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Abstract

The cubic C15b (AuBe;) type YbCuy has been prepared for the first time in a single phase by a high-pressure apparatus. Its
magnetic susceptibility, high ficld magnetization, specific heat and electric resistivity reveal that this compound belongs to the
characteristic dense Kondo system. Preparation of cubic C15b (AuBes) type YbCu, allowed us to discuss the physical
properties of the pseudobinary system YbCu,_ Ag, in the whole composit. mregion 0 = x < 1. © 1997 Elsevier Science S.A,
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1. Introduction

The cubic AuBe.-iype (C15b type) Yb compound.
YbCu,M (M = In, Pd, Au and Ag), is known to show
a vatiety of distinct physical properties. YbCu,ln
exhibits an anomalous valence transition as a function
of temperature and magnetic field, where localized
moments of Yo' at high temperatures and high
magnetic fields collapse at low temperatures and low
magnetic fields through the valence ransition [1,2],
YbCu,Pd and YbCu,Au with stable localized
moment Yb'* show transitions to anti-ferromagnetic
tong-range ordered state at low temperatures [3). Fur-
thermore, typical dense Kondo behavior is realized in
YbCu,Ag: Yb'* localized moments stable at high
temperatures are screened through the anti-parallel
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coupling with conduction electron spins below the
characteristic temperature called the Kondo tempera-
ture, which causes the enhanced Pauli paramagnetic
state at low temperatures with a fairly large electronic
specific heat coefficient, y =245 mJ mol~' K2, i.c.
large effective mass of conduction electrons [3). These
compounds are typical systems with which we can
investigate the anomalous physical behaviors of 4f
clectrons in intermetallic compounds with respect to
instability of localized moment of 4 clements, i.e.
Kondo effect, which originated from hybridization of
the 4f and conduction electrons.

Recently, we have been studying the pseudobinary
systems, YbCu._,Ag, [4] and YbCu._,In, [5]) as well
as re-investigating the binaty Yb=Cu system [6), and
have found that the cubic YbCu; possesses the basic
characters to investigate the ClSb-type Yb system.
Here, we report the recent success of synthesis of
single phase C15b-type YbCu; as well as the prelimi-
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nary result of re-investigation of the phase diagram of
the Yb-Cu system in the Cu-YbCu, ¢ region, that we
compare with the results of landelli and Palenzona
[7]. We also report the systematic behaviors of the
dense Kondo effect in the pseudobinary YbCu,_ Ag,
in the whole composition range, combined with some
published data [4)].

2. Sample preparations and experimental procedures

The samples of YbCu;_, Ag, were prepared from
99.9% pure yiterbium, 99.99% pure copper and
99.999% pure silver metals by Ar arc-melting, fol-
lowed by annealing in evacuated quartz tubes at 750°C
for 10 days.

The samples of the binary Yb-Cu system were
prepared by two kinds of preparation methods: the
first one is similar to that used in the case of
YbCu,_,Ag, system, and the second one is that the
mixture of Yb (99.9% pure) and Cu (99.99% pure)
were melted in evacuated quartz ampules by use of an
electric furnace, followed by slow cooling at room
temperature. Some of the samples thus prepared were
treated under a pressure of 1.5 GPa at 900°C for 1 h
by use of a piston-cylinder type high pressure appara-
tus.

The phase identification of the samples was per-
formed by X-ray powder diffraction (XRPD), using
Cu K, radiation. The metallographic texture was
observed by scanning clectron microscopy (SEM), and
the chemical composition was analyzed by energy
dispersive X-ray spectroscopy (EDX).

Magnetic susceptibility ( x) was measured by a
superconducting quantum interface device (SQUID)
magnetometer (Quantum Design, MPMSS). Electric
resistivity (p) was measured by the four-probe de
method. Although the absolute value of resistivity
contains some error coming from inaccuracy in esti-
mating the sample dimension, its error it at most
10%. Specific heat (C') was measured by the adiabatic
method utilizing a heat-pulse technique. High-field
magnetization (M) was measured by an induction
method with well-balanced pickup coils. For this mea-
surement, we used powdered specimens to exclude
the eddy-current effect by pulsed field with duration
time of 12 ms.

3. Results and discussion

X-ray powder diffraction patterns of YbCu,_ Ag,
(0 <x < 1) are shown in Fig. | In the composition
region 0.125 <x < 1.0, the samples are confirmed to
crystallize in a single phase of the cubic AuBes-type,
while in the composition region 0 <x <0.125, the
samples consist of two phase mixtures with the hexag-
onai CaCu.-type and the cubic AuBe.-type structures.
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Fig. 1. X-ray powder diffraction patterns of YbCu,_, Ag, (x = 10,
0.125, 0,05 and 0). The bottom pattern (¢} shows that of the cubic
YbhCuy prepared under pressure.

