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The magnetic and transport properties of single-crystal of YbCuGe are presented. The magnetic suscep-
tibility which shows uniaxial anisotropic behavior along the c-axis in all temperature range has a kink at
around 4.2 K. The specific heat also shows a A-type peak at 4.2 K, which moves toward low temperature
side by an application of the magnetic field up to 90 kOe. The linear specific heat coefficient is estimated
to be 5.2 mJ/mol K? from the zero field data. The electrical resistivity for the current along the principal

axes shows a metallic behavior with a broad maximum at around 200 K. The Hall coefficient drastically
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changes from the negative minimum at 70K to the positive constant value below 10K. These results
indicate that YbCuGe is a metallic antiferromagnet with Ty =4.2 K.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Unusual ground states of the Ce-based compounds which
have attracted many researchers are considered to be linked
to the competition between the Kondo effect and the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction through
the hybridization between f-electrons and conduction electrons
[1]. The variety of physical properties observed in Ce-based com-
pounds pushes forward the investigation of Yb systems, because of
symmetric relationship between one 4f-hole of the trivalent Yb ion
and one 4f-electron of the trivalent Ce ion. Especially the physical
properties of a series YbTX (T =transition metal, and X =element
of the 3rd or 4th main group) are well investigated in the last
three decades [2]. In recent years, we have attempted to reveal
physical properties of YbCuGe, YbRhGe, YbAgGe, YbIrGe, and
YbPtGe because of their unclear physical properties [3-6]. Among
them, we revealed that YbPtGe is a middle-classed heavy-fermion
ferromagnet with the Curie temperature Tc =5.4K. In general, the
magnetic field of the spontaneous magnetization below Tc may
suppress the Kondo interaction which makes a spin-singlet com-
posed of f and conduction electrons. We consider that the study
of 4f-hole based heavy fermion state in ferromagnet may lead the
new aspect of the Kondo effect different from that in the 4f-electron
system. While YbNiSn is well known as a heavy-fermion ferromag-
net with T¢=5.65K, the obtained single crystal is too small and
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coarse to investigate this subject [7,8]. To proceed with a study of
heavy-fermion state in ferromagnet, we aimed at ferromagnetic
properties of YbCuGe from the results of a sudden rise of the
magnetic susceptibility below 8 K and a saturated magnetization
of 0.7ug/formula unit which is estimated from a plot of M(H) vs.
the inverse field 1/H extrapolating to 1/H=0. In the hexagonal
LiGaGe-type structure of YbCuGe with the space group P6smc, Yb
atoms align along the c-axis in the honeycomb tube composed of
Cu and Ge atoms [9]. The strongly anisotropic behavior will be
expected in the magnetic and electrical properties as reported
in the isostructural ferromagnet CePdSb and CePtSb [10]. In this
paper, we will present the crystal growth, magnetic susceptibility,
magnetization, electrical resistivity, transverse magnetoresistivity,
Hall coefficient, and specific heat of single-crystal of YbCuGe and
its reference compound LuCuGe.

2. Experimental procedure

Single crystal of YbCuGe was obtained by the Bridgman method using a sealed
tungsten crucible. Polycrystalline of LuCuGe was prepared by arc-melting with
equiatomic composition and annealing at 750°C for one week. The purities of the
starting materials were 99.9% for Yb and Lu, 99.99% for Cu, and 99.999% for Ge,
respectively. At first, an alloy composed of Cu and Ge with an adequate ratio was
prepared by arc-melting in purified argon atmosphere of 99.9999%. This alloy and Yb
lump were loaded in the tungsten crucible and sealed in vacuum using an electron
beam welder. To grow a single crystal, the crucible was hold in a stable high-
temperature for one hour in electric furnace and then pulled down from heater
at a rate of 2mm/h.

