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Physical properties of YbXCu4 „X5Ag, Au, Cd, Mg, Tl, and Zn… compounds
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We report a systematic study of the face-centered-cubic compounds YbXCu4 (X5Ag, Au, Cd, Mg, Tl, and
Zn!, as well as their corresponding nonmagnetic analogues LuXCu4. X-ray diffraction, heat capacity, magnetic
susceptibility, high-field magnetization, electrical resistivity, Hall effect, andL III -edge absorption measure-
ments have been performed. The compounds have Kondo temperatures that range from about 10 K to nearly
1000 K. Although the single-impurity Kondo model qualitatively describes the physical properties of these
materials, the quantitative details are not well described and the quality of the fits varies strongly from
compound to compound. Compound-to-compound variations in crystal-electric fields, effective valence, and
the strength off-ligand hybridization effects, as well as the influence of intrinsic disorder, may help to explain
these discrepancies.@S0163-1829~99!07209-4#
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I. INTRODUCTION

Ytterbium compounds display a rich variety of physic
properties, in large measure due to Yb’s position in the l
thanide row of the periodic table as the ‘‘f-hole’’ analogue of
Ce, of which many compounds are also known.1,2 Because of
the Hund’s rule tendency to fill the 4f shell, Yb has two
energetically similar electronic configurations, trivalentf 13

and divalent f 14. In many Yb compounds a quantum
mechanical admixture of these states leads to intermed
valence character. The near degeneracy of these config
tions implies that small changes in the crystallographic a
electronic environment of the Yb ion due to other consti
ents in a periodic lattice can have large effects on the ph
cal properties of the particular compound being studied.

The physics in these systems derives from hybridizat
between~nearly! localized f and ligand electrons. In fact,
semiquantitative understanding of the physical propertie
Yb compounds has been gained by studying the Anders
impurity Hamiltonian, which models these correlations fo
single f-electron impurity in a metallic host.3 The Bethe an-
satz solution to the Coqblin-Schrieffer model~the Anderson-
impurity Hamiltonian in the Kondo limit, wherenf , the
f-electron occupation number, is identically unity! describes
quantitatively the physical properties of some Yb co
pounds. It is rather remarkable that thesesingle-impurity
theories describe the properties of a periodic lattice of m
netic ions as well as they do, and it is well documented t
for some compounds the impurity theories do rather poor3

This variation results presumably from competition amo
several relevant energy scales and interactions in these
pounds. In this work, we report a systematic experimen
PRB 590163-1829/99/59~10!/6855~12!/$15.00
l
-

te
ra-
d
-
i-

n

of
n-

-

-
t

.
g
m-
l

investigation of a set of isostructural Yb compounds to t
the applicability of these theories and to deduce the rela
strengths of these interactions and, therefore, why som
the data are well-fit quantitatively while in other cases t
agreement is qualitative at best.

The compounds investigated are the face-centered-c
YbXCu4 series, withX5Ag, Au, Cd, In, Mg, Tl, and Zn.
The Ag, Au, and In variants are rather well studied and d
play a broad range of physical properties. YbAgCu4 is a
prototypical heavy-Fermion compound that displays a lin
specific heat coefficientg above 200 mJ/mol K2 with no
magnetic order observed to the lowest temperatures m
sured. It has been claimed that the data for YbAgCu4 can be
fit quantitatively to the numerical predictions of theJ57/2
Coqblin-Schrieffer model;4–8 however, the characteristi
temperatures that one extracts from fits to various phys
properties of YbAgCu4 display a large scatter.9 In sharp con-
trast, YbAuCu4 orders magnetically below 1 K, and its low
temperature properties are dominated by long ra
Ruderman-Kittel-Kasuya-Yosida interactions and cryst
electric-field effects.4,5,10,11 Finally, YbInCu4 represents the
most extreme limit of mixed-valence behavior: a first-ord
isostructural valence transition is observed at ambient p
sure near 40 K, qualitatively similar to what is found
elemental Ce.12–19 The YbXCu4 compounds forX5Cd and
Tl ~Ref. 20! are relatively less studied and forX5Mg and Zn
are previously unreported; each displays properties inter
diate to those discussed above.

