View metadata, citation and similar papers at core.ac.uk brought to you by X{'CORE

provided by University of Queensland eSpace

AI P ‘ The Journal of
Chemical Physics

Paramagnetism of caesium titanium alum

Lucjan Dubicki and Mark J. Riley

Citation: The Journal of Chemical Physics 106, 1669 (1997); doi: 10.1063/1.473320
View online: http://dx.doi.org/10.1063/1.473320

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/106/5?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Ab initio study of dynamical E x e Jahn-Teller and spin-orbit coupling effects in the transition-metal trifluorides
TiF3, CrF3, and NiF3

J. Chem. Phys. 136, 084308 (2012); 10.1063/1.3687001

Multiple lines of conical intersections and nondegenerate ground state in T®t 2 Jahn-Teller systems
J. Chem. Phys. 112, 8470 (2000); 10.1063/1.481449

Crystal-field splitting, magnetic interaction, and vibronic excitations of 244 Cm 3+ in YPO 4 and LuPO 4
J. Chem. Phys. 109, 6800 (1998); 10.1063/1.477326

Giant second-order Zeeman effect in titanium (l1l) doped caesium gallium alum
J. Chem. Phys. 109, 2967 (1998); 10.1063/1.476885

Paramagnetism of caesium titanium alum and the Jahn-Teller interaction
J. Chem. Phys. 107, 8275 (1997); 10.1063/1.475029

NEW Special Topic Sections

sl Applied Physics
Lithium Niobate Properties and Applications: ;
Reviews of Emerging Trends AlP Reviews



https://core.ac.uk/display/14990759?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1624400372/x01/AIP-PT/JCP_ArticleDL_091416/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Lucjan+Dubicki&option1=author
http://scitation.aip.org/search?value1=Mark+J.+Riley&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.473320
http://scitation.aip.org/content/aip/journal/jcp/106/5?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/8/10.1063/1.3687001?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/8/10.1063/1.3687001?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/112/19/10.1063/1.481449?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/109/16/10.1063/1.477326?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/109/8/10.1063/1.476885?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/107/20/10.1063/1.475029?ver=pdfcov

Paramagnetism of caesium titanium alum

Lucjan Dubicki
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Caesium titanium alum, Cs(80Q,),-12H,0, is aB alum and exhibits a large trigonal field and a
dynamic Jahn—Teller effect. Exact calculations of the lif@am e Jahn—Teller coupling show that

in the strictSg site symmetry the ground multiplet consists of a Kramers doulblgin2th magnetic
splitting factorsg,=1.1 andg, =0, al',['5s doublet at~60 cmi t with g,=2.51 andg, =0.06 and
anotherT,I's doublet at~270 cm* with g,=1.67 andg, =1.83. The controversiaj values
observed below 4.2 Kg,=1.25 andg, =1.14, are shown to arise from low symmetry distortions.
These distortions couple the vibronic levels and induce into the ground state the off-diagonal axial
Zeeman interaction that exists between the first excited and the ground vibronic level®97
American Institute of Physic§S0021-96007)01804-7

I. INTRODUCTION Since for positivev the ground state of the i ion will
always remain Pg with g, =0, the early attempts to account
for g, =1.14 in CsTiS employed a negative valuewfThe
2I'g ground state hag, =0 by symmetry, regardless of

Crystals of caesium titanium alum, C$30,),-12H,0
(abbreviated as CsTjshave the cubic space group Pa3 with

. e . : ;
four equivalent Ti" ons in the unit cell. The nominally whether there is Jahn—Teller coupling operating or not. The

. . 3+ . .
octahedral complex lon, ("'Hzo)e. » 1S sllghtly compressed earlier work culminated in the paper by Shing and Walsh
along the molecular trigonal axis that lies along one of the

body diagonals of the unit cell. The site symmetry at th& Ti who proposed dge Jahn-Teller coupling with a very

ion is Sz and the fractional atomic coordinates of the sulphurs'mall trigonal field. This model was based on the assumption

atoms identify the CsTiS alum to be of tiiemodification® ';r_:_at Fthi FSpIn—OI’bI'[ CFUpI'_n% Oli the 3I*|d|0n brea;]ks t?ﬁ
The paramagnetism and, in particular, the magnetic 2(I's+T'7)®e coupling into I'y®e and quenches  the

values of CsTiS have been an unresolved problem for morBselLfdO J:hn;TeIIZ}coupling betvxéelég_ and the higgfrlly—
than forty year€~’ Unlike the electron paramagnetic reso- N9 ' 7; WNErél g andlzare spin—or It components 0T, in
nance(EPR of Ti** doped into anx alum such as RbAfS the cubic limit. This analysis is not valid because the spin—

