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Abstract. Measurements of the electrical resistivily, magnetization and suscepti-
bility in an extended temperature range from 30 mK io 300 K on polycrystalline
(CezLai—z)CugGa samples (0.0 < = € 1.0) are presented. A crossover is observed
from a spin frozen state with Tx < Tryky for ¢ < 0.85 to a heavy fermion state
with Ty > Trkky for z =~ 1. The full formation of coherence at low temperatures
seems to be prevented by lattice disorder probably caused by the arrangement of the
Cu and Ga jons in the hexagonal unit cell.

1. Introduction

CeCu,Ga has been found to exhibit exciting and enormously enhanced low temper-
ature properties [1, 2, 3, 4]. This compound crystallizes in the hexagonal CaCug
structure, and is built up from CeCuy when exchanging just one Cu by Ga, which
causes an increase of the volume of the unit cell. Due to this substitution a common
type of long range antiferromagnetic order found in CeCuy (T ~ 4 K) vanishes, while
the electronic contribution to the specific heat ¢/T attains for T — 0 a value of 1.9
J mol~! K2, which exceeds the respective values of CeAl, or CeCug [5]. Transport
properties of CeCu,Ga indicate Kondo-like interaction; i.e. the magnetic contribution
to the electrical resisitivity, p,,,,, reveals a large temperature range where gy, be-
haves like (—InT). The thermopower, sensitive to energy derivatives at the Fermi
surface, shows large values and a positive maximum, which accounts for the combined
action of the Kondo effect and crystal field splitting [1]. Further hints towards the
presence of a dominating Kondo interaction for this compound were deduced from the
field dependence of the electronic contribution to the specific heat [4]. The substitu-
tion for Cu with Ga infers a large modification of the crystalline electric field energy
level scheme. While CeCu, shows a single inelastic line at 17 meV, this line is lowered
in CeCu,Ga down to 6 meV [6, 7], indicative too of a pronounced alteration of the
electronic density of states near the Fermi level.
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The aim of this paper is {o study the formation of a Kondo lattice state in
CeCu,Ga when proceeding from a well known single-impurity Kondo regime in
(Ce,La,_;)Cu,Ga,z < 1, to the concentrated state near z ~ 1.

2. Experimental details

Polycrystalline (Ce,La,__)Cu,Ga samples were prepared by high frequency melting
under argon atmosphere and subsequently annealed for seven days at 600 °C. Elec-
trical resistivity data were taken by means of a conventional four-probe technique in
the temperature range 1.5-300 K. Bulk magnetization measurements were performed
using the extraction method, in magnetic fields up to 8 T and in the temperature
range 1.5-300 K; low field susceptibility was then deduced from Arrott plots. A mu-
tual inductance system was used to measure the low frequency (117 Hz) differential
susceptibility x = 8M/OH of the samples in a magnetic field with =10 uT amplitude
between 30 mK and 5 K in a standard demagnetization cryostat.

3. Results

Figure 1 shows the electrical resisitivity p of (Ce_ La,;__)Cu,Ga in the concentration
range 0.0 < z < 1.0 and for temperatures ranging from 1.5 K up to room temperature.
Beneath the steady increase of the overall resisitivity with increasing Ce concentration,
p(T) is characterized by a growing range where dp/dT is negative. Since the increasing
Ce content causes a regular sublattice of magnetic ions at least for concentrations near
to ¢ ~ 1.0, a clear Kondo lattice behaviour should be observable, i.e. the resistivity
should drop down to very low residual values for T — 0. Such a behaviour was
found e.g. for (Ce_La,_,)Cu, [8] or (Ce_La,__)Al; [9] when the Ce concentration
reaches a certain value close to £ = 1.0. For the case of (Ce, La,_.)Cu,Ga this
specific behaviour was not observed down to 1.5 K. The only sample which shows a
maximum, followed by a reduction of p(T") when the temperature is lowered, is the
boundary compound CeCu,Ga {1]. However, the maximum in p(T") is found at very
low temperatures (T} ~ 1.7 K) and the drop is only a few pQ em. Since Kondo
lattices at very low temperatures obey a Fermi liquid behaviour, the resisitivity can
be described by p(T) = py + ATZ. For z = 1.0 we deduced p, as 132 pf) cm and
A =58 uQecm K2 [1].
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Figure 1. The temperature dependence of the resistivity p of (Ce;La;—, }Cu,Ga.
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Figure 2 displays the low temperature (T, = 30 mK) a.c. susceptibility x, . (T)
for different (Ce_La,__)Cu,Ga compounds. A gradual change of x, . (T') is observed
when proceeding from & = 1.00 to # = 0.05. While for the samples with concen-
trations near to z =~ 1.00 only smooth maxima are observed, the absolute height in
Xa.c(T) 2s well as the sharpness of the transition increases considerably for lower Ce
concentrations. For x = 0.05 no well defined peak in x, . (7T') is observed. The sharp
maxima for z = 0.2 and z = 0.4 are reminiscent of a spin-glass-like transition. A
similar trend towards a spin frozen state was found from susceptibility measurements
in the well characterized series (Ce, La}Cu,Si, [10] when the La content rises.
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Figure 2. The temperature dependence of the a.c. susceptibility xa... of
{CesLa; _;)CuyGa.

