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Abstract
Results of electrical resistivity, magnetization and susceptibility measurements
are reported for the pseudo-ternary alloys (Ce1−x Gdx)Pt2Si2. The end-
members of the alloy series are the non-magnetic Kondo lattice compound
CePt2Si2 and the antiferromagnet GdPt2Si2. The resistivity results reveal a
rapid evolution to Kondo behaviour beyond small Ce substitution in GdPt2Si2
(for 1 − x � 0.2). Coherent Kondo scattering is observed for larger Ce
substitution (1 − x � 0.75). The low-temperature resistivity of CePt2Si2 in the
coherent state is dominantly a T 2 Fermi-liquid behaviour. The magnetization
results suggest metamagnetic behaviour at Gd-rich concentrations. From the
susceptibility results, the Gd and Ce moments seem to contribute independently
to the magnetism of the alloy samples.

1. Introduction

The structural properties of several RT2Si2 compounds (R = the rare-earth elements including
Ce and T = 3d, 4d or 5d elements) have been reviewed by Rogl [1]. Most of these compounds
crystallize in the ordered tetragonal ThCr2Si2-type structure with space group I4/mmm.
However, CePt2Si2, which is a parent compound in the present study, is an exception. Several
authors [1–5] report that CePt2Si2 crystallizes in the tetragonal CaBe2Ge2-type structure with
space group P4/nmm. GdPt2Si2 was reported to exist in a variety of structures [1] including
a disordered ThCr2Si2 structure [6], but in his review article Rogl indicates that it has the
CaBe2Ge2-type structure.

Resistivity [5, 7, 8], magnetic susceptibilty [3, 5, 7] and specific heat [5, 7] measurements
establish CePt2Si2 as a Kondo lattice compound. Specific heat, Cp, measurements have
been interpreted in the single-impurity model of Rajan [9] with J = 1/2 and a Kondo
temperature TK = 70 K. Resistivity data, ρ(T ), on a polycrystalline CePt2Si2 sample
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as reported by Gignoux et al [5], show a Kondo-like increase in ρ(T ) upon cooling from
room temperature, culminating in a peak at a temperature Tmax = 76 K, and followed by
a marked decrease towards low temperatures. This behaviour for ρ(T ) was confirmed in
single-crystal studies [8, 10, 11], which also indicate a strong anisotropy. Recent studies of Cp

and ρ(T ) at low temperatures on a single crystal of CePt2Si2 indicate a possible non-Fermi-
liquid (NFL) ground state for this compound, while µSR measurements indicate the absence
of long-range magnetic order down to 60 mK [12]. It has indeed already been indicated
earlier for polycrystalline samples that ρ(T ) exhibits Fermi-liquid behaviour between 4 and
10 K and tends to a linear temperature dependence below 4 K [7], characteristic of NFL
behaviour. Studies of Cp(T ) [7, 12] confirm the occurrence of Fermi-liquid behaviour above
15 K, but indicate coherence effects at lower temperatures which seem to correspond to the NFL
behaviour observed in a similar temperature region in the ρ(T ) data. Magnetic susceptibility
measurements, χ(T ), on polycrystalline CePt2Si2 follow a Curie–Weiss behaviour above
150 K, with −θp = 86 K and with µeff = 2.57 µB which is close to 2.54 µB of the free
Ce3+ ion [5]. A broad maximum is observed in the χ(T ) curve around 60 K, together with a
minimum at ∼20 K followed by an increase towards lower temperatures. Similar behaviour in
χ(T ) was also observed in single-crystal studies [12, 13]. Inelastic neutron scattering studies
as interpreted in terms of quasi-elastic scattering suggest that the behaviour of CePt2Si2 is
intermediate between that of valence fluctuation and heavy-fermion (HF) compounds [14].

The influence of substituting Ce with La in CePt2Si2 has been studied through ρ(T )

measurements on polycrystalline samples and illustrates the evolution from coherent Kondo
behaviour to incoherent Kondo behaviour with decreased Ce concentration [15]. Resistivity,
magnetoresistivity and susceptibility studies have been performed on CePt2(Si1−x Gex)2

alloys [16] and the decrease in TK with increased Ge substitution has been described in terms
of the compressible Kondo lattice model [17].

In the present study the influence of substituting Ce with moment-bearing Gd in CePt2Si2
is investigated using ρ(T ), χ(T ) and magnetization, σ(T ), measurements.

