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Kondo-lattice formation in cubic-phase YbCu5
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The YbCu5 phase withC15b structure has been prepared by a high-pressure technique, and its physical
properties have been investigated. The temperature dependence of magnetic susceptibility, electrical resistivity,
and specific heat show Kondo-lattice formation. Furthermore, a heavy Fermi-liquid state without magnetic
ordering down to 2.0 K is found to evolve below about 6 K. The electronic specific heat coefficientg is
enhanced to values as large as to 550 mJ/mol K2. The magnetization measured up to 40 T at 1.6 K has a field
dependence which is expected for a Kondo system when the total angular momentum isJ.1. All results are
in good agreement with the extrapolation of the previous results of YbCu52xAgx (0.125<x<1.0) for x→0.
The concentration dependence of characteristic temperatures of YbCu52xAgx can be quantitatively explained
by the chemical pressure effect within the compressible Kondo model for the full range of Ag concentration
~ 0.0<x<1.0). The origins of Kondo-lattice formation in YbCu4Ag and the valence transition in YbCu4In are
discussed.@S0163-1829~97!88837-0#
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I. INTRODUCTION

The YbCu4M (M5In, Ag, Au, Pd! compounds crystal-
lize in the cubic AuBe5-type (C15b) structure and preserv
the Yb ion in its trivalent state with total angular momentu
J57/2.1,2 These systems have been investigated extensi
because of their rich variety of phenomena at low tempe
tures. For instance, YbCu4In exhibits a sharp valence trans
tion atTv'40 K, suggested by its abrupt change of magne
susceptibility from a Curie-Weiss behavior aboveTv into an
enhanced Pauli paramagnetism belowTv.3 It was shown that
this valence transition is also induced by a magnetic fi
aroundHm'40 T at 4.2 K.4 The low-temperature and low
field state is well described by the Fermi-liquid behavior,
is shown by the Korringa-type relaxation in the63Cu nuclear
quadrupole~NQR! and 115In NMR experiments.5,6 As for
YbCu4Ag, this system is known to be a typical dense Kon
system with a moderately large electronic specific heat c
ficient g'200 mJ/mol K2.2,7 Furthermore, the temperatur
dependence of magnetic susceptibility2 and the magnetic
term of specific heat8 are well accounted for by the Bethe
ansatz solution of the Coqblin-Schrieffer model.9 Neutron
studies give no evidence of crystal-field excitations at l
temperature.10 On the other hand, the Kondo effect is n
dominant in YbCu4Au and YbCu4Pd, and long-range mag
netic ordering is observed at 0.6 and 0.8 K, respective2

Especially for YbCu4Au, well-defined crystal-field excita
tions are observed by neutron-scattering experiments.10

Such a variety of properties for YbCu4M compounds mo-
tivated us to investigate the YbCu5 compound, which is
thought to be a mother compound of YbCu4M systems. Pre-
viously YbCu5 was reported to have the hexagon
CaCu5-type structure, not the cubic AuBe5-type, and to be
560163-1829/97/56~13!/8103~6!/$10.00
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nonmagnetic with a closed 4f shell ~4 f 14) of the divalent Yb
ion.11 Lately, Hornstra and Buschow suggested that the p
cise chemical composition of the hexagonal CaCu5-type
phase is YbCu6.5.12 This has been accepted until today, a
the YbCu5 phase has not appeared to exist in the bin
Yb-Cu phase diagram. Recently, however, it has been
vealed that the YbCu5 compound with the cubic
AuBe5 structure exists and can be stabilized under h
pressure.13 Furthermore, cubic YbCu5 is found to have the
trivalent Yb ion with total angular momentumJ57/2. There-
fore, cubic YbCu5 can be regarded as thereal mother com-
pound of YbCu4M systems from the viewpoints of bot
structure and the valence of Yb. Thus it is of great interes
investigate in detail the properties of cubic YbCu5, because
the electronic state of cubic YbCu5 will shed light on the
origin of the anomalous phenomena of YbCu4M compounds.

