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The electron-spin-resonance spectrum of single-crystal NiSnC16 ~ 6H20 has been measured at I band at
temperatures between 4.2 and 370 K. The results are consistent with low-temperature magnetic and

thermal measurements that indicate a singlet ground state for the Ni(H20)6" complex. The data are
described by the spin Hamiltonian+= p,erg(( H, Sz+g g (HxS +HySy)] +D(S 2/3) with

S = 1. At T = 4.2 K, D = 0.458 + 0.004 cm ', but it decreases rapidly with increasing

temperature, passing through zero at 338 + 5 K and becoming negative at higher temperatures. Above
77 K, g~~

—g~= 2.33 ~ 0.04. At 77 K and below, g~~
——2.26 ~ 0.02, gq ——2.18 ~ 0.02. Linewidth

measurements below 300 K indicate contributions from spin-lattic relaxation and from both isotropic
and anisotropic exchange. Linewidth measurements in the vicinity of D = 0 exhibit narrowing due to
vanishing of the isotropic exchange contribution and broadening by cross relaxation.

I. INTRODUCTION

Recent low-temperature thermal and magnetic
measurements' have established that in

NisnCI, ~ 6H, O the Ni(H, O),"complex has a non-
degenerate (singlet) ground state. In the octahe-
dral electric field of the water molecules the
ground state of the Ni" ion is an orbital singlet,
separated by about 10000 cm ' from higher orbital
levels. This lowest orbital level is a spin triplet
(S =1) that in a cubic electric field would be triply
degenerate. Fields of lower symmetry reduce the
degeneracy; in particular the addition of a small
axial (trigonal) distortion splits the triplet into a
doublet and a singlet. In a magnetic field the
ground state of such an axially distorted complex
is described by the spin Hamiltonian'

X =
O'stag. IIH, S, +gi(H„S, +H, S~)j +D'(Sg' ——,')

where the z direction is along the axis of the dis-
tortion. Experimentally g is found to be nearly
isotropic. In zero magnetic field, for D&0, the
ground state is a singlet separated by an energy D
from the excited doublet.

Systems in which there is one axially distorted
Ni" complex per unit cell with a singlet ground
state are of interest for several reasons. One is
the possibility of observing cooling upon adiabatic
demagnetization. '' Another is the possibility of
observing "subcritical" interactions' ' among the
Ni" ions such that there is no long-range order
at any temperature in zero magnetic field. These
effects are discussed in some detail in an earlier
paper, ' in which it was pointed out that nickel
chlorostannate is the first salt to be studied in
which there is only one Ni" complex per unit cell

with an axial distortion leading to a singlet ground
state.

Although NiSnCl, 6H, O is the prototype of a fam-
ily of isostructural trigonal crystals, it had not,
except for the structural determination, ' been
studied until quite recently. The most extensively
studied salt (whose structure is in fact inferred
from that of the NiSnC1, 6H, O) is NigiF, ~ 6H, O,
for which magneto-optic' ' and paramagnetic-reso-
nance" measurements have determined that the
crystal-field distortion is purely axial with D& 0,
and that there is a pronounced temperature de-
pendence of D.

Magnetic anisotropy measurements" on the
chlorostannate had suggested that D was also nega-
tive at low temperatures but that the temperature
dependence was weak. Recent measurements at
low temperatures of the magnetic susceptibility,
isothermal magnetization, and heat capacity, ' and
the work to be reported in this paper, do not sup-
port these conclusions.

This paper describes paramagnetic resonance
measurements on single-crystal ¹SnCl, 6H, O at
&band between 4.2 and 370 K. The spectrum has
been studied in detail as a function of temperature
and of crystal orientation. The details of the ex-
periments are described in Sec. II; in Sec. III the
results are presented and discussed.

II. EXPERIMENTAL

The homodyne paramagnetic resonance spectrom-
eter was conventional in most respects except that
a ferrite circulator replaced the usual magic-tee
bridge. The klystron frequency was locked by
standard FM methods to the half-wave rectangular
(TE„,) sample cavity, whose reflection coefficient
could be varied with a coupler of the type described
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by Gordon. " Audio-frequency field modulation
and phase-sensitive detection gave a recorder dis-
pla, y of dy "/dH.

