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We present measurements of the coefficients of linear thermal expansion of single-crystalline sam-
ples of the tetragonal heavy-fermion compound CeRu,Si,, and its nonmagnetic analog LaRu,Si,, in
the temperature range 1.5-270 K. The electronic part of the thermal expansion of CeRu,Si, yields
two distinct anomalies: (1) a huge positive contribution, caused by the (antiferro)magnetic interac-
tions between the quasiparticles, centered at 9 K, and (2) a negative crystal-field contribution cen-
tered at 120 K. The data are compared with existing specific-heat data (T" < 100 K). An analysis in
terms of Griineisen parameters yields the very large value of I';y=190 for the low-temperature con-
tribution and a value I' ;= —5.3 for the crystal-field contribution. A quantitative analysis using a
simple single resonance-level model yields a Kondo-type temperature of 19 K. An analysis of the
crystal-field contribution yields a first excited level at 288 K. We also discuss low-temperature scal-
ing behavior by comparing new magnetostriction measurements, that cover the metamagnetic be-
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havior, with magnetization data.

I. INTRODUCTION

Among the rare-earth ternaries with the tetragonal
ThCr,Si, structure, the compound CeRu,Si, attracts
much attention due to its heavy-fermion properties and
the related metamagneticlike transition. Evidence for the
presence of a strongly interacting electron system at low
temperatures has mainly been deduced from specific-heat
measurements, '~ yielding a coefficient of the linear elec-
tronic term ¥ =350 mJ/mol K2, which allows a Fermi-
liquid description with a large value for the effective mass
of the quasiparticles. Consistent with this, low-
temperature susceptibility (x) measurements>® on poly-
crystalline samples show a Pauli-like ¥ of (150-200)
X 107° m®/mol. The ratio of the measured susceptibility
and the susceptibility calculated from the measured y
value (x.), R =x/x.=5.8X10%yx/y) [with x¥ and y in
Systeme International (SI) units] amounts to 2.5-3.5 (for
T—0). According to the phenomenological trends for
narrow-band metals as formulated by DeLong,” the de-
duced value for R indicates that CeRu,Si, has a
(para)magnetic ground state, and, in fact, no supercon-
ductivity (or long-range magnetic order) has been ob-
served in this compound down to 20 mK.>%3%

Specific-heat measurements over a large temperature
range (1.5 <T <100 K) were performed by Besnus et al.
(Ref. 1). After subtracting the lattice contribution, de-
duced from measurements on isostructural LaRu,Si,, two
distinct anomalies were found at 11 and 84 K. From
their analysis the authors concluded that the Ce atoms in
CeRu,Si, are in a doublet crystal-field ground state, the
2J +1 Ce levels being split into three doublets. The Kon-
do effect on the doublet ground state gives rise to the
low-temperature anomaly at 11 K, which in the single-
ion Kondo § =4 model leads to a Kondo temperature
Tx =24 K. The second anomaly (at 84 K) has been inter-
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preted as a Schottky anomaly, caused by the population
of the first-excited crystal-field doublet, lying 220 K
above the ground-state doublet.

Low-field susceptibility measurements® (7" <300 K) on
single-crystalline samples reveal that the magnetic pa-
rameters are strongly anisotropic with the tetragonal axis
(c axis) as the easy axis for magnetization: x,/x,=15 at
10 K. Below 70 K, X, yields an increasing departure
from the Curie-Weiss law and a weak maximum at 10 K;
both have been attributed to the presence of antiferro-
magnetic interactions. The considerable deviation from
the Curie-Weiss law below 200 K for ', has been ascribed
to the crystal field.

As function of an external magnetic field a metamag-
neticlike transition is observed’®® at H*=8 T, for a field
direction along the c axis. Studies of the temperature
dependence of H* by means of magnetization and magne-
toresistivity® indicate that this transition is observed up
to ~15 and 70 K, respectively. These high-field data can
be connected with the disappearance of magnetic correla-
tions, notably a collapse of the antiferromagnetic interac-
tions between the quasiparticles above H*. Strong sup-
port for such an interpretation comes from inelastic neu-
tron scattering experiments. %!