The d.c. susceptibility of these compounds has been measured in the temperature
range 1.5~300 K. The results have been analysed assuming that

x(T) = xo +=C/(T - 8,).

Xp denotes the temperature independent Pauli susceptibility, C' the Curie constant
and 8, the paramagnetic Curie temperature. The data drawn in figure 3 are obtained
by subtracting x, to show more clearly the behaviour of the Ce ions. The Pauli
susceptibility x, thus obtained increases with decreasing Ce content; this could arise
from the 3d contribution of Cu (table 1), However, the anisotropy of the susceptibility
in the main crystallographic directions can also give rise to a curvature of x~! of
polycrystalline samples. After the correction by x, above about 50 K all samples are
characterized by a Curie-Weiss behaviour, with an effective magnetic moment very
close to that of the free Ce®* jon. The paramagnetic Curie temperatures are negative
and do not vary strongly with concentration (see table 1).

Magnetization curves taken at 1.5 K in fields up to 8 T are displayed in figure 4.
The magnetization at 8 T shows values below 1 15 /Ce, which is not very different from
those expected from a [+ 1/2} or a |£5/2) crystal field ground state for polycrystalline
hexagonal compounds, The field dependent magnetization curves, however, indicate
a | & 1/2) state, since for degeneracies N > 4 an upturn in the M-H curves should
be observable [11] (N = 2j + 1 where j is the total angular momentum). The slight
decrease of the magnetization when the Ce content increases may be inferred from a
progressive Kondo screening of the magnetic moment.
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Table 1. Pauli susceptibility xg and the paramagnetic Curie temperature [l?}iI | for
(CexLay.x)CusGa.

z xo (10~* emu/mol Ce) 68 (K)
0.05 3.2 -13.7
0.20 3.1 -16.1
0.40 2.7 ~16.9
0.80 1.9 -17.2
0.90 1.9 -16.4
= 400 —
5
~ {Cela,.)Cu,ba
f, 360
=
IE
. 200
&
T
00 x = 0.05
asa y = (1,20
0 o000 x = .40
ov vov y o B
o vou x = 0.90
g 50 100 150 200 250 300

T K1

Figure 3. The d.c. susceptibility x as x™* versus T' for (CezLa1—z)CuyGa. The

curves are subsequently shifted by 25 mol Ce emu—?,
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Figure 4. Isothermal magnetization curves (I' = 1.5 K} of {CezLa; —;)CusGa. The
full curves are guides to the eye.

4. Discussion

The magnetic contribution to the electrical resistivity, pp,,,, is shown in figure 5
in a semilogarithmic representation as p,,. versus T (P, = p{(Ce, L2)Cu,Ga} —
p{LaCu,Ga}). All the compounds investigated reflect a behaviour where py,. is
proportional to (—InT") over an large temperature range. At low temperatures and
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for samples with & < 1, p,,, reaches a constant value. Though there is not a very
distinct change of p_ ., when proceeding from z < 1 to z = 1, a comparison of p(T)
as well as of p,,; normalized to the room temperature data shows that the largest
temperature variation arises for the sample with # = 0.80. Below and above this
concentration these normalized quantities exhibit smaller changes. 'We interpret this
dependence of £ as a border between a single-impurity Kondo regime for 2 < 0.8 and
a Kondo lattice regime for x > 0.8. As mentioned above, a characteristic drop of
p(T) at low temperatures (usually below about 10 K) is found only for & = 1.0. The
absence of such a large drop in p(T) for samples z ~ 1 indicates that the coherent
state may not be well developed. Thus, at least partly, desiruction of the coherence
between the Ce 4f! moments is probably caused by the chemical environment of the
Ce ions, since the CaCu; structure possesses two inequivalent Cu sites. Therefore it
seems likely that structural disorder induced by the Ga substitution prevents the full
development of a coherent ground state.
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Figure 5. The magnetic contribution to the electrical resistivity, pmag, as a function
of In T for {CesLag—.)CusGa

A comparison of the p_,, data, scaled by the Ce concentration shows, that for
T > 10 K p,,p /> behaves almost independently of concentration. This behaviour
shows that p,; is purely a single-ion effect and correlations are absent at elevated
temperatures.