. ~ 71 . .
where twelve magnetically inequivalent sites were observed'Pit constant,~120 cm  in bound TUlI), is comparable

and correspond to one chemical species with rhombic Symc_)r even less than the Jahn-Teller stabilization energy that

H : 1,13,14
metry, the single crystal EPR of CsTiS indicated one chemil@s been observed in severa?*Tco_ranexeé
A new insight into the electronic structure of alums has

cal species of trigonal symmetry witlg,=1.25 and -
g¢:1-14-3 The large linewidth of the EPR lines, about 250 been revealed by the theoretical work of Daul and Goursot,

gauss, and the variation of the magnetic susceptibility at lovih€ €lectronic Raman measurements of vanadium dfums

temperatures indicated the presence of low lying paramagiNd by more recent x-ray and neutron diffraction structure
netic states. determinations/™*® The work of Best, Forsyth, and

If the trigonal field that lifts the degeneracy of the  Tregenna-Piggott *° have been particularly definitive. Al
d-orbitals of the T{" ions has a positive sign, CSMS alums with metal ions having the electronic configu-
v=E(t,X,) — E(t,X.) is greater than zero, then the groundration, () n<6, are g alums that are characterized by
Kramers doublet irS; symmetry has the symmetry classifi- M(lll) ions coordinated by planar water molecules. The,OH
cation (t,x%)2T,(2I's) where we use the complex trigonal Planes are all rotated about the M—O bonds-b80° with
basis fort, orbitals’ and the double group notation of Koster the sense that the oxygem, lone pairs normal to the OH
et al10 plane are tilted towards the trigonalaxis of the MOH,)3"

The ' doublet transforms as tHd ;== 2 components  ion. The structure of CsTiS at 100'Ks shown in Fig. 1a)
of angular momenturd=3 and hasg, =0. Indeed, for ¥  displaying theS; symmetry of the Till) site. The~20°
doped in ALO; where v=700 cni! the observedy values twist of the planar water molecules is midway between the
areg,=1.07 andg, ~0.01* The g, value differs appreciably Ty, and the “all horizontal” D34 symmetries® The angular
from the prediction of the static ligand field model that givesoverlap model shows that such a rotation generates a large
to first order,g,(2I'g) =2— 2K ,~0.5, whereK,, is the effec-  positive trigonal fieldv.*®
tive orbital reduction factor for thetf) 2T, multiplet. The Consequently, the previous work on CsTiS has focused
explanation of this discrepancy as well as accounting for then the wrong part of the ligand field energy diagram. Since
energies of the low-lying vibronic states at 38 chand 108  the trigonal splitting of the, orbitals (see Sec. 1Yis much
cm ! was a major success for Ham'’s effective Hamiltoniangreater than the spin—orbit coupling of*Tior the Jahn—
treatment of théT,®e Jahn—Teller problertt!? Teller coupling, it is the trigonal field which tends to break
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1670 L. Dubicki and M. J. Riley: Paramagnetism of caesium titanium alum

Ejr=A%%w for T,®e coupling, wheréio is the wave num-
a) ber of the Jahn—Teller active vibration. In the complex
trigonal basis the coupling matrix becomes

(=3 X,] 0 Q. -Q_
(=ix || -aq 0 -Q: | xvia, @
|+1% \ Q. Q- 0

where Q. = (7 1/2)(Qx * iQ,) andQ,,Q, are the two

components of the degeneraeibration. This Jahn—Teller

coupling matrix was included in the ¥.0 electronic matrix
containing the ligand field and spin—orbit coupling as given
by Macfarlane, Wong, and Sturg&Each electronic basis
function was then expanded in termsro£0,1,2...,n, lev-

, — & els of a two-dimensional harmonic oscillator vibrational ba-
sis. Matrix elements of the Jahn—Teller coupling were then
evaluated and the resulting large complex matrix diagonal-

A ized. The total basis size without exploiting the vibronic

I L } — % o symmetries wasN= 10X 3x (n,+1)(n,+2). A fast Lanc-

E P < 3 zos diagonalization routine for real symmetric matrices was

Octahedral + SoinOrbit + - - used the find the lowest vibronic energies and wave func-

Trigonal J:hn-Teller Low symmetry + tions. This meant a further doubling of the size of the origi-
ligand fields coupling Zeeman fields nal complex matrix. A typical calculation with,=21 re-
quired the diagonalization of a 508060 sparse matrix

FIG. 1. (a) The S; symmetry of theg alum structure viewed down the with 16 148 nonzero off-diagonal matrix elements.

