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Abstract. The crystal structure of the title compounds has been characterized by quantitative
room-temperature X-ray powder diffraction to be isotypic with the BaAl4 type with partial
disorder among the p-metal atoms. The low-temperature behaviour of these alloys is
characterized by a decrease of the ordering temperatures as the Au content increases. Weak
Kondo interaction for alloys richest in Au is observed from various transport and specific heat
measurements.

1. Introduction

Extended solution ranges have been reported recently for the alloy series Ce(MxGa1−x)4, M
= Cu, Ag, Au [1–3]. These compounds were found to adopt either the BaAl4-type or the
derivative CaBe2Ge2-type structure [1–3]. At high temperatures, these ternary compounds
are characterized by an effective magnetic moment of roughly 2.6µB , in agreement with
a trivalent ground state of cerium. Magnetic ordering exists below 3 K and the ordering
temperature decreases when the gallium content decreases. The most prominent member
of this family of compounds with an ordered BaAl4 type appears to be CeCu2Si2 [4]. A
variety of interesting physical phenomena have already been found from investigations of
cerium-containing systems with the BaAl4 type such as CeCuAl3, Ce(Ga1−xNix)4 [6, 7]
and Ce(CuxGa1−x)4 [7]. The ground state properties of these compounds exhibiting a
tetragonal crystal structure depend sensitively on (i) crystal field splitting, (ii) the mutual
interaction of the Kondo effect—tending to screen the cerium moments—and (iii) the
RKKY interaction—responsible for long-range magnetic order. In the present paper we
give an overview of the low-temperature behaviour of the alloy series Ce(MxGa1−x)4,
M = Cu, Ag, Au, concerning direct measurements of the cerium valence by XAS (X-
ray absorption spectroscopy) as well as measurements of the specific heat and the field
and temperature dependent electrical resistivity. Since the physical properties of these
compounds are essentially determined by the distribution of atoms in the crystal, the crystal
structures of the compounds Ce(Ag0.16Ga0.84)4 and Ce(AuxGa1−x)4 for x = 0.1, 0.15 and
0.25 have been established by X-ray powder techniques.
∗ dedicated to Professor R Ferro on the occasion of his 70th birthday.
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2. Experimental details

All samples, each of about 2 g, were synthesized by repeated arc melting the high-
purity elements together in a titanium-gettered argon atmosphere starting from the nominal
composition RE:(M, Ga)= 1:4. Weight losses due to the arc melting process were checked
to be less than 0.5 mass%. The types and impurity levels of the starting materials are as
follows: RE(Ce, La), ingot, m3N, Auer-Remy, Germany; Cu, rod m3N, Alpha Ventron,
Germany; Ag, powder, puriss.,̈Ogussa, Austria; Au, shot, 3N,̈Ogussa, Austria; Ga, m4N,
Alcan Electronics, CH. After melting the reguli were packed in molybdenum foil, sealed in
evacuated silica tubes and heat treated for 340 h at 600◦C in a wire-wound power controlled
tubular furnace calibrated against a Pt/PtRh thermocouple. After annealing the samples were
quenched by casting the silica tubes into cold water.

