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Abstract. The low-temperature thermal expansion of the heavy-fermion system with the
formula Ce_,La,RwSip (x = 0 andx = 0.05) close to the magnetic instability is analysed

in terms of the renormalization group and self-consistent renormalized spin-fluctuation models.
The Giineisen parameter calculated using the renormalized Fermi temperature is compared with
the effective one which is determined from thermal expansion measurements and previously
obtained specific heat data.

1. Introduction

Properties of metallic heavy-fermion systems near a magnetic instability have attracted
strong interest, as non-Fermi-liquid behaviour has been expected when a magnetic—non-
magnetic transition occurs &t ~ 0 K. In particular, Ce_,La,RwSi; [1], CeCu_,Au, [2],

and Ce(Ni_.Cu,),Ge, [3], around their critical concentration., have been extensively
studied, and theoretically several approaches have been proposed: the renormalization group
(RG) model for quantum critical phenomena [4], the self-consistent renormalized spin-
fluctuation (SCR) model [5], the disordered Anderson lattices model [6], etc. Recently [1],
the RG and SCR models have been successfully compared with experiments (specific heat,
resistivity, thermal expansion, NMR, and inelastic neutron scattering) an,Ca& Ru,Si,

for x = 0, 0.05 and 0.75. It was concluded that the so-called ‘non-Fermi-liquid behaviours’
can be understood as properties of an extended crossover regime to the Fermi-liquid ground
state. It seems that experiments at very low temperature are necessary to distinguish a true
non-Fermi-liquid ground state.

The aim of this study is to discuss the volume thermal expansjoand the Giineisen
parameterQ2 of the renormalized Fermi temperature around the magnetic instability in
Ce_,La,RwSi,. The thermal expansiamy, is sensitive to anomalous behaviours because it
is a pressure-differential quantity. Thus a crucial comparison between theory and experiment
can be expected faxy,. The Glineisen parameter is remarkable because it can show a
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Figure 1. The phase diagram for antiferromagnetic instability based on the SCR and RG models.
The measure for the proximity of the magnetic instabilitwisfor the SCR model anéd for the
RG model.T; for the RG model is effectively7* (=rT*) in this study (see section 3.1).

divergent behaviour at the magnetic instability at= 0 K. Usually, this parameter is
estimated experimentally using the specific heat and thermal expansion for convenience; a
more precise framework is given based on the RG and SCR models.

In the Ce_,La,Rw,Si, system, the magnetic—non-magnetic transition appears at around
x. = 0.08 [1]. We have measuredl, down to low temperatures~0.3 K) and analysed
Q for CeygsLagosRWSi; (x = 0.05) and CeRgSi; (x = 0), which are in the paramagnetic
regime near the magnetic instability (figure 1). The experimental methods are described in
reference [7].

2. The scaling form of the free energy, and the Gineisen parameter

It is well known that if the free energy is scaled through one parametér as in the
impurity Kondo model:

F=T®(T/T,) (1)

then the effective Gmeisen paramete®, c = V,ay/«C (V,: unit volume; x: comp-
ressibility —V—19V/a P; C: specific heat) is constant, i.ey is proportional toC, and the
Gruneisen parameter fdf;, Qr, = —9dIn7,/9InV, is identical with<2, ¢.

In the SCR model [5]F takes the scaling form

Fscr = t®1(t, y1, yo) 2

where

T
=T
and wherey; andyg are dimensionless independent parameters which can be determined by
fitting experimental quantities such as the specific heat. The parameteRJ,/(Tan?) is
connected with the RKKY exchange energdy, yo is proportional to the inverse staggered
susceptibility at7” = 0 K through the relationyg = 1/(2T4x0(0)), Tp is defined as
To = Tal'yx /7 (I: local (g = 0) spin-fluctuation energyy, : local spin susceptibility),
and 7, is defined asT, = Ag3/2 (A is the strength of the RKKY dispersion around the

t
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Table 1. Parameters for proximity to the magnetic instability [1], and thé&r@isen parameters

for T; for Ce_,La,RwSi,.

(a) The SCR model

x=0 x = 0.05
Yo 0.31 0.1
1 1.6 1.33
To (K) 14.1 14.7
T; = yoTo (K) 4.4 1.5
Qr, sCr 40x 102 80x 107
(b) The RG model
x=0 x = 0.05
) 0.6 0.27
T* (K) 12.6 12.6
T; = 8T* (K) 7.6 3.4
Qr, rG 10x 10? 26x 1%

staggered wave vecter = Q: Ag? = Jo — Jo44, andgp is the effective zone-boundary
vector).
In the RG model [4, 8]F takes the scaling form

r ut3/2
Frg = ls/zd)z(t, . ) (3a)
with
_ 3/2 r
r=234+ut CD372 —
, : (30)
t=—
T*

whered, T*, andu are independent parameters. The parameteithe control parameter

at 0 K (depending on tuning quantities such as the doping concentration or pregssitbe
coefficient of the dangerously irrelevant operator, dtdis the microscopic characteristic
temperature (roughly an effective Fermi temperatfigg The explicit forms of the scaling
functions &4, ®,, and &3, are given in references [5] and [8]. As shown in the phase
diagram (figure 1), quantum critical phenomena are expected whéor the SCR model)

or § (for the RG model) reaches 0 d@ = 0 K. For CegsLagosRWSi, (x = 0.05) and
CeRuySi; (x = 0), the values ofyy and § obtained [1] from fits to specific heat data [9]
are presented in table 1. In the case of antiferromagnetic interactions, the characteristic
temperature for the Fermi-liquid regidfy is proportional toyy7p for the SCR model and
rT* for the RG model. We focus on the Breisen parameter fdi: Q7, = —-9dInT7;/0InV.

