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Kondo-lattice formation in cubic-phase YbCu
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The YbCuy 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 coefficient
enhanced to values as large as to 550 mJ/miolTke 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 momegterh. idll results are
in good agreement with the extrapolation of the previous results of Yb@g, (0.125<x=<1.0) forx—0.

The concentration dependence of characteristic temperatures of;YP&y 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 YbgAg and the valence transition in Ybgla are
discussed[S0163-18207)88837-(

I. INTRODUCTION nonmagnetic with a closed 4hell (4% of the divalent Yb
ion.! Lately, Hornstra and Buschow suggested that the pre-
The YbCyM (M=In, Ag, Au, Pd compounds crystal- cise chemical composition of the hexagonal CaGue
lize in the cubic AuBe-type (C15b) structure and preserve phase is YbCys.'? This has been accepted until today, and
the Yb ion in its trivalent state with total angular momentumthe YbCuy phase has not appeared to exist in the binary
J=7/212 These systems have been investigated extensivelyb-Cu phase diagram. Recently, however, it has been re-
because of their rich variety of phenomena at low temperavealed that the YbGu compound with the cubic
tures. For instance, YbGLln exhibits a sharp valence transi- AuBes structure exists and can be stabilized under high
tion atT,~40 K, suggested by its abrupt change of magnetiqressuré? Furthermore, cubic YbGuis found to have the
susceptibility from a Curie-Weiss behavior abdvginto an  trivalent Yb ion with total angular momentuds 7/2. There-
enhanced Pauli paramagnetism belby? It was shown that  fore, cubic YbCy can be regarded as theal mother com-
this valence transition is also induced by a magnetic fieljpound of YbCyM systems from the viewpoints of both
aroundH,~40 T at 4.2 K? The low-temperature and low- structure and the valence of Yb. Thus it is of great interest to
field state is well described by the Fermi-liquid behavior, asinvestigate in detail the properties of cubic YhCbecause
is shown by the Korringa-type relaxation in th&Cu nuclear  the electronic state of cubic YbEwvill shed light on the
quadrupole(NQR) and *%n NMR experiments:® As for  origin of the anomalous phenomena of Yh®Ucompounds.
YbCu,Ag, this system is known to be a typical dense Kondo Recently, we have reported on the structural and physical
system with a moderately large electronic specific heat coefproperties of YbCi ,Ag,, the solid solution system be-
ficient y~200 mJ/mol K.?7 Furthermore, the temperature tween YbCyAg and YbCuy.* The results reveal that cubic
dependence of magnetic susceptibflignd the magnetic YbCus_,Ag, compounds are obtained as single-phase speci-
term of specific heftare well accounted for by the Bethe- mens for a wide range of Ag concentration (0.125<x
ansatz solution of the Cogblin-Schrieffer modeNeutron  <1.0) and form a series of dense Kondo systems in which a
studies give no evidence of crystal-field excitations at lownonmagnetic Fermi-liquid state develops at low temperatures
temperaturé® On the other hand, the Kondo effect is not and the Kondo temperature decreases with decreasing con-
dominant in YbCyAu and YbCuyPd, and long-range mag- centrationx. Furthermore, the concentration dependence of
netic ordering is observed at 0.6 and 0.8 K, respecti¢ely.the quadratic term of the temperature dependence of resistiv-
Especially for YbCuyAu, well-defined crystal-field excita- ity, A, is well explained by the chemical pressure effect upon
tions are observed by neutron-scattering experiménts. YbCu,Ag, suggesting that the electronic structure of
Such a variety of properties for YoM compounds mo-  YbCus_,Ag, is unchanged by the Cu substitution. This fact
tivated us to investigate the Ybgwompound, which is seems to imply that cubic YbGuis also a dense Kondo
thought to be a mother compound of YbBusystems. Pre- compound with a Fermi-liquid ground state. From an ex-
viously YbCus was reported to have the hexagonaltrapolation ofx—0, cubic YbCuy is anticipated to have a
CaCus-type structure, not the cubic AuBg¢ype, and to be heavy-fermion state characterized 500 mJ/mol K?, a

0163-1829/97/5@.3)/81036)/$10.00 56 8103 © 1997 The American Physical Society



8104 N. TSUJll et al. 56

value close to that of YbCys, y~600 mJ/mol K, which

is so far the heaviest fermion state among the Yb-based sy T T T T T
cubic YbCusg

tems with a nonmagnetic ground stateHowever, YbCu ¢
has such a complicated crystal structure, with 7448 atom:
per unit cell}’ that band-structure calculations based on this
unit cell might be difficult. Therefore, cubic YbGus also
expected to be a very suitable Yb-based compound both fo
the model calculation and for the comparison with Ce- and
U-based heavy-fermion compounds

