR COMPUTATION OF E1GENVECTORS
IF (JVEC) 540,40,540

DO 550 I=1,N

TEMP=V (I,IP)

V(I,IP)= COSN*TEMP+SINE*V(I,JP)
V(I,JP)=-SINE*TEMP+COSN*V (I,JP)
GO TO 40

AAM=FLOAT (M)

WRITE (58,13) EPSI,AAM

RETURN

END

SUBROUTINE JACOBI3 (N,Q,JVEC,M,V)

SUBPROGRAM FOR DIAGONALIZATION OF MATRIX Q  BY
SUCCESSIVE ROTATIONS

DIMENSION Q(3,3),V(3,3),X(3),IH(3)

FORMAT (2Ei5.5)

NEXT 8 STATEMENTS FOR SETTING INITIAL VALUES OF MATRIX V

10

11

12
14
15

IF (JVEC) 10,15,10

DO 14 I=1,N

DO 14 J=1,N

IF(I-J) 12,11,12

V(I,J)=1.0

GO TO 14

V(I,J)=0.

CONTINUE

M=0

NEXT 8 STATEMENTS SCAN FOR LARGEST OFF DIAG. ELEM. IN
EACH ROW X(I) CONTAINS LARGEST ELEMENT IN ITH ROW
IH(I) HOIDS SECOND SUBSCRIPT DEFINING FPOSITION OF
ELEMENT

MI=N-1

DO 30 I=1,MI
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X(I)=0.
MI=I+1
DO 30 J=MJ,N
IF (X(I)-ABS (Q(I,J))) 20,20,30
20 X(I)=ABS (Q(I,J))
IH(I)=J
30 CONTINUE
NEXT 7 STATEMENTS FIND FOR MAXIMUM OF X(I)S FOR PIVOT
ELEMENT
40 DO 70 I=1,MI
IF(I-1) 60,60,45
45 IF (XMAX-X(I)) 60,70,70
60 XMAX=X (I)
1P=1
JP=IH(I)
70 CONTINUE
NEXT 2 STATEMENTS TEST FOR XMAX,IF LESS THAN 10**-8,GO
TO 1000
EPSI=1.E-12
IF (XMAX-EPSI) 1000,1000,148
148 M=M+1
NEXT 11  STATEMENTS FOR  COMPUTING
TANG, SINE, COSN,Q(I,I),Q(J,J)
IF (Q(IP,IP)-Q(JP,JP)) 150,151,151
150 TANG =-2.*Q(IP,JP)/(ABS(Q(IP,IP)-Q(JP,JP))+
1 SQRT((Q(IP,IP)=-Q(JP,JP))**2+4.%Q(IP,JP)**2))
GO TO 160
151 TANG =+2.*Q(IP,JP)/(ABS(Q(IP,IP)-Q(JP,JP))+
1SQRT( (Q(IP, IP)-Q(JP,JP)
1) **2+4 . *Q(IP,JP) **2))
160 COSN=1.0/SQRT(1.0+TANG**2)
SINE=TANG*COSN
QII= Q(IP,IP)
Q(IP,IP)=
1COSN*#2% (QTI+TANG* (2.*Q(IP,JP)+TANG*Q(JP,JP)))
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Q(JP,JP)=
1COSN**2% (Q(JP,JP) -TANG* (2.*Q(IP,JP)~-TANG*QII))
Q(IP,JP)=0.

NEXT 4 STATEMENTS FOR PSEUDO RANK OF THE E1GENVALUES
IF (Q(IP,IP)-Q(JP,JP)) 152,153,153

TEMP=Q (IP, IP)

Q(IP,IP)=Q(JP,JP)

Q(JP,JP) =TEMP

NEXT 6 STATEMENTS ADJUST SIN,COS FOR COMPUTATION OF
Q(I,K),V(I,K)

IF (SINE) 154,155,155

TEMP=+COSN

GO TO 170

TEMP=-COSN

COSN=ABS (SINE)

SINE=TEMP

NEXT 10 STATEMENTS FOR INSPECTING T8E IHS BETWEEN I+1
AND N-1 TO DETERMINE WHETHER A NEW MAXIMUM VALUE
SHOULD BE COMPUTED SINCE THE PRESENT MAXIMUM IS IN THE
I OR J ROW

DO 350 I=1,MI

IF (I-IP) 210,350,200

IF (I-JP) 210,350,210

IF (IH(I)-IP) 230,240,230

IF (IH(I)-JP) 350,240,350

K= IH(I)

TEMP=Q(I,K)

Q(I,K)=0.

MI=I+1

X(I)=0.

NEXT 5 STATEMENTS SEARCH IN DEPLETED ROW FOR NEW
MAXIMUM

DO 320 J=MJ,N

IF (X(I)=-ABS(Q(I,J))) 300,300,320

X(I)=ABS(Q(I,J))




