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Two conflicting ground states, i.e., an antiferromagnetic ground state at 3.8 K and a ferromagnetic ground
state at 5.1 K, have been reported for CePtGe,, which has two nonequivalent crystallographic Ce sites.
In this study, we have prepared polycrystalline and single-crystalline CePtGe, samples and measured their
magnetization, specific heat, resistivity, and Seebeck coefficient. The observed bend in resistivity, peak in
magnetic susceptibility, and A-type anomaly in specific heat at 7y = 3.8 K and the metamagnetic transition
in this CePtGe, suggest antiferromagnetism at low temperatures. No evidence of ferromagnetic order was found
in the studied temperature range, indicating possible crystal polymorphism with ferromagnetic character. The
large susceptibility around 7y and the Schottky-type specific heat indicate a well-localized f-electron state.
However, the large residual y and x(0) indicate an itinerant heavy f-electron state. These findings suggest
the coexistence of localized and heavy itinerant states corresponding to f electrons at the two Ce sites in this
antiferromagnetic CePtGe,. The field dependence of magnetization indicates a sudden increase in magnetization
at weak magnetic fields (~0.2 T), followed by a plateau at fields above 0.2 T, resulting in a possible different

polarized metamagnetic state via interaction between localized and itinerant f electrons.
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I. INTRODUCTION

In the field of condensed matter physics, the degrees of
freedom of d and f electrons resulting from their valence,
orbital, and spin are known to be related to various important
phenomena, including magnetic [1-3], valence [4,5], mul-
tipole [6-8], superconducting [9—11] order and transitions,
multiferroic [12,13] and thermoelectric [14,15] effects, and
magnetoresistance [16]. Ce**-based compounds, which are
the simplest f-electron system, have been studied by many re-
searchers since the discovery of the unconventional supercon-
ductivity of heavy quasiparticles in CeCu,Si, in 1979 [17,18].
Although numerous studies have focused on Ce compounds
with one equivalent crystallographic Ce site, many multi-
site Ce compounds exist such as Ce;Nij,P7; and Ce;PdyySig
[19,20]. Multiple local situations/conditions (e.g., symmetry)
allow us to expect different types of intersite interactions and
fluctuation and different types of phenomena. The compound
studied herein, CePtGe;, has two equivalent Ce sites and may
possess interesting phenomena.

CePtGe; has a YIrGe,-type orthorhombic crystal structure
in the space group Immm [as shown in Fig. 1(a)] with lat-
tice constants a = 4.428, b = 16.48, and ¢ = 8.795 A. This
structure includes two crystallographically nonequivalent Ce
sites, 4i(Cel) and 4h(Ce?2), with point symmetries mm?2
and m2m, respectively. Pecharsky et al. [21] reported the
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physical properties of this compound using polycrystalline
samples. They found that CePtGe, shows an antiferromag-
netic/ferrimagnetic transition at 7 = 3.8 K, as evidenced by
a jump in specific heat, a bend in resistivity, and an antifer-
romagnetic peak in susceptibility. The authors also reported
a metamagnetic-like transition in magnetization at 0.2 T. In
contrast, based on polycrystals and single crystals, Kirita
et al. [22] observed a clear ferromagnetic anomaly at 5.1 K
based on specific heat, resistivity, and susceptibility. Thus,
contrasting results have been reported for CePtGe;. In this
study, we have clarified the intrinsic properties of antifer-
romagnetic/ferrimagnetic CePtGe,, which has two crystallo-
graphically nonequivalent Ce sites, and investigated a dif-
ferent state in multisite Ce compounds by measuring the
fundamental properties of newly prepared polycrystalline and
single-crystalline CePtGe, samples.

II. EXPERIMENTAL METHOD

Polycrystalline CePtGe, was synthesized by arc melting
under a pure argon atmosphere. Because the as-grown poly-
crystalline samples contained impurity phases, they were
annealed at 700, 750, 900, and 1000 °C. A single-phase
YrIrGe,-type crystal structure was confirmed after annealing
at 750 °C and 900 °C via x-ray diffraction measurement; how-
ever, impurity phases remained after annealing at 700 °C, and
the sample annealed at 1000 °C contained different impurities
such as Ge,Pt;. Single-crystalline CePtGe, was grown using
the flux method, with Pb and Bi as solvents. The samples
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FIG. 1. (a) The crystal structure of CePtGe,. (b) A single crystal
of CePtGe, grown under Bi flux. (c) Scanning electron microscopy
image of a single crystal of CePtGe, grown under Pb flux.

