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Magnetic studies on nickel (II) tetrahedral salts are rather meagro and
these are mainly confined to the mean susceptibilily measurcments
of powdered samples. The magnetic anisotropy in principal planes of
single crystal of bis-isopropylsalicylaldiminato nickel (1I) and mean
magnetic susceptibility, in the temperature range 300°K-68°K, have
been measured by us. Thermal behaviour of magnolic anisotropy indi-
cates that orthorhombicity is substantial near 68°K though not so high
noar 300°K. This is in good agreement with the X-ray structural date
on the salt. However, a detailed comparison on the basis of a tetragonal
approximation, which may well prove useful for a firsl orientation,
shows that the assumption of a negative value of A, the asymmetric
field splitting parameter, for which a spin doublet level lies at about
72 em~! above the ground level, satisfying tho experimental condition
K, < K|, (instead of a positivo value), provides a much closer agreement
of the experimental with the theoretical values of both mean susceptibi-
lities and anisotropies.

INTRODUOTION

For a long time, apparent non-existence of tetrahedrally coordinated paiamag-
netio nickel (IT) salts was generally assumed to be in accord with the simple crystal
ficld theory (Bjerrum & Jorgensen 1956). However, Venanzi (1958) first reported
the ocourrence of totrahedral Ni(Il) complexos in salts of the type (Phy P);NiX
(X = Cl, Br, [ & NO,) from X-ray structural study. Later, Gill & Nyholm (1959),
Cotton & Goodgame (1960), Cotton et al (1961) and Goodgame et al (1961) have
shown from X-ray and other physico-chemical studies that tetrahedral Ni(IT)
complexes could be formed with a variety of ligands. Magnetio studies of nickel
(II) tetrahedral salts are vory meagre and moreover, these are only confined to
the mean susceptibility moasurements of powdered samples (Gill & Nyholm 1959,
Goodgame et al 1961, Cotton & Goodgame 1960, Cotton et al 1961, Sacconi et al
1963, 1964, 1965, Bose ef al 1965).

Tetrahedrally coordinated Ni(II) compounds in the form of single orystals,
other than cubio, of suitable size, will show magnetic anisotropy, so that the
nature of the ligand field in these can be more effectively studied from thermal
behaviour of both magnetic anisotropy and mean magnetio susceptibility. Fortu-
nately, it is now definilely known from X.ray analysis of Sacooni ef al (1982)
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and Fox et al (1964) that nickel chelate compound his-isopropylsalicylaldimine
nickel(IT) is tetrahedrally coordinated und belongs to the orthorhombic class.
We have therefore taken up a thorough investigation of crystalline magnetic
anisotropies and mean susceptibility of single crystals of this salt in the tem-
perature range 300°K—68°K and have also attempted an analysis of these results
in relation to thoe ligand field theory.

OPTICAL SPECTRAL STUDTES

The refloctanco speotra of Ni(1l)-bis-isopropyl salt as well as its absorption
speetra in non-polar solvent by Sacconi et al (1963) reveal bands with maxima
at 6.7, 10.9, 14.1, 16 9 and 19 6 kK and a shoulder near 9.5 kK (1kK = 10% em~1)
Their assignments of tho bands arc based on the calculation of Lichr & Ballhausen
(1959) and are as follows : The bands at 6.7 kK is identified with the spin-allowed
transition 37',(f")— 34,(F) and those al 141kK and 16.9kK with 3Ty (I")—
3'(P). The weak band at 10 9 kK is assigned to the spin-forbidden transition
from the ground statoe *1'; Lo an upper state arising from 1D state of the [ree ion.
The polarizod smgle orystal spectra of some nickel chelates with derivatives of
salicylaldehydo by Bose & Lin (1965) essentially resemblo the observations of
Succoni el al (1963).