315

IH(I)=J
320 CONTINUE
Q(I,K)=TEMP
350 CONTINUE
X (IP)=0.
X(JP)=0.
NEXT 30 STATEMENTS FOR CHANGING THE OTHER ELEMENTS OF Q
DO 530 I=1,N
IF (I-IP) 370,530,420
370 TEMP=Q(I,IP)
Q(I,IP)=COSN*TEMP+SINE*Q(I,JP)
IF (X(I)=-ABS(Q(I,IP))) 380,390,390
380 X(I)=ABS(Q(I,IP))
IH(I)=IP
390 Q(I,JP)=-SINE*TEMP+COSN*Q(I,JP)
IF (X(I)-ABS(Q(I,JP))) 400,530,530
400 X(I)=ABS(Q(I,JP))
IH(I)=JP
GO TO 530
420 IF (I-JP) 430,530,480
430 TEMP=Q(IP,I)
Q(IP,I)=COSN*TEMP+SINE+Q(I,JP)
IF (X(IP)-ABS(Q(IP,I))) 440,450,450
440 X(IP)=ABS(Q(IP,I))
IH(IP)=1
450 Q(I,JP)=-SINE*TEMP+COSN*Q(I,JP)
IF (X(I)-ABS(Q(I,JP))) 400,530,530
480 TEMP=Q(IP,I)
Q(IP,I)=COSN*TEMP+SINE*Q(JP,I)
IF (X(IP)-ABS(Q(IP,I))) 490,500,500
490 X(IP)=ABS(Q(IP,I))
IH(IP)=I
500 Q(JP,I)=-SINE*TEMP+COSN*Q(JP,I)
IF (X(JP)-ABS(Q(JP,I))) 510,530,530
510 X(JP)=ABS(Q(JP,I))
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IH(JP)=I
CONTINUE
NEXT 6 STATEMENTS TEST FOR COMPUTATION OF E1GENVECTORS
IF (JVEC) 540,40,540
DO 550 I=1,N
TEMP=V (I, IP)
V(I,IP)= COSN*TEMP+SINE*V(I,JP)
V(I,JP)=~SINE*TEMP+COSN*V(I,JP)
GO TO 40
=FLOAT (M)
WRITE (58,13) EPSI,AAM
RETURN
END
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PROGRAM CU (INPUT,OUTPUT,TAPE5S=INPUT, TAPES58=0UTPUT)
THIS PROGRAM ANALYSES EPR DATA WITH NUCLEAR HYPERFINE
LINES WITH ELECTRON SPIN S=1/2 AND NUCLEAR SPIN I=3/2
FOR SIGLE CRYSTAL/CU2+. IT FITS BOTH G-SQUARE AND
A-SQUARE TENSOR ELEMENTS (12 PARAMETERS) = SECOND
ORDER PERTURBATION.

M =NO. OF PARAMETERS

L4 =NO. OF ITERATIONS ALLOWED

Q1 =MIN. VALUE OF SUM OF SQUARES FOR FITS (CHI-SQUARE
TOLERANCE)

Z (I)=MAGNETIC FIELD VALUES FOR FITS

B =PARAMETER MATRIX

N =NO. OF DATA POINTS USED IN LEAST-SQARES FITTING
Q1 =N/10

Q2 =TOLERANCE ON GRAD(CHI**2) =APPROX .01

FM(I) = MEASURED VALUES

FC(I) = CALCULATED VALUES

ERR(I)= STANDARD DEVIATION ON FM(I) = SQRT (FM(I))

DIMENSIONS OF A,B IN EXAM AND MATINV SUBROUTINES

SHOULD BE THE SAME AS THOSE OF B2,Bl1 RESPECTIVELY IN

THE MAIN PROOGRAM AND IN CURFIT
ENTER TEETA IN DEGREES
DIMENSIONS OF Q,V IN JACOBI1 SHOULD BE THE SAME AS
THOSE OF B3,B2 RESPECTIVELY IN CURFIT
PARAMETERS=I.GT IS G#*#*2-TENSOR(G**22Z,
G**2ZX,G**2XX,G**2ZY,G**2YY,G**2XY)

GGT(J,NUMBER) REPRESENTS G-SQUARE TENSOR.

II. (B(I),I=1,6)=AZ2Z,AZX,AXX,AZY,AYY,AXY

A=A-SQUARE TENSOR ABOVE

DELANG(I,J),J=1,2,3 ARE ANGLE CORRECTIONS FOR ZX,ZY,XY
PLANES AS DETERMINED BY "KRDBLT" FOR VARIOUS CASES.
NUMBER=INDEX THAT CHANGES WITH EACH NEW CASE IS VALUE
SHOULD BE THAT OF THE FIRST CASE CONSIDERED.
NCASES=NO. OF LAST CASE CONSIDERED. ITS VALUE SHOULD
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BE ENTERED.
N1(J1,NUMBER)=NO.OF LINES(FOR VARIOUS ORIENTATIONS)
FOR J1 HYPERFINE LINE OF CASE NO.=NUMBER
2% (J,K,L)=LINE POSITIONS,J=WHICH ONE OF K=HYPERFINE
LINE OF CASE NO.=L
DIMENSION Z(400),FM(400),FC(400),DF(400),ERR(400),
1B(12),B1(12),B2(12,12),DC(5000) ,ABC(2),Y(4) ,HN(400),
2G(8,12),GG(6,8),SMD(9) ,AAA(3,3),QQQ(3,3),AAV(3,3),
3QQV(3,3),IBB(400,2),THETA(400),D1(12),D2(12,12),
4HHN(3,8) ,AADD(3,8) ,FFACTR(3,8),TEETA(100,4,8),
52%(100,4,8) ,NN(8) ,N1(4,8),ACOSZ (400) ,ACOSX(400),
6ACOSY (400) , DELANG (8, 3) ,AJ1(400) ,GGT(3,3),
7GGTT(8,3,3) ,DELHH (400,8) ,DELH(400) ,A4 (3)
COMMON/DATA1/ABC, Y
COMMON/DATA2/DC,ACOSZ, ACOSX,ACOSY,AJ1
COMMON/DATA3/DELH
EQUIVALENCE (Z,DC), (FM,DC(401)), (FC,DC(801)),
1(DF,DC(1201)), (ERR,DC(1601)), (HN,DC(2001)),
1 (THETA,DC(2401)), (IBB,DC(2801)), (B,DC(4101)),
2(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
3(L4,DC(4302)),(Q1,DC(4303)), (Q2,DC(4304)),
4(M,DC(4305)), (I,DC(4306)), (L,DC(4307)),
4 (BO,DC(4308)), (SMD,DC(4309)),
5 (SSMD,DC(4320)), (D1,DC(4321)), (D2,DC(4333)),
6 (NUMBER,DC(4100)), (GT,DC(4093))
DATA (HHN(J,1),J=1,3)/9.5325,9.5400,9.5400/
DATA (FFACTR(J,1) ,J=1,3)/2.6328243,2.636795,2.636795/
DATA (AADD(J,1),J=1,3)/2500.,2500.,2500./
DATA(G(1,J),J=1,3)/5.72122,4.80753,4.00318/
DATA(G(1,J),J=7,12)/ 0.1352,0.000589,0.0586,
1 -0.00114844,-0.05544440,~0.00339278/
DATA (DELANG(1,J) ,J=1,3)/0.5,2.4,0.0/
DATA (GGTT(1,1,J),J=1,3)/0.451027,0.200998,0.869583/
DATA (GGTT(1,2,J) ,J=1,3)/-0.648625,0.743082,0.164664/
DATA (GGTT(1,3,J) ,J=1,3)/~0.613075,-0.638301,0.465522/
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DATA(N1(J,1),J=1,4)/4%45/
DATA (DELHH(J,1) ,J=1,180)/180%5.0/
DATA(2Z(J,1,1),J=1,15)/