In the remainder of the paper we report the data that
have obtained and explore the extent to which the vari
physical properties, and their variation withX, can be de-
scribed by single-impurity theories. Experimental details
6855 ©1999 The American Physical Society
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TABLE I. Lattice constants of YbXCu4 and LuXCu4. With the exception ofX5Ag, the amount by which
the lattice constant of YbXCu4 exceeds that of LuXCu4 correlates well with 12nf(300), where the valence
of Yb at room temperature, deduced fromL III measurements, is 21nf(300). See text for details.

X
Metallic
radius a0(YbXCu4) a0(LuXCu4)

@a0~Yb!2a0~Lu!#

a0~Lu! 12nf(300)

Ag 1.445 Å 7.083 Å 7.094 Å 20.155% 0.07
Au 1.442 7.046 7.037 0.128 0.04
In 1.663 7.158 7.148 0.140 0.07
Zn 1.394 7.046 7.034 0.171 0.12
Cd 1.568 7.135 7.123 0.168 0.18
Tl 1.716 7.155 7.125 0.421 0.18
Mg 1.602 7.194 7.129 0.912 0.31
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discussed in Sec. II. The structural, specific heat, magn
and transport data are reported in Secs. III, IV, V, and
respectively. Section VII reports the evolution of th
f-electron occupation number as a function of temperature
deduced fromL III absorption-edge measurements. In Se
VIII and IX we attempt to place in context the implication
of our results and make suggestions for further study.

II. EXPERIMENTAL DETAILS

When one is attempting to discover intrinsic trends amo
a range of related compounds, sample quality and chara
ization are, of course, important in separating potentially
trinsic effects from intrinsic properties. Wherever possible
this study, we have used single crystal specimens and h
selected crystals from the same or identically-prepa
batches for the wide range of measurements we report.
also have studied the Lu analogues of each of the YbXCu4
compounds in order to separate magnetic and lattice effe
Using a variety ofX-Cu fluxes, we have grown single crys
tals of YbAgCu4, YbCdCu4, YbInCu4, YbTlCu4, and
YbZnCu4. Additionally, single crystals of YbMgCu4 were
grown from a lead flux. Unfortunately, it has not prove
possible to grow single crystals of YbAuCu4, so only data
from polycrystalline samples, obtained by slow-cooling s
ichiometric ratios of the constituent elements in a sealed
tube, are reported. For some measurements, the size o
single crystals of YbMgCu4 and YbZnCu4 were inadequate
and polycrystalline samples, prepared identically to
YbAuCu4 material, were studied after verifying that the la
tice constant, magnetic susceptibility and electrical resistiv
were identical to the smaller single crystals. For each of
above-listed YbXCu4 compounds, the LuXCu4 variants were
prepared similarly.

A wide range of experimental techniques has been
ployed to fully characterize the physical properties of the
materials. Lattice constants were determined with hi
resolution powder x-ray diffraction using internal silicon re
erence material to correct for systematic errors. A therm
relaxation technique was used to determine specific hea
1.5 K<T<20 K. A superconducting-quantum-interferenc
device magnetometer was used to measure the tempera
dependent magnetic susceptibility and to provide an abso
calibration to high-field magnetization measurements. T
high-field magnetization measurements were performed
ic,
,
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ing a mutual inductance technique in a 600 kOe pulsed m
net located at the National High Magnetic Field Laborator
Los Alamos Pulsed Field Facility. Electrical resistivit
measurements as a function of temperature were perfor
in the standard four-wire configuration, and Hall voltage w
measured in fields of610 kOe using an LR400 ac resistan
bridge. X-ray absorption data were collected at the Stanf
Synchrotron Radiation Laboratory on beam line 2-3. D
were collected for the YbXCu4 samples from below the Yb
L III edge~8944 eV! to above the CuK edge~8979 eV!. Data
also were collected for the LuL III edge~9244 eV! on the
counterpartf 14 LuXCu4 samples. A copper foil was used a
an energy reference for all samples, and a ‘‘pre-edge’’ s
traction was performed on the data using a Victoreen f
mula to remove the contribution of other absorption p
cesses.

