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LIGAND FIELD THEORY OF TRIGONALLY DISTORTED
OCTAHEDRAL Ni** SALTS.

B. D. BHATTACHARY YA* anp MANJU MAJUMDAR**
DHPARTMENT OF MAGNETINM, INDIAN ASSOCIATION Fort tan (VLTIVATION OF Hefuwes,
CALcuTTA-32
(Zecerwved Muy b, 1966)

ABSTRACT. Measuroments of the mugnetic susceplibility und aniotropy on simgle

orystals  of NiSiFg.01,0 and NiSnClg.6H,0 have heon made m the tompomture range

300" 90°K and the results are ¢Hmpnred with theoiotienl expressions, In hoth theso erystuls

(which helong to the trigonal systom wath one ron i the uait eell) the va-oby e hgand field
paramoters us well as the zoro field splittang axe reen to be temporature dependent, tho chavgos
Teing moro pronounced in the fluosilicate

The offact of covaloney appears 1o be high n
the chlorostannaie.

INTRODUCTION

The hexahydrated fluosilicate and chlorostannate of Ni*! belong Lo an interest-
mg series of crystals for magnetic, optical, e.s.r. and other studics. The unit ecll
of the trigonal (rhombohedral) crystals contains only ono molecule, the Ni(H,0),2
octahedra being trigonally distorted along the 3-fold axis of the crystals, as
evident from the x-ray analysis of the chlorostannate by Pauling (1930) and
the recent neutron diffraction studies on the isomorphous ferrous fluosilicate
by Hamilton (1962). The Ni** jon is thus under a predominantly octahedral
field with a small superposed trigonal component — The ground level of the ion
under a cubic field is an orbital singlet 3A,, which is split up to a small extent
by the combined action of the spin orbit coupling and the non-cubic component
of the field into & doublet and a singlet. The magnitude of the separation between
these levels, the zero field splitting D, has been measured from the resonance spectra
(Holden, Kittel and Yagor, 1949; Penrose and Stevens, 1950). However, the
sign of D cannot be dotermined from these data and has to be deduced from
magnetic suscoptibility moasurements, as discussed later.

Only the mean susceptibility data for the fluosilicate in the temperature
range 280°-1.54°K have so far been roported (Hascda and Dato, 1958) which are
not enough for evaluating all the theoretical parameters uniquely. In ?.he prosent
Ppaper we have measured the magnetic anisotropy as well as 1:110 prmcfpa,l suscoP-
tibilities in the rango 300°-90°K. The study of magnetio anisotropy is of spe(':ml
advantage here, a8 it is a sensitive function of D (vide infra). Results on the iso-
morphous salt, NiSnCl,, 6H,0, have also beon discussed.

* Progent address ¢ Deparbment of Physics, St. Xavier's Cnlloge, Cull‘cut.tu,
** Presont address : l')apartment of Physics, Jogamuyd Devi College, Cnleutta.
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EXPERIMENTAL

Niokel fluosilicate was prepared from nickel carbonate (Schering’s Co-freo
quality) and neutralized with hydrofluoric acid. Zine fluosilicate (which wag
required for the diamagnetic correction of the susceptibilities) was prepared
in a similar manner. Nickel chlorostannate was prepared from NiClL6H,0
and SnCl, in moderately concentrated hydrochloric acid solution, The fairly
large single crystals obtained on erystallization from slightly acid solutions were
checked under the polarising microscope. NiSiFy-6H,0 crystals were ground
into cylinders about the axis of suspension to eliminate shape effects\on the
magnetic anisotropy. NiSnCl;6H,0 is very deliquescent and had to bé\ coated
with collodion after mounting in the sample holder, Grinding of these (xrysta.ls
was avoided by choosing only those that had as nearly a regular polygona.l‘\eross-
section as possible about the axis of suspension, so that the shape effects were
minimized (Majumdar, 1962).

The magnetic anisotropy was measured in a torsion balance with quartz
fibre suspension described in detail by Majumdar and Datta (1965), from which the
values of the anisolropy Ay in the horizontal plane could be directly obtained.
For the measurement of the principal anisotropy (y|—x.) (the susceptibility
along tho trigonal axis, y||, was found to be greater than that normal to this axis,
X1, for both the salts studied here) the crystal was oriented with o {170} face
horizontal. In order to check if any anisotropy appeared in the plane of trigonal
symmetry at low temperatures, the crylals was mounted with the [111] axis
vertical. There was no measurable anisotropy down to 90°K, showing that
the unlike cobalt (Majumdar and Datta, 1965), manganese (Tsujikawa, and
Couture, 1955) and copper (Majumdar, unpublished) hexa-aquo fluosilicates, ihe
uniaxial symmetry of the crystal is retained in both the salts in the range of
temperature studied.