Recently, we have reported on the structural and phys
properties of YbCu52xAgx , the solid solution system be
tween YbCu4Ag and YbCu5.14 The results reveal that cubi
YbCu52xAgx compounds are obtained as single-phase sp
mens for a wide range of Ag concentrationx (0.125<x
<1.0) and form a series of dense Kondo systems in whic
nonmagnetic Fermi-liquid state develops at low temperatu
and the Kondo temperature decreases with decreasing
centrationx. Furthermore, the concentration dependence
the quadratic term of the temperature dependence of resi
ity, A, is well explained by the chemical pressure effect up
YbCu4Ag, suggesting that the electronic structure
YbCu52xAgx is unchanged by the Cu substitution. This fa
seems to imply that cubic YbCu5 is also a dense Kondo
compound with a Fermi-liquid ground state. From an e
trapolation ofx→0, cubic YbCu5 is anticipated to have a
heavy-fermion state characterized byg'500 mJ/mol K 2, a
8103 © 1997 The American Physical Society
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8104 56N. TSUJII et al.
value close to that of YbCu4.5, g'600 mJ/mol K2,15 which
is so far the heaviest fermion state among the Yb-based
tems with a nonmagnetic ground state.16 However, YbCu4.5
has such a complicated crystal structure, with 7448 ato
per unit cell,17 that band-structure calculations based on t
unit cell might be difficult. Therefore, cubic YbCu5 is also
expected to be a very suitable Yb-based compound both
the model calculation and for the comparison with Ce- a
U-based heavy-fermion compounds

II. EXPERIMENT

The sample of cubic YbCu5 was prepared in two stage
arc melting and subsequent annealing under high press
When we started from the stoichiometric mixture of Yb:C
51:5, we always find that the product is not a simple cub
AuBe5-type phase, but is likely to be the deformed-AuB5
phase, similar to YbCu4.5.17 Then we selected the nomina
composition as YbCu51d with d50.75, using excess Cu
Metals of 99.99% pure Cu and 99.99% pure Yb were me
in an arc furnace under argon atmosphere. The x-r
diffraction ~XRD! pattern of the arc-melted sample~as-cast
sample! showed that it was in a two-phase mixture, t
deformed-AuBe5-type YbCu4.5 and the hexagonal
CaCu5-type YbCu6.5. Then, the as-cast sample was plac
in a BN cell, annealed under the pressure of 1.5 GPa
900 °C for 1 h, and then quenched to room temperat
where the pressure was released. XRD shows the patte
the cubic-AuBe5-type ~C15b! phase and fcc Cu, without an
other phase. The sample was subsequently sealed i
evacuated silica tube and annealed at ambient pressu
350 °C for 20 days. X-ray diffraction confirmed that th
compound maintained the cubic structure. When the sam
was annealed at ambient pressure above 400 °C, the X
pattern shows the patterns of two phases, YbCu4.5 and
YbCu6.5, as observed for the as-cast sample. The sam
composition was analyzed by the energy dispersive x-
spectroscopy~EDS! using a scanning electron microsco
~SEM!. The results showed that the composition of t
sample for this report is close to YbCu5.6. Furthermore, the
EDS analysis revealed that the cubic-AuBe5-type phase ex-
hibits a homogeneous composition range from about YbC5.6
to YbCu4.5. However, hereafter we describe the cubic ph
simply as ‘‘cubic YbCu5,’’ and the detailed phase diagram o
the Yb-Cu system under high pressure and the compos
dependence of the physical properties will be reported e
where. The lattice constant of cubic YbCu5 was estimated
from the XRD pattern by the least-squares method. Magn
susceptibility was measured from 2 to 300 K by a superc
ducting quantum interference device~SQUID! magnetome-
ter. Magnetization measurement was carried out by an ind
tion method in a pulsed high magnetic field up to 40 T at
K. Electrical resistivity measurements were performed fr
4.2 to 300 K by the conventional four-probe method. T
specific heat was measured by a quasiadiabatic step-he
method in the temperature range from 2 to 80 K.

III. RESULTS AND DISCUSSION

In Fig. 1 is shown the XRD pattern of cubic YbCu5. The
~200! reflection clearly appears. Therefore, cubic YbCu5 is
s-

s
s

or
d

re.