III. LATTICE PARAMETERS AND STRUCTURAL
PROPERTIES

The RXCu4 compounds (R5Yb or Lu; X5Ag, Au, Cd,
In, Mg, Tl, Zn! crystallize in the cubic AuBe5 ~C15b! crystal
structure. In the ideal structure, theR andX ions sit on dis-
tinct face-centered-cubic lattices displaced by~1/4, 1/4, 1/4!
along the body diagonal and are surrounded by space-fil
Cu tetrahedra centered at~x,x,x!, with x'3/4. The disordered
Laves phase MgCu2 ~C15! variant of this structure has ran
dom occupation of the~0, 0, 0! and~1/4, 1/4, 1/4! sublattices
by R and X. By x-ray diffraction these structures can b
distinguished because the reflections that satisfy the selec
rule h1k1 lÞ4n, wheren is an integer andh, k, and l are
even, are allowed only in the ordered structure.21 For each of
the compounds we have studied, we observe the~200!,
~222!, and~622! reflections, indicating that theR andX sub-
lattices are ordered. As will be discussed below, we can
rule out someX-Cu site disorder, except based on empiric
ionic size arguments. We observe no evidence for sec
phases in either our single crystal or polycrystalline samp

The measured values of the lattice constants forRXCu4 at
room temperature are shown in Table I. For the Lu co
pounds, the lattice constants appear to be governed by
metallic radii of theX elements, as would be expected due
space-filling considerations. The LuXCu4 lattice constantsa0
increase in the orderX5Zn, Au, Ag, Cd, Tl, Mg, In, while
the metallic radii increase in the orderX5Zn, Au, Ag, Cd,
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Mg, In, Tl, so that only the lattice constant of LuTlCu4 is
anomalous. Except for YbAgCu4, discussed below, the
YbXCu4 lattice constants are consistently larger than th
LuXCu4 counterparts at room temperature. This is due to
mixed-valent nature of Yb. Trivalent Yb and trivalent Lu a
nearly identical in size, whereas divalent Yb is significan
larger. Thus, the amount by which the YbXCu4 lattice con-
stant exceeds that of LuXCu4 is an approximate measure o
the degree of mixed valence for that compound.

The case ofX5Ag is anomalous. It is the only compoun
for which the lattice constant of YbXCu4 is smaller than that
of LuXCu4, a result which is hard to understand based on
size arguments discussed above. As observed in the the
expansion data of Corneliuset al.,14 this difference persists
to low temperature. Despite the fact that the temperature
pendence ofa0(YbAgCu4)2a0(LuAgCu4) is essentially
identical to the measured 12nf(T) for YbAgCu4, the lattice
constant of YbAgCu4 remains smaller than that of LuAgCu4
as a function of decreasing temperature.14 Although we have
no explanation for this observation, we speculate t
4d/5s24 f hybridization, which can be very strong, ma
tend to collapse YbAgCu4 relative to LuAgCu4. Mg, Cd, and
Zn are closed-shell elements, and Tl and In have onep elec-
tron. Both Ag and Au are ind10s1 configurations, but Au has
32 more electrons than Ag, so hybridization effects may
weaker there. Counter to this hypothesis is the fact that
lattice constant of the recently-reported face-centered-c
phase of YbCu5 ~Ref. 22! is comparable to that of LuCu5,

23

a case where hybridization effects should be even more
nounced.

IV. SPECIFIC HEAT

One of the characteristic features of mixed-valent mat
als is an enhanced electronic contribution to the lo
temperature specific heatCp . We have measured the specifi
heat for each of our YbXCu4 compounds, as well as fo
LuXCu4 in order to correct for the nonmagnetic contributio
The data were plotted asCp /T versusT2, from which the
linear electronic coefficientg and the cubic phonon contri
bution b could be easily extracted. Fits were performed b
low 5 K when reasonable so that the lattice termb remained
cubic with T, i.e., the Debye approximation remained val
In some cases, fitting the data over this temperature ra
was not reasonable~see the YbZnCu4 fit in Fig. 1!, so data at
higher temperature were fit. The results of these fits are
ported in Table II. The upturn inCp /T at low temperature
for YbZnCu4 might suggest magnetic ordering; however,
bulk ordering is observed aboveT5100 mK. Further mea-
surements are in progress to more fully characterize the l
temperature properties of YbZnCu4. Figure 1 shows data fo
YbCdCu4 and YbZnCu4, the two YbXCu4 compounds with
the largest, previously unreported linear coefficients of s
cific heat.

All of the specific heat data were reasonably fit
Cp /T5g1bT2 except for that of YbAuCu4.