X-1:AY CRYSTALLOGRATILIC STUDIES

Saceoni et al (1962) first showed from powder diagrasns and two dimensional
Patterson synthesis that Ni?+ oxhibits a tetrahodral coordination configuration,
in Ni(Tl)-sal-isopropyl salt which is isomorphous with the cobalt(IT) and zinc(IT)
analogues. Later on, Fox et al (1964) reported tho dotails of three dimensional
X-ray diffraction investigation of the structure. As revealed in their structural
analysis, the coordination tetrahedron of the nickel chelate complex, having
u pair each of oxygens and nitrogens, is considzrably distorted and may be assumed
to have orthorhombic symmetry The interchelate anglo between the planes,
N(1)—Ni—O0(1) and N(2)—Ni—O0(2), which is a moasure of the deviation from
regular tetrahodron, is 81°.5 and the telrahedron is squashed along the internal
bisector of O(1)—Ni—0(2) and N(I1)—Ni-N(2) (figure 1).

The crystals belong to the orthorhombic system (space group Ppeg) with
vight molecules in tho unit cell and closest Ni-Ni distance is 7.66A. From the
point of view of magnetio symmetry, only one pair of magnetically inequivalent
complex exists in the wnit cell. Sinoe these are equally inolined with respect to
crystallographic axes @, b and ¢, direction cosines of one will be the same in
magnitude as those of the other but with opposite sign and as such they can
be regarded as oquivalent for the calculation of the ionic susceptibilities from
crystalline ones. .
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Tigare 1. Showing prmeipal iome wxes (K, Ky, Kj) and distortion of the hgand cluster of
nickel(IT) salicylaldimino.

SINGLE CRYSTAL PREPARATION AND EXTERNAL MORPHOLOGY OF
SINGLE CrysTAL

Single cryntal of Ni(II)-bis-isopropylsalicylaldimine was propared by ro-
fluxing bis-salicylaldehydo-nickel(1l) dihydrate with a solution of amine in
methanol and crystallized from cyclohexane Tairly largo dark brown crystals,
with well developed faces (010), (001), usually clongated along the crystallogra-
phic c-axis, were obtained. The external morphology of the crystal is given in
figure 2. The crystal axes have been identified by wsing goniometric and X-ray
methods.

Figure 2. External morphology of o single crystal of nickol(IT) salicylaldimine.

EXPERIMENTAL MEASUREMENTS OF PRINCIPAL CRYSTALLINE SUSCEPTIBILITIES
(Xas Xbs Xe) AND CALCULATION OF Princrean lonNio SuscEPTIBILITIES
(K1 Ky Ky)
(a) Measurements of Crystalline Susceptibilities
The mean crystalline susceptibility (x) and crystalline anisotropies in sus-
ceptibilities (xq—X»), (Xc— Xa) in (001) and (010) planes were measured. in the tem-
perature range 300°K —68°K using techniques described elsewhere (Guha Thakurta
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& Mukhopadhyay 1966, Bose et al 1963). At room temperature the anisotropy
in (100) plane i.c., (yp—x.) was also determined to provide a check on the aniso-
tropy measurements in (010) and (001) planes. It was established from the aniso-
tropy measurements that xp > x5 > %, The results are given in table 1. Also,

in this table 7'.(xo—xa), T'(Xa—Xo) and P? the mean square moment are included.

Table 1. Principal crystalline anisotropics, mean susceptibility, mean
moment square eto. of Ni(11)-sal-isopropyl at different temperature

Temp. T (Xo—Xa)  T(Xo—%a) (Xa—Xe) Tlka—pe) xx100 P2
°K % 108 X 109 x 109 X 10%
300 560.8 1682 370 1 1110 4587 11.00
280 603.0 1688 413 9 1159 4897 10.96
260 652.7 1697 465.6 1211 5265 10.92
240 713 4 1712 528.6 1269 5676 10.89
220 788.2 1734 602 7 1326 6171 10.85
200 883.8 1768 694.8 1390 6764 10.82
180 1012 1821 812.4 1462 7491 10.78
160 1187 1899 969.9 1662 8400 10.76
140 1417 1983 1190 1666 9557 10.70
120 1712 2064 1494 1793 11060 10.62
100 2116 2116 1901 1901 13040 10.43
80 2707 2166 2482 1986 15820 10.12
(1] 3223 2192 2981 2027 18150 9.86

(b) Calculation of Ionic Susceptibilities :