Intensity (arb. units )

Il. EXPERIMENT

The sample of cubic YbGuwas prepared in two stages: 20 ( degree )
arc melting and subsequent annealing under high pressur
When we started from the stoichiometric mixture of Yb:Cu
=1:5, we always find that the product is not a simple cubic- 5 1 powder x-ray-diffraction pattern of cubic Ybgu¥
AuBes-type phase, but is likely to be the deformed-AuBe (epresents the diffraction from Cu metal.
phase, similar to YbCys.'” Then we selected the nominal

composition as YbGy4 ; with 6=0.75, using excess CuU. found to have the ordered Ctifiype structure, the same
Metals of 99.99% pure Cu and 99.99% pure Yb were meltedcture as the YbGM (M=In, Ag, Au, Pd system. From

in an arc furnace under argon atmosphere. The X-ayis pattern, the lattice constant is estimated to be 6.975 A.
diffraction (XRD) pattern of the arc-melted sampllas-cast In Fig. 2, the temperature dependence of magnetic suscep-
sample¢ showed that it was in a two-phase mixture, theyipility » and the inverse ¥ of cubic YbCy are shown.
deformed-AuBe-type  YbCus and the hexagonal- Because the susceptibility of Cu metal is more than two or-
CaCu-type YbCugs. Then, the as-cast sample was placedgers of magnitude smaller than the scale in Fig. 2, the influ-
in a BN cell, annealed under the pressure of 1.5 GPa aince of the excess Cu can be ignored. Above 50 K, the data
900 °C for 1 h, and then quenched to room temperaturgyre well described by a Curie-Weiss law. The effective mag-
where the pressure was released. XRD shows the pattern ggtic momentg.y is estimated to be 4.35;, very close to

the cubic-AuBg-type (C1%) phase and fcc Cu, without any the value 4545, which is expected for a free ¥b
other phase. The sample was subsequently sealed in @9—7/2) jon. The Weiss temperatuf® is evaluated to be
evacuated silica tube and annealed at ambient pressure abg k. Below about 20 K, data deviate from the Curie-
350 °C for 20 days. X-ray diffraction confirmed that the \ejss law with decreasing temperatures, pass through a
compound maintained the cubic structure. When the samplg,aximum atT =10 K, and then decrease below about 5
was annealed at ambient pressure above 400 °C, the XRR This behavior is similar to that of dense Kondo systems
pattern shows the patterns of two phases, YCand  jth a Fermi-liquid ground state such as YbCUAl,
YbCuﬁ_5,' as observed for the as-cast sampl'e. Thg sampl@eRL&Siz,w and YbCuAg.2 We should mention that the
composition was analyzed by the energy dispersive x-ray,  \vas not observed in our previous investigation for cu-
spectroscopyEDS) using a scanning electron microscope bic chus,lS which might be due to the composition depen-
(SEM). The results showed that the composition of thegence The value o =10 K is lower than those of
sample for this report is close to Ybggl Furthermore, the YbCus_,Ag, (0.125<x<1.0)systems, wherd, ., is low-
EDS analysis revealed that the cubic-AgBgpe phase ex- gred from 42 K forx=1.0 to 15 K forx=0.125 andT is
hibits a homogeneous composition range from about ¥RCu 55 reduced with the decrease of the Ag concentratith

to YbCy, 5. However, hereafter we describe the cubic phaserperefore, thesq-T data indicate that cubic YbGuorms
simply as “cubic YbCy," and the detailed phase diagram of 5 kondo-lattice state and the characteristic temperature of
the Yb-Cu system under high pressure and the compositiofhe kondo effect is further reduced than that of
dependence of .the physical proper;ies will be repqrted elseYbCU4.875°~go_125- According to the Bethe-ansatz solution of
where. The lattice constant of cubic Yb{was estimated the Coqplin-Schrieffer model, the physical properties of a
from the XRD pattern by the least-squares method. Magnetig ondo lattice are well scaled by the single energy parameter
susceptibility was measured from 2 to 300 K by a supercony 9 wjth this model, Rajan showed that the susceptibility at

ducting quantum interference devi€BQUID) magnetome- o'k 1(0), is related to the characteristic temperatligeas
ter. Magnetization measurement was carried out by an induc-

tion method in a pulsed high magnetic field up to 40 T at 1.6 X(0)=Nav(v2=1)g5ug/24mksTo, @

