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We present thermal-expansion and magnetostriction measurements performed at low temperature
along the three symmetry axes of the orthorhombic intermediate-valence compound CeNi. The field
effects are interpreted as the sum of a main contribution arising from the intermediate-valence char-
acter, which is temperature independent, and a smaller one whose temperature and field depen-
dences are characteristic of Ce** impurities. The low-temperature thermal expansion and the main
contribution to the magnetostriction are large and strongly anisotropic. The volume effects, which
are larger than in the CeSnj reference intermediate-valence compound, are interpreted within a
T /Ty scaling-law model (T being the fluctuation temperature) which predicts the observed tem-
perature dependence of the thermal expansion and field dependence of the magnetostriction. The
strong anisotropy, especially the unusual negative thermal expansion and perpendicular magnetos-

triction along b must be related mainly to the local elastic properties in which the covalent character
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of the 4f-5d-3d hybridization between Ce and Ni could play a predominant role.

I. INTRODUCTION

In mixed-valence compounds the 4f instability leads to
strong electron-lattice coupling. Consequently, the space
parameters are strongly related to the intermediate-
valence character, so that the elastic properties are of first
importance in the understanding of such systems. These
effects can be studied either from the pressure dependence
of some physical properties (like specific heat, susceptibil-
ity, etc.) or from direct lattice-parameter measurements
(thermal expansion, magnetostriction, etc.), these two ex-
perimental approaches being thermodynamically equiva-
lent as shown by the classical Maxwell relations.

Such a study has been performed in cubic compounds
like CeSn; and CePd; from specific heat,! thermal-
expansion’, elastic constant,! and magnetostriction’ mea-
surements. Takke et al.! have discussed these results us-
ing a phenomenological scaling function for the free ener-
gy, the electron-lattice coupling being described by an
electronic Griineisen parameter associated with the unsta-
ble 4f system. However, these calculations did not in-
clude the volume self-consistently. Later Edelstein and
Koon® employed the resonant-level model in which they
incorporated the coupling to the volume in a completely
self-consistent manner. Because of the cubic symmetry,
no anisotropy of the observed physical properties was
detected, and hence the volume is the only relevant pa-
rameter in such systems.

It has been previously shown that the CeNi compound
is one of the best examples of an intermediate-valence sys-
tem where the low symmetry leads to strong anisotropic
effects.* Indeed, CeNi crystallizes in the CrB-type
orthorhombic structure (space group Pnma), and lattice-
parameter analysis as well as thermal expansion show that
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it is, like CeSnj;, an intermediate-valence compound in
which the thermal dependence of the 4f-5d-3d hybridiza-
tion between Ce and Ni leads to an increase of the 4f lo-
calization as temperature is increased. Magnetic suscepti-
bility, resistivity, and heat-capacity measurements are
characteristic of a Fermi liquid in which spin fluctuations
are present. Moreover, CeNi behaves as an enhanced
Pauli paramagnet in which the magnetic susceptibility
passes through a broad maximum around the so-called
fluctuation temperature T,~140 K (Fig. 1). However,
the origin of the low-temperature 1/T increase of the ob-
served initial susceptibility’ remains an open question.
This problem is formally the same as in CeSn; where the
susceptibility has been much more investigated in terms of
its intrinsic or impurity origin.® We have studied the
electron-lattice coupling associated with the 4f instability
in CeNi by thermal expansion and magnetostriction mea-
surements on a single crystal at temperatures well below
Ty.

II. EXPERIMENTAL RESULTS

Thermal expansion and magnetostriction in fields up to
70 kOe (parallel to the measuring direction) or 40 kOe
(perpendicular) were measured using a classical capaci-
tance technique. The single crystals were prepared by the
Bridgman technique, using 99.99% pure cerium to avoid
any additional impurity effects. In order to subtract the
background effect, a single crystal of LaNi was also
prepared and measured in the same conditions as those
used in the previous susceptibility measurements.*>

In Fig. 2 we present thermal-expansion data

MT)—MT =0)

MT =0) for A=a,b,c ,

GA( nN=

515 ©1986 The American Physical Society



516 G. CREUZET AND D. GIGNOUX 33

w

SUSCEPTIBILITY (emu/mole)
N

LaNi

0 50 100

FIG. 1. Thermal variations of the susceptibilities of CeNi in zero field (

150 200 250 300

TEMPERATURE (K)