Eﬂg(()jnall a)t<|s.(p) IA S(iherpatlclIliep_resentatlon of the perturbations acting on In addition to these calculations, we also used an effec-

ed electronic levels of a THl) ion. tive (t3)2T, basis corrected for mixing ofet)2E to the sec-
ond order. By using this electronic basis the vibronic matrix
2T,(2E+2A)®e coupling into?E®e and?A, and quenches Was reduced td=3x 3X(n,+1)(n,+2) as only one com-
the pseudo-Jahn—Teller coupling betwéEnand the higher ponent of every Kramers doublet needed to be calculated.
lying %A, whereE and A are the trigonal orbital species of The other Kramers component could be generated by per-
the T, parent. Figure (b) shows a schematic hierarchy of forming the time reversal operation. This reduces the com-

perturbations to the electronic levels of a Till) complex. ~ putational overhead fon,=21 to the diagonalization of a

These perturbations act simultaneously and are treated 4518<1518 real matrix with 5544 nonzero off-diagonal ele-

such here. The figure does not imply that a perturbatioinents. Both types of calculation gave almost identical re-

scheme has been used in this work. sults.
In both cases, the vibronic levels consist of Kramers

Il. 2T,® e COUPLING IN TRIGONAL SYMMETRY doublets, calculated in the absence of an applied magnetic

field. Theg values were then calculated from evaluating the

matrix elements of the Zeeman operator from the zero field
eigenfunctions.

b)

Since thew trigonal field in CsTiS is very largéSec.
IV), the vibronic energy levels and thg values will no
longer be described accurately by Ham's theBrynstead For specific cases of near degenerate vibronic leveis
we diagonalize exactly th&,®e problem with any trigonal 14 cyy-1), the off-diagonal Zeeman terms between vibronic
field by using a sufficiently large vibronic basis so that bothje\e|s were also evaluated. The calculations were restricted
the calculated energies agdvalues are independent of the (4 jinear Jahn—Teller coupling and a single vibrational mode

basis size. _ o of cubice symmetry.
The T,®e Jahn—Teller coupling matrix is given by In the absence of Jahn—Teller coupling the effective
B B 10| Hamiltonian in the ¢)2T, multiplet may be written as
(€l [ —3Qx+3Q 0 0
S H=—A(LI= 9+ 2 NoLuSe
(7l 0 —0-4Q, 0 | XA @ ’
(£ 0 0 Qx +> (K L,+2S,) usB,. 3

in terms of the readl-orbitals quantized along the cubic axes.
Here A, is the linear Jahn—Teller coupling constant. It is The effective ligand field parameters to the second order
related to the Jahn-Teller stabilization energy byare

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997
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TABLE I. Matrix of the Zeeman Hamiltoniah.

1) 1) o) o) s) s

(1] Z 7 X1~ 1y, —Xi—iyip X13—1y73 —X13~ Y13
<¢ | —z I gt " iy 1o iy " iy

1- 1 X12= Y12 X121 Y12 X137 Y13 X137 Y13
(o] Z; X2—1Y2 Zy3 X23— 1Y 23
(| —Z; Xo3t1Y 23 ~Zy3
(34| Z3 X3~1Y3
(¢h3-| —Z3

®The entriesy or o;; stand for the diagona% 9o B, , OF Off-dir:lgonal,%ga(c{:i ,¢;) ugB, , matrix elements
of the Zeeman operatdEq. (7)] for the trigonal basis given in E@5). The explicit forms ofg,, are given in
Table II. All x;=y; andx;;=Yj; -

where the real cubic tensors are normalized as

V(Eu)=1/,6 (3L2-2),

A=v+(V)?A,
N={H(L)IA,
N,=N—2020' V1A, V(Ev)=1/2 (Li-L}), ®)
(4) V(ToaB) =112 (L,Lg+Lgly).
The corresponding tensors for trigonal symmetry are
V(Eu.)=*1/y2 [V(Eu)=iV(Ev)],
V(Toxo) =113 [V(T2y2) +V(Tx2) +V(Toxy)],  (9)
V(Toxs)=F 13 [0 V(Ty2)+ o V(T,X2)

A=A+ 27"V A,
K,=k—2,2K'v'/A,
K=k+2K'v'IA,

where A is the cubic ligand field splitting of thé, and e
orbitals, v, { andk are the basic one-electron trigonal field,
spin—orbit coupling and orbital reduction parameterstfor
orbitals, respectively, and, ¢’ andk’ are the corresponding
set connecting, ande d-orbitals.

