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Abstract. The Yb-based compound YbCuGe with a hexagonal structure is reported as a
metallic antiferromagnet with 7n = 4.2 K. It is also proposed that this compound contains
geometrical magnetic frustration due to the competition of exchange interaction within the
quasi-two dimensional Yb plane of which Yb ions form a triangle. Previous research suggested
that its magnetic anisotropy can be ascribed to the crystalline electric field (CEF) effect on a
single Yb ion. In order to clarify the CEF effect in this compound, ultrasonic measurements
and related theoretical fitting have been carried out. The transverse elastic modulus Cas exhibits
a softening which begins at 120 K and stops at about 20 K. On the other hand, the longitudinal
modulus C33 mode shows a continuous hardening before 7n. We carried out the theoretical
strain-susceptibility calculation of C4s by using the CEF parameters reported by Katoh et al.
According to the fitting results, it can be concluded that the softening at high temperature range
can be explained by the quadrupole interaction between the ground and excited Kramers
doublets under the hexagonal CEF.

1. Introduction

Yb-based compounds have recently attracted the interest of many researchers, especially the physical
properties of a series of compounds Yb7Ge (T = transition metal) are well investigated [1-4]. Among
them, the metallic compound YbCuGe with a hexagonal structure is reported as an antiferromagnet
with a phase transition temperature of 7n = 4.2 K [5, 6]. In general, the Kondo interaction which
makes a spin-singlet composed of /- and conduction-electrons may be suppressed by the spontaneous
magnetization below phase transition temperature. However, comparing with some other compounds
in this Yb7Ge series, such as YbPtGe and YblrGe [1, 2], YbCuGe compound contains some different
properties.

Above 100 K, as reported by Katoh et al., the temperature dependence of the inverse magnetic
susceptibility 1/y(T) of YbCuGe obeys the Curie-Weiss law. The obtained effective magnetic moment
Hetr 18 4.27 up for H//a and 4.43 ug for H//c, respectively. These values of ues are close to the value of
4.53 up expected for the free Yb*" ion. It is considered that this magnetic anisotropy in the higher-
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temperature range is ascribed to the crystalline electric field (CEF) effect on a single Yb ion. The
magnetic contribution C(7) of the specific heat for YbCuGe shows a broad peak at 50 K. This can be
ascribed to the Schottky contribution which is derived from four Kramer’s doublets for the total
angular momentum J = 7/2 of the Yb** ion. Katoh et al. got the CEF parameters of B," = -0.7 K, Bs’ =
0.15 K, and B4* = 0.5 K in the first approximation which treats only the second- and fourth-order terms
of the trigonal CEF model as the site symmetry of the YD ions is trigonal. The first-, second-, and
third-excitation energies of the CEF levels from the ground doublet were estimated to be 99 K, 162 K,
and 219 K, respectively [6].

At low temperature, the peak of inverse magnetic susceptibility for H//c indicates its
antiferromagnetic ordering below 4.2 K. By the results of temperature dependence of the specific heat
C(T), the electronic specific heat coefficient y was estimated as 1.35 mJ/(mol K?). However, the
magnetic entropy Sm(7) at T is 28% of that of RIn2 which suggests that the slow release of magnetic
entropy is probably ascribed to the spin fluctuation instead of the Kondo effect because of the small y
value. Moreover, it is also proposed that this compound contains geometrical magnetic frustration due
to the competition of exchange interaction within the quasi-two dimensional Yb plane, which forms
the triangle of Yb ions. All of these revealed that YbCuGe is a metallic antiferromagnet without heavy
fermion character [6]. To investigate the phase transition at 7x and clarify the CEF effect in YbCuGe,
we carried out ultrasonic measurements on a single-crystalline sample and related theoretical
calculation was performed.

2. Experimental

Single crystal of YbCuGe was grown by the Bridgman method [5]. The elastic moduli Cs3 and Ca
were measured as a function of the temperature 7 from 2 to 300 K using the phase comparison-type
pulse echo method [7]. Ultrasound with the frequency of 10 or 30 MHz was generated and detected by
LiNDbO; transducers glued onto parallel surfaces of a sample. The elastic modulus C; was calculated
using C;; = pv* with a room-temperature mass density p = 9.49 g/cm?®, where v is the sound velocity in
a sample. We estimated the absolute value of v at 4.2 K by using the relation v = 2//¢, where [ is the
sample length and 7 is the time interval between pulse echoes.