4 These data
were best fit by including a Schottky contribution to accou
for crystal-field splitting~Fig. 2!, as previously observed b
inelastic neutron scattering.5 Analysis of the neutron data
suggests that the ground state is a doublet and the firs
cited state is a quartet.5 We could not obtain high quality fits
ir
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to our specific heat data with this crystal-field arrangeme
The data were best-fit with a doublet ground state an
doublet first excited state about 3 meV above the grou
state. The energy of the second excited level, which t
must be a quartet, is more difficult to determine from o
low-temperature data but is at least 7 meV above the gro
state. Although the relative degeneracies of the crystal-fi
levels deduced from our Schottky analysis differ from t
neutron analysis, the energy spacing of the excited st
deduced from the two experiments is consistent.

V. MAGNETIC PROPERTIES

Magnetic susceptibility data for each of the YbXCu4 com-
pounds are shown in Fig. 3. These data bear some simi
ties to the predictions of the Coqblin-Schrieffer model24 and
to calculations based on the Anderson Hamiltonian in
noncrossing approximation~NCA!.25 Namely, deviations
from Curie-Weiss behavior are observed in each case,
shoulders or local maxima at low temperature are comm
However, the relative size of the maximum
x(T)@xmax/x(0)# is not a universal constant for these ma
rials, counter to the prediction of the Coqblin-Schrieff
model for fixed angular momentumJ. For instance,
YbAgCu4 and YbTlCu4 show a pronounced maximum in th
susceptibility, while YbAuCu4 and YbZnCu4 do not show
any evidence of a maximum. The other materials have in
mediate values ofxmax/x(0). Estimates ofx~0!, after ac-
counting for extrinsic Curie tails that correspond to less th
1% J57/2 impurity and using a Coqblin-Schrieffer form fo
the intrinsic contribution tox(T) ~Ref. 24! ~discussed be-
low!, are reported in Table II for each of the YbXCu4 com-

FIG. 1. Specific heat divided by temperature versus tempera
squared for YbZnCu4 and YbCdCu4.
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TABLE II. Electronic specific heat coefficients and Debye temperatures inferred from specific
measurements for YbXCu4 and LuXCu4, andx~0! inferred from fitting thex(T) data of Fig. 3 to the Bethe
ansatz, after accounting for a small impurity tail, for the YbXCu4 compounds, and an estimate ofx~0! for
their lutetium analogues. For the Yb compounds the Wilson ratio inferred fromx~0! and gYb-gLu is also
given.

X

Yb Lu

g
~mJ/mol K2! QD ~K!

x~0!
~emu/mol! R

g
~mJ/mol K2! QD ~K!

x~0!
~emu/mol!

Au 150~60! 235~15! 9.7~5! 265~1!

Zn 230~15! 254~12! 0.034~3! 1.6~2! 7.2~5! 290~1! 1.0(2)31024

Cd 175~6! 353~9! 0.015~3! 1.0~2! 9.4~5! 266~1! 1.9(2)31024

Ag 209~1! 279~9! 0.0165~1! 0.88~1! 10.1~1! 257~1! 21.5(2)31024

Mg 62~1! 353~14! 0.00397~5! 0.76~2! 8.7~5! 290~2! 1.3(2)31024

Tl 31~6! 240~4! 0.0042~1! 1.99~8! 6.8~5! 260~1! 2.9(2)31026
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pounds~with the exception ofX5Au, which orders magneti-
cally at low temperature! and their lutetium analogues~data
not shown!. As can be seen, there is a significant enhan
ment ofx~0! for each YbXCu4 as compared to its Lu coun
terpart, consistent with their enhanced linear coefficient
specific heat. Table II also reports the Wilson ratioR
5(p2R/3C)x(0)/g for each compound, whereR is the gas
constant andC is the Curie constant forJ57/2 Yb for each
compound.

Within the Bethe ansatz solution of the Coqbli
Schrieffer model,24 the zero-temperature susceptibility is r
lated to the Kondo temperatureT0 very simply24

T05
n~n221!~gmB!2

24pkBx~0!
, ~1!

wheren is the magnetic degeneracy,g is the Lande´ g factor,
mB is the Bohr magneton, andkB is Boltzmann’s constant
For J57/2 andg58/7, appropriate for the full Yb multiplet
T0 x(0)53.28 withT0 in K and x~0! in emu/mol. The sim-
plest estimate ofT0 for the YbXCu4 materials can be mad

FIG. 2. Specific heat data for YbAuCu4. The open squares ar
data and the thick solid line is the fit, which consists of electron
lattice, and Schottky contributions. See text for details.
-

f

by assumingJ57/2 and calculatingT0 from the deduced
x~0! in Table II. These values, reported asT0(x0), are
shown in Table III.