Precise lattice parameters and standard deviations were obtained by a least-squares
refinement of room-temperature Guinier–Huber X-ray (Cu Kα1) powder data employing
an internal standard of 99.9999 mass% pure Ge (aGe = 0.565 790 6 nm). For quantitative
refinement of the atom positions, the X-ray intensities were recorded from a flat specimen
in a Siemens D5000 automatic powder diffractometer (Cu Kα). Full-matrix full-profile
Rietveld refinements were performed employing a PC version of the program by Wiles
and Young [8]. X-ray absorption measurements were performed at the French synchrotron
radiation facility of LURE using the X-ray beam delivered by the DCI storage ring, working
at 1.85 GeV–∼320 mA, on the EXAFS 2 station. A double Si(311) crystal was used as
a monochromator. Rejection of harmonics of order three was achieved by two parallel
mirrors adjusted to cut off energies higher than∼9 keV in the incident beam. Experiments
were made in the range (5660–5840 eV around the LIII edge of Ce. Powdered samples
were spread on adhesive Kapton tape and three such tapes were stacked out to make a
sufficiently thick sample to provide the expected amplitude of the discontinuity as well as
to avoid any holes in the powder distribution. Samples were also measured in a cryostat
kept at a constant temperature of∼10 K. No runs versus temperature were performed to
avoid loss in beam time. After subtracting the background from the spectra in a standard
manner, LIII edge deconvolutions were made using a technique already described in [9] and
[10]. Resistivity data were taken from bar shaped samples, using a four-probe d.c. method.
Fields up to 10 T were generated by a superconducting magnet. A differential method with
lead as reference material was used to obtain temperature-dependent thermopower data.
Specific heat measurements up to 9 T were carried out on 1–2 g samples in two automated
calorimeters (1.5–100 K) using a quasi-adiabatic step heating technique. The temperature
was measured either with a germanium resistor or with a carbon glass resistor for zero-field
or field measurements, respectively; these were situated in the bore of the sapphire sample
holder. The field calibration of the latter was performedin situ against an SrTiO3 sensor.

3. Results and discussion

Our results of the X-ray characterization in comparison with the lattice parameter data
reported earlier [1–3] are presented in table 1. For all compounds investigated the
determined lattice parameters are in good agreement with the literature data.

3.1. X-ray characterization and refinement of the crystal structure of Ce(Ag0.16Ga0.84)4

The room-temperature X-ray powder diffractogram of Ce(Ag0.64Ga3.36)4 was evaluated by
a full-matrix full-profile Rietveld refinement. The results are summarized in table 2 and
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Table 1. Crystallographic data for the ternary solid solutions Ce{(Ag, Au)xGa1−x}4.

confirm the crystal symmetry consistent with the BaAl4 type. Ce occupies the 2a sites. The
free atomic parameter of the 4e site was refined toz = 0.3844(2); the reliability factor
obtained wasRI = 0.066 (see also table 2). Silver and gallium atoms are distributed over
the 4d and 4e sites, but silver atoms show a distinct preference for the 4d site, i.e. 75% of
the silver atoms are found in 4d. This is in contrast to the results of a structure determination
of isotypic Pr(Ag0.18Ga0.82)4 [1]. There the 4d site is occupied only by gallium atoms and
silver is found in the 4e site.

3.2. X-ray characterization and refinement of the crystal structure of Ce(AuxGa1−x)4,
x = 0.1, 0.15, and 0.25

Full-profile Rietveld refinements of alloys Ce(AgxGa1−x)4 revealed the substitution mode
along the series with increasing gold concentration. At low levels of gold Au atoms
preferentially occupy the 4e dumbbell sites with interatomic distances as short as 0.260 nm
suggesting rather tight binding. Reaching a maximum level of about 50% gold in the
4e sites, the excess gold is found to gradually enter the 4d sites. For the details of the
refinement see table 3.

A comparison of the observed and calculated X-ray powder profiles is shown in figure 1
for one of the alloys, Ce(Au0.25Ga0.75)4.

3.3. X-ray absorption spectroscopy

In agreement with the results of the magnetic measurements in [1–3], the determination of
the cerium valence with XAS (X-ray absorption spectroscopy) at∼10 K and RT reveals
a trivalent state of cerium for all compounds investigated. The spectra shown in figures 2
and 3 indicate the absence of any significant contribution associated with a Ce4+ state to
be expected at 5732 eV.
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Table 2. Crystallographic data of Ce(Ag0.16Ga0.84)4, quenched from 500◦C.

Figure 1. A graphic presentation of the full-profile Rietveld refinement of Ce(Au0.25Ga0.75)4.