The magnetic properties of CeRu,Si, bear close simi-
larities with the ones of the heavy-fermion superconduc-
tor UPt; (Ref. 12). For this compound a maximum in
X(T) is observed at 17 K and a metamagneticlike transi-
tion at 20 T. Both phenomena are only observed for a
field direction in the hexagonal plane, indicating a two-
dimensional character, in contrast to the one-dimensional
behavior of CeRu,Si,. Furthermore, alloying studies,
e.g., (Ce,La)Ru,Si, (Ref. 1) and U(Pt,Pd); (Ref. 13), reveal
the appearance of long-range antiferromagnetic order for
relatively small amounts of the doped elements. Ap-
parently, both compounds are close to an antiferromag-
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netic instability.

In a recent paper'* it has been demonstrated that mea-
surements of the coefficients of thermal expansion of
heavy-fermion systems are of great interest as the volume
effects related with the formation of the quasiparticle
bands are large (AV/V~10"*). The volume effects
are usually described employing a phenomenological
Griineisen parameter, I', that represents the coupling be-
tween the heavy electrons and the lattice. The tempera-
ture dependence of I' gives important information about
the relevant energy scales. The underlying mechanism
for the energy scales might be found in the single-ion
Kondo or Kondo-lattice effect and the onset of strong
(anti)ferromagnetic spin fluctuations, eventual in the
presence of (and thus in a possible admixture with) crys-
talline electric field effects.

In view of the aforementioned unusual thermal and
magnetic properties, it is of interest to investigate how
these influence the lattice parameters and thus the
volume. In this paper we present thermal-expansion
measurements on a single-crystalline sample of CeRu,Si,,
and its nonmagnetic analog LaRu,Si,, over a wide tem-
perature range: 1.5<7T <270 K. The results are com-
pared with specific-heat measurements! (7 <100 K),
which allows us to perform an analysis in terms of
Griineisen parameters. We then analyze the high-
temperature part of the data in a crystal-field model. In a
first attempt to model the low-temperature contribution
we make use of a simple resonance-level model. Previous
thermal-expansion measurements'> were performed only
below 100 K. The wide temperature range investigated
in the present experiments allows, however, for a more
extended analysis.

We also present a complete set of low-temperature
magnetostriction measurements on a single-crystalline
sample in the field region that covers the metamagnetic-
like transition. These data (with absolute values in con-
trast to earlier results®) will be compared with magnetiza-
tion data exploring a simple scaling law® for the volume
dependence of the magnetization.

II. EXPERIMENT

CeRu,Si, and LaRu,Si, crystallize in the ThCr,Si,
structure.!® The lattice Earameters are given by
a=4.192 A and ¢=9.78 A in the Ce case, and by
a=4.215 A and ¢ =9.93 A in the La case. With two for-
mula units per unit cell, the molar volume (V,, ) amounts
t0 5.17X 107 % and 5.31 X 10~ > m®/mol, respectively.

Single-crystalline samples of CeRu,Si, and LaRu,Si,
were grown by the Czochralski technique. As starting
materials served high-purity elements Ce (99.99%), Si
(>99.999%), and La (99.99%), supplied by Johnson-
Matthey, and Ru (99.999%) supplied by Leico Ind. Inc.
The as-grown samples were machined by means of spark
erosion into the proper shape, i.e., in this particular case,
a parallelepiped (edge ~3 mm), with flat and planparallel
surfaces containing the crystallographic axes. On both
samples measurements have been performed along (o))
and perpendicular () to the tetragonal axis. In the case
of CeRu,Si, ar;, was taken along the [100] direction. Mea-
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surements of the coefficient of linear thermal expansion,
a=1/L(dL /dT), were performed using a sensitive
three-terminal capacitance method. The samples were
mounted in a parallel-plate capacitance cell, machined
out of oxygen-free high-conductivity copper.!” Data
points were taken stepwise. The accuracy decreases with
increasing temperature due to thermal gradients over the
cell, and amounts to 5X 1077 K~ ! at 270 K. Below 50 K
temperatures were read with a carbon-glass thermometer
and those above with a platinum resistor. The coefficient
of linear magnetostriction, A’=1/L (dL /dB), was mea-
sured by placing the capacitance cell in a superconduct-
ing solenoid with a field limit of 8.5 T. By rotating the
cell the magnetostriction could be measured parallel and
at right angles to the field. Measurements have been per-
formed at 4.2 and 1.3 K.