Since all the jons in the unit cell are in general position it is not possible to
oaleulate the ionic susceptibilitios K, 1> Ky, Kj, from the crystalline susceptibilities
Xas Xb, Xe, alone even if we take ligand complexes to be approximately uniaxial,
unless the orientations of the ion in the unit cell are known. In the absence of
direct experimental evidences from EPR rogarding the point group symmetry
and orientation of the paramagnetic cluster, we have to fall back upon the X-ray
values of the direction cosines of the geormetrio axos of the paramagnetic complex
for the said purpose. With these data, the direction of K, was assumed to coincide
with the mean direction of the two internal bisectors of the large angles [O(1)-
Ni-0(2)] and [N(2)-Ni-N(1)] in the squashed tetrahedron, while those of K, and
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K, to approximately coincide with the mean directions of other two pairs of inter-
nal biseotors of [O(1)-Ni-N(1)] and [0(2)-Ni-N(2)] and [0(2)-Ni-N(1)] and [O(1)-
Ni-N¢2)], respectively, so that K,, K, K; form an orthorhombic set. The
direction ocosines of these ionic axes with respeot to a, b, ¢, i.e., Xa» Xv» Xc 8X08
caloulated from X.ray data are given below :

a(xa)  blxp) c(xe)
K, 0.6608  0.2179  0.7182
K, 0.1522  0.8993 —04078
K, 0.7350 —0.3794 —0.5620

The principal ionic susceptibilities (K,, K;, K;) at different temperatures are
evaluated from crystalline susceptibilities (xa, X», Xo) by the use of the general
relation :
xe=2 A3K;, (1=ua,b,¢;j=1,2,3)

whore A’s are the diroction cosines between y; and K;. Since, the siructural
data is available only at room temperature wo assume in such caloulation that the
oriontation of tho paramagnetic cluster does not alter appreciably with change
in temperature. The principal ionic susceptibilities so obtained aro given in
table 2.

Table 2. Tonic susceptibilitios of Ni(II)-bis-isopropyl at difforont
temperatures

Temperature °’K. = K, x 10° K, % 10° K;%x 108

300 2819 5878 5068
240 3232 7609 6288
200 3604 9168 7624

- 140 4229 13670 10780
100 4665 19610 14880
a8 5085 28430 20930

The results indicate that the amount of ionio orthorhombicity presont is quite
substantial at 68°K though this is not so high at 300°K. This is also corroborated
from the faots, namely, (a) the ionic anisotropies (K;—K,) caloulated from
principal orystalline anisotropies (x,—yxas) and (xa—Xo) on the assumption of axial
symmetry differ widely, progressively inoreasing with decreasing temperature
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and (b) (yo—xa)T and (Ya—xe)T vs temperature curves (figure 3) are quite
distinet {rom each other.
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Figare 3.

DrscussioN o MpaN MOMENT AND ANISOTROPY IN MoMuNT AND THEIR
VARIATIONS WITH TTMPERATURE

The lowest configuration (3d%) of a Ni** ion gives rise to terms *F, 1D, °P,
1@ and 1S Under the action of the tetrahiedral cubic ficld, 3F ground term splits
into 3T (F), 3T(F) and 3A,(F) in the ascending order of energy like 3d* or 347
atomic systom in un octahedral ligand distribution; while the same spin-multiplot
term 37T,(3P), which is also important for magnetism since cubic field has matrix
elements connecting 37,(F) and 37T,(P), remains unsplit. Each of the orbital
triplots will further split into a doubtlet and a singlet under lower symmetry
totragonal or trigonal fild. These gross features of Stark pattern of Ni** in
tetrahedral field is holpful for preliminary description of magnetic properties of

nickel totrahedral salts The mean effective moment V. Pz, of Ni-sal-isopropyl
i83.32 BM (spin only valuo is 2.83 B.M.) at 300°K, which is within the usual range
of valuos (3.2-3 3B.M ) for the distorted tetrahedral comploxes of the type NiL,X,
(L = Ph,P; Miller 1962), but lower than the value 3.6-4.0 B.M. for the regular
tetrehedral nickel(IT) salts of the type Ry|NiX,], where R = (Et,N)* or (PhyMeAs)*+
and X = (1, Br, T (Gill & Nyholm 1959). Sinoce for Ni*+ in a ligand field of tetra-
hedral symietry, triplet 27'y(F) lies lowest, for which the orbital moment is non-

