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Abstcact 

The cubic C15b (AuBe~) type YbCu~ ha~ been prepared for the tirst time in a single phase by a high-pressure apparatus. Its 
nla~n¢li¢ su~¢plibility, high fidd magnelization, Sl~Cific heat and electric resistivity reveal that this coml~mnd belongs to the 
eha~acleri~li¢ d~n~e Kondo ~y~tem Preparation of cubic ClSb (AuBe~) tyt~ YbCu~ allowed us to discuss the physical 
pro~rli¢~ o1' the ps~udobhla~ ~y~lem YbCu~, As, in the whole c~m~t~mt. ,n region 0 ~ x ~ I. ~e', 1997 Elsevier Science S.A, 

g~,vword~, D¢~¢ Kondt~ beh~vior: Ph~e dh~ram; ~t(u~:  YbCu~ ,As, 

I. Inlcodu¢lton 

The cubic AuBe~°;ype (ClSb type) Yb compound, 
Y ~ u a M  (M ~ In, Pd, Au and As), is known to show 
a varie~, of distinct physical properties. YbCu~In 
exhibits an anomalous valence transition as a function 
of tem~rature and magnetic field, where I~alized 
moments of Yb ,~ ' at high temperatures and high 
magnetic fields collapse at low tem~ratures and low 
magnetic fields through the valence ~ransition [I,2]. 
YbCu.~Pd and YbCu~Au with stable localized 
moment Yb ~ show transitions to anti-ferromagnetic 
long°range ordered state at low temperatures [3], Fur- 
ther'more, typical dense Kondo behavior is realized in 
Y bCu~jAg: Yb ,~' localized moments stable at high 
tem~ratu~es ate screened through the anti+parallel 

PII Sl~ ~ 2 S- S 3 SS~ q 7 )1}1} 3 4t)~- X 

coupling with conduction electron spins below tile 
characteristic temperature called the Kondo tempera- 
ture, which causes the enhanced Pauli paramagnetic 
state at low tem~ratures with a fairly large electronic 
s~cific heat ct~fticient, ~, = 245 mJ tool ~ ~ K ° : ,  i , e ,  

large effective mass of conduction electrons [3]. These 
compounds are typical systems with which we can 
investigate the anomalous physical behaviors of 4f 
electrons in intermetallic compounds with respect to 
instability of I~alizcd moment of 4f elements, i.e, 
Kondo effect, which originated from hybridization of 
the 4f and conduction electrons. 

Recently. we have been studying the pseudobinaD~ 
systems, YbCu~.,Ag, [4] and YbCuso~, In, [5] as well 
as re-investigating the binary Yb-Cu system [6], and 
have found that the cubic YbCu5 pos~sses the basic 
characte~ to investigate the CI5b-type Yb system. 
Here, we report the recent success of synthesis of 
single pha~ CI5b-type YbCus as well as lhe 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 ytterbium, 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 tile 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 electron microscopy (SEM), and 
the chemical composition was analyzed by energy 
dispersive X-ray spectroscopy (EDX). 

Magnetic susceptibility (~,) was measured by a 
superconducting quantum interface device (SQUID) 
magnetometer (Quail|urn Design, MPMSS), Electric 
resistivity (p) was measured by the four-probe dc 
method. Although the absolute value of resistivity 
contains some error coming from inaccuracy in csti= 
mating the sample dimension, its error h, at most 
10%. Specific heat (C) was measured by the adiabatic 
meLhod 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 
lime of 12 ms. 

3. Results and discussion 

X-ray powder diffraction patterns of YbCu~o,Ag, 
(0 ~x ~ I) are shown in Fig. I In the composition 
region 0.125 :~x ~ 1.0, the samples are confirmed to 
crystallize in a single phase of the cubic AuBe~-type, 
while in the composition region 0 A x A 0.125, the 
samplr, s consist of two phase mixtures with the hexag- 
onal CaCu~-type and the cubic AuBe~-typc structures. 
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Fig. !. X-ray p~wdcr diffraction patterns of YbCt~ .... Ag, (x ~ 1.0, 
0.125, 0.05 {rod 0). The I~ollom pallcrn (¢) shows that of the cubic 
YbCu~ prepared under pressure, 

As is shown helow, the cubic AuBe~otypc structures is 
the same as the structure of Yb~Cu,, which is a kind 
of modulated or super structure based on the cubic 
AuBe~=type structure [8]. The hexagonal CaCu~otyp¢ 
structure may I~e the same as the structure of Yl~Cul~ 
[9], which is based oll hexagonal CaCu~°type. As ~en 
in Fig. I, the XRPD pattern of YbCu~ is very similar 
to that of YbCu4,j~Agt~.~, which means that cubic 
AuBe~-type YbCu~ 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 
YI~,Cu,, phase [8] and Yb2Cul,~ phase [9] ('hexagonal 
YbCu~'). 

