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use for surface structure determination. " An at-
tempt, however, to assess its potential role and
to compare it to established surface-strueture-
determination methods that are based on LEED
intensity analysis""' would be premature at this
stage. Further calculations and measurements
are required.
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We report a crystal-electric-field effect on the low-temperature thermal expansion of
TmSb, manifesting itself as a Schottky-type anomaly. From our results we deduce a
volume dependence of the crystal-field level splitting which is in contradiction to point-
charge —model expectations.

Because of the crystal-field splitting of the low-
est J multiplet of the order of 200 K, rare-earth
compounds, such as the rare-earth pnictides,
are ideally suited to study effects of the crystal
electric field (CEF) on various physical proper-
ties in these substances. In particular, TmSb
has often been quoted as a model crystal-field-
only paramagnetic substance. " Experimentally
determined thermodynamic properties such as
the magnetic susceptibility, ' specific heat, and
elastic constants' can very well be accounted for
by using a crystal-field energy-level scheme de-

termined from neutron-scattering experiments. '
TmSb crystallizes in the cubic NaCl structure
and the Tm" J=6 CEF splitting gives a 1", sin-
glet ground state followed by a l"4 triplet at 25 K
and a I', triplet at 56 K, the other excited levels
lying higher than 110 K. These higher levels are
neglected in our considerations throughout this
work. '

In this Letter we mould like to show the first
experimental evidence of a CEF effect on the ther-
mal expansion. We have chosen TmSb because of
its properties mentioned above and because e1.ec-
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tron and phonon contributions have a small influ-
ence in the temperature range in which CEF ef-
fects on the other properties of this material are
observed. The two single crystals investigated,
with dimensions of 2.5&0.5&&0, 5 mm', were cut
from the same batch as those used for measure-
ments of the elastic constants. ' The length chang-
es were measured with a capacitance dilatometer.

In Fig. 1 we show the experimental results of
the linear thermal expansion coefficient n along
the (100& axis of a TmSb single crystal, as a
function of temperature between 1.5 and 16 K.
Above 1.5 K, n is negative, passing through a
minimum of —1.8x10 ' K ' at 9 K. Above 14 K
n then becomes positive. We can interpret this
result in terms of a CEF effect by noting that the
specific heat c~ and the volume thermal expan-
sion coefficient P are thermodynamic derivatives
of the free energy E, namely c~= —T(B'F/BT')
and P = —g(B'E/BV BT), where g is the adiabatic
compressibility and t/' is the volume. For the
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FIG. 1. Temperature dependence of the linear ther-
mal expansion coefficient & along the &100) axis of
TmSb. {a) Full circles, experiment; broken line, ex-
perimental specific heat values from Ref. 3 fitted to the
low-temperature part of &, with a single Gruneisen
parameter y&

= —1.15. {b) Full circles, experiment t. as
in {a)];broken line, calculated fit with two Gruneisen
parameters p&

———1.30 and y2
——+ 1.05, using the CEF

level scheme of Ref. 2; solid line, same as broken
line, including a phonon contribution br 3+ dT, with 6
= 3&& 10 "K and d = 1& 10 ' K

CEF contribution of c~ and P we can write
I'

c,= (1/k T')L(E'& &E&'],

P = ( /~kT'~f(E'r& —&E& (Er&1,

A h =AT +dr + ~ ~ . ~ (3)

In the Debye approximation b = (y~w/Q)1. 944
&&10"/eD', ' where y~ is typically of the order of
unity and 8 D= 237 K in our case. ' At 15 K this
gives a contribution of approximately 1& 10 K '
to n, a rather small effect. The anharmonic T'
term is more difficult to estimate but is known'
to be noticeable for T) 8 +40. The solid line in
Fig. 1(b) represents a fit to the experimental da-

where 0 is the molar volume. Quantities of the
form

(X& =—g, X, exp(-E, /kT)~, exp(-E, /kT)

denote statistical averages over the CEF levels
E, , and y,. =- —BlnE, /BlnV is the Gruneisen pa-
rameter for the crystal field level E, . Note that
for cubic crystals P =3n. Comparing Eqs. (1)
and (2) we find that P is proportional to c~ (a) if
only two CEF levels are considered or (b) if all
the y, are equal. Such assumptions lead to the
broken line in Fig. 1(a), where the experimental
specific heat c~ was fitted to the low-temperature
part of n. Good agreement is obtained up to 9 K
but rather drastic deviations are observed at
higher temperatures. From this fit we deduce a
Gruneisen parameter y = o'0/&c~ = —1.15, where
for n, Q, g, and c~ the known experimental val-
ues are used. At low temperatures, this y is
equal to y» arising from the volume dependence
of the lowest energy splitting F,-I'4. The devia-
tions above 10 K clearly indicate that the Griin-
eisen parameter y, for the next higher level at
56 K is different from y, . The broken line in Fig.
1(b) is a fit obtained with y, = —1.30 and y, =+1.05.'
The fitted value of y, is in fair agreement with the
experimental y value mentioned above. The sali-
ent features of the experimental data are well re-
produced by taking into account these CEF effects

. only and thus represent a Schottky-type anomaly
in the low-temperature thermal expansion of
TmSb "

For normal metals the electronic contribution
to the thermal expansion is of the order 10 'T
and can thus be neglected in our case.' Above
10 K, however, additional thermal expansion due
to phonons has to be expected. The temperature
dependence of the thermal expansion due to lat-
tice vibrations can be written in the form
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ta by taking into account CEF effects and phonon
contributions outlined above. For the T' term
we obtain d =1&&10 "which is of reasonable mag-
nitude.