A sensitive Curie type of torsion balance was used for the measurcment of
susceptibility (Bose et al., 1963) and one of the principal susceptibilities of the crys-
tal, e.g., y. or the mean susceptibility of the powdered orystal was measured from
300° to 90°K with its help Measurement of the mean susceptibility was not
possible for the chlorostannate because of the obvious difficulty of powdering
and packing the highly deliquescent crystals in an ampoule. The susceptibility
values for NiSiFg6H,0 were corrected for diamagnetism from the measurements
on the isomorphous zine fluosilicate for which K| and K, were found to be —136.4
and —135.5 in the usual 108 e.m. units per mole, respectively. For the chloro-
stannate no isomorphous diamagnetic salt containing SnClg- could be prepared,
and the necessary corrections were applied using standard tables¥, ¥ being cal-
oculated to be —252.

*Tables de et doné ériques, 1867, Edited
by G. Foex et al,, Vol. 7D tismé et P bismé”’.
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From thc_: corrected susceptibility values the principal and mean effective
moments u; (¢ = || or | to the trigonal axis) and g, respectively, were calculated
3k
pE = J_VFX‘ + T = 7.995x;T

R® = uP+20.%)
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Fig. 1, NiSiF3.6H,0. Lower ourve—magnetic anisotropy, (X;—Xu ), plotted as I(x)—x1 )i
Upper curve—squares of the principal momonis, £ 2 (off.)
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Fig. 2 NiSnOly.6H,0 Lower curve—magnetio anisotropy, (Xi—Xs ), plotted as Z'(x)—=X. ),
Upper ouive—squares of the principal o, pa® (1)
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using the relationship (x; being identical with the ionic susoceptibility K; in the
present case) Tho experimental data for the anisotropy and the susceptibility
(or the squares of the principal effective moment 4%) are shown in figure 1 for the
fluogilicate and in figure 2 for the chlorostannate. Graphically interpolated values
at regular intervals of temperature are shown in Tables I and II for convenience
of comparison with the calculated values. The acouracy of the results is
estimated to be +0.5%.

TABLE I i
Magnetio anisotropy and susceptibility of NiSiF, - GH,0 \
(interpolated values) |

Temp. °K 108K, 100(K;—K,) 100K
300 4,630 ’ 14,82 4,630
280 4,830 15.00 4,840
260 5,190 15 21 5,200
240 5,610 L5.46 6,610
220 6,090 15.80 6,100 ,
200 6,680 16.23 6,680
180 7,400 16 70 7,420
160 8,300 17 40 8,310
140 9,450 18 57 9,460
120 9,990 20.54 10,100
100 13,170 23 63 13,180

90 14,610 25.62 14,610
TABLE II

Magnetic anisotropy and susceptibility of NiSnClg6H,0
(interpolated values)

Tomp. °K 100K,  100(E)-K)) 100K
T 3,963 18 63 3,970
280 4240 20.20 4250
260 41560 2221 4570
240 4,930 24.62 . 4,940
220 5,370 27.71 5,380
200 5800 31.40 5,010
180 6,540 36,12 6,550
160 7,340 41,90 7,350
140 8,360 49.24 8,380
120 9730 57.80 9,750
100 11,650 69,21 11,890

20 12,912 76.60 12,960
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THEORY OF TRIGONALLY DIRTORTED

OCTAHKDRAL
Niz¢ SALTS

Under an octahedral field of symmetry O, tho 348 *F ground state of the
Ni#** jon splite up into two triplots, °T,, and Ty, and a singlol #As, which lies
lowest. The appropriate wave functlions using the three-fold axis of the octa-
hedron as the axis of quantization are (Bleaney and Stevens, 1953)

Wave funetions

Ropresentation

- LBy, 4y,

75 WtV ™,
VetVgva Lad”

VEr i
2ot S 7,
NN

VS v

The potential for the cubic and trigonal fields may be written as

V= D’r‘[ Yot (?)&( - A-’) ]+A'2r“Y"3+_A¢’T‘Y".1 - @

On epplying the corresponding perturbations we arrive at the following wave
functions :

Bu = ol Agg>+bo| T%>
P = ay | P>+, | Ty>
¢ =a | Tgy>+b, | T7yp>
Py = |T°9'> @
Py = a, | T+, > —by | T%p>
'y =0y | Tyy> b | Ty>
Be = 0| T%>—by | dgy>
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with the corresponding energies (with appropriate subscripts) obtained by solving
the secular determinant, given by