grown under Bi flux were slightly larger than those grown
under Pb flux, however, Bi flux remained on the surface of
samples, as shown in Fig. 1(b). From four- and three-axis
X-ray measurement using a single crystal, the space group was
confirmed, and the crystal axes were determined first, then the
a axis was inferred from the shape of the sample in the mea-
surements. In contrast, no flux remained on the samples grown
under Pb flux, as shown in Fig. 1(c). Energy-dispersive x-ray
spectroscopy measurements indicated a 1:1:2 (Ce/Pt/Ge)
composition for each sample. Electrical resistivity was mea-
sured by the four-probe method using a *He cryostat. DC sus-
ceptibility was measured using a commercial superconduct-
ing quantum interference magnetometer (Magnetic Property
Measurement System; Quantum Design, Inc.). Specific heat
was measured with the Physical Properties Measurement Sys-
tem (Quantum Design, Inc.) using a relaxation method. The
Seebeck coefficient was measured using the seesaw heating
method with a standard glass Dewar [23].

III. RESULTS AND DISCUSSION

Figure 2(a) shows the resistivity of the CePtGe, polycrys-
talline sample annealed at 900 °C as a function of temperature.
The logarithmic plot provided in the inset of Fig. 2(a) shows
a Kondo-like increase in resistivity with decreasing temper-
ature from room temperature, and the maximum resistivity
was observed at approximately 50 K. Then, it decreases and
shows a downward bend at 3.8 K, consistent with the antifer-
romagnetic/ferrimagnetic transition temperature reported in
Ref. [21]. The samples annealed at 700, 750, and 1000 °C
showed similar anomalies around 3.8 K, whereas the anomaly
observed in the as-grown sample was broader. In contrast, no
anomaly corresponding to a ferromagnetic transition temper-
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FIG. 2. (a) Resistivity of CePtGe, in the low-temperature region.
The inset shows the resistivity in the entire temperature range. (b)
Susceptibility of CePtGe, as a function of temperature. The insets
show the inverse susceptibility and field dependence of magnetiza-
tion. (c¢) Temperature dependence of specific heat and entropy for
CePtGe,. The insets show C/T versus T? in the entire temperature
range and in the low-temperature region.

ature of ~5.1 K (as reported in Ref. [22]) was found in all our
samples.

Figure 2(b) shows the temperature dependence of
susceptibilityx. The top inset of Fig. 2(b) shows the in-
verse susceptibility, 1/x, as a function of temperature, in-
dicating a Curie-Weiss linear dependence of 1/x down to
50K. The Weiss temperature and effective moment were
determined as —46K and 2.51 up, respectively, which are
consistent with previously reported values [21], indicating
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an antiferromagnetic interaction and trivalent state at both
Ce sites. The susceptibility shows a clear antiferromagnetic
peak at 3.8K [Fig. 2(b)], but no ferromagnetic anomaly
within the entire temperature range. The maximum value of
x (~0.3 emu/mol) observed at approximately 3.8 K is signifi-
cantly larger than those reported for typical heavy-fermion Ce
compounds. For example, the maximum x values of CeCug
and CeRu,Si; are 0.08 and 0.04 emu/mol, respectively. This
indicates that the f electrons in CePtGe, are in a well-
localized state. In contrast, x is almost independent of temper-
ature in the low-temperature region, and extrapolation of the
data yields residual susceptibility x(0K) = 0.03 emu/mol,
which is on the same order of those for heavy-fermion CeCug
and CeRu,Si;. Notably, temperature independent suscepti-
bility ¢y = 0.0018 emu/mol, which was estimated using the
modified Curie-Weiss law x = C/(T 4+ ®) + xo, is one order
smaller than x (0 K), where C and ® are Curie and Weiss
constant, respectively.

The lower inset of Fig. 2(b) shows the magnetic field
dependence of magnetization M, indicating that M increases
linearly up to a magnetic field of 0.2 T. Magnetization shows
a metamagnetic increase between 0.2 and 1T, and then it
increases gradually at magnetic fields above 1 T. No hysteresis
or residual magnetization was observed in our sample.

Figure 2(c) shows the temperature dependence of specific
heat C, revealing a A-type anomaly at 3.8 K corresponding to
a second-order transition. The insets of Fig. 2(c) show C/T as
a function of 72. At temperatures higher than the transition
temperature, C/T follows the relation C/T = y + BT?, where
y is the Sommerfeld coefficient and S is a constant related
to the phonon contribution. In this study, y and the Debye
temperature (®p) were evaluated as 150 mJ/mol K? and
215K, respectively. However, the difficulty in evaluating y
based on data in the high-temperature region might result in
an error. Nonetheless, the evaluated value of y is clearly larger
than that for a normal metal. This indicates that CePtGe,
exists in the itinerant heavy-fermion state at just above the
transition temperature, even though the susceptibility suggests
a well-localized f-electron state. In the low-temperature re-
gion, y is 200 mJ /mole, as shown in the lower inset of
Fig. 2(c). Although this value is nearly twice that reported in
Ref. [21], both values are larger than expected for a normal
metal, indicating that the heavy-fermion state remains in
the magnetically ordered state. Magnetic entropy (Sp,) was
evaluated after extracting the phonon contribution based on
a fit of the data in the high-temperature region. Despite that
the doublet ground state of the J = 5/2 multiplet of Ce’* is
predicted, S, was the nearly half of Rln 2 around the transition
temperature, where R is the gas constant.