2. Experimental details

Polycrystalline samples of (Ce1−x Gdx)Pt2Si2 were synthesized by arc-melting stoichiometric
amounts of the constituent elements on a water-cooled copper hearth in a titanium-gettered
high-purity argon atmosphere. Elements of the following purity in wt% were used: Ce, 99.98;
Gd, 99.99; Pt, 99.97, and Si, 99.9999. The ingots were turned over and remelted three times
to improve their homogeneity. X-ray diffraction measurements using a Philips PW18301
powder diffractometer with Cu Kα radiation indicated the phase purity of the samples and
the absence of unreacted elements. The diffractograms showed that the two end-compounds
CePt2Si2 and GdPt2Si2 as well as the complete range of pseudo-ternary (Ce1−x Gdx)Pt2Si2
alloys crystallize in the tetragonal CaBe2Ge2-type structure with space group P4/nmm. The
observation of the CaBe2Ge2 structure for our GdPt2Si2 sample is in agreement with the earlier
assignment of this structure to the compound by Rogl [1]. Lattice parameters were calculated
using standard regression analyses on 26 well resolved peaks in the powder spectrum of each
alloy. The variation of lattice parameters with Gd content x for the alloy series is discussed in
section 3.1.

Measurements of ρ(T )were carried out using a standard four-probe DC technique between
4 and 295 K. The samples had a typical cross sectional area A = 1 × 1 mm2 and a length
� = 8 mm. The uncertainty in the geometrical factor was typically A/� ± 2%. A YEW-type
2854 DC-current source provided a constant excitation current of 100 mA to the samples. The
sample and thermocouple voltages were measured using calibrated Hewlett-Packard 3478A
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Figure 1. The tetragonal lattice parameters a (a) and c (b) and the unit-cell volume V (c) as a
function of Gd concentration x for the (Ce1−x Gdx )Pt2Si2 alloy system.

digital voltmeters of 0.1 µV resolution. A Au–0.07 at.% Fe versus chromel thermocouple
was used to measure the temperature. Data were collected on a PC using a multiplexer during
slow cooling or heating runs in which the temperature changed at a rate of 0.5 K min−1. DC
magnetic measurements were performed in the temperature range 1.89–300 K and in applied
magnetic fields up to 5 T using a Quantum Design MPMS-5 SQUID magnetometer.

3. Results and discussion

3.1. Lattice parameters

The tetragonal lattice parameters a and c and the unit-cell volume V for the (Ce1−x Gdx)Pt2Si2
alloy series are depicted in figure 1. A linear decrease in volume with increasing x is observed,
indicating the validity of Vegard’s rule. It is observed that the a-axis decreases by 1.6%, but
the c-axis only changes by about 0.02%, between CePt2Si2 and GdPt2Si2. The decrease in
unit-cell volume with increasing Gd content amounts to a volume change of 3.4% between
CePt2Si2 and GdPt2Si2.
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Figure 2. The temperature dependence of the resistivity ρ(T ) of CePt2Si2 exhibiting a − ln T
dependence at higher temperatures (solid curve) and the sum of T 2 and T 5 terms at low temperatures
(dashed curve). For GdPt2Si2 the ρ(T ) exhibits normal metallic behaviour for T > 12 K. Below
12 K anomalies associated with antiferromagnetic ordering are observed for GdPt2Si2 as discussed
in the text.

3.2. Resistivity

Results of ρ(T ) for the two end-compounds CePt2Si2 and GdPt2Si2 are compared in figure 2.
For CePt2Si2 the ρ(T ) behaviour is typical of a dense Kondo system, showing incoherent
Kondo scattering at higher temperatures (solid curve), a well defined peak at 63 K and a
dominantly Fermi-liquid-like temperature dependence in the coherent region. The dashed
curve indicated in figure 2 for CePt2Si2 at low temperatures is a least-squares fit of the equation

ρ(T ) = ρ0 + AT 2 + BT 5 (1)

against the experimental data. As usual ρ0 indicates the effect of scattering of conduction
electrons from lattice defects and impurities, AT 2 is a Fermi-liquid contribution and BT 5

presents the scattering due to phonons in the low-temperature limit. Fits were performed in
the range 4 K � T � 15 K where the high-temperature limit is 10% of the Debye temperature
θ = 146 K of this compound [12]. The following values of the parameters were obtained:
ρ0 = 286 × 10−8 � m, A = 5 × 10−10 � m K−2 and B = 2.6 × 10−14 � m K−5. It is
seen that the contribution to ρ(T ) of Fermi-liquid origin is dominant for this material at low
temperatures.
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Figure 3. The temperature dependence of the electrical resistivity, ρ(T ), of the (Ce1−x Gdx )Pt2Si2
alloy series. The solid curves are least-squares fits of (2), which includes phonon and Kondo
contributions to the resistivity, to the experimental data. The fit parameters are plotted in figure 4.