3. Results and discussion

Fig. 1 shows the T dependence of the longitudinal elastic modulus Cs3 from 2 K to 300 K, and C33 with
the temperature range around phase transition is shown as the inset in Fig. 1. It can be seen that Css
increases monotonically with decreasing temperature down to 7y, indicating an elastic hardening
characteristic before the phase transition. With further decreasing the temperature, Cs3 exhibits a step-
like softening, and a peak is located at 4.2 K which is corresponding to the antiferromagnetic phase
transition temperature as previously reported.

The variation of the transverse modulus Ca4 versus temperature for YbCuGe from 2 to 300 K is
shown in Fig. 2. Cs exhibits hardening with decreasing T at higher temperatures, and then shows a
softening which begins at 120 K. The softening slows down around 30 K and finally stops with further
decreasing the temperature to 20 K. For the T below 7w, a similar step-like softening around 7y is
observed in the transverse mode Ci4 as shown in the inset of Fig.2. We previously discussed such a
step-like softening as a result of magnetostriction [8].
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Figure 1: T dependence of the longitudinal elastic modulus Cs;. The inset shows the 7' dependence of
C33 below 10 K
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Figure 2: T dependence of the transverse elastic modulus Cas. The inset represents the 7 dependence
of Cys below 10 K

We consider that the elastic softening of Css may be due to the CEF effect. To obtain the detailed
information, we carried out the theoretical fitting of Css by using the CEF parameters reported by
Katoh et al. as we mentioned above. We considered the effective Hamiltonian H.s for the elastic
modulus and the Hamiltonian of CEF as follows,

Hy =Her ~£0.6,. 20,00, (1)

yz%yz

Hep = BYO) + B/O; + B,O; ®)
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where ¢,., g, and g are a strain, a strain-quadrupole coupling constant, and a quadrupole—quadrupole
coupling constant, respectively. The T dependence of the elastic modulus, Cas (7), is represented by the
following equation [9],
2
LD o @)
1-g ()
where s is the so-called strain susceptibility and Ny (=1.85%10%* m™) is the number density of Yb ions

per unit volume at room temperature. To consider the background stiffness, based on the analysis for
the similar materials with CEF effect before, here it is assumed as Cy (T) = a+bT?+cT* [8, 10, 11].
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Figure 3: (Color online) 7 dependence of the elastic modulus Cys. The red solid and blue broken
curves are the calculated curve and the background stiffness, respectively.

The fitting result of elastic modulus Ca4is represented as the solid curve shown in Fig. 3. Here,
we got the strain-quadrupole coupling constant, and the quadrupole—quadrupole coupling constant as
lg| =237 K, and g'= -0.2 K, respectively. The theoretical fitting curve of Casis matched well with the
experimental data above 20 K, indicating that the softening in Cis originates from a quadrupole
interaction. However, same as the other Yb7Ge system, the ground Kramers doublet of YbCuGe also
contains no quadrupole degeneracy. This is very similar to the phenomenon we discovered in YbIrGe
and YbPtGe which have a similar CEF effect as YbCuGe. Accordingly, comparing with the similar
phenomenon we discovered in YblrGe and YbPtGe, we conclude that the softening phenomenon of
YbCuGe should also be due to the indirect quadrupole interaction between the ground doublet and the
excited doublets [8, 10]. As shown in Fig.3, for the low temperature range (below 20 K) of Cus, the
fitting curve shows a tendency to deviate from the experimental data which may arise from spin
fluctuation of the phase transition.

However, the inverse magnetic susceptibility, especially for H//a, was not reproduced by this
CEF parameters which are only considered the second- and fourth-order terms of Hamiltonian [6]. It
means that it is necessary to consider the sixth-order terms of the CEF. To clarify the CEF level
scheme more precise, ultrasonic measurements of other modes (Ci1 and Cee) are in progress. We are
planning theoretical fitting of the elastic moduli by combining with the magnetic susceptibility and the
Schottky specific heat of YbCuGe by using all terms of the trigonal CEF, and this work is in progress
now.
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4. Conclusion

Ultrasonic measurements have been performed on the single crystal of metallic antiferromagnet
YbCuGe from 2 to 300 K. In order to study the CEF effect and the phase transition at 7x in this
compound, the elastic moduli Cs; and Cs4 were measured. A hardening feature above phase transition
temperature is observed in longitudinal elastic modulus Cs;. On the other hand, the transverse elastic
modulus Css shows elastic softening which begins at 120 K and disappears at 20 K with decreasing the
temperature. The result of theoretical strain-susceptibility fitting reveals that the elastic softening
phenomenon in YbCuGe originates from the indirect quadrupole interaction between the ground
doublet and the excited doublets although all doublets have no quadrupole degeneracy.
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