-

d
y-

d
at
re
of

an
at

le
D

le
y

e

n
e-

ic
-

c-
6

ing

found to have the ordered C15b-type structure, the sam
structure as the YbCu4M ~M5In, Ag, Au, Pd! system. From
this pattern, the lattice constant is estimated to be 6.975

In Fig. 2, the temperature dependence of magnetic sus
tibility x and the inverse 1/x of cubic YbCu5 are shown.
Because the susceptibility of Cu metal is more than two
ders of magnitude smaller than the scale in Fig. 2, the in
ence of the excess Cu can be ignored. Above 50 K, the
are well described by a Curie-Weiss law. The effective m
netic momentsmeff is estimated to be 4.55mB , very close to
the value 4.54mB , which is expected for a free Yb31

~J57/2) ion. The Weiss temperatureQ is evaluated to be
225 K. Below about 20 K, data deviate from the Curi
Weiss law with decreasing temperatures, pass throug
maximum atTmax>10 K, and then decrease below about
K. This behavior is similar to that of dense Kondo syste
with a Fermi-liquid ground state such as YbCuAl,18

CeRu2Si2,19 and YbCu4Ag.2 We should mention that the
x max was not observed in our previous investigation for c
bic YbCu5,13 which might be due to the composition depe
dence. The value ofTmax>10 K is lower than those of
YbCu52xAgx (0.125<x<1.0)systems, whereTmax is low-
ered from 42 K forx51.0 to 15 K forx50.125 andTK is
also reduced with the decrease of the Ag concentrationx.14

Therefore, thesex-T data indicate that cubic YbCu5 forms
a Kondo-lattice state and the characteristic temperature
the Kondo effect is further reduced than that
YbCu4.875Ag0.125. According to the Bethe-ansatz solution
the Coqblin-Schrieffer model, the physical properties o
Kondo lattice are well scaled by the single energy param
T0 .9 With this model, Rajan showed that the susceptibility
0 K, x~0!, is related to the characteristic temperatureT0 as

x~0!5NAv~v221!gJ
2mB

2/24pkBT0, ~1!

where NA is Avogadro’s number,v the degeneracy of the
ground state,gJ the Lande´ g factor, andkB Boltzmann’s
constant. From Fig. 2,x~0! is estimated to be 0.0475 emu
mol by subtracting the Curie term below about 5 K. Th
value gives the characteristic temperatureT0569.7 K using
v58 andgJ58/7. Rajan also calculated the temperature
pendence of susceptibility based on the model, which
scaled byT0. However, as is shown in Fig. 2, the theoretic

FIG. 1. Powder x-ray-diffraction pattern of cubic YbCu5. .

represents the diffraction from Cu metal.
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56 8105KONDO-LATTICE FORMATION IN CUBIC-PHASE YbCu5
curve ofx~T) based on Rajan’s calculation withT0569.7 K
and x~0!50.0475 emu/mol does not reproduce the expe
mental results well, especially the value ofxmax, though the
value ofTmax is very reasonable. Similar deviation betwe
the theory and experimental data is also observed
YbCu4.875Ag0.125.

20 According to Ref. 9, the ratexmax/x(0)
depends on the total angular momentumJ, and decrease
from about 1.25 forJ57/2 to 1.0 forJ51/2. Therefore, the
xmax/x(0) value is likely to become smaller than expect
for J57/2 when the crystalline-field effect is strong so tha
reduced the eight-fold degeneracy ofJ57/2 in Yb31 at low
temperature.

The field dependence of magnetizationMmeasured at 1.6
K and up to the fieldH540 T and its derivative dM /dH are
displayed in Fig. 3. The magnetization increases linea
with field up to about 10 T, then turns to an upward curv
ture, and shows a maximum in the dM /dH curve at Hm
>17 T, until it begins to saturate toward 4mB for a free
Yb31 magnetic moment. The maximum of dM /dH is not
likely to suggest the existence of antiferromagnetic order
below Hm , since the Zeeman energy ofHm>17 T corre-
sponds to be about 11 K~ >mBHm /kB! in temperature,
while no magnetic order is detected around this temperat
On the other hand, a very similar magnetization curve
observed for several typical dense Kondo or heavy-ferm
systems such as CeRu2Si2,21 CeCu6 ,22 and YbCu4Ag.4,23