1 200.5,202.5,205.5,208.0,211.0,
2 214.0,220.0,227.0,234.0,240.5,

248.5,255.0,261.5,268.0,282.5/
DATA(ZZ(J,2,1) ,J=1,15)/

1 227.5,229.5,232.0,234.0,236.5,
2 239.0,243.0,249.0,254.5,257.0,
3 263.0,269.0,275.0,281.0,282.0/

DATA(2Z (J,3,1),0=1,15)/

1 253.5,255.0,257.0,258.5,260.5,
2 262.0,265.5,269.5,273.0,276.0,
3 280.0,282.5,286.5,291.0,290.0/

DATA(2ZZ(J,4,1),J=1,15)/
278.5,279.5,281.0,282.0,283.0,

2 283.5,285.0,287.5,289.5,290.0,
3 293.0,293.0,293.5,291.0,290.0/

DATA(TEETA(J,1,1),J=1,15)/

1 354.,356.,358.,360., 2., 4., 8.,

24., 28., 32., 36., 40./
DATA(ZZ(J,1,1),3=16,30)/
213.5,207.0,199.0,185.5,172.0,

2 159.0,145.5,133.5,118.5,111.5,

96.5, 88.0, 82.5, 79.0, 76.5/
DATA(2Z(J,2,1),J=16,30)/
238.5,232.5,226.0,214.5,203.0,

2 190.5,181.5,169.5,158.5,149.0,

135.0,127.0,124.5,120.0,117.5/
DATA(22(J,3,1),J=16,30)/
262.0,257.5,252.5,242.5,233.0,

2 223.0,213.5,203.5,197.0,187.5,

173.0,168.5,165.0,161.5,160.5/
DATA (22 (J,4,1) ,J=16,30)/
284.0,281.0,278.0,271.5,262.5,

12.,16.,20.,
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2 254.5,246.5,238.5,231.0,224.5,
3 214.0,208.0,204.5,201.5,198.0/
DATA (TEETA(J,1,1),J3=16,30)/
1 -358.,-360.,-2.,-6.,-10.,-14.,-18.,-22.,-26.,-30.,
2 -38.,-42.,-46.,-50.,~54./
DATA (22 (J,1,1) ,J3=31,45)/
1 110.5,113.5,115.0,117.5,124.5,
2 134.5,144.5,155.5,167.0,178.5,
3 190.5,203.0,215.0,227.5,239.5/
DATA(2Z(J,2,1) ,J3=31,45)/
1 149.5,152.0,153.5,156.0,161.5,
2 170.5,179.5,189.0,199.0,208.0,
3 218.5,228.5,240.0,254.0,262.5/
DATA(2Z(J,3,1),J=31,45)/
1 187.0,189.0,191.5,192.0,198.0,
2 205.5,213.0,221.5,229.0,238.0,
3 246.5,255.0,263.0,272.0,278.0/
DATA(ZZ(J,4,1),J=31,45)/
1 224.5,226.5,228.0,228.5,233.5,
2 240.0,246.5,253.5,260.0,265.5,
3 272.5,280.5,282.5,291.5,292.5/
DATA (TEETA(J,1,1),J=31,45)/
1 9267.,9269.,9270.,9271.,9275.,9279.,9283.,9287.,
2 9291.,9295.,9299.,9303.,9307.,9311.,9315./
188 FORMAT (1H1)
8 FORMAT(1X,4HQ1 = ,E13.5,5X,4HQ2 = ,E13.5)
137 FORMAT (3X,I2,5X,E16.6/)
136 FORMAT(10X,19H INITIAL
1PARAMETERS//3X,1HJ, 10X, 4HB(J)//)
135 FORMAT(1X,11H PARAMETERS
1//3X,1HJ, 10X, 4HB(J), 27X, 6HERRORS//)
9 FORMAT(2X,4H HN= ,F9.4)
140 FORMAT(3X,I2,5X,E16.6,15X,E16.6/)
138 FORMAT(5X,14H CASE NUMBER =,I2//)
141 FORMAT(10X,6H SMD =,E13.5//)
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235 FORMAT (15X,5(E13.5,8X)/)
236 FORMAT(15X,3(E13.5,8X)///)
7237 FORMAT (15X, *DIAGONAL ELEMENTS OF G-SQUARE TENSOR
1ARE=%*,///)
237 FORMAT (15X, *DIAGONAL ELEMENTS OF A-SQUARE TENSOR
1ARE=%,///)
238 FORMAT (15X, *"G" DIR. COS.(ROWS) ACC. TO E.VALS. ABOVE=

1%,///)
7238 FORMAT(15X,*"A" DIR. COS.(ROWS) ACC. TO E.VALS. ABOVE=

1*,///)
PI2=2.%3.1415926
RD=PI2/360.
NZERO=1
NUMBER=NZERO
NCASES=1
M=12
L4=7
Q1=1.E-8
Q2=1.E-20
MM=M
WRITE (58,188)
1 CONTINUE
N11=N1 (1,NUMBER)
DO 1188 J=1,8
DO 1188 J1=1,N11
1188 TEETA(J1,J,NUMBER)=TEETA (J1, 1, NUMBER)
DO 300 IA=1,3
DO 300 JA=1,3
300 GGT(IA,JA)=GGTT (NUMBER, IA,JA)
WRITE(58,121)
DO 122 IA=1,3
122 WRITE(58,123) (GGT(IA,JA),JA=1,3)
121 FORMAT(5X,*ELEMENTS OF INITIAL GGT MATRIX AS THE
1MATRIX OF DIR. COS-INES OF G-SQUARE TENSOR ARE=#,//)
123 FORMAT(5X,3(F10.6,2X),/)
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CALL EULER(GGT, THITA,PHI,PSI)

B(4)=THITA

B(5)=PHI

B(6)=PSI

LINE=0

DO 150 J1=1,8

NN1=N1(J1,NUMBER)

DO 150 I1=1,NN1

LINE=LINE+1

AJ1(LINE)=J1

THETA (LINE) =TEETA (I1,J1, NUMBER)

1F (THETA (LINE) .GT.8000.) GO TO 155

IF (THETA (LINE) .LT.0.) GO TO 160
TH=THETA (LINE) *RD+DELANG (NUMBER, 1) *RD
ACOSZ (LINE) =COS (TH)

ACOSX (LINE) =SIN (TH)

ACOSY (LINE)=0.