Fuum (000t e (004 by ) ot

By = % [ (wq—%A,—QA‘ ) :F{ (8Dq+ % Az—SAa)a'l‘z—]b (3A,—40A1' )’}‘]

\

By = —2Dg+ 3 4.+ 34, -

e

where the first and the second subscripts on E refer to the —wve or --ve sign
appearing within the square brackets in (4). The coefficients in (3) are given by

3

. ‘7545_‘\/514. .
°~ B, ¥12Dq—14, ° -
ag’+b* = 1;
43/5A2—2\/3A.
G = = o by . (8)
B4-2Dg+-34,1+34,
a*+b =1;

where the ligand field coefficients are given by

A= —ed'yr V5

214/m
A, = —ed' gt L . ®
4 21/m
Dg— tepp 3
28+/m

The trigonal field thus splits up the coxcited orbital triplets into a doublet and &
singlet each, the ground level remaining orbitally non-degenerate. Since the
excited orbital levels lie ~ 10? em~? higher up we can apply the spin Hamiltonian
technique (Pryce, 1950) where we include the effect of spin-orbit interaction and
the external magnetioc field,
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For Hffz, axis of trigonal symmetry of the Ni(H,0)** complex, the spin
Hamiltonian for the system ir given by

H, = D{8;*~38(S-+1)0\+fgyH, 8, — ok 2H 2 - ()
and for H | 2 -
H, = D{82—}8+1)8}+ By, H 8, —ferk.*H 2 e (8)
where
D = —(&P—arls®
g = 2(1—Fky oy &y)
gu = 2(1—Fh o, 1)
and

al = @E—Vzg,b")i )

2(v2a..a,—%v-gboa,+2\3/2babl)” 2(v/2a— 5| U= gtoh)

o= + —

EI_EO Hiy— £y

Hore we have introduced the orbital roduction factors k, and the spin orbit coupling
coefficients {,(¢ = | or |_to the trigonal axis of the complex) reduced from the free
ion value and rendered anisotropic due to covalency.

Operating with the spin Hamiltonian H, (7) and (8) respectively upon the
spin states |1>,]|0>,| —1> we derive the energy expressions as follows :

(a) Hl|=z
Wy = §D+g,fH,— ko2
Wy =—8D—fyfogH,?
W_, = $D—gpH, kPt
(b | 2
W, = H—3D—2p% 2o H A+ (D +49:H)
W, = }D—p%k ol ?
W_y = H—$D—2p%tes H P — (D492 H:))

(10)
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The expression for the principal gm fonic magnetic susceptibility is given as usual by

oW, W
N & 0H oxp (— T )
K;=— T~ < ’—““'—W.(—'-) — e (1
[Lt H >0 Zexp(— KT ) P —
’ 7 = 1)

On substituting the values of W,¥ obtained from (10) in the above expre:ssion one
gets

\
[3% 2D(3kT |

T —DjskT
+ 2ok % e +kyfay e ]

2 —D
o pe [
NP er ©
N ZDjSkT _ 2DJ3kT
2e ~+e

K) =

and ... (128)

Np? [4klzale~1)lak1' 20,2k ¢ 2PIORT _|_2_%j ( o 2DISkT_, _D/am')] ‘
K, =

2¢— D[3KT I ¢2D[3kT

On the assumption that D < < kT the exponentials can be expanded when (12a)

reduces to (ignoring terms involving higher powers of D and 1/7'%; sce also Pryce,
1957)

Np? 2g)2 _2Dg,?
K= =" 2 Ul __ S Gu
n= 2 [ kbt 20 2000 |

(12b)

_ -Nﬂ’[ 2, 20 2 Dgs ‘]

B = [Pkl g topm
For the fluosilicate, since D is ~ 0.5 cm~1 at room temperature and ~ 0.1 cm™
at 14°K (Penrose and Stevens, 1950), il is permissible to use eq. (12b); however,
at temperatures of about 1°K, D ~ kT, and eq. (12a) is more proper to use. TFor

the chlorostannate low temperaturc data are unavailable and (12b) is adequato
for the present purposes.