K. Electrical resistivity measurements were performed from

4.2 to 300 K by the conventional four-probe method. Thewhere N, is Avogadro’s numbery the degeneracy of the

specific heat was measured by a quasiadiabatic step-heatiggound stateg; the Landeg factor, andkg Boltzmann’s

method in the temperature range from 2 to 80 K. constant. From Fig. 2y(0) is estimated to be 0.0475 emu/

mol by subtracting the Curie term below about 5 K. This

value gives the characteristic temperatlige=69.7 K using

v =38 andg;=_8/7. Rajan also calculated the temperature de-
In Fig. 1 is shown the XRD pattern of cubic YbgCurhe  pendence of susceptibility based on the model, which is

(200 reflection clearly appears. Therefore, cubic YgQa  scaled byT,. However, as is shown in Fig. 2, the theoretical

Ill. RESULTS AND DISCUSSION
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FIG. 2. Temperature dependence of magnetic susceptibility or
cubic YbCuy and its inverse. The solid line represents the calcula-  FIG. 3. Field dependence of magnetization of cubic Yb&nd
tion based on the solution of the Cogblin-Schrieffer motsge  its derivative d/dH at 1.6 K. The dashed line represents the fit by
text). the J=7/2 Coqblin-Schrieffer modefsee text

curve of x(T) based on Rajan’s calculation willy=69.7 K acteristic energy of the Kondo effect defined in Ref).24
and x(0)=0.0475 emu/mol does not reproduce the experi-This value of T, yields the characteristic temperature
mental results well, especially the value @fay, though the  T,=65.4 K using the relations in Ref. 24, which is very close
value of oy is very reasonable. Similar deviation betweentg the valueT,=69.7 K, estimated from the magnetic sus-
the theory and_experimental data is also observed fogeptibility data. Therefore, the ground state of cubic YbCu
YbCu, g76Ado.125.2° According to Ref. 9, the ratgma/x(0) s not a doublet, but very close to eight-fold, even though the
depends on the total angular momentdmand decreases degeneracy of Y is reduced by the crystal-field splitting.
from about 1.25 fod=7/2 to 1.0 forJ=1/2. Therefore, the In F|g 4, the temperature dependence of electrical resis-
Xmax/x(0) value is likely to become smaller than expectedtivity is shown. The absolute value of resistivity at room
for J=7/2 when the crystalline-field effect is strong so that it temperature is comparable to those of the YbGig,
reduced the eight-fold degeneracy®#7/2 in Yo" atlow  systemt Therefore, we believe that the influence of the ex-
temperature. cess Cu is not significant. The resistivity decreases linearly
The field dependence of magnetizatidnmeasured at 1.6  from room temperature down to about 150 K, shows a mini-
K and up to the fieldd=40 T and its derivatived/dH are  mum atT,,;,~100 K, and then increases slightly with de-
displayed in Fig. 3. The magnetization increases linearlyreasing temperature down to 30 K. This behavior is attrib-
with field up to about 10 T, then turns to an upward curva-yted to the single-site Kondo scattering caused by the
ture, and shows a maximum in theMddH curve atH,, |ocalized 4f electron in the YB™ ion. T, is considered to
=17 T, until it begins to saturate towardug for a free  be of the order of Kondo temperatufe . At a further low-
Yb3* magnetic moment. The maximum oMddH is not  ered temperature, the resistivity begins to decrease and
likely to suggest the existence of antiferromagnetic orderinghows aT? dependence below 6 K, as is evidenced by the
below Hy,, since the Zeeman energy bf,,=17 T corre- inset of Fig. 4. ThisT? dependence is the characteristic of
sponds to be about 11 K =ugHy/kg) in temperature, Kondo-lattice formation, in which # electrons behave as
while no magnetic order is detected around this temperaturéyeavy quasiparticles &i<Ty . The T2coefficientA is de-
On the other hand, a very similar magnetization curve isjved to be 0.147. cm K2
observed for several typical dense Kondo or heavy-fermion |n Fig. 5 is shown the specific he@ vs temperaturél
systems such as CeRSi,,”* CeCl,* and YbCUAg.**®*  andC/T vs T2. No indication of magnetic order is observed
Such a behavior seems to be characteristic in a Kondo-latticgown to 2.0 K. The electronic specific-heat coefficient is
system with a Fermi-liquid ground state. According to theestimated to be as large &s=550 mJ/mol K from a linear
theoretical calculation based on the Coqblin'SChriEﬁerextrapc)]ation ofC/T to T—0. This |arge/y value is consis-
model, the &1/dH curve has a maximum when the ground- tent with the extrapolation of the YbGu,Ag, series for
State degeneracy is |al‘ger thaﬁ42N|th this result of the X—>O.14 According to the Bethe_ansatz Solution of the
calculation for theJ=7/2 case, the magnetization data of Cogblin-Schrieffer model lead by Rajdny is universally
cubic YbCL!; were fitted and the fitted line was indicated as agcaled by the characteristic temperatmfﬁas
dashed line in Fig. 3. Figure 3 shows a fairly good agreement
with the data and the theoretical calculation for the7/2
case with energy parametér=1.42 meV(T, is the char- v=Na(v—1)7kg/6Ty. 2
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FIG. 4. Temperature dependence of electrical resistipityf 1
cubic YbCu. The inset shows the log-log plot pfp o (pg is the To“TK“eXF{ - m} ©)
residual resistivity. The solid line indicates th&? dependence of F
the resistivity.