For GdPt2Si2 the resistivity decreases almost linearly over most of the studied temperature
region indicating a normal metallic behaviour. As shown in the inset to figure 2 a small
increase in ρ(T ) is observed for GdPt2Si2 below 12 K and this is followed by a peak
at 8.5 K. Such a behaviour is reminiscent of the ρ(T ) curves of several rare-earth metals
where it is attributed to the scattering of conduction electrons from the additional Brillouin
zone boundaries that are introduced by antiferromagnetic (helical) ordering [18, 19]. Our
measurements of magnetic susceptibility, χ(T ), reported in section 3.3 strongly suggest the
occurrence of antiferromagnetic order in GdPt2Si2 at a temperature TN = 10 K. It is observed
that the peak in ρ(T ) is at a lower temperature than TN, which is in agreement with the
behaviour observed in rare-earth metals [19]. Some structure is also seen in ρ(T ) below 6 K
and is thought to correspond to an anomaly observed in χ(T ) at a temperature T1 = 6.8 K
(see section 3.3).

Results of ρ(T ) for the (Ce1−x Gdx)Pt2Si2 series are depicted in figure 3. It is observed
that the dominant ρ(T ) behaviour is that of both coherent and incoherent Kondo scattering
for compounds with 0 � x � 0.2 and incoherent Kondo scattering for compounds with
0.25 � x � 0.8. Antiferromagnetic ordering is observed for compounds with x = 1, 0.8 and
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Figure 4. The dependence of the parameters a, b and cK that describe the resistivity of the
(Ce1−x Gdx )Pt2Si2 alloys in the incoherent Kondo region on the Gd concentration x .

0.6 at low temperatures (see section 3.3), but this has a very small effect on the resistivity.
The higher-temperature incoherent Kondo behaviour of various (Ce1−x Gdx)Pt2Si2 alloys in
figure 3 and of CePt2Si2 in figure 2 is hence described by

ρ(T ) = ρ ′
0 + ρph(T ) + ρmag(T ) ≈ a + bT − cK ln(T ). (2)

The temperature independent term ρ ′
0 = a accounts not only for the scattering of conduction

electrons by lattice imperfections and impurities, but may also include a Nordheim-like
contribution [20] due to the presence of two kinds of rare-earth atom (Ce and Gd) in the
lattice. A small contribution due to spin-disorder resistivity for compounds with x = 1, 0.8
and 0.6 may be neglected (<10−7 � m, see inset to figure 2). The phonon contribution is
approximated as ρph ≈ bT which is largely valid for the temperature region in which we fitted
our data as is evident from the ρ(T ) curve of GdPt2Si2. The solid curves depicted in figures 2
and 3 result from least-squares fits of (2) against the experimental data. These yield values
of a, b and cK for the different alloys as plotted in figure 4. It is noted that the parameter a
shows a weak maximum at small Gd concentration which indicates that this contribution is not
completely of a Nordheim-like origin, ρ0 ∼ x(1 − x), which has a maximum at x = 0.5 [20].
The phonon coefficient b varies fairly smoothly as a function of the Gd concentration x . The
incoherent Kondo scattering is described by cK which, after a small initial increase, decreases
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Figure 5. The temperature dependence of the inverse magnetic susceptibility for the alloy system
(Ce1−x Gdx )Pt2Si2. The data refer to a mole of rare-earth atoms. The solid curves are fits of the
Curie–Weiss law (3) to the data. The calculated parameters are given in table 1.

Table 1. Magnetic susceptibility data of the alloy system (Ce1−x Gdx )Pt2Si2. The effective
magnetic moment, µeff , and the paramagnetic Curie temperature, θp, were obtained by a fit at
higher temperature (see range) of the Curie–Weiss law (3) to the data as shown in figure 5. TN
values were obtained from figure 6.

x TN (K) −θp (K) µeff (µB) Fit range (K)

1 10 7.1 7.89 10–300
0.8 7 6 7.21 10–300
0.6 4.5 4.8 6.27 20–300
0.4 5.5 5.32 28–300
0.25 8 4.45 30–300
0.2 11.1 4.03 40–300
0.1 23 3.37 50–300
0.05 46 3.2 60–300
0 53 2.47 150–300

with increase in Gd concentration x which is expected since the RKKY interaction becomes
more important. It is nevertheless noted that, even with an 80% substitution of moment-bearing
Gd, significant Kondo behaviour is retained in this system.