The temperature dependence of the magnetic suscep
ity can be calculated numerically using the Bethe ansatz
lution of the Coqblin-Schrieffer model.24 Fits to the data us-
ing this approximation are shown as the solid lines in Fig.
~Because YbAuCu4 orders magnetically at low temperatur
a ground state clearly inconsistent with a single-impurity
terpretation, we do not attempt to fit these data.! The data are
not well fit by assumingJ57/2 for each of the YbXCu4
compounds. In order to parametrize the variation
xmax/x(0) that we observe, we fit the data using curves
variousJ from the calculations of Rajan.24 In these fits, we
find that with the exception of YbAgCu4, theJ that produces
the best fit increases asT0 increases (J51/2, 7/2, 3/2, 5/2,
7/2 for X5Zn, Ag, Cd, Mg, Tl, respectively, in order o
increasingT0); even for YbAgCu4, although the model cap
tures the qualitative details of the temperature dependenc
the susceptibility, quantitatively the fit is less than excelle
Possible mechanisms for variations inxmax/x(0), including
those that might give rise to reducedJ, will be discussed in
Sec. VIII. T0’s inferred from fitting the temperature
dependent data~using reducedJ, where appropriate! are also
reported in Table III asT0(xfit).

In Fig. 4, we show the isothermal magnetization f
YbXCu4 measured at 4 K for fields up to 500 kOe. Only the
data for YbAuCu4 approach the expected free-ion value
the saturated moment (gJ54mB). For the other YbXCu4’s
there appears to be a rough scaling of the data with Ko
temperature. The magnetization at 500 kOe decreases
increasingT0 . However, only YbAgCu4 shows the expected
upward curvature for aJ57/2 magnetic impurity as calcu
lated by Hewson and Rasul.26 ~It should be pointed out tha
even for H5500 kOe, H/T0 is sufficiently small for
YbMgCu4 and YbTlCu4 that upward curvature in the mag
netization would not be expected.! Calculations for different
J ~Ref. 26! reveal that the amount of expected curvatu
decreases with decreasingJ. Therefore, although we have no
explicitly fit the magnetization data, it is reasonable to exp
that similar values of ‘‘best-fit’’J would be inferred as from
the susceptibility fits. BecauseM vs H is essentially linear
over a wide field range for most of the YbXCu4 compounds,
,
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FIG. 3. Susceptibilityx(T) as a function of temperature for YbXCu4 (X5Au, Zn, Ag, Cd, Mg, and Tl!. x(T) at low temperatures for
all X except Ag is influenced by a small impurity tail. All features of the intrinsic data can be fit to the single impurity model exce
relative size of the maximum inx(T).
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a separate estimate ofx~0! can be made from the slope o
these lines. With the exception of YbTlCu4, for which theM
vs H slope implies a value ofx~0! nearly double that re-
ported in Table II~because of its highT0 YbTlCu4 is par-
ticularly sensitive to sample to sample variations in lo
temperature susceptibility!, the magnetization slopes are
good agreement with the data of Fig. 3.

VI. TRANSPORT PROPERTIES

The electrical resistivity for each of the YbXCu4 com-
pounds is shown in Fig. 5. Both YbAuCu4 ~Ref. 10! and
YbAgCu4 ~Refs. 7 and 8! have been studied extensivel
They each show appreciable drops in resistivity at low te
perature; however, studies of resistivity as a function of pr
sure show that these effects are of different origin. F
YbAuCu4 the low-temperature downturn is insensitive
pressure and can be attributed to the depopulation of cry
field levels5,10 ~recall also the specific heat data of Sec.

TABLE III. T0 estimated from the zero-temperature suscepti
ity T0(x0) and from full fits to the Bethe ansatzT0(xfit).

X T0(x0) T0(xfit)

Zn 97~10! 31~3!

Cd 221~45! 101~5!

Ag 199~5! 181~15!

Mg 855~10! 525~20!