III. RESULTS

The coefficients of linear thermal expansion o and «/,
for single-crystalline CeRu,Si, and its non-f-electron

counterpart LaRu,Si, are shown in Fig. 1(a). Apparent-
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FIG. 1. (a) Coefficients of linear thermal expansion of

CeRu,Si, and LaRu,Si, along (O and *) and perpendicular (+
and X) to the tetragonal axis, and (b) coefficients of volume
thermal expansion of CeRu,Si, (solid line) and LaRu,Si, (dashed
line). The inset shows the f-electron contribution to a, of
CeRu,Si,.
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FIG. 2. The c/a ratio normalized to O at 1.5 K for CeRu,Si,
and LaRu,Si,.

ly, when raising the temperature, the unit cell of
CeRu,Si, (and LaRu,Si,) expands over the whole temper-
ature range, with a coefficient of expansion along the ¢
axis larger than the one along the a axis. The volume ex-
pansion is calculated from ay=2a,+aq, after smoothing
the data for @ and a, with polynomial fits in selected
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FIG. 3. Coefficients of linear magnetostriction for CeRu,Si,
(B||c) along the c axis (O) and a axis (+), and A}, /3 (a) at 1.3 K
and (b) at 4.2 K.
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FIG. 4. Coefficient of volume magnetostriction for CeRu,Si,
(B||a) at the temperatures indicated.

temperature intervals. Results for a, are shown in a
separate figure [Fig. 1(b)] for the sake of clearness. The
inset in Fig. 1(b) shows the excess thermal expansion of
CeRu,Si,, Aay, =3a, obtained after subtracting the ma-
trix LaRu,Si,. a, becomes negative above ~65 K. The
data in Fig. 1 are in good agreement with earlier measure-
ments'® (7 <100 K), that were performed on the same
samples with a similar thermal expansion cell, except for
the curve of a; for CeRu,Si,. In the previous experiment
the low-temperature values of «; were about 25% small-
er. The origin of the discrepancy between the two data
sets is not clear yet, but possibly arises from repeated
thermal cycling or aging effects of the unannealed sam-
ple. In Fig. 2 we show the change of ¢ /a with respect to
1.5 K.

The coefficients of linear magnetostriction of CeRu,Si,
for a field direction along the ¢ axis at 4.2 and 1.3 K are
shown in Figs. 3(a) and 3(b), respectively. At both tem-
peratures, measurements have been performed parallel A,
and at right angles of the field A|. From Fig. 3 it follows
that A; is almost proportional to A| and that A;>>A].
The metamagneticlike transition is observed as a peak at
8.2 and 7.9 T at 4.2 and 1.3 K, respectively. Note that
with decreasing temperature, the peak rapidly narrows
and increases in height. Data for B||a, for which direc-
tion no metamagneticlike transition occurs, are shown in
Fig. 4. The coefficient of volume magnetostriction is in
this case at least three orders of magnitude smaller.

IV. ANALYSIS

The f-electron contribution to the thermal expansion
of CeRu,Si,, a, [see inset Fig. 1(b)], exhibits two distinct
anomalies. At low temperatures a large positive anomaly
is present, centered at 9 K, but with a long tail towards
higher temperatures. Since the low-temperature maxima
in ¢(7T) and x(T) are found at 11 and 10 K, respectively,
these anomalies are likely to be attributed to the same
physical phenomenon. We believe that this anomaly is
due to the presence of magnetic correlations, in particu-
lar, a competing interaction between the single-site Kon-
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do effect and intersite coupling. !%!! Above 65 K Aa be-
comes negative, indicating a second contribution. Note
that also in inelastic neutron scattering experiments'® the
(antiferro)magnetic correlations have been observed up to
70 K, and the metamagneticlike transition could be fol-
lowed by magnetoresistivity experiments® up to about the
same temperature. The second (negative) contribution
has a minimum at 120 K, somewhat above the tempera-
ture where the second maximum in the excess specific
heat! is observed (84 K). We attribute this anomaly to a
crystal-field effect. Before analyzing the two contribu-
tions we shall discuss the data in terms of Griineisen pa-
rameters.