2 . .
The energy levels of thetf)“T, multiplet subject to a The matrix of the Zeeman Hamiltonigiq. 7) with the

Jahn-TelleiT,® e coupling and small have been discussed . . ; . . -
trigonal basi§Eg. (5)] is given in Table I. The explicit forms
in detail by several authors and will not be reproduced g Eq.O)]is g P

herel1 2122 thi " . loselv t of the g values in terms of the effective first and second
elre. f hn | IS paper W? WIb exf’j‘”l“”e lmore closely the orderg values in Eq(7) are given in Table Il. The latter can
values of t .e owest set of vibronic levels. . . _be expressed in terms of the basic one-electron ligand field
For Sg site symmetry, we use the complex trigonal basis:

b1+(2Ig) = | * %Xi>*

+V(Toxy)],
wherew™=—1/2+i3/2.

by (T,T's)=cos 0| 4 lxo> +sin 0| T1ix > (5) TABLE II. Second ordeg values for &T, multiplet in trigonal symmetry.
* 41 5)— — 2Nt/
b3+ (T 4T's)=sin 6] = 1Xo) — cos 6] 7 1X..), 921 91~ 2K~ 1(3:3)9,
! 1 6
whereX.. andX, stand for the degenerate and nondegenerat%Zl —5924'\/9—_ 93
orbﬁgl components of thg, orbitals, respectively. Ibhasa g, 3 , 3
positive sign then the energy order of the three Kramers dou- c(6) Gi+2750s| +57(0)| 01~ 2K,+ 595

blets isE;<E,<Ej for both the static ligand field limit and

1 V3
in the presence of lineafF,®e coupling. The anglef is +3(29)(*59275393)

given by G2 20 gl+KZ+f—§gs)+c<20> §92+f—§gs)
_ 1
tan 2= y2h /(2= A, ©® o, o(6)(1/(3/2)d,— 1/(3,3)95) + S(6) (2.~ 1/(3/6)5)

which is independent of the Jahn-Teller coupling withing’
Ham'’s perturbation treatment of tHg® e model?® The ac-
curacy of Eq.(6) should deteriorate as becomes large be-
cause, as we will show, the transition enerdias=E;—E;
andE,;=E,—E; and theg values obtained from an exact
calculation progressively deviate from Ham’s model. Ox23
The second order Zeeman Hamiltonian fciTa multip-
let in axial symmetry may be writtén

Ox2

c(6)(— 392~ 1/(6,3)g5— 2K,) +5(6) (g, + 1/(6.3)g3)
c?(6)(91— 1/(3/3)ga) + () (— 1/(3/2)g,~ 2/(3/3)95)

1 V6
+5(26) _¢2Kx+ggz+%93

1 2 B 16
5(20)(591+E92+1—893)*0(20)(*v“sz+ggz+%g3

H(B)=ug{9:S-B+9,[S-V(E)-B]

3c()=cod6), s(8)=sin(h), c3(9)=co(6), and so on. The expressions for

g,3 andg,,5 are obtained frong,, andg,,, by replacingc(6) by s(6) and

+9g5[S-V(T,)-B]+K-L-B}, (7)

s(6) by —c(6). For all caseg,=g, .

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997
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FIG. 2. Comparison between the transition energigsand E;; obtained FIG. 3. Comparison between tigevalues of the three lowest vibronic levels
from exact diagonalization of ,®e coupling (solid lineg and the corre-  for T,®e coupling which were obtained by exact diagonalizatisolid

sponding energies obtained from Hams perturbation médiztted lines. lines) and from perturbation formulaglotted line$ given in Eq.(10) and
[See Egs(129 and(12b) in Ref. 11] The parameters used wese=19 500 Table Il. The parameterg,, andg,, have negative signs. The parameters
cm =0, {=¢'=120 cm}, k=k'=0.8,h0=450 cm !, E;;=336 cm .. 0,2, U,3 andg,, change sign for small values afbut this behavior was

omitted for clarity. The ligand field parameters are the same as in Fig. 1.