Below room temperature, data were taken at
fixed points of 4.2, 77, 195, and 273 K. Tempera-
tures above 300 K were obtained by enclosing the
cavity in a small oven consisting of a close-fitting
brass can with external heater windings. A cop-
per-constantan thermocouple embedded in the cav-
ity wall was used to measure temperatures in this
range, which were controlled to +1 K during an
experimental run.

Small single crystals were prepared a, s described
by Myers et al. ' They were mounted on the cavity
wall with GE 7031 lacquer, and given a light coat-
ing of silicone vacuum grease for protection. The
trigonal axis of a crystal was determined by in-
spection. The field could be oriented along the
trigonal axis to within +2 .

In studying the angular dependence of the spec-
trum, the sample was mounted with the trigonal
axis horizontal and the microwave field H, vertical.
The field H, was horizontal, and could be oriented
by rotating the magnet about a vertical axis. This
arrangement goes not provide the optimum con-
figuration for observing the transitions when H,
is perpendicular to the trigonal axis, for which the
maximum transition probability occurs when H, is
parallel to the trigonal axis. This is not a serious
problem unless the Zeeman energy is much less
than the crystal-field splitting, and it caused no
difficulty in our measurements, for which the sig-
nal intensity was always sufficient.

R =h„cos8S, +h~ sin 8$, +(S,' ——,'), (2)

where k~, -=g~~ gruff/D, h = g, psH/D, and 8 is the
angle between the external field A' and the crystal-
field axis. With the field applied parallel and per-
pendicular to the axis the eigenvalues in units of
D are, respectively,

2 1
E)) 37 3 )) 7 (3)

(4)

These are shown in Fig. 1, with an indication of
the allowed and forbidden transitions in a resonance
experiment designed to detect AM, = + 1.

For arbitrary angles the secular determinant
cannot be factored, but if g)) =g~ the resonance
fields for any orientation may be found by a tech-

III. RESULTS AND DISCUSSION

A. Angular dependence of resonance transitions

Because the crystal field and Zeeman energies
are comparable, analysis of the data requires that
the spin Hamiltonian be treated exactly. In units
of D, Eq. (1) may be rewritten as

nique developed for the analysis of triplet-state
ESB spectra. "' " Taking h)) =h =h, one obtains
the eigenvalues as the roots of the secular equa-
tion

—e(Pl +g)+k (g —cos 8)+A=0 (5)

Experimentally the microwave quantum is fixed
(= 0.3 cm ') while the external field is varied.
Resonance absorption is energetically possible if

If the right-hand side is plotted with h as ordinate,
the resonance fields for a given orientation are
given by the intercepts with vertical lines rep-
resenting fixed values of cos'0. The rotation
diagrams thus obtained give all transitions that are
energetically possible, without regard for their
relative strength.

These rotation diagrams vary in character, de-
pending on the magnitude of &. Three cases may
be distinguished.

(i) 6&1, illustrated in Fig. 2 for & =0.5. The
microwave quantum is less than D, giving only
one transition for H~. The rotation diagram then
has only two branches. The single transition W23

for H~ lies on the same branch as the forbidden
transition W, for H)) . The semiclosed branch is
the locus of the two transitions corresponding to
the two W, transitions for H)). As the field is
rotated away from the axis these two transitions
merge, become degenerate, and are then no longer
energetically allowed.

For & &1 the microwave quantum is greater than

D, giving two allowed transitions for H~. The ro-
tation diagram has three branches, giving in gen-
eral three allowed transitions at intermediate
angles. There are two types of rotation diagram
for & &1, but in both eases the high-field allowed
transition Wo for H)) and the low-field allowed
transition W„ for H lie on the same branch.

(ii) 1&6&2, illustrated in Fig. 2 for 6 =1.5. Here
the forbidden transition W, for H)) and the high-
field allowed transition W» for H~ lie on one
branch. The other branch connects the allowed
transition Wo, for H)) with the forbidden transition
5;3 for H j.

(iii) 6 &2, illustrated in Fig. 2 for 6 =1.5. Now

the allowed transitions W„and 8» lie on the same
branch, while the forbidden transitions W, and

where e, and e, a,re any two roots of Eq. (5) and
5 =—k~/D Upon .combining Eqs. (5) and (6), the
possible orientations for which resonance may
occur in a field h are found to be

cos'8=(27k) '[(2+98')

+(3&' —3l' —1)(-36'+12k'+4)'i ]. (7)
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FIG. 1. Energy levels of
a singlet-ground-state sys-
tem (8 =1, D &0) with the
external field parallel @tI)
and perpendicular (&&) to
the trigonal axis. Allowed
and forbidden transitions
are indicated.