As is shown below, the cubic AuBes-type structures is
the same as the structure of Yb,Cu,, which is a kind
of modulated or super structure based on the cubic
AuBeg-type structure [8]. The hexagonal CaCu,-type
structure may be the same as the structure of Yb,Cu,y
[9), which is based on hexagonal CaCug-type. As seen
in Fig. 1, the XRPD pattern of YbCug is very similar
to that of YbCu,,sAgyes, Which means that cubic
AuBeg-type YbCus is non-existent as asserted by
Hornstra and Bushow [9]. Figure 2 shows that the
XRPD pattern of nominal composition of YbCu;
prepared under ambient pressure consists of that of
Yh,Cu, phase [8] und Yb,Cu,, phase [9] (hexagonal
YbCu,').

We have tried to re-examine the phase diagram of
the Yb-Cu system in the composition region of
Cu-YbCu, ¢ under ambient pressure, The main result
is that in this composition range there exists only
Yb,Cu,, Yb,Cu, and Yb,Cu, phases, each of which
has some homogeneity composition range. The detail
of the phase diagram study of the Yb-Cu system will
be published elsewhere [10].

In order tu elucidate the existence of YbCus with
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Fig. 2. Netay powder diffraction patterns of the “cubic YhCu, (A
Tesagonad YhCu,” () (A« (Y and the prepared YBCu. 10
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the CI5b pe structure, we have treated the two
phase mixtures YbCu, under o pressure of 1.5 GPa at
9XC for 1 h by use of a piston=cylinder type high
pressure apparatus, The sample was encapsulated in a
voron nitride container, which was inserted into the
cylindrical carbon heater. Pyrophillite block was used
a8 o pressurestransmitting medium. The sample ob-
tained was subsequently anncaled in an evacuated
quartz tube at 350°C for 2 weeks. The XRPD pattern
shows a single phase of C15b-type as seen in Fig, 1
(hottom). Euch peak of the XRPD spectrum is wider
than that of the other sample. This may be caused by
the stacking fault along the [111] direction. The dit-
ference in stacking along [111] s an essential factor of
determining the cubic AuBe.-type and the hexagonal
CaCu-type structures from each other. Since the
difference of free energy of cubic- and hexagonal-
YbCu. may be very small, it is not so strange that
stacking faults are involved in YbCu.. Composition of
the sample was confirmed to be almost the same
composition as the nominal composition (YhCu,) by
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Fig. 3. Lattice parameter a (A)vs. x of the cubic YhCus. Ag

EDX measurement. It is also noted that the samples
with the composition YbCu, ,-YbCuy, (the phase is
*hexagonal YbCu.' or *hexagonal YoCu;' + Cu under
ambient pressure) show the phase transition to the
cubic AuBe:-type YbCu; + Cu under high pressure.

In Fig. 3 is plotied against & the lattice parameter
a in YbCu,_  Ag,, determined from XRPD patterns
by means of the Wilson-Pike deviation function cal-
culating method, which shows a systematic change
lincar with x, i.c. the Vegard's law. These results
indicate that the cubic YbCu, with AuBe.-type struc-
ture has been successfully prepared as a single phase
by high-pressure synthesis.

Figure 4 shows the temperature (T) dependence of
magnetic  susceptibility ( y) of YbCu.  Ag,. The
broad maximum around 7., of 40 K for x = | shifts
systematically 1o lower wwpetitures and is still
observed for v = 0 around 7, of 10 K. The value of
y of the cubic YhCu, Gy =) at 7,,,, is larger than
that of *the hexagonal YbCug' by a 10" factor. At
temperatures  moderately  higher  than 7., the
Curie=Weiss behavior is observed for all the sample.
From the Curie constant an effective moment (g, )
of 4.4-4.6 1y, Yb ! is obtained, and is independent of
x, which agrees well with g, = 4.54 p, for J=7/2
and g, =877 for Yb*" free ion. This is completely in
contzast to the case of ‘the hexagonsl YbCu:' in
which Yb is in a divalent state and is completely
non-magnetic. As seen in Fig. 4, the value of y tends
to be constant at low temperatures y(0), suggesting
the sample comes to the Fermi liguid state with a
large enhancement of  y(0).  These results of
YbCu. , Ag, arc common with the dense Kondo and
the heavy Fermion systems: Yb'* localized moments
stuble at high temperatures come o collapse and
delocalize by sereening effect coupled with conduc-
tion clectron spins below the characteristic tempera-
ture called Kondo temperature (73 ), which is propor-
tional to 7,,,.. Therefore, the T shifts systematically
to lower temperature  with  decreasing v in
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Fig. 4. Temperature dependence  « magnetic susceptibility ( y) of
the cubic YbCu,_,Ag,.

YbCu,_,Ag,. Our results has been found to agree
well with the Cogblin-Schrieffer thermodynamic
model [11] in the whole composition range [4,12].