zoro, VPi dopends substantially on the presonce of low symmetry ligand field
components as well as on electron delocalization. So, the low value for the present
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crystal Ni(TI)-bis-isopropyl indicates that the ligand field departs a good deal
from regular tetrahedral symmetry. This is to bo cxpeoted also from X.ray
structural data showing a considerable departure from rogular symmetry. Similar

low value of \/_1;” is also observed in octahedral nickel salts (2.9-3.2 B.M.), which
however originates from an altogother different situation. In this case a non-
magnetic orbital singlet A,, is tho ground state as a result of inversion of Stark

pattern from the tetrahedral case, and in consequence the closeness of \/;E to the
spin-only value is essontially associated with the relative magnitudes of s.0. coupl-
ing and cubic field splitting.

Tt is to be generally cxpected, that tho tetrahedrally co-ordinated paramag-
nolic complexes should resemble 1o sorme exiont the octahedral comploxes of the
‘reciprocally rolated’ (Van Vleck 1932) paramagnetic ions having similar Starl
pattorn. Thus like tctrahedral Ni?+, octahedral V3 and octahodral high spin
Co®+ complexcs have triplot states (*T,(F) and *T(I")) lying lowest in-cubic field.
Of tho two, V34 octahodral complex is apparently moro similar to Ni2! tetrahedral,
sinee tho orbital as well as tho spin degencracies are the same for both. However,
V3+, and Ni*+ are actually very difforent in respect of both the magnitude and
sign of cubio field coefficient as woll as 8.0 coupling [/); = 1894 ¢m~! and 372 cm~!
and A = 1102 and —325 ocm-! for V34 octahedral and Ni%+ tetruhedral complexes,
rospectively] 1t will be then roadily understood why for tho V3+ octahedral

the observed negative orbital contribution to the magnetic momont VP2 is small
compared to that of Ni?+ tet1ahodial complex [1%, and 15%, for V3*+ octahedral
and Ni%' tatrahedral complexes, respectively]. For oclahedral Co*t complexes,
the cubic soper ation is only moderately largo (Dg = 1167 cm—?) and s.0. coupling
coefficient not too small (A = —180 cm~') like octabedral V3+ complexes. The
peroentage orbital contiibution is quito laige in most Co?' complexes (about
22 per cent). This is mainly due to the facts that tho splitting of the lowest triplet
under thombic field is only about 1000 em~—! and mixing components under
spin-orbit coupling are comparatively large and covalency offect possibly is less
pronounced in Co** octahodral complexes.

The experimental P2 vs T' curve of Ni-bis-isopropyl shown in figure 4 doviates
from Curio law in a marked mannor similar 1o octahedral Co?! and V3+ complexes
and very much unlike the oolahedral Ni?+ complexes for which the magnetic
moment is nearly independent of temperature. When wo make a comparison
of the ionie anisotropy in these comploxes (on the simple assumption of axial
symmetry), this is found to be much larger in Ni-sal-isopropyl than in V3+ octa-
hedral complex and in cven octahedral Co®* complexes. The percentage aniso-
tropy is about 58 at 300°K as against about 1.4 for V(KC,0,);.3H;0 (Boso et al
1964) and nearly 44 for Co(NH,80,), 6H,0 (Guha Thakurta & Mukhopadhyay
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19656). However, anisotropy behaviour in general is a more complicated funotion
of structure and temperature, varying individually for different complexes of even
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Figure 4. Temperature variation of mean square moments in (a) cobalt ammonmum sulphate
hoxahydrate (Guha Thakurta & Mukhopadhyay 1966), (b) Ni(IT) salicylaldimine
(present author) (o) vanadium potassum oxalate (Boso et al 1964).

very similarly ooordinated ion (449, and 31%, for Co(NH,SO,),.6H,0 and
Co(KSO0,),. 6H,0, respeotively, (Guha Thakurta & Mukhopadhyay 1965), and
can bo properly understood only after a close scrutiny of the minute details of
the Stark patterns.