We have tried to re-examine the phase diagram of 
S " the Yb~Cu ,ystem in the composition region of 

Cu=YbCu3~ under ambient pressure. The main result 
is that in this composition range there exists only 
Yb2Cul~, Yb2Cu, ~ and Yb~Cu 7 phases, each of which 
has some homogeneity composition range. The detail 
of the phase diagram study of the Yb=Cu system wi!! 
be published elsewhere [10]. 

In order tt, elucidate the existence of YbCu~ with 
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tlt¢ ¢=15b ;~I)¢ ~tru~'turc. ~'+c ha.~¢ tl~t:atcd the t~,'o 
ph~isc misture~ 'YbCu ~ under a pr¢.~,~urc of 1.5 GPa at 
~llr'C for 1 h by use of a pi,~touocylindcr type high 
pres~sure apparatus= The sample was encapsulated in a 
i,oron nitride container, which was inserted into the 
cylindrical carbon heater. ~,rophillite block was used 
:_~s =l l)ressu=~eotransmitting medium. The sample obo 
t~lined was subsequently ;mnealed ;n an evacuated 
quart?~ tube at 35t)°C for 2 weeks. The XRPD pattern 
shows a single ph~lse of C!5b-typc as seen in Fig. ! 
(bottom). Each peak of the XRPD spectrum is wider 
than that of the other sample. This may be caused by 
the stab_eking fault along the [11!] direction, The dif° 
l°cre~c¢ in stacking along [111] i~ an cs~eillial f:tclor i l l  
d~icrmiuiug the ~:u! ic AuBe~otype and the itcx~<gonal 
C~iCu~otypc ~tructures from each other. Since the 
ctl_l~r~uc~ ~,,I ° free energy of ~tlltco and II~xttTOltal= 
YbCu< may be very sill,all, it is not so ,~trang¢ thai 
~t~¢kir~ fauti~ arc i lwolvcd hi YbCu ~, Composit ion of  
the sample was coi~lh'mcd to be almost the same 
o~m~sitlon ~s the ntmfin:•!! composition (YhCu~) by 
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Fig. 3. Latlicc parameter a (/%)vs. x of the cuhic YhCu~, Ag,. 

EDX nleasurement, it is also noted that the samples 
with the composition YbCu.,-YbCus. {the phase is 
'hexagonal YbCu~' or "hexagonal YbCus'+ Cu under 
ambient pressure) show the phase transition to the 
cubic AuBes-type YbCu~ + Cu under high pressure. 

in Fig. 3 is plotted against x 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 
linear with x. i.e. the Vegard's law. These results 
indicate that the cubic YhCus with AuBe~-type struc- 
ture has been successfully rreparcd as a single phase 
by high-pressure synthesis. 

Figure 4 shows the temperature IT) dependence of 
magnetic su~eptibility (,~) of YbCu~ ,Ag,. The 
hroi~d maximum aro.nd 11.,,., of 40 K for s ~ i shifts 
0 ~ ,'~...l ............ ,~. and is still 

observed tilt x ~ 11 aroulld ~,~,, of  Ill K. Tile value of  
l ~ of the cubic YbCu~ 1~ ~ I l l  at 71.., i~ larger Ihall 
trial of 'the hexagonal YbCu~' by a Ill" factor. At 
temperatures m~erately higher than 7~.,,,, the 
Curie~Weiss behavior is observed for all the sample. 
From the Curie constant an effective moment (#¢ , )  
of 4.4=4.6 Pl~ Yb ~ is obtained, and is independent of 
x. which agrees well with ttl,., ~ 4.54 #it for 1 ~ 7 /2  
and gs ~ 8 /7  for Yb ~" free ion. This is completely in 
cont~ast 1o the case of 'the hexagonal YbCu~' in 
which Yb is in a divalent slate and is completely 
nonomagnetic. As seen in Fig. 4, the value of .It' tends 
to be constant at Io~ temperatures ~,((I), suggesting 
the sample comes to the Fermi liquid state with a 
large enhancement of .till). These results of 
YhCu~ Ag, arc common with the dense Kondo and 
the heavy Fermion systems: Yb ~ ~ localized moments 
stable at high temperatures come to collapse and 
delocati~e by ~reening effect coupled with conduc- 
tion electron spins I~low the characteristic tempera- 
ture called Kondo teml~rature (T~). which is propor- 
tional to 1~.~,,. Therefore, the 7r~ shihs systematically 
to lower lcmpeiature with decreasing x in 
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Fig. 4. Temperature depcndenct 
the cubic YbCu~_, Ag,. 