The one-parameter scaling law is generally fulfilled neither in the framework of RG
models nor in that of SCR models, because all of the parameters of the free energy can
depend on the volume; thus theoreticdlly - is not independent of the temperature, &l
differs from @, ¢, in agreement with an observation of a non-constant experimental
for Ce_,La,Ru;Si,. Since the proximity to the instability depends strongly on the volume
in heavy-fermion systems;y and s (measures of the proximity) will have a considerable
volume dependence. However, the pressure dependentg wf, y1, T*, 8, andu is not
yet clearly given in the two models, so some assumptions are necessary for calculating the
T-dependence afy which is no longer proportional t@'.
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3. Thermal expansion

3.1. The RG model

In the calculations ofry, we assume that = 0 (i.e.r = §) anddaT*/aP = 0. It should
be noted thabt/o0 P meansd/o P(P = O atm) here, andy is calculated atP = 0 atm.
On the basis of the specific hepat= C/T formula for the crossover region [8] and the
thermodynamic relations for the entropy(S = [ C/T dT anday = —V~19S5/3P), the
following equation is obtained:

T* or

2V, 9P

where

00 1 &2 r r 2 1/2
I(r,t)zc/ ds/ dr _t1/2{+((> +452) }
0 o sinke t t
2 ~1/2
X 1-+ Z((” + 4¢2
t 2\ \¢

where the same notation as in equation (3) is uséslia constant related to the microscopic
length, and- is related tax by r = § = (x. —x)/x* (x. andx* being the critical and scaling
concentrations) [8]. The parametersT*, x., andx* are assumed to be independentrof
aroundx,., and the estimates used are those obtained previously [1] by fitting the specific
heat data [9] down to 100 mK for the €glLa,Ru,Si, series;c = 0.32 J K2/mol Ce,

T* =126 K, x. = 0.09, andx* = 0.15.

ay
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Figure 2. Experimental values of the thermal expansignare compared for the RG and SCR
models. Experiments: closed circles:= 0.05 [7]; open circles:x = 0. Fitting curves: solid
lines: the SCR model; dashed lines: the RG model.

SincedT*/aV = 0, the Giineisen parameter fdf; (=8T*), Qr, r¢, iS proportional to
d8/0P:
V oT; 1 96

Ti.RG T, 3V k80P ©®)
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Now let us compare the RG model with experimenisr, t) can be calculated explicitly
using the parameters estimated previously from the specific heat measurements, while
or/oP = 308/0P is a T-independent adjustable parameter in equation (4). If we optimize
38/9 P, an agreement between the model and experiments fo(figure 2) is obtained
considerably below; (=87*) for bothx = 0.05 (T; = 3.4 K) and forx = 0 (7; = 7.6 K).

The deviation for7T; < T < T* may reflect the simplicity of our assumptions, while
aboveT* the RG model does not describe the excitations correctly. The val€g,ofc

is estimated as.@ x 10? for x = 0 and 26 x 107 for x = 0.05 from equation (5), using

kK =095x 101 m? N~ andV,, = 5.19x 10~° m® mol~. As expectedQ2r, r¢ increases

as the magnetic instability is approached.

3.2. The SCR model

The characteristic quantities of the SCR model [5] are the renormalized inverse susceptibility
atg = Q: y =1/(2T4x0), and the parameters in equation (2). Previously, the values of
T4, To, Yo, andy1, and theT -dependence of have been determined [1] for €gRu,La,Si,

from specific heat and susceptibility measurements [1, 9]. On the basis of these parameters,
ay has been fitted with the SCR model [1] using the following relations [10]:

AV 3 Dok
wm=7=§FSXQ
o — 1dv_ dw, 37‘[2DQK dy ©
VEVar T dar 0 J, d

where Dy and F, (=2J,T4/57%T,) are the magnetovolume constantgat= Q and the
mode—mode coupling constant, respectively.