3.3. Magnetic susceptibility

Results of the inverse molar magnetic susceptibility, χ−1(T ), of (Ce1−x Gdx)Pt2Si2 with
0 � x � 1 measured in a field of 0.5 T are shown in figure 5. Above a certain temperature, as
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Figure 6. The temperature dependence of the susceptibility in the range 1.89 K � T � 20 K for
(Ce1−x Gdx )Pt2Si2 alloys, 0.4 � x � 1. The data refer to a mole of rare-earth atoms. The arrows
indicate the temperature below which antiferromagnetic ordering sets in (TN) as well as another
possible transition at T1.

shown by the solid-curve fits, the reciprocal susceptibility follows a Curie–Weiss law

χ−1(T ) = 3kB(T − θp)

NAµ2
eff

, (3)

where kB is Boltzmann’s constant and NA is Avogadro’s number. Values of the effective
magnetic moment, µeff , the paramagnetic Curie temperature, θp, and the fit range employed
are given in table 1. It is observed that the temperature range over which (3) is valid
becomes progressively smaller as one progresses from the GdPt2Si2 compound to the CePt2Si2
compound. The µeff values observed for the two end-compounds are respectively almost equal
to the expected free-ion values of 2.54 µB for Ce3+ and 7.94 µB for Gd3+. A gradual increase
in µeff is observed between CePt2Si2 and GdPt2Si2. This seems to indicate that at high
temperatures the Ce and Gd ions contribute independently to the total moment. Roy et al [21]
found a similar behaviour in (Cex Gd1−x)Cu6. Initially, −θp shows a very small decrease with
substitution of Gd with Ce. This is followed by a very dramatic increase of −θp for the Ce-rich
alloys (0 � x � 0.25), indicating the increase in the strength of Kondo interaction.
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Figure 7. The field variation of the magnetization at 1.89 K for Gd-rich alloys with increasing
(close symbols) and decreasing field (open symbols). The arrows indicate inflection points and
these are associated with metamagnetic transitions.

In figure 6 the low-temperature magnetic susceptibility is shown for the temperature range
1.89 K � T � 20 K for alloys with 0.4 � x � 1. For alloys with x � 0.6, the susceptibility
displays an antiferromagnetic peak at the Néel temperature, TN, as indicated by the arrows
in figure 6. In the case of GdPt2Si2, the χ(T ) curve furthermore shows a step at a lower
temperature T1, which is interpreted as a further phase transition since an anomaly near this
temperature is also evident in the ρ(T ) results. The observed values of TN are given in table 1
and are seen to decrease with decreasing Gd content. The magnitude of the susceptibility at
and below TN increases with decreasing Gd content x .

3.4. Magnetization

The field dependence of the magnetization, σ , for alloys of the (Ce1−x Gdx)Pt2Si2 series is
displayed in figures 7 and 8. In figure 7 it is seen that the GdPt2Si2 and (Ce0.2Gd0.8)Pt2Si2
samples show complex magnetic behaviour. There is a clear departure from a linear σ versus
µ0 H behaviour observed at lower fields through an upward increase in σ above µ0 H1 values
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Figure 8. The field variation of the magnetization at 1.89 K for (Ce1−x Gdx )Pt2Si2 alloys with
0 � x � 0.6 for increasing (closed symbols) and decreasing field (open symbols).

as indicated in figure 7. The magnetization in the higher-field region shows hysteresis effects
and a further inflection point at field values µ0 H2 as indicated. These characteristics suggest
metamagnetic behaviour, the details of which may be more clearly evident if studies on single-
crystal samples can be carried out. The magnetization of the other (Ce1−x Gdx)Pt2Si2 alloys
(figure 8) departs from a linear behaviour in relatively small fields and is distinctly curved with
a tendency towards saturation for the maximum applied field of 5 T. Magnetization studies on
(Ce1−x Gdx)Al3 [22, 23] also indicate antiferromagnetism for Gd concentration above 0.6, but
in addition report spin-glass-like behaviour.

4. Conclusion

The present study of (Ce1−x Gdx)Pt2Si2 alloys indicates the evolution from Kondo lattice,
through incoherent single-ion Kondo to magnetically ordered behaviour as x is increased.
Alloys with x � 0.6 exhibit antiferromagnetism and for the x = 0.8 and 1.0 samples the
magnetization results suggest metamagnetic behaviour.
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