3.4. Transport properties

Figure 4 shows the temperature dependence of the electrical resistivityρ for several alloys
of CeAuxGa4−x in a normalized representation. Due to the brittleness of the samples, the
absolute resistivity varies and therefore no continuous concentration-dependent behaviour,
even in the normalized plot, can be distinguished. The inset of figure 4 shows the low-
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Table 3. Crystallographic data of Ce(AuxGa1−x)4 samples, quenched from 600◦C.

temperature resistivity (again in a normalized representation) for various Ce(Au, Ga)4 alloys.
Obvious from this plot is the onset of long-range magnetic order in the Ga-rich compounds as
observed from that temperature below whichρ(T ) starts to decrease markedly. In contrast,
no sign of long-range magnetic order is visible in the Au-rich compounds down to about
1.4 K. However, these alloys exhibit shallow minima around 10 K. Such a behaviour is
usually attributed to a Kondo-type interaction present in Ce-based compounds. At somewhat
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Figure 2. X-ray absorption spectra of selected samples at∼10 K.

Figure 3. X-ray absorption spectra of selected samples at∼290 K.

elevated temperatures (about 50–100 K) the negative curvature ofρ(T ) reflects, most
probably, crystal field splitting of the sixfold degenerate ground state in these tetragonal
compounds.

The presence of weak Kondo interaction in the Au-rich alloy is also reflected from
measurements of the magnetoresistance, shown for CeAu1.5Ga2.5 in figure 5 for different
temperatures. The field-dependent behaviour ofρ(B)/ρ(0), (here,ρ(B) andρ(0) are the
resistivities with and without external field, respectively) is characterized by a continuous
decrease with increasing external fields. Besides minima in the temperature dependent
resistivity, the monotonic decrease ofρ(B)/ρ(0) with rising fields can be taken as a
‘fingerprint’ of Kondo interaction. Considering Kondo scattering processes atT = 0,
ρ(B)/ρ(0) has been calculated by Schlottmann [11] for various values of the total angular
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Figure 4. The temperature-dependent resistivityρ of various Ce(Au, Ga)4 alloys in a normalized
representation. The inset shows the low-temperature behaviour in more detail.

Figure 5. The field-dependent magnetoresistanceρ(B)/ρ(0) of CeAu1.5Ga2.5 for different
temperatures. The solid lines are least-squares fits explained in the text. The inset shows the
characteristic fieldB∗ as a function of temperature. The solid line is a least-squares fit according
to equation (1).

momentum. He demonstrated that the field dependence ofρ(B)/ρ(0) is determined by a
single parameter, the characteristic fieldB∗. For finite temperatures, an approximation has
been given in [12] and [13], indicating thatB∗ increases linearly with temperature, i.e.

B∗(T ) = B∗(0) + kBT /gµ (1)

whereg and µ are the Land́e factor and the magnetic moment of the Kondo ion.B∗(0)

has the meaning of the Kondo field and is related to the single-ion Kondo temperature via
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Figure 6. The temperature dependent thermopower of various Ce(Au, Ga)4 alloys.

TK = B∗(0)gµ/kB . The fieldB∗(0) is sufficient to suppress the Kondo resonance near the
Fermi energy. The experimental data have been fitted taking into account the theoretical
field—and the approximated temperature dependence of the magnetoresistance of Kondo
systems (solid lines, figure 5). Discrepancies obvious between the data and the theoretical
dependence are thought to originate from the classical magnetoresistance, which usually
yields a positive contribution, whilst it is not incorporated in the calculation. Moreover,
the cited theoretical model calculation considers just the interaction of electrons with the
Ce moments, while for a real crystal additional interactions are present. Unfortunately,
no reliable procedure is available to separate the total measured magnetoresistance into its
individual contributions.

Neglecting these uncertainties, we have determined whetherρ(B)/ρ(0) obeys
equation (1), by plotting the characteristic fieldsB∗(T ) as a function of temperature (inset,
figure 5). A linear extrapolation of the data towards zero temperature yieldsB∗(0) = 17 T;
together with the slope of this linear extrapolation, a Kondo temperature of the order of 1 K
can be evaluated.