An alternative expression for Eq. (2) can be ob-
tained from the microscopic Hamiltonian'

H, = c~[Q,Bo4"(04 +50~ ),

+ B„(O,'- 2 IO,'),J, (4)

where e~ denotes the volume strain ~+ yy+ ~zz&

O~ and 0, are the CEF operators, and B~ and
Bp6 are magnetoe lastic coupling constant s .
Equation (4) leads to volume-dependent CEF lev-
els and, accordingly, to the Gruneisen parame-
ters p].

The Gruneisen parameter y of the I",-l, level
splitting is, as deduced above, approximately
—1.25. In the framework of the point-charge mod-
el one expects a value of around +-,'arising from
the dominant R ' dependence of the CEF potential.
In their neutron-scattering study of TmSb, Bir-
geneau et a/. ' have pointed out that the point-
charge-model predictions. are less successful in
the case of TmSb than for Pr'+ compounds. Nev-
ertheless, this considerable discrepancy between
experiment and the point-charge estimate is some-
what surprising since the dominant term of the
CEF parameters, A, (r ), and also the magneto-
elastic coupling constants' follow point-charge-
model predictions rather closely.

This behavior, however, offers an alternative
explanation of the recently measured pressure
dependence of the low-temperature magnetic sus-
ceptibility of TmSb." At low temperatures, the
CEF susceptibility for such a Van Vleck system
is given by

, l(I', I J. I I',)I'
Xc=2g VB (5)

B I'4 |"g

Kith neglect of a possible stress dependence of
the matrix element (I',~J,il~), the relative stress
or pressure dependence of X, is given by

Bing, /BP = —Bin(Er -Er )/BP =- zy, . (6)

With a value of y, = - 1.25 we calculate Bing, /BP
=+2.3x10 ' kbar ', close to the measured Bing/
Bp =+3.0x $0 'kbar '. We therefore conclude

that the pressure dependence of the exchange pa-
rameter J is not the essential feature to explain
the pressure derivative of y, at least not in the
case of TmSb.

In conclusion we may say that we have observed
a Schottky-type anomaly in the low-temperature
thermal expansion of TmSb. From our measure-
ments we calculate a pressure dependence of the
energy splitting between the lowest two levels
which is in contradictj. on with the point-charge
model, but accounts for the main part of the ear-
lier reported pressure dependence of the mag-
netic susceptibility.

The authors are grateful to Professor E. Bucher
for supplying a batch of TmSb single crystals.
This work was supported by the Schweizerischer
Nationalfonds zur Forderung der wissenschaft-
lichen Forschung and the National Science Founda-
tion.

'B. H. Cooper and O. Vogt, Phys. Hev. B 1, 1218
(1970).

H. J. Birgeneau, E. Bucher, L. Passell, and K. C.
Turberfield, Phys. Rev. B 4, 718 (1971).

M. E. Mullen, B. LGthi, P. S. Wang, E. Bucher,
L. D. Longinotti, J. P. Maita, and H. R. Ott, Phys.
Hev. B 10, 186 (1974).

4We have also calculated the contribution due to high-
er-lying crystal-field energy levels. Assumirg a value
of ys comparable with y& and y2 we find that in our tem-
perature range the next higher level ~2 at 115 K con-
tributes virtually nothing to &. The neglect of these
higher levels in our analysis is thus justified.

~These Gruneisen parameters are obtained by fitting
Eq. (2) to the experimental data, assumirg the CEF
level scheme given in Hef. 2.

6A Schottky anomaly in thermal expansion due to the
spin-split ground state of molecular oxygen impurities
in solid argon was reported by C. H, Tilford and C. A.
Swenson, Phys. Rev. Lett. 22, 1296 (1969).

VK. Andres, Phys. Kondens. Mat. 2, 294 {1964).
C. Kittel, Introduction to Solid State I'kysics {Wiley,

New York, 1967).
~E. R. Callen and H. B. Callen, Phys. Hev. 129, 578

(1963).
' H. P, Guertin, J, E. Crow, L. D. Longinotti, E. Bu-

cher, L. Kupferberg, and S. Foner, Phys. Hev. B 12,
1005 {1975). The experiments reported in this work
were explained mainly in terms of a strong pressure
dependence of the exchange parameter J.

602