A. Griineisen parameters

For a particular contribution to the thermal properties
a physically meaningful Griineisen relation emerges when
the entropy S; can be written as S;[T/T;(V)], where
T;(V) is a volume-dependent characteristic term of the
entropy term. The coefficient of volume expansion for
this contribution is given by

as; | _
P |, -
where F; is the free energy and k=—1/V(9V /dP)y is

the isothermal compressibility. The molar specific heat
(at constant volume) is given by

as; 9’F,
aT?

9%F;
oVaT

1
aV_"“;

, (1)

CV:T (2)

T |y v
The Griineisen parameter for this particular entropy

term is then defined by
. VmaV _ alnT,(V)

L= KCy olnVv ’ 3)

where V,, is the molar volume. Often several processes
contribute to a. Therefore, it is convenient to define an
effective Griineisen parameter

r _ VmaV(T)_ Ci(T)
ke (T) e(T)

(4)

Iy is then an experimental parameter which is, in gen-
eral, temperature dependent. In a first attempt to analyze
I it can be written as a sum of the products of the tem-
perature independent I';’s and the fractional specific
heats ¢;(T)/c(T). If T .4is constant in a certain tempera-
ture interval, one can identify I' .4 with the Griineisen pa-
rameter for the particular mechanism that governs the
thermal properties in that temperature range.

In the following we calculate the effective electronic
Griineisen parameter, I', that results after separating
out the phonon contributions to ¢ and «, as obtained
from measurements on LaRu,Si, (the conduction-
electron contribution of LaRu,Si, can be neglected). The
f-electron specific heat Ac(T), has been measured by
Besnus et al. (Ref. 1). Their data are reproduced in Fig.
5.
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FIG. 5. Specific heat of CeRu,Si, (O) and LaRu,Si, (+); (a)
below 100 K and (b) below 20 K (after Ref. 1).

At this moment a few remarks concerning the possible
errors in Ac(T) and Aa(T) need to be made. First, we
note that the thermal-expansion and specific-heat experi-
ments have been performed on different samples. The ex-
isting specific-heat data!™* are somewhat at variance
with each other, which possibly indicates a slight sample
dependence. Second, we notice that the scatter in the
high-temperature limit of the specific-heat data is consid-
erable [Fig. 5(a)], putting a large error bar on the values
for Ac. In view of this large error bar, one cannot ex-
clude that the maximum in Ac would be found above 100
K, as suggested by the observed minimum in Aa (at 120
K). Third, due to the large thermal dilatation, the
difference between the specific heat at constant pressure,
cp, and at constant volume, ¢y, given by

aiv, T

cp—cCyp - (5)
is not negligible anymore. In Fig. 6 we show results for
cp—cy, using a value for k of 0.95 Mbar ! (Ref. 18). The
correction to the measured electronic specific heat Acp
becomes of the order of 10% at 11 K. In the following
analysis this correction has not been taken into account
in view of the aforementioned uncertainties. However,
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FIG. 6. cp—cy for CeRu,Si, (O) and LaRu,Si, (+).

when performing a more precise analysis this correction
becomes important. Care should also be taken when per-
forming specific-heat measurements as function of pres-
sure on CeRu,Si,. We note, furthermore, that the un-
corrected cp leads to a small overestimation of the in-
volved entropy.

In Fig. 7 we present I', versus temperature. In the
low-temperature limit I',; reaches the huge value of 190.
Retaining only the linear terms (7'—0) a,=3aT and
c=yT, where a=4.3X10"® K2 and y=0.35
J/K?mol, we obtain the heavy-fermion Griineisen pa-
rameter

I (T—0)=T\;=3aV,, /ky =190 .

With raising temperature, I', rapidly drops (up to 25 K
in a nearly linear way), becomes negative above 65 K, and
levels off at a value of —5.3. This plateau value can be
taken as the crystal-field Griineisen parameter I' , for the
first-excited doublet. The unusually large value for T'y¢
implies a strong pressure dependence of the linear term in
the specific heat

%1% = —kI';y = —66 mJ /(mol K?kbar) .