In figure 6, the temperature-dependent thermopowerS(T ) is displayed forx = 0.4, 1.1
and 1.5. It is interesting to note that at higher temperatures there is a crossover from positive
thermopower values for Ga-rich alloys to a negative thermopower for the Au-rich alloys
of this series. The behaviour ofS(T ) of CeAu1.5Ga2.5 resembles that of the isostructural
magnetically ordered Kondo compound CeCuAl3 [5]. The absolute values observed for this
series are smaller than those measured for archetypal systems such as CeCu2 or CeCu6.
It is thought that due to the weak Kondo interaction, i.e. a small value ofTK , the Kondo
contribution toS(T ) does not very much influence the observed data. This is due to the
fact that the different contributions to the total measured effect are just added together in a
weighted manner according to the Nordheim–Gorter rule.

3.5. Specific heat

Figure 7 shows the temperature dependence of the specific heatc for various compounds
of Ce(AuxGa1−x)4 and for CeAg0.65Ga3.35. These measurements clearly indicate that long-
range magnetic order is weakened according to the lowering of Ga content. For compounds
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Figure 7. The temperature-dependent specific heatc for different Ce(Au, Ga)4 alloys and for
CeAg0.65Ga3.35.

with Ga concentrationsx 6 0.25, long-range order is suppressed below 1.5 K. The ordering
temperatures themselves are found to be slightly below those reported in [3]. Furthermore,
the ordering temperature of the Ag-based alloy does not differ very much from that of the
compound with a similar Au content. This proves that either the Au or the Ag substitution
of Ga yields a similar magnetic state in these series of alloys. However, very frequently
Au and Ag substitutions in a particular compound can originate drastic differences in the
respective ground states [14, 15].

It is interesting to note that the jump in the specific heatδcmag at T = Tmag appears to
be reduced with respect to the expected value for a ground state doublet. Within the mean-
field theoryδcmag of the latter is equal to 12.5 J mol−1 K−1 [16]. Moreover, the magnetic
entropy associated with the phase transition atT = Tmag does not release the full entropy
of R ln 2. Different factors can account for this observation. First of all, short-range order
effects may cause a broad tail of the heat capacity above the ordering temperature. Next,
sample inhomogeneities yield usually to a much broader transition than that calculated within
the mean-field theory. In the light of the presented transport measurements, Kondo-type
interactions may also be responsible for the reduced value ofδcmag.

A competition between the Kondo effectkBTK and RKKY (Rundermann–Kittel–
Kasuya–Yoshida) interaction can result in long-range magnetic order, however, with reduced
magnetic moments. Consequently the jump in the specific heat atT = Tmag is much lower
than the expected value of 12.5 J mol−1 K−1 and additional entropy is spread over a
considerable broad temperature range. Such a behaviour can be accounted for on the basis
of a phenomenological model [17], which has been successfully applied to moment-reduced
systems such as CeCu5 [18]. This model is based on the Kondo effect, represented in the
scope of calculations of Schotte and Schotte [19], and incorporates magnetic order within
a mean-field approximation. Applying this model to the experimental data allows us to
extract the Kondo temperatureTK and the mean-field constant=. To establish whether
this phenomenological model is able to account for the experimental data, we have tried to
adjust the mean-field constant= and the Kondo temperatureTK so as to describe the data
in a reasonable manner.