Since these crystals have an anisotropy of less than 0.59%, throughout the
temperature range studied and since it has boen directly measured in theso ex-
periments, it is more convenient to use the expression for the anisotropy

AK = K)|—K,
and the mean susceptibility
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K = }(K+2K.). For D << kT these reducc to
Np2 25* 2D
& =EP0k bz 4 20 2D 0
and (13)

7 _ Nj* p 2
8K = haibi—as b 04 33 -0 - ;1 o

COMPARIBON WITH EXPERIMENT

The theoretical parameters involved in the above expressions are the cubic
field coefficient Dy, the second and fourth order trigonnl ficld paramolers A, and
4y, respectively, the orbital reduction factors , and the spin ovbit coupling coedfi-
cients, & (¢ = ||, 1). Recent oxperiments on the optical spectra of NiSiF;6H,0
(in 10% concentration in ZnSiF¢6H,0) by Pryce ¢t al. (1964) show a fairly broad
band centered around 9,100 cm~?, assiguned to the iransition 34,,— 3T, in the
cubic field approximation, which is thus oqual 1o 10Dg. We have consequently
accopted the values of Dg as 910 cra-?, since the mean centre of the levels is ex-
pected to remain practically unaltered when a small trigonal component is super-
posed on the cubic lovels.

E.s.r. data for NiSiF-6H,0 are reported by Holden, Kittel and Yager (1949)
who find g, = 2.36 and ¢ = 2.29 at the room temperature with 1) == 0.50 em-!,
while Penrose and Stevens (1950) obtained, within experimental error, an isotropic
g-value with D) varying with temperature from 0.32 em-! at 200°K to 0.12 em !
al 14.6°K. Holden et al. ascribed the anisotropy in g-values to experimental crrors.

In correlating the theory with experiment we have found by trial and error
a set of values of oy, &; and &, (v = ||, 1) with Dg = 910 em which would give the
best fit with the resonance D and g-values, as well ag our suceptibility and amso-
tropy data. It was found that a much better agrcement with experiment was
obtained by taking D as —we. In fitling the results for chfforent temperatures
¥, & and Dg werc assumed to remain constant with tomperature, as these para-
meters are associated with strong bindings and hence ave cxpected to change
less with temperature. On the other hand, we have assumed that o, (which is
a function of Dg, 4, and 4, , cf eq. 6 and 9) varies with temperature because of
u greater likelihood of thermal changes in the anisotropic part of the ligand field,
as also observed by earlier workers of this laboratory on many salts of the iron
group (Bose ef al., 1957, 1958, 1961 et seq). The results arc shown in Tables
111 and IV for the fluosilicate and the chlorostannate, respectively.

(8) NiSiFg6H 0.

Tt is seen from table III that the agroement between the caleulated and ob-
served values of g, D, & and %, with a suitable and reasonable (.thiL.!(‘, of the pa:m-
moters Dy, k; and o (i = //, 1) is very satisfactory particularly in view of the fact
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TABLE ITT
Calculated ligand field parameters for NiSiFg6H,0
Dg = 910 em™; &y = 0.786; k. = 0.825
Si= —295cm?; & = —309.56 cm-1
Temp. °K, 104 g 7 —D om~1 108. AK 100K
300 o) = 6.222 gy = 2.289 0.50 15.10 4556
(2.36) (0.50)* (14.82) | (4534)
aL = 5.600 gL = 2.286%
2.29)
200 oy = 6.159 g1 = 2.286 0 29 16.00 16720
(2.29)1 (0 32)f (16.23) (6084)
aL = 6.565 gL =2 284 '
(2.29)
140 wy = 6.025 gy = 2.279 0.214 18.69 9406
(18.57) (9458)
aL = h.451 gL= 2.278
920 o = 5.982 gn =2 277 0 158 25 00 14597
(2.26) 017t (25.62) (14610)
« =5 418 YL = 2.277
(2.276)1
14.6 ay = 4 705 gy = 2.218 0.034 136 84,250
(0.12)t (—) (83,600)§
aL = 4.271 gL = 2 218
1.54 ay = 3.450 gy = 2.160 0.014 148 799,880
(—) (800,000)§
oy =3 133 gL = 2.160

* E.s.r. data of ITolden et al., (1949).
1 E.s.r. dota of Penrose and Stevena (1950).
§ Moan susceptibility doia of Haseda and Date (1958).