Similar large values for I';; have previously been inferred
from magnetic and transport data.!® From the pressure
dependence of the Pauli susceptibility!® a value for T';; of
180 was deduced. A same value has been derived from
the pressure dependence of the coefficient of the T2 term
in the resistivity.!® Since the products Y(T—0)T .«
(where T, is the temperature at which the maximum in
X is observed) and y(H —O0)H,, (where H,_, =H* is
the field at which the maximum in the differential suscep-
tibility or the maximum in the magnetoresistance is ob-
served) were both found to be (nearly) pressure indepen-
dent, identical values for I'}; have been obtained from the
pressure dependences of T,,,, and H_,,. Apparently, the
thermal and magnetic Griineisen parameters, 2

r.—_dInT* __dlnH*
r H dlnV

dlnV’ (©)

FIG. 7. Tz vs T for CeRu,Si, (after subtraction of the pho-
non contribution).

are identical for CeRu,Si, (for H||c and T —0), which led
Mignot et al. (Ref. 19) to conclude that the thermal and
magnetic properties can be scaled by one single-energy
parameter. It is interesting to note that Lehmann?! has
found a similar value I'j ;=151 in analyzing specific-heat
data on pseudobinary (Ce,La)Ru,Si, and (Y,Ce)Ru,Si, al-
loys, that exhibit a chemical pressure induced variation
of T*. The large value for I'y; implies a strong volume
dependence of the quasiparticle bands, and is a common
feature for heavy-fermion systems. '

The negative value for @'y implies that the first
crystal-field splitting, A, decreases with pressure at a rate
of

%—%—=Kl"cfA= —1.2 K/kbar .
A value for dA/dP can also be deduced from resistivity
data,??? assuming that the temperature at which the
maximum in p(T) occurs (after subtracting LaRu,Si,) in-
dicates A/ky. From the data in Ref. 22 it follows that
T . decreases from 250 to 225 K by applying 7.7 kbar,

max

hence dA/dP = —3.2 K/kbar.

B. Crystal-field model

In the case of tetragonal CeRu,Si, the crystal symme-
try splits the J =2 level into three double degenerate
doublets. The appropriate level scheme as inferred from
specific-heat data' is given by 0-220-1000 K. Because of
the large energy separation between the first- and
second-excited doublet, we may assume that CeRu,Si, is
a two-level system in the investigated temperature range.
The free energy (per mole) for such a two-level system is
given by

F=—RTIn(gy,+g,e 2'7), (7)

where g, =g, =2 are the degeneracies and A is the energy
splitting (R is the gas constant). In general A=A(T,V),
but we here assume that A=A(V). The population of the
second level leads to the well-known Schottky anomaly in
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the molar specific heat?

2
A

T

€A/T
Csen =R T eb/my (8)

Since the entropy is a function of T /A, the equivalent ex-
pression for the thermal expansion follows directly from
Eq. (1):

2

o _ Rk |__0dlnA A ed/T ©)
Sehy dInV | | T | (14e4/T)?
with
V, a
Fsch: dIlnA _ "m%Sch ) (10)

3V KCgen

In Fig. 8 we compare a, with the curves calculated from
Eq. 9), employing I'gy, =TI = —5.3 (see Fig. 7), and
values for A=T; /0.417 of 220 and 288 K. As men-
tioned above, from the specific-heat analysis A=220 K
was inferred. From the thermal-expansion data it follows
that A=288 K is more appropriate.

Another way to possibly get a handle on the crystal-
field effects in tetragonal rare-earth compounds has re-
cently been worked out by Morin et al. (Ref. 24). These
authors have employed a susceptibility formalism for

J
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FIG. 8. a, for CeRu,Si,. (O) Experimental points. Solid
and dashed lines are calculated in a crystal-field model [Eq. (9)]
with I'y=—5.3 and A=288 and 220 K, respectively.

magnetic and quadrupolar interactions, that includes
magnetoelastic coupling. The equilibrium values for the
strains are obtained after minimizing the magnetoelastic
energy with respect to the strains. In the tetragonal sym-
metry the coefficients of expansion are then given by

1 (C612Ba1__CSIZBOLZ)_’_VE(CngaZ_CgIZBaI) d(Og)

V3 c§'cgr —(cgy

(CSZBaI__anBaZ)_ ‘/IE (CngaZ_qCSIZBaI

dar ’
(11)

) 4(09)

\/3 Cglch_(CSIZ )2

Here, C§!, C$2, and C§'? are functions of the background
elastic constants (without the crystal-field effects), B!
and B? are magnetoelastic coupling parameters, and 09
is a quadrupolar operator. From Eq. (11) it follows that
a; and a, have the same temperature dependence. When
fitting Eq. (11) to the experimental data, B*' and B* can
be determined if all the elastic constants C{ are known.
Since this is not the case, we restrict ourselves to the tem-
perature dependence that is determined by d{09)/dT
alone. Therefore, we have normalized a, to —1 at
T,..,=120 K. In Fig. 9 we show the results, calculated
with Eq. (11) where we used A=288 K, and (08) was
calculated using the states?!