Such a behavior seems to be characteristic in a Kondo-la
system with a Fermi-liquid ground state. According to t
theoretical calculation based on the Coqblin-Schrief
model, the dM /dH curve has a maximum when the groun
state degeneracy is larger than 2.24 With this result of the
calculation for theJ57/2 case, the magnetization data
cubic YbCu5 were fitted and the fitted line was indicated as
dashed line in Fig. 3. Figure 3 shows a fairly good agreem
with the data and the theoretical calculation for theJ57/2
case with energy parameterT151.42 meV~T1 is the char-

FIG. 2. Temperature dependence of magnetic susceptibilit
cubic YbCu5 and its inverse. The solid line represents the calcu
tion based on the solution of the Coqblin-Schrieffer model~see
text!.
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acteristic energy of the Kondo effect defined in Ref. 2!.
This value of T1 yields the characteristic temperatu
T0565.4 K using the relations in Ref. 24, which is very clo
to the valueT0569.7 K, estimated from the magnetic su
ceptibility data. Therefore, the ground state of cubic YbC5
is not a doublet, but very close to eight-fold, even though
degeneracy of Yb31 is reduced by the crystal-field splitting

In Fig. 4, the temperature dependence of electrical re
tivity is shown. The absolute value of resistivity at roo
temperature is comparable to those of the YbCu52xAgx
system.14 Therefore, we believe that the influence of the e
cess Cu is not significant. The resistivity decreases line
from room temperature down to about 150 K, shows a m
mum at Tmin'100 K, and then increases slightly with de
creasing temperature down to 30 K. This behavior is attr
uted to the single-site Kondo scattering caused by
localized 4f electron in the Yb31 ion. Tmin is considered to
be of the order of Kondo temperatureTK . At a further low-
ered temperature, the resistivity begins to decrease
shows aT2 dependence below 6 K, as is evidenced by
inset of Fig. 4. ThisT2 dependence is the characteristic
Kondo-lattice formation, in which 4f electrons behave a
heavy quasiparticles atT!TK . The T2coefficientA is de-
rived to be 0.147mV cm K22.

In Fig. 5 is shown the specific heatC vs temperatureT
andC/T vs T2. No indication of magnetic order is observe
down to 2.0 K. The electronic specific-heat coefficient
estimated to be as large asg>550 mJ/mol K2 from a linear
extrapolation ofC/T to T→0. This largeg value is consis-
tent with the extrapolation of the YbCu52xAgx series for
x→0.14 According to the Bethe-ansatz solution of th
Coqblin-Schrieffer model lead by Rajan,9 g is universally
scaled by the characteristic temperatureT0 as

g5NA~v21!pkB/6T0 . ~2!

of
- FIG. 3. Field dependence of magnetization of cubic YbCu5 and
its derivative dM /dH at 1.6 K. The dashed line represents the fit
the J57/2 Coqblin-Schrieffer model~see text!.
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8106 56N. TSUJII et al.
Using the degeneracyv58, T0 is evaluated to be 55.4 K
through Eq.~2!, close to the value of 69.7 K, estimated from
the magnetic susceptibility data. On the other hand, our
cent analysis of the specific heat indicates a reduction of
ground-state degeneracy of cubic YbCu5 due to the crystal-
field splitting, which would be of similar order of magnitude
as T0 .25 However, a precise crystal-field scheme is not y
obtained and the effect of the crystal field cannot be tak
into consideration quantitatively. Hence, for the above es
mation ofT0 and the analysis of the susceptibility data, w
assumed the ground-state degeneracy to be eight-fold. In
der to solve this problem, neutron-scattering experime
should be performed.

There appears a maximum ofC/T aroundT2'50 K2.
This peak is also seen in the data for heavy-fermion system
such as CeCu2Si2 ~Ref. 26! and CeCu6 ~Ref. 27! and is
argued to be the consequence of the Abrikosov-Sohl re
nance, giving rise to a pseudogap at the Fermi level.