) and in a 40-kOe field (- - °- - ) along the three sym-

metry axes of the orthorhombic structure. Above 25 K the susceptibility in zero field is the same as in a 40-kOe field. Thermal vari-
ation of the initial susceptibility of a polycrystalline sample of LaNi (——).
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FIG. 2. Low temperature thermal expansion of CeNi along
the three symmetry axes and of the reference LaNi compound
[only small differences are observed in this compound between
the three axes; hence, for clarity we trace %e,, = %( €,+€,+€)]

for CeNi and LaNi below 40 K. In this range of tempera-
ture, and within the experimental accuracy, we observe
only small differences between the three axes in the back-
ground LaNi compound. The main characteristics of
these thermal expansion measurements are the following:

(i) The effects in CeNi are very large with respect to
those measured in LaNi and, more generally, with respect
to most solids at low temperature.7 As shown previously,4
these effects are associated with the intermediate-valence
character.

(i) Large anisotropy is observed: while €, and €, are
positive and very similar, €, is very weak up to 12 K (due
to the background positive contribution) and then negative
and of the order of magnitude of the others.

(iii) If we subtract the LaNi effects, we obtain for
T <20 K quite accurate T? variations along the a and ¢
axes, i.e., linear variations for the thermal expansion coef-
ficients

96 ceNi)— L (Lani)
ap = (CeNi)— ——(LaNi) ,

the values of a,/T and a./T being, respectively,
0.63107° K2 and 0.40x 10~ K—2 Along the b axis
up to 12 K, the negative contribution due to the
intermediate-valence character is weak and of the same
order of magnitude as the positive background one. For
this reason it is difficult to extract a significant value for
the coefficient a, /T. However, it is possible to say, for
T << Ty, that this coefficient is weak and negative, rang-
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FIG. 3. Parallel and perpendicular magnetostriction of CeNi
along the q axis at different temperatures below 23 K.

ing between —0.02< 107® and —0.09x 107¢ K2,

(iv) Subtracting the LaNi contribution we obtain for
T <30 K a T? variation of the volume expansion €,, i.e.,
a linear variation for the volume thermal-expansion coef-
ficient a, =a,(CeNi)—a,(LaNi), leading to a,/T =0.64
X107 K™%

The magnetostrictions
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along each axis (A=a,b,c) were measured for fields ap-
plied alternatively along these three directions (u=a,b,c).
The data are reported in Figs. 3—5. The main points of
these results are the following:

(i) All the variations are almost temperature indepen-
dent in the region between 23 K (maximum measured
temperature) and 14 K, and exhibit an H? dependence in
this region. However, when temperature is decreased
below 14 K we observe a more or less pronounced increase
of the effects. We can already relate this thermal varia-
tion at low temperature to the 1/T increase of the suscep-
tibility in the same temperature region reported previous-
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FIG. 4. Parallel and perpendicular magnetostriction of CeNi
along the b axis at different temperatures below 23 K.
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FIG. 5. Parallel and perpendicular magnetostriction of CeNi
along the c axis at different temperatures below 23 K.

ly;® this point will be discussed in detail in the next sec-
tion.

(ii) While for all directions the parallel magnetostric-
tion is positive, the b axis, as for thermal expansion, ex-
hibits special behavior for the perpendicular magnetostric-
tion which is negative for the two directions of the field (2
and ¢), whereas it is positive for €, and €, in perpendicu-
lar fields.

(iii) We also measured the magnetostriction of LaNi in
the same conditions and we obtained effects negligible
with respect to the CeNi effects.

III. ANALYSIS AND DISCUSSION

The 4f instability in CeNi leads to large and strongly
anisotropic effects on thermal expansion and magneto-
striction. The volume effects are especially higher than in
the cubic CeSn; compound which is one of the reference
intermediate-valence  systems. Indeed, the ratio
[a,(CeSn;) —a,(LaSn;)]/T is 0.23% 1078 K~2, whereas
it is 0.64X 10~ K~2 in CeNi. Also, at 14 K the volume
magnetostriction AV /V of CeNi in a 40-kOe applied field
is 1.98%107¢, 3.63x 1075, and 4.23X10~% when the
field is applied along 4, G, and ¢, respectively, whereas it
reaches only 0.56X 10~% under the same conditions in
CeSn3.