parameters. Stevens has gone further and determined the ex-
plicit forms in the presence df,® e coupling, but for small

v. If we transform his results into our parametric schéie.  !!l- THE g, VALUES FOR ¢,(2I's) IN. TRIGONAL
(7)] then we obtain, SYMMETRY
9:=2—8k'{'/(3A)—4k{f,/(3hw), If vhas a positive sign then the lowest level of fe

multiplet will always be ¢,(2I'g) with g, (2I'¢)=0, in the

92=—8y2K'{'/A+22k{Tp /o, presence or absence of Jahn—Teller coupling. However, it is

93=4.3K' ¢ yIA+23k¢f o, (10) possible to generate a no_nvanishigl_g in the limiting case
where the energy gafk,4, is very small and comparable to

K,=ky—2y2v" k" yIA+2vkf, /(3 w), the Zeeman energy in an EPR experiment. This limit can be
achieved if the Jahn—Teller coupling is sufficiently large.

Kx=Ky+ 20k yIA = vkf,/(3fiw), We have investigated this problem for the case of

where,f,,f, are the standard Ham reduction factéréfor Ti>":Al,0; by varying the vibronic coupling while keeping
Jahn—T,eTk’ar coupling to a single mode @fsymmetry and all other parameters constant. Increasing the vibronic cou-

frequencyfiw. Equation(10) reduces to the static ligand field PINg constantA, is equivalent to increasing the Jahn-—
model by settingy=1, f,=0, f,=0. Teller stalt;éllzatlon energy through the relation

Figure 2 compares the transition energies obtained frorﬁ‘leJThw] - We found that even iE was raised to 600
the Ham model and from the exact calculatiorvascreases. €M ~ the calculated energy galip;=3.2 cm 7, was still too
Similarly, the approximatey, andg, values obtained from large to generate any significagt in the ground state.
Table Il and Eq(10) are compared with the exact values in ~ The magnitude oE,y is restricted by the weak antibond-
Fig. 3. ing energy of thet, orbital$* and the typical values dE;;

The agreement between the two calculations is almoghat have been used for the*Tiion areE ;+=200 cni * and
exact forv in the range O to 400 cit and the differences 7iw=200 cm* for Ti®":Al,05,"* and E;;=320 cm* and
remain small forv approaching 800 cit. Beyondv=1000 #fw=258 cm* for Ti*":LiNbO5.** Similar results are ex-
cm ! the errors in the approximaig,, and E,; values in-  pected for CsTiS alum and we conclude that for any realistic
crease almost linearly with. It is therefore not surprising Vvalue of Jahn—Teller coupling ;<600 cm *, it is impos-
that the Ham model works very well for ¥i:Al,O; where  sible to account for the observed=1.14 if the symmetry is
v=700 cm 1. On the other hand, foB alums where>1500  trigonal andv is positive. Therefore, the trigonal symmetry
cmlitis essential to diagonalize tiie,® e coupling exactly ~ of the Ti(H,0)s>" ions must be removed in the low tempera-
in order to obtain accurate values f, andg,;. ture form of CsTiS.

J. Chem. Phys., Vol. 106, No. 5, 1 February 1997
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FIG. 4. The dependence of the transition energigsandE,, on distortions
with symmetryEu, Ev, T,yz, T,Xz, andT,xy, abbreviated as, v, & nand
{, respectively. The parameters are the same as in Fig. 1 with800
cm L

IV. 2T, COUPLING AND LOW SYMMETRY
POTENTIALS

The direct product,Xt,=a;+e+[t;]+t, shows that
all the low symmetry distortions of th&, multiplet can be
described by five real cubic tenso§I'M) [see Eq.(8)].
The matrices ofV(I'M) with the complex trigonal basis

1673

g values

g @) )

0.8 B
0.6 -
0.4+ B

0.2 I

0.0+

0 20 40 60 80 100 120

ATM) [em']

FIG. 5. The effect of distortions on thg values of the ground Kramers

doublet ¢,(2I's). The parameters are the same as in Fig. 1 with1800

cm

E5;=273 cm L. The transition energies increase slowly with
increasing strain. In this work we will examine more closely
the effect of strain on thg values, illustrated in Figs. 5 and
6.