THEORETIOAL CONSIDERATION OF MAGNETIO PROPERTIES OF
PSEUDO-TETRAHEDRAL NIOKUL(IT) SYSTEM

Although magnetic dota in conjunoction with X-ray data offer enough indi-
cations for orthorhombicity of the ligand field, it is not so simple to deal with
the orthorhombic model, because of too many parametors entering into the theory,
and hence dotailed comparison between experithent and theory becomes very
diffioult. So, in the theory which follows, we assume for simplicity a tetragonal
distortion having D,g symmetry and for the purposs of data fitting K, is equated
to the average of K, and K, and K to K,. Such a simplified picture may very well
prove useful for a first orientation. The method of caloulation has some sirnilarity
with those of Chakraborty (1959) and Bose ef al (1964) for trigonally distorted
octahedral vanadium alum and of Bose et al (19656) for trigonally distorted tetra-
hedral nickel salts. Although 3d"4p—3d® configuration intoraction is possible for
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symmetry reasons, we have neglected this higher order effeot for simplification in
calculation.

The energies within the lowest orbital triplet 7'(F) in cubic field may be
caloulated on the basis of Abragam & Pryce’s theory (1951a) considering 2T,(F)
as o pseudo-3P-state. Then the elements of the Hamiltonian H' = Vieragonar
—alyLz8z—a'y(LyS,+-LySy), comprising of the tetragonal component of the
crystal field and s.0. coupling interaction (the reduction factor, due to charge cloud
overlap, affeots the free ion value of { in the crystal ansotropically, giving £, and
¢.), havo 1o be evaluated within nine states|m;, m, > of a 3P torm classified acoor-
ding to their values of m = m;+-ms. The offoct of the axial field is to split the
triplet T'y(F) into a doublet and a singlet having cnergies —A/3 and +4-2A/3, and
whether doublet or the singlet lies lowest is determined by the sign of tho axial
ficld co-efficient A. The 9th order determinant corresponding to the Hamilto-
nian H' reduces according to the m values, into tho following sub-determinants :

i |-1L,1> ]0,0> 11, =1 >
<—-L1| | —AB+afy —a'G 0
<0,0] | —a'§, 24A/3 —a'fy
<1, —1] 0 —a'l, —Af3,
10,1 > ]1,0; |-L0> ]0,—1>
<0,1| 2A[3 -’y < —1,0] —AB =o',
< 1,0| —a'ty —A[3 <0, —1] —af, 2A/3,
11,1 > -1, —1>
1,1] —A3—af —1, =1} | —A/3—af,

The solutions of these are :

Ey = 3[A[34at,—8,)
B, = }AB—8,]
B, =[—A[3+af)]
By = H{AB+af+8]
E, = 3{AB+8,]
By =[—A8—aly]
where 8y = [(A—afy)*+8a" ] and Sy = |A®-+H4a'2, "
b
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The corresponding wave funotions obtained from the sets of secular equations are:

Eigen wavefunctions

do=a|l,—1> +b|0,0 > +a|—1,1 > m =0
$==c]1,0> +d|0,1 >
m == -L1
¢ =¢|—=1,0> --d|0 —1 >
1
¢2=—v-2] ~1,1 > - —__]l 1> m ==
1, -1 > 2a| 0,0 > - ._—11> m=0
¢y = V | —+v/2a| v I
¢y =d|1,0> —¢|0,1 >
m = F1
¢y =d]—=1,0> —c|0, —1 >
¢ = |1, 1>
m= 42
'=|—l,—l>
20/,
whore o= - LD 202102 = 1
a—ATS, o
— 20/, 21 g2 __
d A-I»Slc c2fd? =1

Thus, under the action of an axial field and s.0. interaction the cubic 3T'(F) ground
state splits into six levels, namely, threo non-magnsetic singlets and threc mag-
notic doublets. The sequence of energy levels for positive and negative A’s (lor
roasonable values of paramoters af) and a'¢,) are shown m figure 5

PrINOIPAL MAGNETIO SUSOEPTIBILITIES

With the wave functions for the nine states, the principal gm. ionic suscepti-
bilities have hoon caleulated by moans of the standard procedure (Van Vleck
1932).

The mognotic operators acting on the ligand field Hp, = —fH{akyL,+28,}
lor magnetic field H|) to the tetragonal axis of magnetic complex, and Hy, ==
FH{(—a'k [2)( L A-L)-}- 8+ 8_} for H| to tetragonal axis of magnetic complex.