8» lie on the other branch.
Experimental rotation diagrams for T =4.2, 195,

and 273 K are shown in Figs. 3-5, respectively.
These diagrams are not essential to the determin-
ation of D, g~t, and g~, which are obtained entirely
from data at 8=0 and 2n', but they are important
for an understanding of the angular dependence of
the linewidth, to be discussed presently. Also
shown in these figures are theoretical curves cal-
culated from Eq. (7), us&ng t e values of D and g~~

inferred from the parallel-field data.

B. Temperature dependence ofD and g

The low-temperature susceptibility measure-
ments have established that D is positive in nickel
chlorostannate. We find that the magnitude of D
is 0.458 em ' at 4.2 K and decreases rapidly with
increasing temperature. In the vicinity of room
temperature the variation is linear. D passes
through zero at 338 +5 K and assumes negative
values above that point, continuing to vary linearly
up to the highest temperature of our measurements.

The temperature dependence is shown in Fig. 6,
along with the temperature dependence in nickel
fluosilicate. ' The two curves are nearly identical,
save for a relative displacement such that in the
fluosilicate D is always negative. Figure 7 shows
the detailed temperature variation of D in the
ehlorostannate in the region of the zero crossing

where the temperature dependence is linear, given
by

D(T) = -2(T —338) x10 ' cm ' . (8)

We find gt) 2.30, independent of temperature
within the experimental error. This is in good
agreement with values obtained for ¹i+'in similar
salts. " Above 150 K we find g~~

= g~. At 77 and
4.2 K there is some evidence that g~t differs from
g&, the results are summarized in Table I. Below
about 150 K the microwave quantum is less than
D atX band frequencies. Under these conditions,
with only one resonance transition for II~, values
for D and g~~ are inferred from data for&~~, while
g~ is obtained from the appropriate combination
of parallel- and perpendicular-field data. Above
150 K, when the microwave quantum is greater
than D, there are two resonances for H~, per-
mitting a determination of g~ and of D entirely
from perpendicular-field data. Above 150 K we
find g~~ =g~ and excellent agreement between the
two independent determinations of D. We plan to
carry out low-temperature measurements at K
band, for which the microwave quantum is greater
than D down to 4.2 K and probably well below. We
do not now understand the origin of the low-tem-
perature difference between g~~ and g~. In any
event the difference, if real, is rather small. -
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FIG. 3. Experimental resonance rotation diagram in
NiSnCl& 6H20 for T =4.2 K. Low-field and high-field
Wo transitions are indicated with 6 and 7, respec-
tively. Transitions marked by open asterisks are un-
resolved.
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The term quadratic in the temperature can be
attributed to spin-lattice relaxation by a two-pho-
non Raman process. Well above the Debye tem-
perature OD the approximate temperature depen-
dence of this contribution is given by"
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FIG. 2. Resonance rotation diagrams determined from
Eq. (7) for various values of 6 (=—@~/D). The labeling of
the transitions corresponds to that of Fig. 1.
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10~'e' p'~" (10)

where V(y) and V(» are the coefficients, respec-
tively, of the linear and quadratic terms in an ex-
pansion of the crystal potential in powers of the

C. Linewidth

1, Temperature dependence

The temperature dependence of the linewidth
(FWHM) with the applied field parallel to the tri-
gonal axis is shown in Fig. 8. Apart from the
anomalous behavior in the region near the tem-
perature for which D=O, the linewidth increases
monotonically with increasing field, suggesting
that at high temperatures there is appreciable
lifetime broadening by fast spin-lattice relaxation.
In Fig. 9 these results are shown in slightly dif-
ferent form, omitting the data between 330 and
350 K and plotting the average of the linewidths
of the high- and low-field transitions. Except for
the anomaly in the vicinity of 338 K (where D =0)
the data can be described quite well by a tempera-
ture dependence of the form

Qp
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with a = 325 Oe and b =2.5 x10 ' Oe K '.
(9)

FIG. 4. Experimental rotation diagram for T = 195 K.
Transitions marked by open asterisks are unresolved,
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Transitions marked by open asterisks are unresolved.
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strain, and 4 is the energy of the excited state
to which virtual transitions occur. A value of
GD= 80 K is obtained from the lattice specific
heat; a splitting b, =9000 cm ' is assumed, based
on optical absorption measurements in the fluo-
silicate. " Taking VI, ~

= Vr, i
= b,, and v= 5X10' cm/

sec, we obtain an estimate for 6 of 1.2 x10 ' Oe
K ', in good agreement with the experimental val-
ue in view of the approximations involved.