0)=al+3)—blF3),
=[x,

and
[2)=b|+3)+a| F2),

with @ =0.96 and b =(1—a?)!2. For comparison we

daT

units)
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|
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©
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FIG. 9. a, for CeRu,Si, normalized to —1 at 120 K. (O)
Experimental points. The dashed line is calculated using Eq.
(11). The solid line is calculated using Eq. (9) with [';;=—35.3
and A=288 K.



40 THERMAL PROPERTIES OF HEAVY-FERMION CeRu,Si, 8765

also show the results for the pure Schottky anomaly [Eq.
(9)] in Fig. 9. Apparently, including magnetoelastic cou-
pling does not include the quality of the crystal-field fit.

C. Resonance-level model

In the single-ion Kondo problem the interaction of the
impurity spin with the conduction electrons leads to a
resonance at the Fermi level. Although CeRu,Si, belongs
to the class of Kondo-lattice compounds, we shall, in a
first attempt to describe the low-temperature thermal-
expansion data, use a simple resonance-level model as ex-
plored by Schotte and Schotte.?® In this model a reso-
nance of Lorentzian shape is formed at the Fermi energy.
The width (A) of the resonance is in the order of the
Kondo temperature A~k,T,. The resonance leads to
an additional free energy

F==RT [ “pleln(1+e “**Mde (12)
where
A_ 1
P (@ r Ay

The specific heat for this contribution at zero magnetic
field and for spin 1 is given by*’

S
2mky

A

T

_RA 1, A
m T

Css 2 2mkyT

Y ,  (14)

where 9'(z)=d InI'(z)/dz is the digamma function.
Since, in this case, the entropy is also a function of T/A
the equivalent expression for the volume expansion is
given by

ST yoow dlnV | T 2ok | T
1 A
—+

(15)

[as may also be verified by inserting the free energy in Eq.
(1)], where A=A(V). For the resonance-level model we
have

dlnA _  OlnTy V,as

3V dlnV ke

Fss= (16)
In Fig. 10 we compare Eq. (15) with the experimental
data. Assuming I'gg=T;=190, and with a value for T
of 19 K, we get remarkably good results in the low-
temperature range, in view of the simplicity of the model.
In Fig. 11 the calculated and experimental specific heat
are compared, using the same value Ty =19 K.

D. Scaling behavior

Puech et al. (Ref. 9) and Mignot et al. (Ref. 19) have
shown that in the case of CeRu,Si, the expression for the
free energy can be written as a function of one single scal-
ing parameter at low temperatures. Thus, for instance,

25
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o (1078 Kk
el

FIG. 10. a, for CeRu,Si,. (O) Experimental points. The
solid line is calculated in a resonance-level model [Eq. (15)] with
I'ss=190 K and Tx =19 K. The dashed line is a crystal-field fit
[Eq. (9)] with T' ;= —5.3 and A=288 K.

the magnetization can be written as M(H,P)=f[H/
H*(P)], where H* is the pressure-dependent critical field
for the metamagneticlike transition. This scaling law was
also checked by comparing the volume magnetostriction
with the differential susceptibility, according to’

V| QBT 1M | an
oH |, , P |3H |,,
where
dIH* _  dlny(T—0)
oP oP

since the product H*y(T—0) was found to be pressure
independent. Since in Ref. 9 only relative magnetostric-
tion measurements were presented (as the calibration of
the device was rather poor) we here check Eq. (17) by

4 T
é?a
31 0&’/
T g§
0
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FIG. 11. Specific heat of CeRu,Si,. (O ) Experimental points
(after Ref. 1). The solid line is calculated in a resonance-level
model [Eq. (14)] with a Tx of 19 K. The dashed line is a
crystal-field fit [Eq. (8)] with A=288 K.
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FIG. 12. Magnetization of CeRu,Si, for a field direction
along the c axis at a temperature of 1.3 K (+)and 4.2 K (0).