In the above the offects of the overlap of d-wavefunctions with ligand wave-
{unctions aro taken care of by the anisotropic orbital reduction factors ky, k.
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Tigure 5. Fine structure energy lovel schemes for nickel(IT) salicylaldimine (not to scale)
(a) the free jon; (b) tetrahedral fiold, Tg; (¢) T'q+teiragonal component-8.0 inter-

action (A = —1400 em™?), @) = —325 om~?, o’ = —270 em-2); (d) 7'¢-+totra-
gonal component 4-8.0 interaction (A = 41400 cm—3, alj= —326 om™?, a'fy =
—270 cm™2).

The anisoiropic spin orbit reduction factors have been already included in § to
make it §, 1. Tho expressions for K} and K, are obtained as given below :

2
K, = Zg ,;' (G4 Fre—BAVT @ Bag—BalkT |1 Boo—Fs[T} { 91(, Bog—EalkT

1 Gy Fre=EiMT 4 g Bog—Ia[kT | Bog—Bs[kT +GyE,e—E4/kT}]’
K = 2_1\’7»{”{0”11'.,@_15../1:1' 4+, Fre—BA[bT | @, Brg—B:[kT @, Bag—BafkT
25
4Gy Bse—EalkT 4 g Brg—Bs[kT

where Gy and G, are the first and second order Zeernan terms and Z is tho parti-
tion function given by

7 = e—BolkT | 9g—Es[kT | o—Ba[kT | o—EalkT | 9o—BalbT 4 go—B[bT

The exprossions for G’s are as follows :

Gy = 2{ < ¢, | Hmy | $1 > ) = 2[{(2d°—akc®)}-+{dov, +) 12

6B = 2{ < ¢y | Hpu| ¢4 > )2 = 2[26*—akyd®
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01275 = 2{ < @5 | Hp|$5 > }* = 2[aky—2]

By | <ol Hmn|ds > |2 B _ 2| <éi|Hmi $a > |
Guto =g, G T, T,
By _ | <dolHmilgo>1% | | <@GolHpmylés> 1?
G BB, T BB,
By . | < @s| Hmy |2 > |5 2y _ 2| < Pa| Hun Py > |*
Gzz E!_ 3 ’ Gze EI_E‘
wheore
| <@o| Hm | $o> |2 = 20%(aky+-2)*
| <@1| Huyy| $a> |2 = *d¥(aky +2)*
| <¢s| Huny| o> |2 = b*axky+-2)*
244 24
Ho _ 1 2
(™ = E,— K, Ea_Eu
B _ 240 | 24 | 240 | 242
Rl T R R b m g B A
ma_ 243 | 242
@ = BB BT,
@B — 248 | 247
2 B—E, TB—T,
@B _ 24,2 2442 +__2{1_72_ 244
w ' = g B, E,—E, E,—E Bk,
G5 = 24g® | 24
: B—F, E,—E,
where

Ay — /2{ac+bd—La'k be—Fa' b ad} +/2{acvy - advy+bdv,)}
Ay = +/2{ad—bc4-Ja'k ac—Fo' k) bd}

Ay = (e 1a'k,d)

A, = {bo—2ad+a'k ac— o'k bd)

Ay = /2{c—}a'k d}

Ay = {d—1a'k c}

A, = {bd+-2acH-a'k ad+ Yo'k bo}

Ay = v/2(d-+a'ky0)
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In the expressions for 6?‘1.,.‘9l and A4, terms containing +’s arc the contributions
from upper 3P levels, coming directly through the lowest ¢,, calculated in the
manner of Abragam & Pryoce (1951b), where

= 2019, 1541, - 15f1fe _ 0ns |
St e L i L

symbols having the meaning given in the above reference.

As mentioned in the previous section, the lowest level has been shown to be
a spin singlet ¢, and from our parametral fitting of cxperimental data of magnetio
susceptibility and anisotropy as given later, it comes out that the next level lying
at about 72 cin—! above the ground spin singlet ¢, is the spin doublet (¢, ¢,').
As the population density of the doublet ¢,, ¢, is appreciable at ordinary tem-
peratures (kI' =~ 200 cm—), EPR signal, if any, may be observed only for this
level, with effective spin = 1/2, and the g-factors will be given by

g = < ¢y | —akyL;+28;| ¢y > = 2[2d2—akc?]
gL = < ¢y| —a'k L,+28,|¢y > =0

However, the intensity of the resonance signal corresponding to g, may not be
appreciable to be observed, sincc it is proportional to g,? which is zero in the
first order and in fact, no EPR signal has been detected at X-band.