In the previous paper, we reported tha
YbCu52xAgx (0.125<x<1.0) is a series of Kondo-lattice
systems of which the characteristic temperatures decre
with decreasing Ag concentration. This tendency was qua
titatively accounted for by the chemical pressure effect.14,20

Since Yb31 has a smaller ionic radius than the Yb21↔31

intermediate-valent state, pressure stabilizes the magn
Yb31 state. This trend also appears to be value forx50, i.e.,
cubic YbCu5. In the following, we discuss this within the
compressible Kondo model.

The characteristic temperatureT0 is proportional to the
Kondo temperatureTK , and soT0 is described as

FIG. 4. Temperature dependence of electrical resistivityr of
cubic YbCu5. The inset shows the log-log plot ofr-r 0 (r0 is the
residual resistivity!. The solid line indicates theT2 dependence of
the resistivity.
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T0}TK}expF2
1

uJN~EF!uG , ~3!

where J is the exchange interaction between conduct
electron and 4f electron, andN(EF) is the density of states
at the Fermi level.T0 is evaluated from the susceptibility an
the specific-heat data through the Eqs.~1! and ~2!, respec-
tively, and is also evaluated from theT2 coefficient of resis-
tivity, A, as24,28

T0}TK}
1

AA
. ~4!

Now we assume that the value ofuJN(EF)u for
YbCu52xAgx (0.0<x<1.0) depends only on the volume o
the unit cell. In this case, the compressible Kondo model
be applied anduJN(EF)u of YbCu52xAgx can be expressed
as follows:29

uJN~EF!ux5uJN~EF!u1expF2q
Vx2V1

V1
G

>uJN~EF!u1S 12q
Vx2V1

V1
D , ~5!

whereuJN(EF)ux and uJN(EF)u1 are the value ofuJN(EF)u
for YbCu52xAgx and YbCu4Ag, q a coefficient, andVx and
VI the unit cell volumes for YbCu52xAgx and for YbCu4Ag,
respectively. Since the volume changeVx2V1is found to be
small from Ref. 14 and the present experiment, we have u

FIG. 5. Low-temperature specific heat of cubic YbCu5 in a C/T
vs T2plot. The inset showsC vs T.
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56 8107KONDO-LATTICE FORMATION IN CUBIC-PHASE YbCu5
only the linear term in Eq.~5!. Then from Eqs.~3!, ~4!, and
~5!, we obtain the relations amongT0 , A, andV as

ln
T0~x!

T0~1.0!
52

1

2
ln

Ax

A1
5

q

uJN~EF!u1

V12Vx

V1
, ~6!

where T0(x) and Ax are the characteristic temperatureT0
and the value ofA for YbCu52xAgx , respectively. In Fig. 6
are displayed the values ofT0(x)/T0(1.0)as functions of
(V12Vx)/V1. Here, T0 was evaluated from the
specific-heat,30 the magnetic susceptibility, and the electric
resistivity data assuming the ground-state degeneracy to
eight-fold. The unit-cell volume of YbCu52xAgx was already
reported.14 The error bars are indicated for the specific-he
data, and errors of the same order should exist in the sus
tibility and the resistivity data. These errors arise from t
estimation ofT0 , because the crystal field reduces the deg
eracy and would consequently reduceT0 from those values
of T0 obtained by assuming an eight-fold degeneracy. Fig
6 clearly shows that the linear relation of Eq.~6! is valid for
the full range of concentrationx. Baueret al. investigated
the electrical resistivity of YbCu4Ag under hydrostatic pres-
sure up to 80 kbar, and obtained aq/uJN(EF)u1 value for
YbCu4Ag of about 218.6 and 227.8 kbar21, evaluated
from the value ofTmax and the coefficientA, respectively.31

In Fig. 6, the solid and dashed lines correspond to Eq.~6!
using these valuesq/uJN(EF)u7, respectively. It is apparen
that these lines trace our data quite well. A least-squa
fitting to our data yields the value221.8 kbar21 for