Figures within parenthoses indicate experimental values.
that the anisotropy is very feeblo. The change in D with temperature as observed
by the resonance workers is also substantiated by these results, the calculatod
values being very close to the experimental ones obtained by e.sr. We mnoto
here that the values of D calculated by Becquerel and Opechowsky (1939) based
on the paramagnetic rolation data of Beoquerel and van den Handel (1939) at
2°K is numerically higher (D = —0.30 cm-1) than the reasonance value
(D =—0.12 cm?) reported by Penrose and Stevens (1950), as well as that obtained
by Benzie and Cooke (1950) from specific heat measurements at 0.95°K
(D=—0.15 cm™1). This has been ascribed by Ollom and Van Vleck (1951) to the fact
that the zero field splitting contains in it an appreciable contribution from exchange
interaction between neighbouring paramagnetic jons while the caloulations of
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Beoquerel and Opechowsky include only the crystal field contribution. Since
wo have chosen the value of D by trial so as to give the best fit with the experimontal
susceptibilily and anisotropy data it should include both the above cffects. The
discrepancy between our calculated valucs and the esr data below 14°K may
arise from the fact that our value is not based on actual measurement of anisotropy
at these temperatures but are the extrapolated oncs to give close fit with the moan
susceptibility data of Haseda and Date (1958). Tt has ulso been recently pointed
out by Ohtsubo (1965) that exchange cffects are small in NiSiFy - 6H,0 which
becomes weakly ferromagnetic only below 0.15°K.

TABLE IV

Calculated ligand field parancters for NiSnCl,-6I1,0.
Dy = 910 cm™

&, = 0.760 Iy = 0.757
g = —250.3 cm=* ¢ = —249.6 cm!
Temp. °K. 104, i —Dom-1 100 J§ 108 K~
300 @) = 4.01 gy = £.153 0 52 18 78 3973
(18 57) (3070)
@y = 3.95 gL =2 149
- 300 o = 4.03 ¢ = 2.163 0 52 a1 6l 5004
(31.40) (5005)
L = 3.97 gL = 2.150
140 @) = 4.03 o = 2.163 052 50.52 8377
(40 24) (8378)
ay = 3.97 g1 — 2.150
Y ] 12056
90 ajj = 4.00 gy = 2 152 0.40 5 &
! (76.60) (12950)
aL = 3,98 gL = 2.160
Figures within p it ATe 6XP tal values.

Tt may be noted here that the contribution of D to the mean susceptibility,

K, (of. eq. 13) is very small even at helium temperatures, wl:.ilc'its effects on the
anigotropy AK, becomes large at low temperatures. Henve a,msut:ropy measure-
ments are desirable at such temperaturcs for a more reliable estimato of D.

In is geen from eq. (4), (5) and (9) that a; is @ funct-ion of Dy, 4, and Ag
hence it is possible to find the values of 4; and A, (Dq being assumed to be :onsl-
tant) by trial to obtain agreement with the chosen ‘va.lna of &;. Insh:lad.dbo :‘; -
culating A, and 4, for all the different gots of a’s (4 = Jl, 1) _which wor h:i nly
laborious and would mot yield any mew information we have estimated only

3
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the order of magnitude of these parameters : A3 ~ —70 cm— and 4, ~ 160 cm-!
in the range 300°—90°K.

(b) NiSnCl8H,0.

As mentioned carlier, the detailed z-ray structure of this crystal was per-
formed by Pauling (1930). However, no magnetic susceptibility, e.s.r. or optical
absorplion data have yet been reported. Since the Ni(H,0)4** octahedra in the
fluosilicate and this salt arc likely to be under very similar octahedral fields, we
have assumed D, to be the same in both. As before, we have found by trial a
sot of values of ¢, k, and «; which would give the best fit with the expcr\;menta.l
susceptibility and anisotropy data while giving rcasonable D and g-values'(Table
IV). We have also assumed, as before, Dy, k, and ¢, to be independent of teinpera-
ture 7', while a; is assumed to vary with 7'.

As 1n the fluosilicate, it was found impossible to fit the cxperimental data
with fixed values of a; and ) over the whole range of temperatures; however,
the variation in these parameters, and consequently that of D and g; is markedly
less than those mn the formor salts. This points to a smaller change in the ligand
field with temperature in the chlorostannate which may be due to greater strength
of binding in this complex. It may be noted that both %; and ¢, have found to be
smaller in this crystal than in the fluosilicate. =~ This means a higher degrec of
covalency in the Ni(H;0)t complex, presumably arising from the influcnce of
the Cl- ions, the next nearest neighbours of Ni*t ; bocause of its larger size and
hence a smaller charge density than in the ¥'- ions, it is expected to change in-
ductively (Van Vleck, 1939) the metal-ligand charge overlap in the chlorostannate
more than m the fluosilicate. Unfortunately, there are no rosonance data to
compare the calculated D and g-values in this case directly.

In the chlorostannate the valuc of 4, was found to remain about the same
as in the fluosilicate, while that of 4, changed to ~ 90 cm-1.
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