However, a different expression fof, can be deduced by integrati®/ 7 from the
SCR model [5]:

c 39 o0 1 AT

Z—=2"_N"7 dx tant 2 7
T = 8T2; /0 e —1 r, @
where

T, = 21 To(y + x?) x=q/qs

and

198 19 (Tc 6 92(Toy) d(Toy) dy

YSTver T ver )y T VmToy1< arop 0T  p dt> ®

In the calculation ofxy, we assume heréT,/dP = 0, and thatoy/d P is independent of
the temperature, i.edy/0P = dyg/dP. On these assumptions, the first term of equation
(8) vanishes, leading to an expression similar to equation (6):

6 9(yo) dy

= —. 9
T Vo 0P dr ®)

The comparison of equations (6) and (9) leads to the following relation:

9(yo)
Dy =-T, . 10
0 A5y (10)
The Giineisen parameter fdf; = yoTo, Q1,.5cr, IS given by
V 9(yo) 1 3(yo)

Qr, scR X —— ) = 2 (11)

yo OV kyo 9P
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That is, the assumption of &-independentdy/dP corresponds to the case of &
independent2y, sck.

The fit of @y to equation (9) is obtained usingy s determined from the specific
heat data, and an optimizeédo/d P [1]. As shown in figure 2, a good agreement with
experiment is obtained belo®, (=yoTo: 1.5 K for x = 0.05, and 4.4 K forx = 0 [1]).
The correspondin@7, scr is estimated as.8 x 10? for x = 0 and 80 x 1(? for x = 0.05.
These values are somewhat larger than those of the RG model, because the proximity is
regarded as stronger in the SCR model, y¢e< 5. The better representation of thg-data
in the SCR approach than in the RG approach may reflect the differences in the respective
assumptions made in the calculationsxgf Therefore it is difficult to decide on the validity
of the two models at the present stage.
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Figure 3. Comparisons of the effective Gmeisen parameter. Experiments: closed circles:
x = 0.05; open circlesx = 0. Calculated curves: solid lines: the SCR model; dashed lines:
the RG model.

4. Discussion

The present analysis treats only the intersite effect, since it dominates the thermal properties
near the instability. The local characteristics suchTasand T, are assumed to be
independent of pressure; however, these assumptions are rather imprecise because usually
local (intrasite) properties such as the Kondo effect depend on the pressure and doping
concentration. Obviously a model which includes valence fluctuations is necessary for
treating a modification of the local characteristics. Althoufihhas been found to be
independent of, the difficulty of the constant for a wide range ok in Ce;_,La,Ru,Si,
has already been mentioned [1], implying that the assumptiondffigto P = 0 is suspect
as compared to the assumption thidy/0 P = 0. This difference may explain the better
representation ofy in the SCR model.

In the SCR model [5], the pressure dependencg, @ related to the resistivity, since
the Fermi-liquid-contribution ternd in the resistivity p = po + IT?) varies asl ~ y, >
around the magnetic instability, and in addition a recent calculation [11] predicts a weaker
yo-dependence af in an off-critical case like CeR&$i,. However, the Qineisen parameter
Q; = —3In(I7Y2)/3In V for CeRySi, is found to be 180, an#-independent up to 6 kbar
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[12], which leads to a strongep-dependence of:

I ~ y(;le/QTIASCR — y0—0A9. (12)

The dominant mechanism here may be the variation of the local Kondo temperature, which
will exponentially change with the pressure according to the linear shift of the 4f level
relative to the Fermi level. Obviously more experiments in the vicinity of the critical point
are needed.

Let us compare the experimental results with the calcul@gd using the values afy
determined (figure 3). As shown in figure 2, the behaviour of the calcukaied at high
temperatures is quite different for the two models; however, this feature depends strongly on
the assumptions fof*, Ty, dr/9 P, anddy/d P. At low temperatures, the observeg and
Q,.c can be well fitted using the assumption of the firfiténdependenf2r, g¢ Or 27, scr,
indicating that these compounds are still described by the Fermi-liquid picture in agreement
with the previous analysis [1]. More theoretical investigations for Thdependence of
or/0P anddy/dP are needed to discuss/ in the crossover regime.

Whens or yo approaches 0 @& — 0 K, Qr, and2, ¢ are related through the following
approximations respectively for the RG and SCR models:

Qu.c ~n8"* (1= (t/8)*) Q1 ko (13)
where

n=6yT*N 1t~ 0
and

Qo.c ~ Yoy V2Q1, scr (14)

whereyy = C/T (T — 0 K), and N is the number of components for the ordering field
(the constant is proportional toN) [8]. Therefore, at the critical poin€Q2r, ~ yo‘l, st
and, ¢ ~ y; /%, 6742 are expected to diverge, whil€/T remains finite andry — 0

asT — 0 K for both models. Further studies concentrating on the divergent behaviour of
Q7, at the critical pressure or critical concentration at very low temperatures will be quite
useful for clarifying the critical behaviours. It is expected tkatc will be quite sensitive

to Kondo disorder, and it may be suspected that the presence of disorder could prevent
the divergence of2, - at the magnetic instability. It is worth noting that the so-called
metamagnetic phenomenon for CeRig, which is accompanied by a large volume effect,

is strongly smeared out by the substitution of La or Ge [13]. Finally, it should be noted that
the present considerations can be applied to ultrasound measurements such as were recently
performed on CeGyi, Au, [14].
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