High-field magnetization curves obtained at 1.6 K
and 4.2 K are shown in Fig. 5. The broad metamag-
netic-like behavior was observed around 18 T for
x = 0. With increasing x, this behavior takes place in
the higher magnetic ficlds. Similar metamagnetic field
dependence of magnetization have been reported in
some Ce, Yb and U compounds [13-15]. This behav-
jor has been theoretically predicted for the dense
Kondo system from the calculation based on the
Cogblin=Schricffer model when a level crossing oc-
curs between low-lying states split by the erystalline
field [16,17). This result also indicates that the present
pseudobinary system belongs to the dense Koudo
system in which Ty changes systematically with the
composition x.

In Fig. 0, C/7 is plotted against 7. No upturn
behavior was observed except for a small anomaly at
2.2 K due to the anti-ferromagnetic transition of small
amount of the possible impurity of Yh,0;, suggesting
that no magnetic order exists in this system even at
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Fig. 5. High ficld magnetization curves of the cubic YbCug_ A,
at 1.6 K for x =0 and at 4.2 K for x = 1.0, 0.85, 0.5, 0.25 and 0.125.
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Fig. 6. Temperature dependence of specitic heat (C) of the cubic
YbCus_ Ag,. C/T is plotted against T>.

low temperatures. This value of C/T is substantially
enhanced in comparison with that for free electron
system. The clectronic specific heat coefficient, v,
estimated by extrapolation of 7 to 0 in the C/T vs.
T? curves, increases systematically from 210 mJ mol ™
K™ for x = 1.0-550 mJ mol~' K2 for x = 0, imply-
ing that the effective mass of conduction electrons is
fairly heavy due to the hybridization between 4f and
conduction electrons. The cubic C15b YbCuyg, there-
fore, can be regarded as one of the heaviest electron
system.. among the Yb intermetallics, Details of anal-
yses will also be presented elsewhere [12].

In Fig. 7 is shown the clectric resistivity (p) nor-
malized by that at 273 K as a function of temperature
in semi-logarithmic plots. The value of p exhibits
characteristic temperature dependence and changes
systematically with x. At high temperatures, p shows
a metallic temperature dependence. Then, with de-
creasing temperature, p has a broad mimmum, in-
creases gradually in a logarithmic way, makes a broad
maximum and again decreases very sharply. This be-
havior has been observed in many dense Kondo sys-
tems. The last rapid decrease of p is possibly due to
the Kondo-lattice formation, suggesting the realiza-
tion of the Fermi liquid state at low temperatures.
The resistivity is replotted as { p(T) = p(0)} /{ p(273
K) = p(0)} vs. T in a logarithmic scale for both x and
y axes in Fig. 8, where p(0) is the residual resistivity.
One can see that the slope of these graphs is 2 at low
temperatures, which is led to the relation: {p(T) =
pl0)) = AT?, where A is a coefficient, indicating the
system is in a Fermi liquid state at low temperatures.
This situation is completely consistent with the above
results of x, high-field M and C. The coefficient A
between { p(T) = p(0)} and 77 is correlated univer-
sally with the value of y through the correlation with
Ty in the case of Fermi liquid systems [18]. This
relation has been found to be valid in this system.
Details have been reported elsewhere [4]. All these
results imply that the present system, including the
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Fig. 7. Temperature dependence of electric resistivity (p) of the
cubic YbCu, . Ag,. The value of p is normalized at 273 K[ p(T =
RyKR 1

cubic C15b YbCusq, is in a Fermi liquid state at low
temperatures. Furthermore, the composition depen-
dence of A4 could be successfully explained in terms
of chemical pressure, that is, when Ag with larger
metallic radius is substituted by Cu with smaller
metallic radius in YbCu, Ag, the lattice feels negative
pressure [4,12), referring to the previous results of
pressure dependence of resistivity of YbCu, Ag[19,20).

4. Conclusion

Single phase of the cubic C15b (AuBe,) type YhCu,
has been successfully prepared by high-pressure syn-
thesis, Its magnetic susceptibility shows a maximum
around 10 K, above which it shows the Curie=Weiss
law with the effective moment of Yb'', and below
which it tends to be constant at low temperatures.
The high-field magnetization at 1.6 K shows a meta-
magnetic-like behavior, The electric resistivity follows
the 77 dependence at low temperatures, which agrees
with the Fermi liquid state at low temperatures. The
clectronic specific heat coefficient, y, was measured
to be approximately 550 mJ mol ' K-2, which indi-
cates very heavy effective mass of conduction elece
trons. These results can be explained assuming typical
dense  Kondo behaviors as predicted from the
Cogblin=Schrieffer thermodynamical model.

The samples of the pseudobinary YbCu, | Ag, sys-
tem prepared in a single phase of the cubic Cb
{AuBe.) type for 0=x <1 has been found to show
the systematic and characteristic physical properties
of the dense Kondo system, in which the Kondo
temperature 7, shifts 1o higher temperature with
increasing v,
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Fig. 8, Logll p(T) = pt} /{ p(273 K) — pt] ws. log T curves of
the cubic YbCu.  Ag,.
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