FIG. 6. ln@T0(x)/T0(1.0)] vs (V12Vx)/V1 for
YbCu52xAgx (0.0<x<1.0). d, s, andm represent the data from
the specific heat, the magnetic susceptibility, and the electrical
sistivity, respectively. The solid and dashed lines stand for the p
dictions of the compressible Kondo model for YbCu4Ag under hy-
drostatic pressure withq/uJN(EF)u05218.6 and227.8 kbar21,
respectively~see text for details!.
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q/uJN(EF)u1 of YbCu4Ag, very close to that obtained b
Baueret al. This agreement indicates that the physical pro
erties of YbCu52xAgx are quantitatively explained simply b
the chemical pressure effect, and the electronic structur
not changed qualitatively by Cu substitution. Therefore,
origin of the Kondo-lattice state in YbCu4Ag with g'200/
mol K2 is attributed to the negative chemical pressure eff
on cubic YbCu5. It is notable that the parameterq has a
negative value for this case, showing a contrast with the c
for Ce-based compounds32,33 in which q has a positive value
and is usually taken to be between 6 and 8. If we assu
q526 for our case, we obtain theuJN(EF)u50.201 for cu-
bic YbCu5 through Eq.~6!. This value is approximately 2 o
3 times larger than that of CeCu6 ~Ref. 32! and CeInCu2
~Ref. 33! which show further heavy-fermion states than c
bic YbCu5.

While YbCu4Ag has a Kondo-lattice ground state
YbCu4In shows a sharp valence transition atTv540 K. Re-
cently, it has been reported that this valence transition
strongly affected and rapidly broadened by the disorder
tween In and Yb sites.34 This indicates that the tetrahedr
coordination of Yb atom with four In atoms in the ordere
C15b structure is necessary for the sharp valence transit
and therefore the chemical bonding between Yb 4f and In
5p levels is, at least partially, responsible for the transitio
This is also confirmed by our recent results for the isostr
tural YbCu52xInx systems.35 In this system, an In atom on
4c site is replaced by a Cu atom, while the Yb sublatti
preserves the face-centered-cubic structure, in contrast
substitution like Yb12xInxCu2. In YbCu52xInx , the valence
transition is rapidly broadened by a faint substitution of C
Furthermore, for the compounds of a small In concentrat
of 0.1<x<0.5 a lnT dependence of resistivity is observe
and aT2 dependence is absent down to low temperatu
This suggests that the hybridization between Yb 4f and In 5
p levels is so large, disturbing the coherent Kondo state
cubic YbCu5. As for YbCu4Au and YbCu4Pd, the origin of
magnetic ordering and the absence of a Kondo-lattice sta
still unknown. Solid-solution systems such as YbCu52xAux
etc., will give valuable information for this reason.

In conclusion, the physical properties of YbCu5 with cu-
bic AuBe5 structure have been investigated. The results
magnetic susceptibility, electrical resistivity, and speci
heat show the characteristic behavior of the Kondo latt
with a Fermi-liquid ground state. The characteristic tempe
ture T0 is estimated as 60 K, which is further reduced fro
that of YbCu4.875Ag0.125. The electronic specific-heat coeffi
cient is as large asg>550 mJ/mol K2. The temperature de
pendence of the magnetic susceptibility does not agree
with the solution of the Coqblin-Schrieffer model. This d
viation may be due to the crystal-field effect, which reduc
the degeneracy of the total angular momentumJ57/2 in the
Yb31 state. However, the field dependence of magnetiza
at 1.6 K has a maximum of dM /dHand shows fairly good
agreement with calculation for theJ57/2 Coqblin-Schrieffer
model. This indicates that the ground state of cubic YbCu5 is
not a doublet and is very close to eight-fold degeneracy. T
concentration dependence ofT0 for YbCu52xAgx (0.0<x
<1.0) is in good agreement with the pressure depende
for YbCu4Ag and is well explained within the compressib
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Kondo model. This result implies that the electronic struct
of YbCu52xAgx (0.0<x<1.0) is not changed qualitativel
by Cu substitution. Therefore, the Kondo-lattice state
YbCu4Ag with g'200 mJ/mol K2 is attributed to a negative
chemical pressure effect on cubic YbCu5. On the other hand
the valence transition in YbCu4In cannot be explained by th
chemical pressure, suggesting that the hybridization betw
Yb 4f and In 5p is important for the transition.
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