The thermal variation of the magnetostriction below 14
K cannot be interpreted solely by valence-fluctuation ef-
fects, because a temperature dependence of the magnetos-
triction needs a correlated temperature dependence of the
susceptibility, which is not the case in this range of tem-
peratures (see Fig. 1). Since the magnetostriction is tem-
perature independent between 14 and 23 K, we assume
that it represents the intrinsic contribution due to the
valence-fluctuation effects in the whole temperature range
below 23 K. The extra contribution to the magnetostric-
tion along the c axis is reported as a function of the ap-
plied field at different temperatures in Fig. 6. We clearly
observe linear field dependences and a classical decrease as
temperature is increased. The same characteristics are ob-
served for the extra contribution to the other directions of
measurement. It is possible to make a quantitative
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FIG. 6. Low-temperature extra contribution to the parallel
magnetostriction along the ¢ axis.

analysis of this extra contribution based on the magneto-
elastic coupling between magnetic Ce’* ions and the sur-
rounding lattice, similar to those analyses performed on
cubic hexagonal dilute rare-earth alloys.® Such an effect
can be also associated with a 1/7T increase of the initial
susceptibility at low temperature of these magnetic ions,
according to the deviations observed previously (see Fig.
1).> This coherent interpretation of the two deviations in
susceptibility and magnetostriction at low temperature
tends to eliminate an intrinsic origin of similar low-T sus-
ceptibility effects which have already been observed in
several isotropic intermediate-valence compounds.® By
comparison with dilute alloys, we can evaluate the con-
centration of the Ce** impurities to be around 0.5%. Fi-
nally, we have to note that, again by comparison with di-
lute alloys, the influence of these impurities on the
thermal expansion is about two orders of magnitude
smaller than the total observed effects which can be solely
attributed to intermediate-valence fluctuations.

The intrinsic part which corresponds to the variations
observed between 14 and 23 K exhibits H? dependence for
the volume magnetostriction as well as for the magneto-
striction along each axis up the the maximum applied
field (let us remark that such a law is a general rule
around zero field as a consequence of the invariance in
time inversion). This gives rise to M? variations as ob-
served in CeSn;; however, in CeNi the M? dependence of
the volume magnetostriction when the field is applied
along ¢, for example, is around ten times greater than in
CeSn,. Let us now try a more quantitative analysis of our
results.

A. Volume effects

As mentioned above, intermediate-valence compounds
such as CeSn; and CeNi exhibit strong charge and spin

fluctuations which are maximum around the so-called
fluctuation temperature Ty, which defines an approxi-
mate scaling temperature such that the properties can be
expressed as a function of T/T;. Takke et al.' have pro-
posed writing the electronic and the electron-lattice con-
tributions for the free energy of an intermediate-valence
compound as

F,=—kTNf(T/T}), (1)

where N is the number of 4f ions per unit volume.
The volume effects are governed by a Griineisen param-
eter associated with the unstable 4f shell

—alan
Qg=—3 )

Following Takke et al.,' we can write for low tempera-
ture (T << T) the electronic parts of the specific heat

2 T
€ :Zf’ _f ”

d
Ty

3
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and the volume thermal-expansion coefficient
1 9F, MWNk T

T
%= Cp 0Toe, = Cy Ty

Ty
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where Cjp is the bulk modulus which appears in the elastic
free energy Fel———-;—CBeﬁ . The well-known classical rela-
tion

c. 5
a,=C, Cs (5)
is obtained simply from (3) and (4), and is generally used
to derive the Griineisen parameter from heat-capacity and
thermal-expansion experiments.

In order to include the effect of a magnetic field on a
mixed-valence system within this model, Takke et al.
proposed replacing T/T; by [ T*+(u’H?*/k*)]"*/T; in
(1) for uH << kT. The following expressions are obtained,
in the case of isotropic magnetic effects, for the suscepti-
bility

2

_Ny” o, 6

X kT, f (6)
and volume magnetostriction
QX H?