A single crystal of YbCuGe with 6 mm in diameter, which is sparkling in yellow-
green, was obtained from the conditions of a ratio of Yb:Cu:Ge=5:5:6 and 1430°C.
We have prepared only fragile crystal less than a size of 1mm radius from the
condition of the stoichiometric composition in heating temperature up to 1440°C.
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Fig. 1. Temperature dependence of the inverse magnetic susceptibility measured at
applied magnetic field of 1 kOe along the a- and c-axes of YbCuGe. Solid and dashed
lines are the calculated results for the a- and c-axes, respectively. The inset shows
the temperature dependence of the magnetic susceptibility below 8 K.

While no impurity phase in YbCuGe was detected from the X-ray powder diffraction
measurement, LuCuGe alloy includes a few amount of Lus CusGey. The lattice param-
eters obtained from the X-ray patterns between 26 =20° and 100° are a=4.219 Aand
c=7.068 Afor YbCuGe, and a=4.215 Aand c=6.980 Afor LuCuGe, respectively.

Magnetic properties were measured using a commercial superconducting quan-
tum interference device (SQUID) magnetometer (MPMS-5 of Quantum Design Inc.,
USA) in the temperature range between 1.9 and 300K at magnetic fields of up to
50 kOe. The measured samples were shaped to a size of 2.0-2.5 mm cube. Transport
property measurements were performed using a commercial instrument (PPMS-
9 of Quantum Design Inc., USA) from 300 down to 1.9 K. Electrical resistivity was
measured by a standard four-probe dc technique using rectangular sample with a
thickness of 0.5 mm. To detect the Hall voltage, ac technique with current of 30 mA
and 20Hz was adopted to sample with a thickness of 0.35mm in application of
magnetic field of 10 kOe.

3. Experimental results

Fig. 1 shows the temperature dependence of the inverse mag-
netic susceptibility 1/x(T) of YbCuGe at H=1 kOe for H || a(1/xq) and
H | c(1/xc). Uniaxial anisotropic behavior along the c-axis is clearly
observed. Above 100K, each 1/x(T) data point for H||a and H| ¢
obeys the Curie-Weiss law. The obtained Weiss-temperature 6,
and effective magnetic moment jiefr are Op = — 44.8 K, ter=4.27 up
forH| a,and 6p =—0.94K, e =4.43 g for H | c, respectively. These
values of uef are close to the value of 4.53 g expected for the free
Yb3* ion. 8, for H| a is considerably less than that for H| c. We
consider that this magnetic anisotropy in the higher-temperature
range is ascribed to the crystalline electric field (CEF) effect on a
single Yb ion. As decreasing temperature below 100K, xq, and xc
form the shoulder and peak structures at 4.2K as shown in the
inset of Fig. 1. It is suggested that the antiferromagnetic ordering
occurs below 4.2 K, instead of the ferromagnetic ordering at 8 K in
previous report.

The magnetic field dependences of the magnetization M(H) of
YbCuGe in the magnetic fields of up to 50 kOe along the a- and c-
axes are shown in Fig. 2. The plotted data is the results measured
in the sequence of increasing magnetic field. The M(H) for both
H|a (Mg) and H | c (M) below 8K linearly increase with increas-
ing magnetic field up to 50 kOe. The slope at 2K is 0.57 x 10~2 for
H| a, and 1.1 x 10~2ug/kOe for H || ¢, respectively. The solid line is
the data points connected by straight line, which were measured
at 2K in the sequence of decreasing magnetic field from 50 kOe.
The data in increasing magnetic field is in good agreement with
that in decreasing magnetic field. No hysteresis is consistent to the
antiferromagnetic ordering below 4.2 K.
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Fig. 2. Field dependences of the magnetization at several fixed temperatures for
increasing magnetic fields along the a- and c-axes of YbCuGe. The solid line is the
data measured at 2 K in the sequence of decreasing magnetic field.