The temperature-independent term is due to a
combination of spin- spin broadening mechanisms.
These include dipolar coupling, anistropic ex-
change, and, in the presence of a crystalline-
field splitting, isotropic exchange. Assuming only

FIG. 7. Detailed temperature dependence of D for
NiSnCI6 ~ 6H20 in the vicinity of the zero crossing at
T =338 K. Two methods of determining the line position
are indicated.

dipolar coupling and isotropic exchange, Ishiguro,
Kambe, and Usui" analyzed the room-temperature
linewidth data for nickel fluosilicate measured
by Holden, Kittel, and Yager. " They concluded
that the isotropic exchange contribution was much
larger than the dipolar contribution, but that the
inferred exchange constant was about 50% greater
than that obtained from susceptibility and magneto-
optical rotation measurements. This discrepancy
was adduced as evidence for an additional con-
tribution due to anisotropic exchange that would
contribute to the second moment but would not, if
of pseudodipolar type, affect the susceptibility.
However, as we have seen in the chlorostannate,
room-temperature linewidths contain appreciable

—0,2—

E -0 3— E—0.2

TABLE I. D, g~~, and g~ for NISnCI8 6H20. When
tycho values of D are indicated, the first is derived from
parallel-field data, the second from perpendicular-field
data.

—04— —O. l

T (K)

4.2 2.26 +0.02 2.19+ 0.02

2.27 + 0.02 ~ 2.17 + 0.02

D (cm ~)

0.458 + 0.004

0.403 + 0 ~ 004
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FIG. 6. Axial crystal-field splitting D vs T for
NISnCI6 ~ 6H&O and ¹SiF6~ 6H20.
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FIG. 8. Temperature dependence of the linewidth in
NiSnCl6 6H20 for H parallel to the trigonal axis.

spin-lattice contributions, and spin-spin broaden-
ing should be inferred from low-temperature mea-
surements. Ishiguro et al. remarked on this dif-
ficulty, but were forced to analyze the room-tem-
perature data since low-temperature linewidth
data had not then been published. In view of this,
the room-temperature linewidth data cannot be
taken as evidence, pe~ se, of anisotropic exchange
in the fluosilicate. From careful measurements
of the low-temperature dependence of the position
and shape of the ESR lines, Svare and Seidel"
have concluded that in the fluosilicate the exchange
interaction is isotropic and ferromagnetic, with
a value A =-3.9&&10 "erg.

In the chlorostannate we measure low-tempera-
ture linewidths of 325 Oe for H~~ and 440 Oe for II~.
The calculations of Ishiguro et a/. may be extended
to include anisotropic exchange of the pseudodi-
polar type. Assuming that the nickel ions form
a simple cubic structure of lattice constant d, and
including only nearest-neighbor interactions, we
find the second moment to be

6A2 2 2 Q2((aa )') = +3.13 +' ~~+

6A2 2 2 Q2
&(~a, )2& =, +6.50 ~~"'+

gL. I B d gJ. I B

The first term is due to isotropic exchange; the
second and third terms are, respectively, the
dipolar and pseudodipolar contributions. For
d ='7.09 A. the rms dipolar contributions are 158 Oe
for H~~ and 227 Oe for II~, indicating that exchange

is a significant contribution. The estimated ex-
change constants are ~A

~

=1.3 x10 "erg and
~B~=3.2x10 "erg. Treating the net interaction
in a molecular field approximation, Myers et al.
estimated the coupling constant n to be —0.02
mole/emu. Attributing this exclusively to iso-
tropic exchange would yield ~A ~

=1.3 x10 "erg.
One should not take too seriously our esti-

mate of exchange constants based on Eti. (11).
These apply strictly only in the limit gp, BII«D,
a condition obviously not met in our experiments.
Expressions for the second moment in the pres-
ence of both types of exchange have not been ob-
tained when the Zeeman energy and crystal-field
splitting are comparable.