comparing the (absolute) volume magnetostriction (Fig.
3) with magnetization data (Fig. 12) on the same sample.
The comparison is made in Fig. 13, where we used values
for dIny /9P of —188 and 167 Mbar~ !, at 4.2 and 1.3 K,
respectively. The scaling is almost perfect at the lowest
temperature (1.3 K).
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FIG. 13. Differential susceptibility of CeRu,Si, (B||c) as mea-
sured (O), and calculated using Eq. (17) (see text); (a) at 4.2 K
and (b) at 1.3 K.

LACERDA, de VISSER, HAEN, LEJAY, AND FLOUQUET 40

V. DISCUSSION AND SUMMARY

In a first approximation the thermal expansion and the
specific heat of CeRu,Si, can be explained by (i) at low
temperatures a resonance-level model with an effective
Kondo temperature T =19 K, and (ii) at high tempera-
tures a Schottky anomaly (A=288 K). The admixture of
the Kondo and crystal-field effect leads, in the model of
Hanzawa et al.,?% to an effective Kondo temperature for
the full multiplet of

TE=(TxAA)?=170 K,

which possibly explains the remaining discrepancy be-
tween the crystal-field fit and experiment (see Fig. 8). On
the other hand, the question can be raised whether the
negative value of the crystal-field Griineisen parameter is
not a consequence of the interplay between the bare
crystal-field and Kondo effect, leading to an apparent de-
crease of A with pressure, as Ty will certainly increase
drastically with pressure. Inelastic neutron scattering ex-
periments?’ were unsuccessful in demonstrating crystal-
field excitations in CeRu,Si,, a feature often observed in
heavy-fermion compounds, indicating a considerable
effective broadening of the crystal-field levels.

The extrapolated ratio of a and ¢ leads to a huge
Griineisen parameter I',(T—0)=190. As mentioned,
large values have also been observed for other heavy-
fermion systems, e.g., for CeCug, URu,Si,, UBe;;, and
UPt; 'y amounts to 57, 25, 34, and 71, respectively (Ref.
14). The particularly large value of I'y; for CeRu,Si, is
likely connected with the proximity of a low-temperature
magnetic instability (see below). However, we cannot ex-
clude that in the present highly anisotropic (uniaxial) case
of CeRu,Si, the electronic behavior is governed by a pa-
rameter that depends on one particular crystallographic
direction (c¢ axis), and not on the volume. In this respect
we emphasize the large maximum of the relative varia-
tion of ¢ /a at T ~50 K after subtracting the phonon con-
tribution (Fig. 2).

A main result from the present experiments is the
strong, almost linear, temperature dependence of I in the
low-temperature range. Even at the lowest temperature
(T'=1.3 K) no indication of a low-temperature regime
where I'(T) reaches a constant has been observed. This
clearly implies that the use of only one scaling parameter
must be a crude approximation. Note that a sensitive
physical property like the thermoelectric power,? Q,
shows additional anomalies below 1 K (i.e., a maximum
of Q at 1 K).

Inelastic neutron scattering experiments reveal the
presence of a strong interplay between (i) on-site correla-
tions related with local Kondo fluctuations weakly depen-
dent on the magnetic field, and (ii) intersite correlations
that collapse in an applied field of H*=8 T. This shows
that the metamagneticlike transition is associated with a
drastic change of magnetic correlations. It is obvious
that the ferromagnetic component will play a main role
in the low-energy excitation spectrum at H*, but this
component has not been studied dynamically yet. Anoth-
er important result from the neutron scattering experi-
ments is that at low temperatures the (inelastic) energy