Figure 5 shows that a very small strain of any symmetry
induces into the ground state leveba that varies linearly
with A(I'M) and is described by the second order perturba-
tion

given in Eq.(5) were incorporated into the dynamic Jahn—
Teller calculation. The effect of the low symmetry distor-  9: (1) =2[A(TM)/Ex (b1 X|V(TM)|,_)

tions on the transition energies and thealues of the lowest Xy | X0 by ) 11)
set of vibronic levels are displayed in Figs. 4—-6, where 2= L=/

A(T'M) is the coefficient of the operat(I'M) and givesa As A(I'M) becomes comparable tB,,, Eq. (11) is no

measure of the one-electron splitting of ttyeorbitals. For
example, A(Eu)=(—/6/3)A(t,), where A(t,)=E(t,xy)
—E(t,xz,yz) is the standard one-electron
splitting2®

longer accurate. For the cabé =Eu and T,xy the varia-
tion of g, (¢,) can be very accurately described by 22

tetragonalmatrix involving ¢, and ¢, levels. This perturbation model is

less accurate for strains of other symmetry where evidently

The T,®e calculations were made with the following the strain coupling tap; is larger. The basic mechanism for

ligand field parametersA=19 500 cm?, (=120 cm}, v
=1800 cm!, v/=250 cm %, k=0.75,k’ =k and{'=¢. The

inducing g, (¢;) remains essentially the same for all cases
and we consider in more detail the simple case of strain with

v/ parameter was obtained by fitting the ligand field model toEu symmetry.

the zero field splitting of the ground state of Cs@s8e Ref.

The invariance ofy(¢;) values toA(Eu) (Fig. 6) indi-

26) and v was deduced from the effective trigonal field ob- cates that the strain mixing ap; with ¢, and ¢, is very

served in the electronic Raman of Cs\&®e Ref. 1pwhere

small. Consider the 322 matrix for the ¢, and ¢, basis

v+2/30/~2000 cmi L. The active Jahn—Teller mode was as-with diagonal energies 0 arfe,;, respectively. By applying

sumed to be the skelet®(E) vibration with an energy of
450 cm ! (see Refs. 27 and 28&ndE ;7 was varied to give a
rough agreement with thg, value for CsTiS and was finally
fixed atE ;=336 cm .

Figure 4 shows that th&T, multiplet with T,®e cou-
pling and large positivev is characterized by a low lying
excited state aE,;=56 cm * and a higher lying state at

J. Chem. Phys., Vol. 106

this model to the numerical output we dedug&,,=1.951
and(¢,-|V(EU)| ¢,+)=0.35 in units ofA(Eu).

The calculatedy values in strict trigonal symmetry are
0,,=1.108, g,,=—2.505, g,3=1.665, g,,=—0.057, Qgy3
=1.828. These can be compared with the approximate values
obtained from Eq(10) and Table Il by takingd=87.2°[Eq.

(6)]: 91=0.71, g;;=—0.04, g,,=—2.96, g,3=1.90, gy

, No. 5, 1 February 1997
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22 : : EEE— i 971=C5021— C30z,

s KX g8, e

T g, 022=C10921—C50z22,

4L+
. _ Ox1= — 2C1Co0x12+ C30x2,

2.2—\ - — (13
7 lg| | Oy1= —2C1C20x12— i,

2.0 -

L6 g L Ox2=2C1Co0x12+ C50x2
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B 121 - 9y2=2C1C20x12~ Co0x2.

g 0.8: ¢2(r4’r5) : . . e . "

o K whereg,;=0y,; andg,,, is to be identified withgy,,. Actu-
0.4 - ally, gy, includes the small contribution af;,, because the
ww¥ ] [ full 4 X4 matrix for the¢, and ¢, subspace as given in Table

¥ g | can always be transformed into<2 matrices.
1.2 R We now see that the anisotropy in the inducgdof the
0] ¢, @r - ground state is €g,, and is very small becauss is very
1 ¢,@Ly [: 43 Igyl = small. The condition for inducing an apparent axgalinto a
0.47 K Kramers doublet is thag, ~0 in exact axial symmetry and
0.0 1E—"T T T that the doublet is coupled to another Kramers doublet by
0 20 40 60 8 100120 both strain and by an axial off-diagonal Zeeman term.
A(Eu) [em] The ¢, level hasg, =g,, in exact trigonal symmetry. In

this case, the anisotropy in the appamgnis,) is 2c3g,, that

FIG. 6. The effect ofV(Eu) distortion on theg values of the three lowest 1S approxma_tely constant S'ncé Ya”e_s from 1.00 to 0.811
vibronic states in tha@,®e model. The parameters are the same as in Fig. 1aSA(Eu) varies from 0 to 100 cmt (Fig. 6).
with v=1800 cnT™.