As the crystal-field splitting goes to zero, the
isotropic exchange contribution to the second mo-
ment vanishes, and one might expect to observe
line narrowing under conditions for which D= 0.
Such was not the case in the fluosilicate, for which
%alsh20 was able to change the sign of D by the
application of pressure. He observed that the line
broadened monotonically as D, negative at atmo-
spheric pressure, passed through zero and be-
came positive. No anomalies were observed in the
vicinity of D = 0. The explanation was that, al-
though the isotropic exchange contribution dis-
appears, the contributions of both dipolar and
pseudodipolar coupling increase as the crystal
field goes to zero and all spins become equivalent.
Estimates of the dipolar contribution indicated the
necessity for a certain amount of anisotropic ex-
change. It is somewhat surprising, however, that
the narrowing and broadening effects exactly com-
pensate.

In the chlorostannate, where D can be made to
vanish by temperature changes alone, the situation
is quite different, as may be seen in Figs. 8 and 9.
For temperatures near 338 K, but still sufficiently
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far away that the high- and low-field resonances
are resolved, the line is clearly narrower than
the width given by Eq. (9). This narrowing is pre-
sumably due to the vanishing of the isotropic ex-
change contribution. Our ability to observe this
narrowing in the chlorostannate is due to the com-
paratively narrower line, permitting us to follow
the resolved resonances much closer in toward
D = 0 than could Walsh in the fluosilicate, where
the lines are three times as broad. Still closer
to 338 K the lines overlap and only the apparent
width of the composite line can be observed.

At D = 0, where the lines exactly coincide, the
width can again be measured, and is found to lie
well above the value given by Eq. (7). We believe
that the excess broadening is due to cross relaxa-
tion" as the two resonance curves (W, , W„ tran-
sitions) overlap. The probability of energy trans-
fer between the high- and low-field resonant spins
increases as the line splitting becomes small com-
pared with the spin-spin interaction, leading to a
contribution to the line width given by

LH„.„=((ia )*H)
'~')exp,

( H, ),g i).s 6H (12)

where (((AH)'))' ' is the linewidth due to spin-spin
interactions. The spin-spin contribution is itself
a function of temperature, but a reasonable fit to
the data can be made by taking it to be about 300
Oe, as suggested by the data of Fig. 8.

2. Angular dependence

Further confirmation of cross-relaxation broad-
ening is seen in the angular dependence of the line-
width, shown in Figs. 10-12 for T=4.2, 195, and

I.O

T= I95K

0.5—

C

I

60
I

800 40
8 (degrees)

FIG. 11. Linewidth vs 0 in NiSnCi(, 6H20 for T =196
K.

273 K, respectively. At 4.2 K pronounced broad-
ening occurs in the vicinity of 0 = 30'. As seen in

Fig. 3 this is the angle at which the two 5", tran-
sitions merge together. At 273 K the broadening
occurs at 8=60; which is (see Fig. 5) approxi-
mately the angle at which the W, and Wo+ branches
cross. No pronounced broadening occurs at 195 K,
even though, as seen in Fig. 6, two lines coincide
at 0=50'. The coincidence of these lines comes
from the crossing of the W„(hM, =+1) and

W,(AM, =+2) branches. Because of the different
selection rules the probability of energy transfer
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FIG. 10. Linewidth vs 0 in NiSnC16 ~ 6H&O for T =4.2
K.

FIG. 12. Linewidth vs 0 in NiSnC16 6H20 for T =273
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between the two transitions is considerably re-
duced, with a consequent reduction in the cross-
r elaxation broadening.

IV. SUMMARY

The ESR measurements described in this paper
support the conclusions of the low-temperature
thermal and magnetic measurements that the
Ni 6H, O'+ complex in nickel chlorostannate is a
system with S = 1 in an axial crystal field D & 0
such that the ground state is a singlet. The low-
temperature value of D=0.458 cm ' is in good
agreement with the magnetic and thermal experi-
ments, and the temperature dependence of D is
very similar to that obtained in nickel fluosilicate.
We have demonstrated that in the chlorostannate

D =0 at 338 K; this is the first such nickel salt in
which D can be made to vanish by changes of tem-
perature alone.

The linewidth measurements indicate a variety of
contributions: dipolar, isotropic exchange, aniso-
tropic exchange, spin-lattice relaxation, and cross
relaxation under certain conditions. There is
clear evidence that the linewidth contribution from
isotropic exchange vanishes as D-O, but that
cross relaxation becomes important as the iso-
tropic exchange contribution vanishes.
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