10,11
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spectrum of the intersite coupling must be described by
two parameters, an energy shift hwy~1.2 meV and
linewidth I';,,~0.9 meV, whereas the single-site contribu-
tion appears as a quasielastic type with linewidth I';~2
meV. Thus the underlying microscopic nature of
CeRu,Si, is clearly complex, which leads to the
difficulties in interpreting the thermal behavior, notably
when comparisons are made between different variables
as an observable (¢) and its pressure derivative (a), that
are both sensitive to the proximity of an instability. Stud-
ies? of the alloy system Ce,_ La, Ru,Si, show that the
long-range magnetic versus paramagnetic instability
occurs for x ~0.08, which converted in terms of pressure
corresponds to a negative (chemical) pressure of 2.0 kbar.
Assuming a continuity of the properties in the series of
Ce;_,La,Ru,Si, compounds, it is evident that CeRu,Si,
is close to magnetic instability. The instability leads to
the strong competing interactions and to the huge
Griineisen parameter for T—0 K, and, correlatively, to
the large crossover regime. Let us emphasize that the
idea of continuity may be incorrect, since the perfect-
lattice case may differ from the alloy problem when a
sufficient purity of materials is realized. From neutron
work on UPt; (Ref. 30) and on substituted alloys,>!
U(Pt,_,Pd,);, it is clear that the perfect-lattice case
(Ty~5 K with a very weak ordered moment
m~0.02up) is not a simple extrapolation of the alloy
situation (for x =0.05, Ty ~6 K with an ordered mo-
ment of 0.5up).

Despite the difficulty to explain quantitatively the tem-
perature variation of the Griineisen parameter T, it is in-
triguing to see the excellent agreement between different
values of T, either extrapolated from thermal studies, or
derived from the pressure dependence of the magnetic or
transport properties (see Sec. IVD). This suggests that
one main energy (depending on pressure) governs the sit-
uation. Thus, a reduction of the just-described complex
behavior may be found in the bare mechanism. The dom-
inant effect may be the local fluctuations (Kondo effect or
on-site Coulomb coupling). The intersite exchange might
basically originate from the light electrons, before the
heavy-quasiparticle bands are built at low temperatures.
In contrast to the case of itinerant nearly ferromagnetic
magnetism of the 3d elements, the energy width of the
wave-vector response at any wave vector will always be
finite due to the local fluctuations and never collapse.
Experimentally, scaling is generally found in the
paramagnetic regime, despite evidences that competing
interactions occur. An excellent example in this respect
is the scaling law for the magnetoresistivity data in UBe,,
(Ref. 32).

We notice that the large value of the electronic
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Griineisen parameter (I’'=190) and the relatively
low value of the crystal-field Griineisen parameter
(I,y=—35.3) are inversely connected with the strength of
their characteristic energies (19 and 288 K). The interest-
ing point is that the huge electronic Griineisen parameter
corresponds to a huge effective mass, i.e., to a low charac-
teristic energy. The ratio of I' over the mass enhance-
ment which gives the absolute variation of the charac-
teristic energy is a rather normal number, i.e., not
enhanced by a large factor. This confirms indirectly that
the mass enhancement arises firstly from a renormaliza-
tion effect, producing noninteracting heavy quasiparti-
cles, and secondly from the interaction between these re-
normalized quasiparticles. Both effects have a compara-
ble size.

It would be interesting to investigate the thermal prop-
erties of CeRu,Si, employing a resonance-level model
that includes intersite coupling, as, for instance, is
developed by Matho and Marcenat.?® In the system
Ce,_,La,Ru,Si, long-range antiferromagnetic order
occurs in the concentration range 0.08 <x <0.9, with a
maximum Néel temperature of 6 K.?’ The evolution of
the large low-temperature anomaly for nonordered
CeRu,Si, into a negative peak (at T ) for the doped or-
dered compounds is, at present, under investigation.

In summary, we have presented thermal-expansion
measurements on single-crystalline samples of heavy-
fermion CeRu,Si, and its nonmagnetic analog LaRu,Si,.
The high-temperature part of the measurements is de-
scribed with a Schottky anomaly yielding A=288 K. In
a first attempt to analyze the low-temperature f-electron
contribution we used a simple resonance-level model,
yielding Tx =19 K. As the low-temperature magnetic
excitation spectrum reveals competing magnetic interac-
tions, the analysis with one scaling parameter should be
taken with some caution. The Griineisen parameter of
CeRu,Si, has a linear temperature dependence below 25
K and attains an exceptionally large value (I';;=190) in
the low-temperature limit. Its strong temperature depen-
dence suggests that the reduction to one scaling parame-
ter will be realized only at very low temperatures.
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