HN (LINE) =HHN (1, NUMBER)

2 (LINE)=(22(I1,J1,NUMBER)
1*FFACTR (1, NUMBER) +AADD (1, NUMBER) )
IF(ZZ(I1,J1,NUMBER).EQ.0.). Z (LINE)=0.

9160 FORMAT(5X,*ACOSZ ETC=*,3E12.5)
GO TO 165
160 TH=~THETA (LINE) *RD + DELANG (NUMBER, 2)*RD

ACOSZ (LINE) =COS (‘TH)

ACOSY (LINE) =SIN (TH)

ACOSX (LINE)=0.

HN (LINE) =HHN (2, NUMBER)

2 (LINE)=(22(I1,J1,NUMBER)
1*FFACTR (2, NUMBER) +AADD (2, NUMBER) )
IF(22(I1,J1,NUMBER).EQ.0.) Z(LINE)=0.
GO TO 165

155 TH=THETA (LINE)*RD+DELANG (NUMBER, 3) *RD

ACOSZ (LINE)=0.

ACOSX (LINE) =COS (TH)
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ACOSY (LINE) =SIN(TH)
g HN (LINE) =HHN (3, NUMBER)
i 2 (LINE)=(22% (I1,J1, NUMBER) *

1FFACTR (3, NUMBER) +AADD (3, NUMBER) )

IF(22(I1,J1,NUMBER).EQ.0.) 2 (LINE)=0.
165 CONTINUE
150 CONTINUE
199 CONTINUE

NN (NUMBER) =LINE

N=NN (NUMBER)

N9=N

DO 210 LI~1,MM

IF (LL.GT.3.AND.LL.LT.7) GO TO 210

B(LL) =G (NUMBER, LL)
210 CONTINUE

WRITE (58,138) NUMBER

WRITE (58,136)

WRITE(58,137) (J,B(J),J=1,M)

WRITE (58,6659)

WRITE (58,6657) (Z(J),J=1,N)

WRITE (58, 6660)

WRITE (58,6657) (HN(J),J=1,N)
6660 FORMAT (5X, *FREQUENCY~-KLYSTRON ARE=%*,/)
6659 FORMAT (5X,*MAG. FIELD VALUES ARE=*,/)
6657 FORMAT (5X,8(E12.5,2X))

DO 201 II=1,N9

DELH (II)=DELHH(II, NUMBER)
201 FM(II) = HN(II)

CALL CURFIT

SMD (NUMBER) = SSMD

WRITE (58,188)

WRITE (58,135)

DO 220 LI=1,M
220 GG(LL,NUMBER) = B(LL)

WRITE (58,140) (J,B(J),B1(J) ,J=1,M)

T




324

WRITE(58,188)
3 CONTINUE
5SS=0.
§551=0.
DO 555 ID=1,N
SSS=DF (ID)**2
SSS1=SSS1+SSS
WRITE(58,656) ID,SSS
555 CONTINUE
WRITE(58,6656) SSS1
6656 FORMAT(/,10X, *CHI-SQUARE=*,E13.5,/)
656 FORMAT (10X, *LINE NUMBER = *,I3,5X,*SMD = *,E13.5)
WRITE (58,7237)
WRITE(58,236) (B(J1),J1 = 1,3)
WRITE (58,238)
SB4L=SIN(B(4))
CB41~COS (B(4))
SB5L=SIN (B(5))
CB51=COS (B(5))
SB6L=SIN (B(6))
CB6L=COS (B(6))
GGT(1,1)=CBAL
GGT(1,2)=SB4L*SB5L
GGT(1,3)=~-SB4L*CBS5L
GGT(2,1) =SB6L*SB4L
GGT(2,2) =CB6L*CB5L-CB4L*SB5L*SB6L
GGT(2,3) =CB6L*SB5L+CB4L*CB5L*SB6L
GGT(3,1)=CB6L*SB4L
GGT (3,2)=-SB6L*CB5L-CB4L*SB5SL*CB6L
GGT (3,3) =-SB6L*SB5L+CB4L*CBSL*CB6L
DO 25 J1 = 1,3
WRITE (58,236) (GGT(J1,J2),J32 = 1,3)
25 CONTINUE
DO 245 J=1,3
245 A4 (J)=SQRT(B(J))
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WRITE (58,246)
WRITE (58,236) (A4(J),J=1,3)
FORMAT (5X, *PRINCIPAL VALUES OF G-TENSOR ARE=+,/)
AAA(1,1)=B(7)
AAA(1,2)=B(8)
AAA(2,2)=B(9)
AAA(1,3)=B(10)
AAA(3,3)=B(11)
AAA(2,3)=B(12)
DO 720 Ji=1,2
J4=T1+1
DO 720 J2=J4,3
AAA(J2,J1)=AAA(J1,J2)
CONTINUE
CALL JACOBI3(3,AAA,1,NR,AAV)
WRITE (58,237)
WRITE (58,236) (AAA(J1,J1),J1=1,3)
WRITE (58,7238)
DO 725 J1=1,3
WRITE (58,236) (AAV(J2,J1),J2=1,3)
CONTINUE
DO 7245 J=1,3
IF (AAA(J,J) .LT. 1.0E-4) AAA(J,J)=0
A4 (J)=SQRT (AAA(J,J))
WRITE (58,7246)
WRITE (58,236) (A4(J),J=1,3)
FORMAT (5X, *PRINCIPAL VALUES OF A-TENSOR ARE=%, /)
NUMBER=NUMBER+1
IF (NUMBER-NCASES) 1,1,2
CONTINUE
DO 230 LI=NZERO,NCASES
WRITE(58,138) LL
WRITE(58,141) SMD(LL)
WRITE (58,235) (GG(LM,LL),IM=1,MM)
STOP
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END