€,(H)—€,(0)= C: - (7

From (3) and (6) one finds for the low-temperature ratio,
TX/C,=u?/2k>

Despite the fact that in an anisotropic system like CeNi
the volume expansion €, is not a relevant parameter, i.e.,
Q, must be replaced by three Griineisen parameters
v»=—0InT;/d¢,, with A=a,b, and c; we can perform a
first-order analysis of the volume effects using this iso-
tropic scaling approach. Indeed, we observed a T2 depen-
dence for the volume thermal-expansion and H? depen-
dences for the volume magnetostriction (Fig. 7). More-
over, taking into account the anisotropy of the susceptibil-
ity (see Fig. 1), the coefficients of these H? variations are
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FIG. 7. Volume magnetostrictions of CeNi at 13.9 K as a

function of H? for the field applied along the three symmetry
axes.

clearly of the same order as the susceptibilities as implied
by (7). Trying to make a quantitative comparison, we can
deduce from (5) the Griineisen parameter g using the
electronic heat capacity previously measured.* The bulk
modulus Cp is estimated to be around 2.8 % 10!! erg cm—3
form recent elastic constant measurements,’ using
CB = _;_[Cll +C22 +C33 +2(C12 +C23 +C31 )] for orthor-
hombic symmetry. We obtain a value Q;~8 which is a
little smaller than that deduced for CeSn; at low tempera-
ture (~10).

From these values of {}; and Cp and from the mea-
sured susceptibilities, we can deduce the three coefficients
Q.X,/2Cp which appear in (7) for fields applied along the
three symmetry axes (A=a,b,c). While we then obtain (in
units of 10~ '°0Oe~?), respectively, 0.80, 0.89, and 0.91, the
measured values (see Fig. 7) are 1.25, 2.27, and 2.78.
This discrepancy clearly shows the limits of the model,
especially for the introduction to the field effects although
it seems to be rather valid for thermal effects.

B. Anisotropic effects

As observed, anisotropic effects are expected in CeNi
due to the orthorhombic symmetry. However, the nega-
tive thermal expansion and the negative perpendicular
magnetostriction measured along b are unusual in Ce-
based intermediate-valence compounds. Indeed, when
temperature is increased, the intrinsic volume expansion
which corresponds to that observed in LaNi is enhanced
by the localization of the 4f electrons. Also, a magnetic
field introduces a negative magnetic contribution to the
free energy whose minimization is obtained by increasing
this contribution. This can be done by localizing the 4f
electrons and then by increasing the volume. The reason
for this special behavior of the b axis magnetostriction,

which is not yet clear, may be associated with the local
packing of the atoms in which a covalent character of
Ce-Ni hybridization would play a dominant role.

In an attempt to account phenomenologically for the
observed anisotropy, we have extended the scaling model
to orthorhombic symmetry, where T((€,,€5,€.) depends
on the strains €,,€;, and €, in a different way, leading to
three Griineisen parameters

aIan
aeA

where A=a,b,c and €, =AA/A.
Following Barron et al.” we write the elastic part of the
free energy as

Fe|=2‘;‘CM€A€# , 9
Ap

Ya=— (8)

where we introduce the elastic constants C;,. Minimiz-
ing the total free energy, we deduce easily the extension of
(5) to the anisotropic case

aA=C,zSMy,, ’ (10)
7

where the a;, are the linear thermal-expansion coefficients
along each A axis, and the S, are the compliances which
belong to a tensor which is the inverse of the elastic con-
stant tensor. Restricting to thermal effects, it is possible
to estimate the three Griineisen parameters y,, 75, and
y. from the experiment: in the low-temperature region
we obtain 13.7, 2.3, and 10.0, respectively. However, this
result must be considered with caution because such an
extension of the scaling approach to the anisotropic case
must also give a qualitative and quantitative analysis of
the field effects. Unfortunately, the expressions derived in
a similar way for the magnetostrictions cannot give a
satisfactory agreement with all the nine observed effects,
except for the qualitative H? dependence. A more realis-
tic model is needed; in particular, the nonscalar nature of
the field, which is of primary importance in this anisotro-
pic system, must be introduced with care in the free ener-
gy, while in the scaling model used here it plays a more or
less isotropic role as does the temperature.

IV. CONCLUSION

CeNi is the intermediate-valence compound in which
the charge and spin fluctuations give rise to the strongest
and most anisotropic effects on thermal expansion and
magnetostriction. Whereas the scaling-law model of
Takke et al.! gives a rather good account of the volume
effects, it fails to describe the observed anisotropic effects.
The strong anisotropy, especially the unusual behavior
along b, may be associated with the covalent character of
the 4f-5d-3d hybridization which is responsible for the
intermediate-valence state.
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