Therefore, our results are consistent with those reported
by Pecharsky et al. [21]. This CePtGe, was found to show
an antiferromagnetic/ferrimagnetic transition at 3.8 K, and
no evidence of a ferromagnetic transition at approximately
5K was observed. Furthermore, the clear antiferromagnetic
anomaly in x(7) and the lack of residual magnetization
in M(H) indicate that the magnetism in CePtGe, is anti-
ferromagnetic rather than ferrimagnetic. Thus, we can con-
clude that CePtGe; herein is antiferromagnetic with a transi-
tion temperature 7y = 3.8 K. Conversely, we could not find
any sign of ferromagnetism even in polycrystals and single
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FIG. 3. Temperature dependence of yx for single-crystalline
CePtGe,. The inset shows the magnetic field dependence of mag-
netization at 2 K.

crystals. Usually, the shape of a single crystal grown via the
flux method depends on the crystal structure. However, the
shape of the ferromagnetic single crystal (platelet-like shape)
[22] is quite different from that of the antiferromagnetic
crystal (columnar-like shape), as shown in Figs. 1(b) and 1(c),
indicating different crystal structures. Even in polycrystalline
samples, no ferromagnetic sign indicates that ferromagnetic
character is not realized in our samples through imperfections
such as dislocation, strain, and impurities. Thus, we consider
that the difference between both samples results from their
different local environments, such as point symmetry, the
crystal electric field, molecular field, and valence; hence,
both samples should be regarded as different compounds.
Accordingly, crystal polymorphism and a slight change of
composition or crystal structure are expected, and investigat-
ing such samples is necessary. In the following, we discuss
the CePtGe, sample, which exhibits the antiferromagnetic
transition at 3.8 K.

Although the above results clarify the antiferromagnetism
in this CePtGe,, the following contradictions remain:

(1) The value of y below Ty seems to have the same order
as above Ty, despite the ordered state of CePtGe, below Ty.

(2) The entropy at Ty is much less than Rln 2 despite the
doublet ground state of the J = 5/2 multiplet with orthorhom-
bic symmetry.

(3) A large value of x just above Ty lets us predict a well-
localized f-electron state but the larger residual x (0 K) is also
of the same order as that of typical itinerant heavy-fermion Ce
compounds.

To understand these contradictions, we prepared single-
crystalline CePtGe, samples and measured their fundamental
properties. It should be noted that the sample mass was less
than 0.1 mg, resulting in a large background effect. However,
with the exception of the Seebeck coefficient, all measure-
ments were performed using the same single-crystalline sam-
ple grown by the Pb-flux method.

Figure 3 shows the temperature dependence of yx for a
single crystal of CePtGe,. x(7) perpendicular to the a axis
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FIG. 4. Temperature dependence of specific heat for a single
crystal of CePtGe,. The inset shows the expansion around 7y .

shows a strong temperature dependence with an antiferromag-
netic peak at Ty = 3.8 K. In contrast, y(7) parallel to the
a axis shows a weak temperature dependence. This strong
anisotropic behavior is indicative of a strong crystal electric
field. The maximum value of x (~0.5emu/mol) at Ty is on
the same order as that for polycrystalline CePtGe,, indicating
well-localized f electrons. With increasing magnetic field,
Ty decreases, i.e., the antiferromagnetic peak shifts to lower
temperatures and is not observed in magnetic fields above
0.3T (not shown) perpendicular to the a axis. The inset of
Fig. 3 shows the magnetic field dependence of magnetization
for each axis. For the a axis, M is almost independent of
H. In contrast, M perpendicular to the a axis shows a sud-
den increase around poH. = 0.2T, but no clear hysteresis
around H,.. Above H., M shows a plateau. These behaviors
are different from those observed in normal antiferromag-
netic compounds. Sudden increases and plateau behavior are
often observed in chiral magnetism. However, the lack of
helical symmetry in the crystal structure of CePtGe, rules
out a typical chiral magnetic structure. On the other hand,
Ising antiferromagnets due to the first order transition to the
polarized paramagnetic state also show such behaviors [24],
although no hysteresis is present in magnetization curve at 2 K
for CePtGe,. Thus the magnetization measurement at lower
temperature would reveal this issue.