SUBROUTINE CURFIT
EXAM HANDLES ALL MATRICES OF DIMENSIONS UPTO THE
DIMS.MM OF A,B,C THAT IS M IS LESS THAN OR EQUAL TO MM
EQUIVALENCE OF GRAD BEGINS AT DIMENSION OF B AFTER THE
EQUIV. OF B
DIMENSION Z(400),FM(400),FC(400),DF(400),ERR (400),
1B(12),B1(12),B2(12,12),DC(5000) ,ABC(2) ,¥(4), X(400),
2GRAD(12),D1(12),D2(12,12),B3(12,12),SMD(9),HN(400),
2ACOSZ (400) ,ACOSX(400) ,ACOSY (400)
DIMENSION IBB(400,2),THETA(400),GT(6)
DIMENSION AJ1(400),GGTL(8,3),GGTM(8,3),GGTN(8,3)
COMMON/DATA1/ABC, Y
COMMON/DATA2 /DC, ACOSZ , ACOSX,ACOSY,AJ1
EQUIVALENCE (Z,DC), (FM,DC(401)), (FC,DC(801)),
1 (DF,DC(1201)), (ERR,DC(1601)), (HN,DC(2001)),
(THETA, DC(2401) ), (IBB,DC(2801)),(B,DC(4101)),
(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
(L4,DC(4302)),(Q1,DC(4303)), (Q2,DC(4304)),
(M,DC(4305)),(I,DC(4306)), (L,DC(4307)),
(BO,DC(4308)), (SMD,DC(4309)), (SSMD,DC(4320)),
(D1,DC(4321)), (D2,DC(4333)), (GRAD,DC(4113)),
(NUMBER, DC(4100) ) , (GT, DC(4093))
DATA ABC/2HNO, 3HYES/
DATA Y/1H ,1HC,1H*,1HM/
ABC(1)="NO"
ABC(2)="YES"
Ll =0
SA = 0.0
MM=M
I6=I
NN=N
DO 1000 J=1,MM
B1(J)=0.0

O bW W e
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DO 1000 K=1,MM
1000 B2(J,K)=0.0
DO 100 I6 = 1, NN
L=1
I1=16
CALL FUNC(2)
X(16)=ERR(I6)**2
901 FORMAT (5X,10H FUNC2,210 )
DF(I6) =FM(I6) - FC(I6)
DO 101 J=1,MM
B1(J)=B1(J)~-(2.0*DF(I6)*D1(J))/X(I6)
DO 101 K=1,MM
101 B2(J,K)=B2(J,K)=-(2.0*(DF(I6)*D2(J,K)
1-D1 (J) *D1(K))) /X (I6)
100 SA = SA + DF(I6)**2/X(I6)
GMOD=0.0
DO 102 J=1,M
102 GMOD=GMOD+B1(J) #+#2
WRITE (58,243)SA,GMOD
243 FORMAT (1X,26H*INITIAL VALUE SUM OF
15Q.=E13.5,20X,17H*SQ MOD OF GRAD =E13.5)
WRITE (58,1751)
1751 FORMAT(14HO DERIVATIVES-)
WRITE (58,240) (B1(J),J=1,M)
240 FORMAT (15X,5(E13.5,8X)/)
IF (SA - Q1) 110, 110, 200

110 LE = 1
GO TO 600
200 S = 0.0
GMOD = 0.0
BMOD = 0.0
PROD = 0.0

DO 210 K =1, MM
210 B2(J,K) = 0.0
WRITE (58,902)
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DO 220 I6 = 1, NN
L=1
I1=I6
CALL FUNC(2)
X(I6)=ERR(I6)**2
902 FORMAT(5X,10H FUNC2,210 )
DF(I6) = FM(I6) - FC(I6)
DO 220 J = 1, MM
B1(J) = B1(J) - (2.0*DF(I6)*D1(J))/X(I6)
DO 220 K = 1, MM
220 B2(J,K) = B2(J,K) - (2.0%(DF(XI6)*D2(J,K)
~D1(J)*D1(K)))/X(16)
DO 230 J = 1, MM
230 GRAD(J) = B1(J)
L1 = L1 + 1
CALL EXAM (B2,B1,M,LF)
WRITE(58,903)
903 FORMAT(5X,9H EXAM,230 )
WRITE (58,914) LF
914 FORMAT (5X,I3)
IF (LF) 250, 250, 305
250 DO 231 II=1,M
DO 231 JJ=1,M
231 B3(II,JJ)=B2(II,JJ)
WRITE (58,904)
CALL JACOBIA4 (M,B3,4,NR,B2)
904 FORMAT(5X,12H JACOBI1,231 )
WRITE (58,904)
DO 235 I6=1,MM
235 B1(I6)=B3(I6,1I6)
A2=ABC(2)
DO 260 J = 1, MM
260 D1(J) = 0.0
DO 270 J = 1, MM
DO 270 K = 1, MM
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D1(K) = D1(K) + B2(J,K) *GRAD(J)
DO 275 J = 1, MM
IF (B1(J)) 280, 290, 285

B1(J) = - B1(J)
D1(J) = D1(J)/B1(J)
GO TO 275

D1(J) = 0.0
CONTINUE

DO 295 J = 1, MM
B1(J) = 0.0

DO 300 J = 1, MM
DO 300 K = 1, MM

B1(J) = B1(J) + B2(J,K)*D1(K)
DO 310 J=1,MM

GMOD = GMOD + GRAD(J)**2

BMOD = BMOD + B1(J)**%2

PROD = PROD + GRAD(J)*B1(J)
IF (GMOD - Q2) 315, 315, 320
LE = 2

WRITE (58,1761) GMOD

FORMAT (5X, 7H GMOD =,E13.5//)
GO TO 600
C=PROD/SQRT ( BMOD*GMOD)