The anisotropic temperature dependence of the electrical resis-
tivity p(T) of YbCuGe between I|a (pq) and I| ¢ (p¢) is shown in
Fig. 3. The pq and p. make a broad maximum at around 200K
and decrease rapidly with decreasing temperature in contrast to
the linear decrease in the p(T) of the nonmagnetic counterpart
LuCuGe. These p(T) anomalies at approximately 200 K are probably
attributable to the CEF population effects rather than the Kondo
effect as discussed later. Both p; and p. monotonously decrease
below 10K and show no anomaly at around 4 K where x(T) makes
hump as shown in the inset of Fig. 3. The normalized transverse
magnetoresistivity A py(H)/py(0), where A py(H) is calculated by
(oy(H) — py(0))/pp(0), at 2K is shown in Fig. 4. Apy(H)/py(0) of
LuCeGe has a field variation with power law of H!-3 as indicated in
the solid curve. However, A py(H)/pp(0) of YbCeGe for each direc-
tion shows weak dependence for field. An increase proportional to
HZ in A py(H)/py(0) implies that compensated metal with no open
orbits, or uncompensated metal with open orbit direction which is
parallel to the current direction [11]. While the rather large residual
resistivity may be related to this gradual increase of A py(H)/pn(0)

600 T T
500 PP PERO00000000 g o )
YbCuGe
400 o Illa _
o lllc
e
3}
a 300 0000000000000 000 0 0T
=,
y T
200 | ™™
ﬂmmmnﬁ
100 ' .

0 I !
0 100 200 300

Fig. 3. Temperature dependences of the electrical resistivity along the a- and c-axes
of YbCuGe, and that for LuCuGe. The inset shows the expanded data below 10K.
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Fig. 4. Field dependences of the normalized transverse magnetoresistivity at 2 K
along the a- and c-axes of YbCuGe, and that for LuCuGe. The solid curve is a fitting
result.

for each current direction, there is a possibility that YbCuGe is a
uncompensated metal with no open orbit.

Fig. 5 shows the temperature dependences of the Hall coeffi-
cient Ry(T) of YbCuGe for I'|a (H| c) and I || c (H| a) including that
of LuCuGe. With decreasing temperature, Ry(T) for each current of
YbCuGe shows the negative minimum at around 70 K and changes
to the positive constant value. Below 20K, Ry(T) for I || a makes a
broad maximum at 8 K, while that for I|| ¢ saturates to a constant
value down to 1.9K. Any anomaly at around 4.2 K is not found in
both Ry(T). The carrier concentration is estimated to be 0.1 hole/f.u.
from the value of 3.3 x 10~3 cm3/C for Ry(T) of I| ¢ at 2K. On the
contrary, Ry(T) of LuCuGe is almost independent for temperature.
The carrier concentration is 0.35 hole/f.u. estimated from the value
of 9.5 x 10~% cm3/C at 2 K. Because of the fairly different depen-
dence of Ry(T) between YbCuGe and LuCuGe, the extraordinary Hall
effect proportional to the magnetization is possible to explain the
drastic temperature-variation of Ry(T) of YbCuGe. However, the
temperature variation of Ry(T) for H| c is even less than that for
H | a contrary to the relation of x. > x,. Furthermore, as shown in
the inset of Fig. 5, both the Hall resistivity pxy for current direction
increase linearly with nearly same slope against increasing field
up to 90kOe in spite of the strongly anisotropic M(H). Therefore,
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Fig. 5. Temperature dependences of the Hall coefficient for YbCuGe and LuCuGe.
The inset shows the field dependence of the Hall resistivity of YbCuGe at 2 K.
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Fig. 6. Temperature dependences of the specific heat for YbCuGe and LuCuGe. The
inset shows the specific heat divided by temperature vs the square of the tempera-
ture plots.

it is proposed that the Ry(T) in YbCuGe is mainly ascribed to the
ordinary Hall effect as observed in In and Al [12].