V. SOME APPLICATIONS

=-0.10, g,;=1.84 andg’,,=1.86. Furthermore, Eq10) _Figure 5 shows that, (¢y) is_a sensitive detector of
and Table Il giveg),,=0.02,9.,,=0.03,g/45= —0.26,0,,5  Strain of any symmetry. The previous analy@&g. IV) can
~0.02 andg,,;=0.15. The second order equations evidentlyPe applied with very little modification to allt) *T, mul-
give the correct signs and even useful estimates ofgthe tiPlets that have a positive axial field, or A(tp), of any
values. Clearly, the most important Zeeman matrix elemenfagnitude. Table IIl lists a number of examples which dis-
is the off-diagonaly’,, which is always large because it con- Play & range of low symmetry distortions.

tains a large contribution from, that is not quenched by the ~ The nonvanishing, for Ti*"Al 203 has already been
Jahn—Teller coupling. attributed to lattice strains but a detailed investigation of a
If the_low symmetry perturbation is diagonalised with Microscopic mechanism was not pursdedt. we represent
the basisp,.. and ¢,.. the distortion byW(Eu) then the observed, ~0.14 requires
_ A(Eu)~4 cm L.
$1-=Cap1+ —Ciho=, The g values of CsTiS can be fitted with(Eu)~56
— (12 cm L. In Fig. 6 the curves fog,(¢;) andg, (¢,) cross at
$2:=Crb1: ¥ Codboz A(Eu)~70 cm ! where theg values are predicted to have
wherec,>c, andc, is given a positive sign then for the two the value 1.31, in good agreement with the isotropic value
lowest levels we obtain observed for deuterat€tiCsTiS (Table IlI).

TABLE lIl. Strain inducedg, for the 2T, (¢,) Kramers doublet with positive.?

Experimental Calculated
9 9. Ref. A(Eu)® g9°
Ti®":AlL,O, 1.07 ~0.14 21 4.1 1.07
Ti®*:CsAI(SOy),- 12H,0 1.17 0.23 33 10 1.11
1.19 0.70 30 1.16
1.24 0.93 43 1.20
CsTi(SOy),-12H,0 1.25 1.14 3 56 1.25
CsTi(SOy),-12D,0 1.31 1.31 29 70 1.31
Ti3*:NH3CH3AI (SQy),-12H,0 1.40 1.61 32 110 1.44

3, transforms add ;=3 for J=3,
The observedj, was used to estimat® Eu) in cm™* (Fig. 5), which was then used to predigt, given in the
last column. Separate calculations were made f6F: 4 ,0;.
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NH;CHSAIS is a 8 alum that has a ferroelectric transi- prising that theA(Eu) parameters in Table Ill are very
tion at 177 K where the cubic space group changes to,Pca2small. Furthermore, Fig. 4 suggests that the dependence of
Low symmetry ligand fields are indicated by the EPR ofg, ,(¢;) onT,yz T,xz, T,xy and hence off,x.. potentials
Cr¥":NH,CH,AIS, measured below 177 # All 8 alums  [Eq. (9)], may be represented empirically by an effective or
have large and positivev. Accordingly, the previous average operatdv(Eu).
analysi€®32 of the EPR and spin-lattice relaxation rates of
Ti®":NH,CH,AIS have to be corrected. VI. CONCLUSIONS

The g values of T¥":NH,CH,AIS measured below 5 K

(Table IIl) can be fitted to an arbitrary(Eu) strain. The ; . .
observedy, =1.61 requires\(Eu)~110 cni andg, is pre- are largely determined by the two lowest vibronic levels that
L= I

dicted to be 1.44, in fair agreement with the observed?'® cquplgd byalargg trigonal Zeeman term that operate; n
g,=1.40. thg dlrect.|on perpendicular to the molecular tngongl axis.
Two features in the earlier work on 3fENHCHAAIS This of_f—d|agonal Zeeman term should make Fhe s_,pm—lattlce
relaxation time sharply dependent on the direction of the

may be important. Firstly, the spin-relaxation time has a =~ S oo .
large dependence on the direction of the applied magneti pplied magnetic field and can be easily induced into both
the ground and excited vibronic levels by small low-