IF (C) 335, 335, 400

1E = 4
GO TO 600
ID=20
13 =0

DO 410 J = 1, MM
GRAD(J) = B(J) - B1(J)
DO 420 I6 = 1, NN

L=2

I=I6

CALL FUNC (1)
X(I16)=ERR(I6)**2
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905 FORMAT(5X,10H FUNC1,450 )
DF(I6) = FM(I6) - FC(I6)
420 S = S + DF(I6)**2/X(I6)
WRITE (58, 905)
IF (SA - S) 435, 500, 500
435 ID = LD + 1
430 DO440 J = 1, MM
B1(J) = B1(J)/2.0
906 FORMAT(5X,16H BINARY CHOP,430 )
440 GRAD(J) = B(J) - B1(J)
WRITE (58, 906)
S = 0.0 }
I3 =13 + 1 j
IF(L3-5)450,460,460
460 LE = 5 |
GO TO 600
500 IF (LD) 505, 505, 506
506 LD = 0
GO TO 430
505 DO 510 J = 1, MM
510 B(J) = GRAD(J)
SA =8
IF (SA - Q1) 507, 507, 530
507 LE = 1
GO TO 600

530 IF (L4) 200, 200, 900

900 WRITE(58,920)L1,A2,L3,S,GMOD, (B(J),J=1,M)

920 FORMAT(//,15H ITERATION NO.=I5,10X,43H
1TRANSFORMATION MADE TO PRINCIPAL AXES = A4,10X, 18H
2BINARY CHOP USED=I3,6H TIMES/1X,27H WEIGHTED SUM OF
3SQUARES = E14.7,25X,32H SQUARE MODULUS OF GRADIENT =
4E14.7/20H PARAMETERS B(J) -/(6E17.8)/)

IF (L1 - L4) 200, 910, 910

910 LE = 6

GO TO 600
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600 DO 710 J=1,MM
B1(J) = 0.0
DO 710 K=1,MM
710 B2(J,K) = 0.0
L=1
WRITE(58,907)
907 FORMAT(5X,* FUNC(2),720 *)
DO 720 I6 = 1, NN
I=I6
CALL FUNC(2)
X (I6)=ERR(I6)**2
DF(I6) = FM(I6) - FC(I6)
DO 720 J = 1, MM
B1(J) = B1(J) =~ (2.0*DF(I6)*D1(J))/X(I6)
DO 720 K = 1, MM
720 B2(J,K) = B2(J,K) - ((DF(I6)*D2(J,K)

1-D1(J)*D1 (K)))/X(I6)
WRITE (58,3029)

3029 FORMAT(* I AM LOST IN MANTINV*)
CALL MATINV(B2,M,B1,1,DETERM)
WRITE (58,3029)
DO 730 J=1,MM
IF (B2(J,J)) 2001,2001,2002

2001 B1(J) = =SQRT(-B2(J,J))
GO TO 730

2002 B1(J)= SQRT(B2(J,J))

730 CONTINUE
DO 740 J=1,MM
DO 740 K=1,MM
740 B2(J,K)=B2(J,K)/(B1(J)*B1(K))
WRITE (58, 551)LE,SA
551 FORMAT(//,13H EXIT NUMBER=I3,20X,25H WEIGHTED SUM OF

1SQUARES=E15.8//)
SSMD = SA

9999 CONTINUE
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RETURN
END

SUBROUTINE FUNC (LX)

SUBROUTINE FUNC

DIMENSION DC(5000),B(12,2),D1(12),D2(12,12),FC(400),

1 2(400),S(4,4),SIGN(400),HN(400),ST(4,4,16),FM(400),

1 DF(400),DELH(400) ,ERR(400),B1(12),B2(12,12), SMD(9),

2 ACOSZ(400) ,ACOSX(400),ACOSY (400),IBB(400,2),

2 THETA(400) ,DD(16),GT(6),AJ1(400),AL(400),AM(400),

4 AN(400),GGT(3,3),C1(12),AZ(6),BAX(6),AY(6),GB(6),

4F2(6),C2(12),C3(12),CK(12) ,F4(12),CC(12) ,AK2(6),BB(6)

COMMON/DATA2/DC, ACOSZ ,ACOSX, ACOSY, AJ1

COMMON/DATA3/DELH

EQUIVALENCE (Z,DC), (FM,DC(401)),(FC,DC(801)),
(DF,DC(1201) ), (ERR,DC(1601)), (HN,DC(2001)),
(THETA,DC (2401) ), (IBB,DC(2801)), (B,DC(4101)),
(B1,DC(4125)), (B2,DC(4137)), (N,DC(4301)),
(L4,DC(4302)), (%1,DC(4303)), (Q2,DC(4304)),
(M,DC(4305)), (I,DC(4306)), (L,DC(4307)),
(BO,DC(4308)), (SMD,DC(4309)), (SSMD,DC(4320)),
(D1,DC(4321)), (D2,DC(4333)),

(NUMBER, DC (4100) ) , (GT,DC(4093))

IF(Z(I).EQ.0.) GO TO 135

BETA=92.732/66252.

BETAN=.00054464 *BETA

RD=3.1415926/180.

FACTOR=92.732/66252.

SB4L=SIN(B(4,L))

CB4L=COS(B(4,L))

SBSL=SIN(B(5,L))

CB5L=COS (B(5,L))

SB6L=SIN(B(6,L))

CB6L=COS (B (6,L))

GGT(1,1)=CB4L

A O & W W NP R
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GGT(1,2)=SB4L*SB5L
GGT(1,3)=-SB4L*CB5L
GGT(2,1)=SB6L*SB4L
GGT(2,2)=CB6L*CB5L-CB4L*SB5L*SB6L
GGT(2,3)=CB6L*SB5L+CB4L*CB5L*SB6L
GGT(3,1)=CB6L*SB4L
GGT(3,2)=~-SB6L*CB5L-CB4L*SB5L*CB6L
GGT(3,3)=-SB6L*SB5L+CB4L*CB5L*CB6L
IF (I.GT.1) GO TO 119
WRITE (58,118)
DO 117 IA=1,3