The temperature dependences of the specific heat C(T) of
YbCuGe and LuCuGe in the magnetic field H=0kOe are shown in
Fig. 6. The ((T) of YbCuGe exhibits a A-type peak at the Néel tem-
perature Ty =4.2 Kinstead of 8 K as expected temperature at which
ferromagnetic transition may occurs in the previous report [3].
Furthermore, C(T) above Ty shows a minimum at around 10 K com-
pared to gradual increase of that for LuCuGe as lattice contribution.
The inset of Fig. 6 shows the C(T)/T vs. T2 plots at low temperatures.
The C(T)/T of LuCuGe follow the formula C(T)/T=y + BT? below
T2=10K?, where the first and second terms represent the elec-
tronic and phonon contributions to specific heat, respectively. The
estimated y and B are 1.35 mJ/mol K? and 0.199 mJ/mol K*, respec-
tively. The Debye temperature 6p is also estimated to be 308 K from
the formula 8 = (127%/5)ZR/6p3, where Z, the number of atoms in
formula unit, is 3 and R is the gas constant. For YbCuGe, the ((T)
below Ty is consistent with a three-dimensional antiferromagnetic
magnon law [13]. y and B are estimated to be 5.23 mJ/mol K% and
63.6 mJ/mol K* from the data below 4.1 K. The large B value is more
than 300 times of that for LuCuGe. Thus, the magnetic contribution
due to antiferromagnetic magnon dispersion is predominant over
phonon contribution.

Fig. 7 shows the field variation of the magnetic contribution
Cm(T) of the specific heat for YbCuGe up to 90kOe, where Cy(T)
is estimated by subtracting that of LuCuGe. The magnetic field is
applied along the c-axis. By applying a magnetic field, the sharp
peak of Ci(T) at 4.2 K decays and shifts to a lower temperature side
in contrast to the unmovement of the broad peak at 50 K. The higher
peak is ascribed to the Schottky contribution which is derived from
four Kramer’s doublets for the total angular momentum J=7/2 of
Yb3* jon. This peak height of 7 J/mol K is twice of 3.6 J/mol K which is
the height of the Schottky peak expected for the excitation between
the doublet and another doublet. Later, we attempt to reproduce
this broad peak by the Schottky contribution.

The inset of Fig. 7 shows the magnetic contribution Sy(T) for
H=0kOe to the entropy, which is calculated by integrating Cr(T)/T
with respect to T. The absence of C,(T) data below 1.9K is substi-
tuted by the difference between the calculated data C(T) of YbCuGe
and LuCuGe using the formula C(T)=yT+ SBT3, where y and B are
estimated in the previous. S;u(T) gradually increases and exceeds
RIn2 above 20 K. S, (T) at Ty is 28% of that of RIn2, expected for a dou-
blet ground state. It is suggested that the slow release of magnetic
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Fig. 7. Temperature dependences of the magnetic contribution of the specific heat
for YbCuGe. Solid line is a result of fitting. The inset shows the magnetic entropy for
0kOe.

entropy is probably ascribed to the spin fluctuation instead of the
Kondo effect because of the small y value, as discussed later.

4. Discussion

At first, we have attempted to explain the relation between the
broad peak of Ci(T) centered at 50 K and the anisotropy of x(T) for
YbCuGe in the paramagnetic state on the basis of the CEF theory.
As the characteristic feature of the LiGaGe-type crystal structure,
all Yb atoms align along the c-axis surrounded by a honeycomb
tube formed by Cu and Ge atoms [9]. Then, we determined that
the quantization x- and z-axes on the CEF tensor are parallel to the
crystallographic a- and c-axes, respectively. The CEF Hamiltonian
for the trigonal symmetry consists of six terms of the second, fourth,
and sixth orders [14]. We treated only the second- and fourth-order
terms BJ09, BJ09, and B0} on a trial, where B/" and O" are the
CEF parameters and the Stevens operators, respectively. Because
the uniaxial anisotropy of x(T) in the experimental results is so
large that we preferentially reproduced the broad peak of Cy(T)
centered at 50 K. Then, we found the CEF parameters of BY = —0.7K,
B3=0.15K, and B} =0.5K. The first-, second-, and third-excitation
energies of the CEF levels from the ground state were estimated
to be 99, 162, and 219K, respectively. The broad peak of Cin(T) at
50K could be explained by the calculated Schottky anomaly for
this CEF level scheme, as shown by the solid line in Fig. 7. We also
show the calculated x~(T) for the a- and c-axes from the obtained
CEF parameters as the solid and dashed lines in Fig. 1, respectively.
While the easy axis of the c-axis at low temperatures is illustrated,
the uniaxial anisotropy of x(T) above 100K is hardly reproduced
by the obtained CEF levels. The anisotropic molecular fields corre-
sponding to the antiferromagnetic exchange interaction may be
expected to affect the large anisotropy of x(T). To confirm this
assumption, the anisotropy of x(T) is necessary to be reproduced
by using all CEF terms based on the CEF levels which is determined
by the inelastic neutron scattering measurement.