Figure 8 shows the magnetic contribution to the specific heat,cmag, of Ce(AuxGa1−x)4,
x = 0.20 and 0.15. For the former compound, additional measurements at external fields
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Figure 8. The temperature-dependent magnetic contribution to the specific heatcmag of
Ce(AuxGa1−x)4, x = 0.2, 0.15, at different values of magnetic fields. The solid lines are
fits according to the phenomenological model described in the text.

of 1 T and 9 T have been performed.cmag(T ) has been evaluated from the experiment
by subtracting thecP of the appropriate La compound. These data indicate a rather broad
phase transition which becomes completely smeared out at a field of 9 T. The solid lines in
figure 8 represent the fit of the mentioned model to the data where the following parameters
have been evaluated:= = 10.5 K, TK = 3 K for CeAu0.6Ga3.4 and= = 7.7 K, TK = 3.3 K
for CeAu0.8Ga3.2. The latter values, of course, have been applied also in the case of
finite magnetic fields. Beside some disadvantages of this model, such as the fact that
no broadened phase transitions or short-range order effects aboveTmag can be accounted
for, some archetypal hints for the simultaneous presence of the Kondo effect and long-
range magnetic order are correctly displayed. For example, the reduced jump ofcmag at
Tmag and the nonvanishing contribution in the paramagnetic temperature range due to the
Kondo effect are shown. The field dependence ofcmag(T ) and the theoretical description
indicate a ferromagnetic ground state, in accordance with previously reported magnetization
measurements [3].

Based on this model, it is possible to estimate the moment reduction owing to the Kondo
effect, when compared to the unperturbed values of the respective crystal field ground states.
For x = 0.15 andx = 0.2 reductions of 22% and 39% have been evaluated. These values,
however, should be considered as an upper boundary since short-range order effects and
the broad transition are not incorporated in this calculation. Moreover these effects cause
an overestimation ofTK .

In figure 9, cmag(T ) of CeAg0.65Ga3.35 is plotted for temperatures up to 40 K. In
addition to the contributions of long-range magnetic order and the Kondo effect, a Schottky
contribution due to crystal field splitting is obvious. Applying again the cited model reveals
= = 12 K and TK = 5 K (long-dashed line, figure 9). Both values together lead to a
reduction of about 35% of the magnetic moments compared to the case without a Kondo
effect. Again, this value is an upper border for reasons mentioned above. The short-dashed
line at elevated temperatures is a least-squares fit according to the Schottky contribution
giving a preliminary level scheme of about 0–65–700 K. However, the value of the
uppermost level does not influence sensitively the Schottky contribution in the investigated
temperature range. The magnetic entropy associated with the phase transition at about 3.5 K
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Figure 9. The temperature-dependent magnetic contribution to the specific heatcmag of
CeAg0.65Ga3.35. The long-dashed line is a fit according to the phenomenological model described
in the text; the short-dashed line represents the Schottky contribution with a level scheme 0–
65–700 K. The solid line shows the magnetic entropySmag(T ).

(solid line) does not attain the theoretical value ofR · ln 2 (5.76 J mol−1 K−1), which is
recovered in the vicinity of 10 K.

4. Summary

The title compounds have been synthesized by arc melting followed by heat treatment
at 600◦C. The crystal structures of Ce(Ag0.16Ga0.84)4 and Ce(AuxGa1−x)4 for x = 0.1,
0.15 and 0.25 have been refined from room-temperature X-ray powder data employing the
Rietveld full-matrix full-profile method (BaAl4 type; RI = 0.066, 0.081, 0.066, 0.056,
respectively). Whereas silver atoms were observed to show distinct preference for the 4d
sites (0.24 Ag + 0.76 Ga), gold atoms at low gold concentration favour the 4e sites up
to about 50% occupation before entering the 4d sites. Investigations of low-temperature
physical properties indicated that the substitution of gallium by gold in Ce(AuxGa1−x)4

causes a decrease of the onset temperature of long-range magnetic order. However, even
for the compounds richest in gold, i.e. CeAu15Ga2.5, an indication of long-range magnetic
order well below 1.5 K can be seen from the rapid rise ofc(T ) below the 2 K. If the
appropriate data are analysed in the scope of models based on the Kondo effect, a rather
low Kondo temperatureTK is evaluated. Thus, RKKY interaction dominates and long-range
magnetic order seems to prevail in the whole concentration range.
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