Cornut and Cogblin [12] have demonstrated that the combined interaction of the
Kondo effect and crystal field splitting leads to a very distinct behaviour of p,,.
Within their model, . (T) is characterized by two (~InT) ranges which are sepa-
rated by a maximum at T ~ A (A temperature of the overall crystal field splitting).
However, this pronounced behaviour appears only for the case when the Kondo tem-
perature Ty is much smaller than the crystal field splitting temperature. Hanzawa ef
al [13] have shown that in the presence of the crystal field splitting the Kondo tem-
perature of the highest level, 7§, can be calculated from TH = (T A,A,)/3, where
Tk is the Kondo temperature of the crystal field ground state and A,, A, the splitting
energies of the first and second excited level, respectively. 'This equation accounts e.g.
for the case of Ce where the j = 5/2 multiplet is split by the crystal field into three
doublets. Neutron scattering measurements on CeCu,Ga revealed the first excited
level at 65 K [7}. The second one could not be resolved clearly. However, a fit to the



1572 E Bauer el al

magnetic part of the specific heat data yields A; ~ 65 K and A, =~ 85 K [14]. Since
the electronic contribution to the specific heat, v, of CeCu,Ga approaches at T =0
a value of 1.9 J mol~! K~2 [1] T} is found to be ~ 3 K (T = 0.68R/y; R is the
gas constant). Using these data T3 is calculated for CeCu,Ga to be 25 K. This value
agrees well with the paramagnetic Curie temperature ]9;‘] =26 K. In the case where
T}E{ is of the order of A, the Cornut-Cogblin theory does not predict the correct Prmsg
versus T behaviour. Guessous [15] has extended this theory. He proved that for T} ~
A, there is no clear resolvable peak in pp,,g versus T, which accounts for the overall
crystal field splitting temperature as in the Cornui-Cogblin theory. We think that
the pya, versus T' curves of (Ce, La)Cu,Ga which show hardly any structure are just
indicating the fact that T}f and A are of comparable magnitude.

Using the low temperature a.c. susceptibility data of figure 2, we have determined
an effective paramagnetic Curie temperature 6';[; for the samples 0.05 < z < 1.0 in
the crystal field ground state by extrapolating x;1 versus T' towards zero. |€I[,‘] as a
function of the Ce concentration is given in figure 6, together with the temperature
of the maximum in y, . versus T'. In spite of some uncertainties in the extrapolation
procedure, [6;] shows a regular rise with increasing Ce content. Taking into account
the mode] of Griiner and Zawadowsky [16] IB},’I is a measure for the Kondo temnperature
Ty of the system; i.e. Ty = m|@-}, where m is of the order of one. According to figure
§ the Kondo temperature therei%re decreases with rising La content. This dependence
of Ty on the concentration £ can be understood from the volume dependence of the
exchange constant J since Ty is given by: T = 1/N(Ep)exp{—1/|J|N(Eg)). N(EF)
is the conduction electron density of states at the Fermi energy Ep.
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Figure 6. The concentration dependent variation of IG},'I and of Tmay, deduced from
Xa.c.(T), for (CezLai—z)CusGa. The full curves are guides to the eye.

It is well known that pressure applied to the crystal enhances the coupling constant
J (for a review see e.g. Schilling [17]). The exchange of Ce for La in CeCu,Ga reveals
a steady increase of the volume of the unit czll; this causes a reduction of J and
therefore Ty is diminished upon the La substitution. In the following we assume that
T,ax accounts for the RKKY interaction. The interaction strength depends on J as

Taxxy ~ JEN(Ep). Therefore, the different functional dependence of T and Tryxy
on J divides figure 6 into two regions:
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{(a) Tekxy > Tk (z < 0.80): the ground state of the compound is a magnetic one and
probably of spin frozen nature;

(b) Tk > Trxxy (% > 0.80): magnetic ordering seems to be quenched by the Kondo
interaction; a heavy fermion behaviour with a high 7 state evolves.

The concentration dependence of Ty and Tpiyy in (Ce,La, _.)Cu,Ga shown in figure
6 resembles the behaviour of these quantities in (Ce,La,_,)Cu,Si, [10]. While for
(Ce,La,_,)Cu,Si, and (Ce,La;_,)Cu,Ga a crossover takes place from a high y heavy
fermion state for £ ~ 1 to a spin frozen state for < 0.95 and = < (.85, respectively,
for (Ce,La,_,}Ru,Si, a crossover is observed to long range magnetic order for 0.10 <
z < 0.90 [18].

3. Summary

In (Ce,La,_,)Cu,Ga the temperature dependence of the electrical resistivity is evi-
dence for the Kondo effect dominating low temperature interaction. The independence
of the magnetic contribution to the electical resistivity, Prmag: of the Ce concentration
shows that pp,,; is purely a single-ion effect and correlation between the Ce ions absent
at elevated temperatures. Due to the arrangement of the Cu and Ga atoms within
the hexagonal unit cell a full development of coherence seemns to be prevented. A
total destruction of coherence has been observed for (Ce, La)CusGa, [19]. At low
temperatures a crossover is observed from a heavy fermion state for z ~ 1 to a spin
frozen state for » < 0.85. However a certain type of magnetic order with very small
magnetic moments also cannot be ruled out for the heavy fermion compounds z o~ 1.
Such unusual magnetic order has been observed in most of the heavy fermion systems
even in compounds with superconducting ground states [20]. From measurements of
the specific heat in CeCu,Ga we estimate that due to the Kondo interaction a re-
duction of the magnetic moments by about 80% takes place. This can result either
in a diminished number of 4f moments which are involved in magnetic order, or in a
reduction of the full moments. This is analogous to the situation for Ce(Cu,Al;_,)s
[21].
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