T ( K )  

, magnetic susceptibility (.~t') of 

YbCus_,Ag,. Our results has been lbund to agree 
well with the Coqblin-Sehrieffer 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 iieids. Similar metamagnetic field 
dependence of magnetization have been reported in 
some Ce, Yb and U compounds [13-15]. This behav- 
ior has been theoretically predicted for the dense 
Kondo system from the calculation based on the 
Coqblin=Schrieffer model when a level crossing oc- 
curs between low-lying states split by the crystalline 
lield [ 10,17]. This result also indicates that the present 
pseudobinary system belongs to the dense Kohdo 
system in which 7~ changes systematically with the 
composition x. 

In Fig. O, C/T 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 Yb:O:, suggesting 
that no magnetic order exists in tlHs system even at 
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Fig. 5. tligh ticld magnetization curves of the cubic YbCu~_ ,Ag, 
at 1.6 K fi~r x = {I and at 4.2 K for x = 1.0.11.85.11.5.1to25 alld 11.125. 
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Fig. 6. Temperature dependence of specific heat (C) of the cubic 
YbCus_, Ag,. C / T  is plotted against T z. 

low temperatures. This value of C/T is substantially 
enhanced in comparison with that for free electron 
system. The electronic specific heat coefficient, 7, 
estimated by extrapolation of T to 0 in the C/T vs. 
T: curves, increases systematically from 210 mJ tool-t 
K- :  for x = 1.0-551) mJ moi° t K r-: 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 Cl5b YbCu~, 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 electric resistivity (p)  nor- 
realized 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, # shows 
a metallic temperature dependence. Then, with deo 
creasing temperature, p has a broad n limmum, ino 
creases gradually in a logarithmic way, makes a bro~ld 
maximum and again decreases very sharply. This beo 
havior has been observed in many dense Kondo ~yso 
terns. The last rapid decrease of p is possibly due to 
the Kondo-lattice formation, su~esting the realizao 
lion of the Fermi liquid s|ate at low temperatures. 
The resistivity is replotted as { p(T)= p(0)}/{ ,o(273 
K) = p(0)} vs. T in a logarithmic scale for both x and 
y axes in Fig, 8, where p((I) 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)= 
p(0)} =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 {piT)= p(0)} and T: is correlated univer- 
sally with the value of y through the correlation with 
°I'K in the case of Fermi liquid systems [!8]. This 
relation has been found to be valid in this sys!em. 
Details have been reported elsewhere [4]. All the~e 
results imply that the present system, including the 
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cubic CiSb YbCu s, is in a Fermi liquid state at low 
temperatures. Furthermore, the composition depen- 
dence of A 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 
lirCssur¢ dependence of resistivity of YbCu ~ Ag [ 10,20], 
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,t. (oaclusto~ Ach'uiwlcdgements 

Single phtise of the ~ubic ClUb (AuBe~) type YhCu~ 
h~i~ been successfully prepared by high;pressure syn; 
thesis. Its magnetic susceptibility shows a maximum 
around I0 K, above which it shows the Curie:Weiss 
law with the ¢t'[¢CtiVe moment of Yb j ' ,  and below 
which it tends to ~ constant at low iem~ralures. 
The high-field magnetization at 1,6 K shows a mete- 
magnetic.like behavior. The electric resistivity follows 
the T:' dependence at low temperatures, which agrees 
with the Fermi liquid state at low temperatures. ~ e  
electronic specific heat coefficient, 7, was measured 
Io be approximately ~i.~0 mJ sol"  ~ K ~ :, which indi- 
cates very heavy effective mass of conduction elec- 
irons. The~ results can be explained assuming typical 
dense Kondo behaviors as predicted from the 
Coqblia~Schrieffer thermodynamical model. 

The ~lmp,les of the pscudobinary YbCu~.~,, Ag,. sys- 
tem p,|'e~ted in a single phase of the cubic C~b 
(AuB¢~) type for 0 ~x ~ I has been tb;md Io show 
the syslemati~ and characteristic phys~ol properties 
of the ~;len~ goi~d,o system, in which the Kondo 
temperature 7~. shifts to higher temperature with 
increasing x.  

Tile authors will1 to Ihank F. Anlita and M, Nakan- 
i.~tii for assislance aiid discussion in high pressure 
synthesis, and a l~ to S. Aoyagi and A. Isono of IEOL 
for SEM and EDX measurements. 
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