Figure 4 shows the temperature dependence of specific heat
at the magnetic field perpendicular to the a-axis. C shows
a clear A-type peak at Ty. This peak shifts toward lower
temperature with increasing magnetic field and disappears
completely at a magnetic field above 0.2 T. This magnetic field
agrees with poH, at which the M exhibits a sudden increase
as shown in the inset of Fig. 3. Above 0.5 T, a Schottky-
like or a first-order-like symmetric anomaly emerges, and it
shifts toward high temperatures and broadens with increasing
magnetic field. These obtained results suggest the follow-
ing simple scenario. CePtGe, has two crystallographically
nonequivalent Ce sites, and each Ce ion has a different local
environment. As a result, the f electrons at each site might
have different characteristics. Assuming that each f electron
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FIG. 5. Magnetic contribution to the specific heat for a CePtGe,
single crystal.

has different characteristics, one site would have the heavy
itinerant character and another would have localized character.
Indeed, as mentioned above, magnetic entropy is nearly half
RIn 2 at Ty. To confirm this assumption, we roughly analyzed
the Schottky anomaly in specific heat data. The Schottky
specific heat C.y = fCp, is shown in Fig. 5, where f is a
fraction factor and C, is calculated assuming the singlet-
singlet state split from the doublet ground state, on the basis
of experimental Cy,e in o = 1T and 2 T. Herein, Cy, Was
obtained by extracting the phonon contribution. The values
of fC. are in rough agreement with the experimental data
for f = 0.4. This f value, is nearly 1/2, is consistent with
the above suggestion. The energy gap A between the ground
and excited states increases with increasing magnetic field as
shown in the inset of Fig. 5.

In addition, the temperature dependences of the Seebeck
coefficient for single-crystalline and polycrystalline (inset)
CePtGe, are shown in Fig. 6. Both Seebeck coefficients
are maximized at approximately 120 K and exhibit shoulders
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FIG. 6. Temperature dependence of the Seebeck coefficient for
single-crystalline and polycrystalline (inset) CePtGe,.
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at approximately 10K, indicating the Kondo effect affected
by the crystal electric field. Usually, Ce compounds with
an antiferromagnetic order typically show negative Seebeck
coefficients in the low-temperature region. However, those of
CePtGe; is positive at temperatures as low as 1.5 K, indicating
an itinerant state with relatively strong hybridization, similar
to that observed in the high-pressure region for CeCu,Si, [25].
Thus, these results are consistent with the above discussion.

Finally, we will discuss the significant increase and plateau
in magnetization observed with increasing H. In the typical
antiferromagnetism, the magnetization curve shows a grad-
ual increase from the antiferromagnetic to the paramagnetic
state via canting in the magnetic moment. However, the
large M value on the plateau in the magnetization curve of
CePtGe, indicates that a polarized paramagnetic state was
realized suddenly under the magnetic field of only 0.2 T.
This metamagnetic transition by the magnetic field may be
assisted by the interaction between the localized and the
itinerant heavy f electrons. Measurements of specific heat
and magnetization using single crystals of a larger mass along
with applying microscopic methods, such as photoelectron,
neutron, NMR, and uSR spectroscopies, are necessary to
elucidate the character of f electrons in CePtGe,. A new
situation, i.e., the coexistence of ordered localized moments
and heavy itinerant electrons, provides the opportunity for a
different type of quantum criticality and fluctuations. Tuning a
particular system applying pressure and chemical substitution,
may contribute to the discovery of different phenomena.

IV. SUMMARY

In summary, we have prepared polycrystalline and
single-crystalline samples of CePtGe, and measured their
magnetization, specific heat, resistivity, and Seebeck coeffi-

cient to clarify previous conflicting reports of antiferromag-
netic and ferromagnetic ground states below 3.8 and 5.1K,
respectively. We observed a bend in resistivity, a peak in
susceptibility, and a A-type anomaly in specific heat at 3.8 K,
and a metamagnetic transition at low temperatures. These
results confirm antiferromagnetism with 7y = 3.8 K whereas
no evidence of ferromagnetic order was found in the studied
temperature range, indicating possible crystal polymorphism
with ferromagnetic character. The large susceptibility just
above Ty and the Schottky anomaly in specific heat indicate
a well-localized f-electron state, whereas the large residual
y and x(0) indicate an itinerant heavy f-electron state. Thus,
we propose the coexistence of localized and heavy itinerant
characters in the antiferromagnetic CePtGe;; that is, the f
electrons at one Ce site show localized characters, whereas
those at the other Ce site show itinerant characters. A new
situation, i.e., the coexistence of ordered localized moments
and heavy itinerant electrons, might represent a different
state in multisite Ce compounds although the origins of the
collapse in the antiferromagnetic order under weak magnetic
fields and the plateau above the critical magnetic field remain
unclear.
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