where J is the exchange interaction between conduction
K electron and 4 electron, andN(Eg) is the density of states

Using the degeneracy=8, T is evaluated to be 55.4 at the Fermi levelT, is evaluated from the susceptibility and
. To
through Eq.(2), close to the value of 69.7 K, estimated from the specific-heat data through the E€®. and (2), respec-

the magnetic susceptibility data. On the other hand, our re- ; L .
. 2 o . tively, and is also evaluated from ti& coefficient of resis-

cent analysis of the specific heat indicates a reduction of thﬁvity A 2428

ground-state degeneracy of cubic YkQlue to the crystal- Y

field splitting, which would be of similar order of magnitude

as T,.2° However, a precise crystal-field scheme is not yet 1

obtained and the effect of the crystal field cannot be taken To“TK“\/—K- (4)

into consideration quantitatively. Hence, for the above esti-

mation of Ty and the analysis of the susceptibility data, we

assumed the ground-state degeneracy to be eight-fold. In or- Now we assume that the value dfIN(Eg)| for

der to solve this problem, neutron-scattering experimenyypCu,_,Ag, (0.0<x<1.0) depends only on the volume of

should be performed. the unit cell. In this case, the compressible Kondo model can
There appears a maximum @f/T aroundT?~50 K2.  be applied andJN(E¢)| of YbCus_,Ag, can be expressed

This peak is also seen in the data for heavy-fermion systemss follows?®

such as CeGSi, (Ref. 26 and CeCy (Ref. 27 and is

argued to be the consequence of the Abrikosov-Sohl reso-

nance, giving rise to a pseudogap at the Fermi level.

In the previous paper, we reported that |JN(EF)|X=|JN(EF)|1ex;{—qvx_vl}
YbCuw_,Ag, (0.125=x=<1.0) is a series of Kondo-lattice
systems of which the characteristic temperatures decrease Vo—V
with decreasing Ag concentration. This tendency was quan- ;|JN(EF)|1( 1-q XV 1), (5)

titatively accounted for by the chemical pressure efféé?.
Since YB* has a smaller ionic radius than the 13"
intermediate-valent state, pressure stabilizes the magnetic
Yb®* state. This trend also appears to be valuexten, i.e., where|IN(Eg)|, and|IN(Eg)|; are the value of IN(Eg)|
cubic YbCuy. In the following, we discuss this within the for YbCu_,Ag, and YbCuAg, g a coefficient, and/, and
compressible Kondo model. V, the unit cell volumes for YbGy1 ,Ag, and for YoCuAg,

The characteristic temperatufig, is proportional to the respectively. Since the volume changg-V,is found to be
Kondo temperaturd , and soT is described as small from Ref. 14 and the present experiment, we have used
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g/|IN(Eg)|; of YbCu,Ag, very close to that obtained by

Baueret al. This agreement indicates that the physical prop-
erties of YbCy_,Ag, are quantitatively explained simply by
the chemical pressure effect, and the electronic structure is
not changed qualitatively by Cu substitution. Therefore, the
origin of the Kondo-lattice state in YbGég with y~200/

mol K2 is attributed to the negative chemical pressure effect
on cubic YbCuy. It is notable that the parameter has a
negative value for this case, showing a contrast with the case
for Ce-based compountfs®in which q has a positive value
and is usually taken to be between 6 and 8. If we assume
g=—6 for our case, we obtain tHd N(Eg)|=0.201 for cu-

bic YbCu; through Eq.(6). This value is approximately 2 or

3 times larger than that of CeGuRef. 32 and CelnCy
(Ref. 33 which show further heavy-fermion states than cu-
bic YbCu.