Next, We discuss the low temperature properties. The anti-
ferromagnetic transition in YbCuGe is evidenced by the sharp
peak of C(T), the shoulder of x4, and the hump of yx. at 4.2K,
in contrast to the predicted ferromagnetic ordering below 8 K. In
the previous report, a few amount of several unknown phases
was identified from the X-ray diffraction patterns of the poly-
crystalline YbCuGe [3]. Lu3CuyGe4 phase easily precipitates in the

LuCuGe sample synthesized in this time. Therefore, we suppose that
the previous YbCuGe sample was contaminated with Yb3CusGey
phase, and the sudden rise of x(T) below 8 K was ascribed to the
ferromagnetic ordering of Yb3CusGey with Te=7.5K [15]. Further-
more, we suppose that the ordered magnetic moments of YbCuGe
point the opposite way along the c-axis. However, x. is grad-
ually decreasing below Ty as compared with the representative
antiferromagnet MnF, with magnetic structure of single-k [16].
Probably, anisotropic exchange interaction which acts on single ion
anisotropy extracted from the CEF effect at Yb site plays important
role. The investigation of the magnetic structure will be desired by
the elastic neutron diffraction measurements.

In addition to the previous discussion, we consider the expanded
tail of C(T) above Ty which recovers the entropy of RIn2 in YbCuGe.
Because of the small y value, the suppression of entropy gain can
not be explained by the Kondo effect [1]. Then, we propose that the
large tail of C(T) above Ty results from geometrical magnetic frus-
tration due to the competition of exchange interaction within the
quasi-two dimensional Yb plane, which forms the triangle arrange-
ment of Yb ions in the Yb sublattice sandwiched between the
honeycomb Cu-Ge planes. Recently, it is evidenced that frustration
arising from the triangular geometry of the magnetic sublattice,
impedes long range ordering in antiferromagnetic heavy-fermions
such as CePdAl and YbAgGe [17-19]. Both compounds crystallize in
the ZrNiAl-type hexagonal structure where rare-earth ions in the
c-plane form a Kagomé lattice. The frustrated antiferromagnetic
interaction is originated from a hexagonal coordination of Kagomé
symmetry. However, the ground state of YbCuGe is not heavy. The
Yb ions occupy a simple triangle array. Therefore, we suggest that
YbCuGe is a candidate to study a standard geometrical frustration
effect in magnetic metal. Physical property measurements under
high pressure may confirm our assumption.

5. Conclusions

The magnetic and transport properties of single-crystal of
YbCuGe are presented. The magnetic susceptibility which shows
uniaxial anisotropic behavior along the c-axis in all temperature
range has a kink at around 4.2 K. The specific heat also shows a
A-type peak at 4.2 K, which decays toward low temperature side
by an application of the magnetic field up to 90kOe. The linear
specific heat coefficient is estimated to be 5.2 mJ/mol K? from the
zero field data. The electrical resistivity for the current along the
principal axes shows a metallic behavior with a broad maximum at
around 200 K. The Hall coefficient drastically changes from the neg-
ative minimum at 70K to the positive constant value below 10K.
The carrier concentration is estimated to be 0.1/f.u. from the Hall
coefficient at 2 K. These results indicate that YbCuGe is a metallic
antiferromagnet with Ty =4.2 K.
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