117 WRITE(58,116) (GGT(IA,IB),IB=1,3)

116 FORMAT(5X,3 (F10.6,3X),/)

118 FORMAT (5X, *ELEMENTS OF COMPUTED GGT MATRIX FROM EULER
1ANGLES ARE=%*,//)

119 CONTINUE
AL(I)=ACOSZ (I)*GGT(1,1)+ACOSX(I)*GGT(1,2)+
1 ACOSY (I)*GGT(1,3)
AM(I)=ACOSZ (I)*GGT(2,1)+ACOSX(I)*GGT(2,2)+
2 ACOSY (I)*GGT(2,3)
AN (I)=ACOSZ (I)*GGT(3,1)+ACOSX(I)*GGT(3,2)+
3 ACOSY (I)*GGT(3,3)
FCI=B(1,L)*AL(I)**2+B(2,L)*AM(I)**2+B(3,L) *AN(I)**2
ENELSP=2 (I) *BETA*SQRT (FCI)
BB(1)=B(1,L) *AL(I) **2
BB(3)=B(2,L) *AM(I) **2
BB(5)=B(3,L) *AN(I) **2
BB(2)=2.*SQRT(B(1,L)*B(2,L))*AL(I)*AM(I)
BB(4)=2.*SQRT(B(1,L)*B(3,L))*AL(I)*AN(I)
BB(6)=2.*SQRT(B(2,L)*B(3,L))*AM(I)*AN(I)
AEFF2=B(7,L) *BB(1)+B(9,L) *BB(3)+B(11,L) *BB(5)+
1 B(8,L)*BB(2)+B(10,L)*BB(4)+B(12,L)*BB(6)
AMI=2.5-AJ1(I)
IF (AEFF2.LT. (0.)) GO TO 109
AEFF=SQRT (AEFF2/FCI)
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HYPFEN=AEFF#AMT
CC(7)=B(7,L)**2+B(8,L) **2+B(10,L) **2
cc(8)=B(7,L)*B(8,L)+B(8,L)*B(9,L)+B(10,L)*B(12,L)
CC(9)=B(8,L)**2+B(9,L) **2+B(12,L) **2

€C(10)=B(7,L) *B(10,L)+B(8,L) *B(12,L)+B(10,L)*B(11,L)
CC(11)=B(10,L) **2+B(12,L)**2+B(11,L) **2
CC(12)=B(8,L)*B(10,L)+B(9,L)*B(12,L)+B(11,L)*B(12,L)
CKK=CC(7) *BB(1)+CC(9) *BB(3)+CC(11) *BB(5)+CC(8) *BB(2)+
1 CC(10) *BB(4)+CC(12) *BB(6)

AKK=SQRT (CKK/AEFF2)

AI=3.5

AI1=AT*(AI+1.)
DELE3=(0.5%(B(7,L)+B(9,L)+B(11,L) ) * (AI1-AMI**2) -

1 AKK**2% (AI1~3.*AMI**2)/2.~HYPFEN#%2)/ (2.*ENELSP)
FC(I)=ENELSP+HYPFEN+DELE3

ERR(I)=SQRT(FCI)*DELH (I)*FACTOR

ERR(I)=1.

GO TO 136

CONTINUE

FC(I)=HN(I)

ERR(I)=1.

CONTINUE

IF(LX-1)110,110,120

CONTINUE

DO 235 IZ = 1,12

D1(IZ) = 0.0

DO 235 JZ = 1,12

D2(12,J2) =0.0

IF(Z(I).EQ.0.) GO TO 110

DDD=.5*AMI/ (FCI*AEFF)

C2(7)=DDD*BB(1)

C2(8)=DDD*BB(2)

C2(9)=DDD*BB(3)

C2(10)=DDD*BB (4)

C2(11)=DDD*BB(5)

i caean .t
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C2(12)=DDD*BB(6)
BETAB=BETA*Z (I)

GZ=SQRT (B(1,L))

GX=SQRT (B(2,L))

GY=SQRT (B(3,L))

AZ2=SQRT (BB(1))

AXX=SQRT (BB(3))

AYY=SQRT (BB(5))

AZ(1)=0.5*AL(I)/GZ

AZ(2)=AZ(3)=0.

AX(2)=0.5*%AM(I)/GX

AX(1)=AX(3)=0.

AY (3)=0.5%AN(I)/GY

AY(1)=AY(2)=0.

ALL=ACOSX(I)

AMM=ACOSY (I)

ANN=ACOSZ (I)

AZ (4)=GZ* (ALL*CB4AL*SB5L-AMM*CB4L*CB5L~ANN*SB4L)

AZ (5)=GZ* (ALL*SB4L*CBSL+AMM*SB4L*SB5L)

AZ (6)=0.

AX (4)=

1GX* (ALL*SB4L*SBSL*SB6L-AMM*SB4L*CB5L*SB6L+ANN*CB4L*SBL)
AX(5)=

1GX* (ALL* (~CB6L*SBSL~CB4L*CB5L*SB6L) +AMM* (CB6L*CB5L~
1 CB4L*SBSL*SB6L) )

AX(6)=

1GX* (ALL* (-SB6L*CBSL~CB4L*SB5L*CB6L) +AMM* (~-SB6L*SB5L+
1 CB4L*CBSL*CB6L) +ANN*CB6L*SB4L)

AY (4)=

1GY* (ALL*SB4L*SB5SL*CB6L-AMM*SB4 L*CB5L*CB6L+ANN*CB6L*CB5L)
AY (5)=

1GY* (ALL* (SB6L*SB5L-CB4L*CBSL*CB6L) +AMM* (-SB6L*CB5L~
1 CB4L*SBSL*CB6L) )