While YbCuyAg has a Kondo-lattice ground state,
YbCuwln shows a sharp valence transitionTgt=40 K. Re-
cently, it has been reported that this valence transition is

[ V-V, 17V, strongly affected and rapidly broadened by the disorder be-
tween In and Yb site¥! This indicates that the tetrahedral
coordination of Yb atom with four In atoms in the ordered

FIG. 6. IMTo(x)/To(1.0)] vs (V1=V,/IVi for  c15 structure is necessary for the sharp valence transition,
YbCUs_,Ag, (0.0<x<1.0). @ O, andA represent the data from 5.4 therefore the chemical bonding between Ybahd In
the specific heat, the magnetic susceptibility, and the electrical reg y 1o\ 0 is, at least partially, responsible for the transition.
sistivity, respectively. Th'.a solid and dashed lines stand for the P'eThis is also confirmed by our recent results for the isostruc-
dictions of the compressible Kondo model for Yb@g under hy- tural YbC In. svstems® In this svstem. an In atom on a
drostatic pressure witly/|IN(Eg)|,=—18.6 and—27.8 kbar !, Jc site i t—xMx Sy : ystem, .
respectively(see text for details c site is replaced by a Cu atom, while the _Yb sublattice

preserves the face-centered-cubic structure, in contrast to a
substitution like Yh _,In,Cw,. In YbCuws_,In,, the valence
transition is rapidly broadened by a faint substitution of Cu.
Furthermore, for the compounds of a small In concentration
of 0.1=x=<0.5 a InT dependence of resistivity is observed

To(X) 1 A q V-V, and aT? dependence is absent down to low temperatures.
|n-|-0(1_0) 2|nA1 INGED, v, (6)  This suggests that the hybridization between Ytead In5

p levels is so large, disturbing the coherent Kondo state in
cubic YbCu. As for YbCyAu and YbCuyPd, the origin of
where To(x) and A, are the characteristic temperatufg ~ magnetic ordering and the absence of a Kondo-lattice state is
and the value oA for YbCus_,Ag,, respectively. In Fig. 6 still unknown. Solid-solution systems such as YBCLAu,
are displayed the values dfy(x)/Ty(1.0)as functions of etc., will give valuable information for this reason.
(Vi—Vy/V,. Here, To was evaluated from the In conclusion, the physical properties of YbQwith cu-
specific-heat? the magnetic susceptibility, and the electrical bic AuBe; structure have been investigated. The results of
resistivity data assuming the ground-state degeneracy to bmagnetic susceptibility, electrical resistivity, and specific
eight-fold. The unit-cell volume of YbGu ,Ag, was already heat show the characteristic behavior of the Kondo lattice
reported** The error bars are indicated for the specific-heatwith a Fermi-liquid ground state. The characteristic tempera-
data, and errors of the same order should exist in the suscefure T is estimated as 60 K, which is further reduced from
tibility and the resistivity data. These errors arise from thethat of YbCu g;4Agg 125 The electronic specific-heat coeffi-
estimation ofTy, because the crystal field reduces the degeneient is as large ag=550 mJ/mol K. The temperature de-
eracy and would consequently reduEg from those values pendence of the magnetic susceptibility does not agree well
of T, obtained by assuming an eight-fold degeneracy. Figuravith the solution of the Coqgblin-Schrieffer model. This de-
6 clearly shows that the linear relation of E§) is valid for ~ viation may be due to the crystal-field effect, which reduces
the full range of concentratior. Baueret al. investigated the degeneracy of the total angular momentlin7/2 in the
the electrical resistivity of YbGiAg under hydrostatic pres- Yb®* state. However, the field dependence of magnetization
sure up to 80 kbar, and obtainedg# JN(Eg)|, value for at 1.6 K has a maximum ofM/dHand shows fairly good
YbCuy,Ag of about —18.6 and —27.8 kbar !, evaluated agreement with calculation for thle=7/2 Coqblin-Schrieffer
from the value ofT ,,,, and the coefficiend\, respectively®  model. This indicates that the ground state of cubic YoiSu
In Fig. 6, the solid and dashed lines correspond to (Bg. not a doublet and is very close to eight-fold degeneracy. The
using these valueg/|IJN(Eg)|;, respectively. It is apparent concentration dependence &f for YbCus_,Ag, (0.0<x
that these lines trace our data quite well. A least-squaress1.0) is in good agreement with the pressure dependence
fitting to our data yields the value-21.8 kbar! for  for YbCu,Ag and is well explained within the compressible

I[ To(x) / Tp(1.0) ]

i 1 1 I LN
0.00 0.01 0.02 0.03 0.04 0.05

only the linear term in Eq(5). Then from Eqgs(3), (4), and
(5), we obtain the relations amonky,, A, andV as
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