field.2® The relaxation time is a maximum whéhlies along v distort
the [111] direction and drops sharply & deviates away symmetry distortions.
from the[111] direction. In contrast to the earlier analysis, )
we suggest that the orbit-lattice interaction and the off- 2% %Y_?“;Ch' AF?rt]a CgStallnggoAggzi%??és
diagonal Zeeman terrfxy, in Table ) provide the most ef- g B;Jeéng),g't al.y;.mcc_)clsh;; goc_ Londo(hes 05'7 (1955.
ficient second-order amplitude for the angular dependence ofa. Bose, A. S. Chakravarty, and R. Chatterjee, Proc. R. Soc. London Ser.
the spin-lattice relaxation time. 5A 255, 145(1960.
This suggestion lends support to the earlier 62- ’\Ifagci’é’r?r']ae“'Cca";‘]”-JJ-P'Z%%&Zggzg%o-
. . 3 +. . A , . J. A .
mterpretatloﬁ. of the EPR of Ti":CsAIS. In this case the 7Y, H. Shing and D. Walsh, Phys. Rev. Le8@, 1067 (1974,
EPR shows fine structure spread oveB00 gauss and has 8G. F. Dionne, Can. J. Phyd2, 2419(1964.
been interpreted to consist of at least three distinct chemicafS. Sugano, Y. Tanabe, and H. Kamimukdultiplets of Transition Metal
species with apparent axial symmetry. “The intensity of thelo'(g”; 'r}lgﬁ?‘jﬁﬁgeg't‘i:és'\';";’hzo;ﬁ'irtlﬁtwo Point GrouglT, Cam-
lines decreased very rapidly as the magnetic field divergesy,igge, ma, 1963. P ’
from the direction of the cube diagonal®® If we use the 1'R. M. Macfarlane, J. V. Wong, and M. D. Sturge, Phys. RE&G 250
reportedg, to fix the value ofA(Eu) then the predicted), 12(19568H Phys. Red38 AL727 (1965
: P . S. Ham, Phys. Re .
will ccr)]rrespond leosely to tfhehempll’ngAé\/?lueS(TabI(T I”.)' BR. Ameis, S. Kremerand, and D. Reinen, Inorg. Chér).2751(1985.
The second e.ature' of the EPR o _]NH3CH3AS IS 140. Thiemanret al, Phys. Rev. B49, 5845(1994).
that the reported line width of20 gaus? is much smaller *5C. Daul and A. Goursot, Inorg. Cheri4, 3554(1985.

than the value of 250 gauss observed for CsTiS. The Iatteifl\s/l- P, Best a”ddRMJ-GH;hC'&"“ka Cheméfhgg';fgé(fgglgl%&
. . . brorson an . Gajhede, Inorg. e, .
value is much larger than that expected for pure magnetiGes 5 sect and J. B. Forsyth, J. Chem. Soc. Dalton Trans. GEIEO.

dipole interactior’. It seems possible that just as for 195 p Best and J. B. Forsyth, J. Chem. Soc. Dalton Trans. (TZ9).
Ti®":CsAIS, the EPR of CsTiS may consist of several unre°s. P. Best, J. B. Forsyth, and P. L. Tregenna-Piggott, J. Chem. Soc. Dalton
solved chemical species with different low symmetry fields.ﬂ(T:“”‘A”S-B 231](1933:]- b, Bentley, 3. Phys2C1047(1969
. . . . . . . A. bates an . P. bentley, J. YSZS .
Such details will require precise information on the crystalzy, Abou-Ghantous, C. A. Bates, and K. W. H. Stevens, J. Phys,. 325
structure at low temperatures. (1974,
In the analysis of the data in Table Il we have used anij- H. Shing, C. Vincent, and D. Walsh, Phys. Rev. L&t, 1036(1973.
arbitrary distortion ofEu symmetry. In all cases the ground ,. M- Bacci, Chem. Phys10, 237(1979. - .
tate iSZT (2E) and is subiect to a Jahn—Teller distortion J. Glerup and C. E. Schaeffer, Progress in Coordination Chemistry
sta S 2 _J - . J21 edited by M. CaigElsevier, Amsterdam, 1968p. 500.
The direct product of the trigonal speciEsrequires the dis- 2aA. G. Danilov, J. C. Vial, and A. Manoogian, Phys. Rev.83 3124
torting potentials to be oEu. and T,x. symmetry in the (1973.

H . . 27 .
parent cubic symmetr{Eq. (7)]. The large trigonal fields f‘gggﬁ‘é@tf S. Armstrong, and J. K. Beattie, J. Chem. Soc. Dalton Trans.
stabilises the té) ’E state and it is unlikely that the distor- 23 p. Best, J K. Beattie, and R. S. Armstrong, J. Chem. Soc. Dalton Trans.
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elongation of the strong sigma M—O bonds and tend to deggB- V. Harrowfield, Phys. Abstr75, 594 (1972.
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