AY (6)=

1GY* (ALL* (~CB6L*CBSL+CB4L*SB5L*SB6L) +AMM* (~CB6L*SB5L.~
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1 CB4L*CBSL*SB6L) ~ANN*SB6L*SB4L)
DO 910 IA=1,6
GB(IA)=(AZZ*AZ (IA)+AXX*AX (TA)+AYY*AY(IA))*BETAB/ENELSP
IA1=IA+6
C1(IAl)=0.
910 C1 (IA)=BETAB*GB(IA)
c C1(IA) ARE DERIVATIVES OF ENELSP
AXX=SQRT (BB(3))
AYY=SQRT (BB(5) )
AZZ=SQRT (BB(1))
F2(.)=2.%AZ(1) *(AZZ*B(7,L)+AXX*B(8,L)+AYY*B(10,L))
F2 (2)=2.*AX(2) * (AZZ*B(8,L) +AXX*B (9,L) +AYY#*B(12,L))
F2 (3)=2.%AY(3) *(AZZ*B(10,L)+AXX*B(12,L)+AYY*B(11,L))
DO 915 IA=4,6
F2 (IA)=2.* (AXX*AX (IA) *B(9, L) +AYY*AY (IA) *B(11,L)+ :
1 AZZ*AZ(IA)*B(7,L)+(AXX*AY (IA)+AYY*AX(IA))*B(12,L)+ :
2 (AXX*AZ (IA)+AZZ*AX(IA))*B(8,L)+ (AYY*AZ (IA)+
3 AZZ*AY(IA))*B(10,L))
915 CONTINUE
F4 (1)=2.*AZ(1) * (AZZ*CC(7)+AXX*CC(8)+AYY*CC(10))
F4 (2)=2.%*AX(2) * (AZZ*CC(8)+AXX*CC(9)+AYY*CC(12))
F4 (3)=2.%AY(3) * (AZZ*CC(10) +AXX*CC (12)+AYY*CC (11))
DO 920 IA=4,6
F4 (TA)=2.* (AXX*AX(IA) *CC(9)+
1AYY#*AY (TA) *CC (11)+AZZ*AZ (IA) *CC(7)+
1 (AXX*AY (IA)+AYY*AX(IA))*CC(12)+
1(AXX*AZ (IA)+AZZ*AX(IA))*CC(8)+
2 (AYY*AZ(IA)+AZZ*AY(IA))*CC(10))
920 CONTINUE
DO 925 IA=1,6
925 C2 (IA)=(~BETAB*HYPFEN*GB(IA)/ENELSP+
1 (BETAB**2) *F2 (IA)/(2.*(ENELSP**2) *HYPFEN) ) *AMI
c C2(IA) ARE DERIVATIVES OF HYPFEN
DO 927 IA=1,6
IA1=IA+1
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927 C2(IAl)=(AMI**2)*BB(IA)/(0.5*FCI*HYPFEN)
DO 930 IA=1,6
930 AK2(IA)=((BETAB*AMI/ (ENELSP*HYPFEN))*#*2)* (F4 (IA)-
1(2.*CCK/ (ENELSP*HYPFEN) ) * (C1(IA)
2*HYPFEN+ENELSP*C2 (IA)))
DO 935 IA=1,6
935 C3(IA)=(ENELSP*(~0.5% (AI1-3.% (AMI**2))*
1AK2 (IA) —=2. *HYPFEN*C2 (IA)) -
1(0.5%(B(7,L)+B(9,L)+B(11,L))*(AI1-(AMI*%2))-
20.5% (AKK**2) * (AT1-3. % (AMI**2) )~
3HYPFEN*#2) #C1 (IA))/ (2.* (ENELSP**2))
C3(IA) ARE DERIVATIVES OF DELE3
F4 (7)=2.*BB(1) *B(7,L)+BB(2}*B(8,L)+BB(4)*B(10,L)
F4 (8)=2.%(BB(1)+BB(3))*B(8,L)+BB(2)*(B(7,L)+B(9,L))+
1 BB(4)*B(12,L)+BB(6) *B(10,L)
F4 (9)=2.*BB(3) *B(9,L)+BB(2)*B(8,L)+BB(6)*B(12,L)
F4 (10)=2.%(BB(1)+BB(5))*B(10,L)+BB(4)*(B(7,L)+
1B(11,1))+BB(2) *B(12,L)+BB(6)*B(8,L)
F4 (11)=2.*BB(5)*B(11,L)+BB(4)*B(10,L)+BB(6)*B(12,L)
F4 (12)=2.* (BB(3)+BB(5))*B(12,L)+BB(6)* (B(9,L)+
1B(11,L))+BB(2) *B(10,L)+BB(4)*B(8,L)
DO 1237 IA=7,12
1237 CK(IA)=-AKK*C2 (IA)/(AEFF*AMI)+
1F4 (IA)/ (2.*FCI* (AEFF*#2) *AKK)
DO 1236 IA=7,12
AIA=0.
IF (IA.EQ.7.0R.IA.EQ.9.0R.IA.EQ.11) AIA=1.
1236 C3 (IA)=(AKK*CK(IA)*(3.*AMI**2-AT1)+
10.5% (AI1-AMI**2) *ATA~2 . *HYPFEN*C2 (IA) ) / (2. *ENELSP)
DO 1235 IA=1,12
1235 D1 (IA)=C1(IA)+C2(IA)+C3(IA)
GO TO 110
109 WRITE(58,108) I
108 FORMAT(5X,*NEG AEFF2 FOR I=+,13)
FC(I)=FM(I)
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DO 197 JJ=1,12
197 D1(JJ)=0.
110 CONTINUE
RETURN
END

SUBROUTINE EULER(GGT,THETA,PHI,PSI)

SUBROUTINE EULER

THIS PROGRAMME CALCULATES THE EULER ANGLES THETA, PHI
AND PSI FROM THE DIRECTION COSINES OF G-SQUARE DIAGONAL
MATRIX.

DIMENSION GGT(3,3),TPS(4,4,4),AMTRX(9),BMTRX(64,9),
1 A(64),B(64),C(64),IA(64),IB(64),IC(64) ,ABSMT(9)

SUBROUTINE EXAM(A,B,M,LF)
SUBROUTINE EXAM
DIMENSION A(12,12),B(12),C(12)

SUBROUTINE MATINV(A,N,B,M,DETERM)

SUBROUTINE MATINV

MATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR
EQUATIONS

DIMENSION IPIVOT(12),A(12,12),
1 B(12,1),INDEX(12,2),PIVOT(12)

EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM) , (AMAX,T,SWAP)

SUBROUTINE JACOBI4 (N,Q,JVEC,M,V)

SUBPROGRAM FOR DIAGONALIZATION OF MATRIX Q  BY
SUCCESSIVE ROTATIONS

DIMENSION Q(12,12),V(12,12),X(12),IH(12)

SUBROUTINE JACOBI3(N,Q,JVEC,M,V)

SUBPROGRAM FOR DIAGONALIZATION OF MATRIX Q BY
SUCCESSIVE ROTATIONS
DIMENSION Q(3,3),V(3,3),X(3),IH(3)