ESTIMATION OF PHYSICAL PARAMETERS FROM FITTING OF EXPERIMENTAL
DaTa FOR MAGNETIO ANISTROPY AND MEAN SUSOEPTIBILITY AT
Var10US TEMPERATURES

The theoretical expressions for the ionic susceptibilities are functions of five para-
meters viz. al), @', ake'k, and A. Then the correlation of the experimentally
obtained principal ionic susceptibilities with the theoretical ones may be obiained
with the data at any three temperatures (provided both mean susceptibility and
anisotropy data are available), to decide the values of these parameters unicuely,
assuming these to be temperature independent. 1t is, however, likely that some
of the field parameters are fairly sensitive to changes of temperature. On the
other hand, all the parameters are not explicitly independent of one another,
and may be related to the anisotropic field parameter A, but it is difficult to got
the actual relationship between them. Then it is in theory possible to calculate
the parameters, assuming a varying A with temperature. From the physical
standpoint we shall be thus putting the sole responsibility of the thermal depen-
dence of all the parameters on A which though perhaps a somewhat exaggerated
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picture, givos some idea of tho behaviours of the ligand field. For the present salt,
it is found that no single set. of parameters (af, o'f), aky, «'ky and A) can bring
the data fitting with the thoory within the limit of experimental errors at all
temnperatures. But sinco we have already made the approximate assumption of
axial symmetry instead of the more correct orthorhombic symmetry and more-
over we have taken for granted that the paramagnetic clusters do not rotate with
temperatures i.e , the direction cosines Ay remain unaltered with temperature,
it appears superfluous {o arrive at a wery close fit with the experimental values
at all {emperatures by changing A with temperature It would bo of course pos-
sible to exactly fit the data at any three temperatures, taking A to he independent:
of tomperature  But the fitting at other temperatures will be bad. So, we have
attempled only to find out the sct of values of the parametors, which give the
clogest. approach within experimontal errors with the observed susceplibilitics
at roorh temperature, which is always treated as standard, and keep the deviations
at the minimum at other temperatures  The sequence of the fine structure encrgy
levols and their separations, in cm-! for positive and negative valuos of A (for
reasonable values of paramoters af and &'¢)) are shown in figures 5a and 5b.
In both cases the lowest level has been shown to be & spin singlet ¢, while the
next higher state is a doublet (¢,, ¢,") for negative A and a singlet ¢, for positive
A. Consequently the effectivo magnetic momont should be comparatively smaller
in the latler case and it has been found on actual calculation that the effective
magnetic moment in that case (i.e. positive A) practically comprises of second

Table 3 Results of closest fitting of experirnental mean susceptibility
and anisotropy at different temperatures with the most representative
set of theoretical parameters

af), = —325 em™? a'f, = —270 om™
oky =100 a'k) =1.18
A = —1400 et

(Ky1—Kj) x 108 Kx10°
Tomg 0 °K -
Expt. Theo. Expt. Theo.
300 26564 2641 4587 4615
240 3667 3417 5676 5682
200 4742 4258 6764 6743
140 7997 6681 9557 9419
100 12570 10360 13040 12800

68 19600 16920 18160 17640
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order contributions and rauch smeller than that experimentally obtained More-
over, for positive A, K| cormes out to be greator than K| in direct contradiction
with the experimental results. For negative valuo of A, the rest of the levels
other than (¢;, ¢,') aro well separated from ¢, (== 1200 em-1) and the orbital
contributions to both Kj and K| are primarily dictated by the doublet (¢, ¢,")
in the first and second order, respoctively ~Although some discrepancies (rather
pronounced in anisotropy) have been noted at low temperatures, the negative A
consideration provides closer agreements of the theoretical values of both mean
susceptibilities and anisotropies and satisfios the experimental condition K> K.
The results of host fitting of experimental mean suseeptibility and anisotropy
(not 80 good) obtained with negative A are shown in table 3.
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