Tl 740~15! 900~20!
-

-
s-
r

tal

and Fig. 2!. The position of the maximum in resistivity fo
YbAgCu4 is strongly pressure dependent, and the drop
resistivity is due to the onset of coherence.7,8 For X5Cd,
Mg, and Tl, similar features in resistivity are observed th
given our estimates ofT0 , may be attributable to coherenc
effects. Measurements of resistivity under pressure for th
compounds would be useful in confirming this suppositio
Finally, the resistivity of YbZnCu4 shows an upturn at low
temperature that one might naively attribute to lattice dis
der effects; however, the upturn can be completely s
pressed with a 300 kOe magnetic field~see inset Fig. 5!. The
small upturn in resistivity observed at low temperature
YbCdCu4 can also be suppressed in a magnetic field. T
data are reminiscent of CeNiSn and CePd3 and perhaps sug
gest that YbZnCu4 is a ‘‘failed Kondo semimetal.’’27

The Hall coefficientsRH of the YbXCu4 and LuXCu4
compounds (X5Au, Zn, Cd, Mg, Tl! in the range 15–325 K
are shown in Fig. 6~see also Ref. 28!. Results forX5Ag and
In which were reported previously14 are not shown here. Ou
results for YbAuCu4 are in agreement with those reported
other authors.29 For the LuXCu4 compounds withX5Au,
Zn, Cd, Mg,RH is small (2@0.321.7#310210 m3/C), nega-
tive, and weakly temperature dependent. For LuTlCu4, RH is
even smaller in magnitude but positive below 25 K; this m
represent extrinsic behavior. Small Hall coefficients sugg
that these are good metals. In a simple one-band mode
these compounds, a Hall coefficient of21310210m3/C cor-
responds to 5.6 electrons per formula unit. We have d
cussed previously28 the connection between the fact that f
LuXCu4 a large Hall coefficient~and hence semimetallic be

-
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FIG. 4. Isothermal magnetization of YbXCu4 at 4 K, measured using a 600-kOe pulsed magnet.
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havior! occurs only in LuInCu4 ~Ref. 14! and the fact that for
YbXCu4, only YbInCu4 exhibits an isostructural valenc
transition. Here we focus on the temperature dependenc
RH for the other Yb compounds.

The Hall coefficients of YbXCu4 for X5Au, Cd, Tl, Mg
are also small, being in the range2(1210)31029 m3/C.
For YbZnCu4 the Hall coefficient reaches the value220
31029 m3/C at the lowest temperature measured, consis
with the low-temperature upturn in resistivity. Comparis
to the LuXCu4 compounds suggests that the temperature
pendence ofRH observed in YbXCu4 is not due to changes in
the carrier density, but rather is associated with scatte
from the Yb 4f electrons. We therefore fit the data to th
formula:
of

nt

e-

g

RH~T!5R0~T!1h~gmB /kB!@x~T!/C#rmag~T!. ~2!

The first termR0(T) is the ordinary Hall effect, which we
assume to be equal toR01RH(T;Lu), whereR0 is a con-
stant andRH(T;Lu) is the temperature-dependent Hall coe
ficient of the corresponding LuXCu4 compound. The second
term represents skew scattering of the conduction elect
from Kondo impurities.30 For this term we again useg
58/7, the Lande´ g factor for a free Yb ion, and we scale th
measured susceptibilityx(T) by C, theJ57/2 Yb Curie con-
stant. The quantityrmag(T) is the magnetic resistivity due to
scattering from the 4f electrons with the normal~e.g., pho-
non! contributions subtracted. For allX except X5Tl we
have fit the data assumingrmag(T)5r(T)2r(T;Lu), i.e.,
FIG. 5. Electrical resistivity as a function of temperature for YbXCu4. All data are plotted on the left axis except for YbZnCu4, which
uses the right axis and includes a zero offset. The inset shows the magnetic field dependence of YbZnCu4’s resistivity.
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subtracting the resistivity of the corresponding LuXCu4 com-
pound as an estimate of the phonon contribution. Beca
the measured resistivity of LuTlCu4 is larger than that of
YbTlCu4, for this case we have equatedrmag(T) to the mea-
sured resistivity data for YbTlCu4 without subtraction of a
phonon term. The fits to Eq.~2! are shown in Fig. 6; the
values forR0 andh are given in the caption. ForX5Au, Zn,
Cd, and Mg the quantityR0 is small so that the total ordinar
Hall coefficient R0(T)5R01RH(T;Lu) remains small, in
the range (22→12)310210 m3/C. For YbTlCu4, R0 is
somewhat larger, giving a total value ofR0(T) of order
28310210m3/C, which corresponds to a carrier density
0.7 electrons per formula unit. Hence, the YbXCu4 com-
pounds withX5Au, Zn, Cd, and Mg are reasonable meta
while YbTlCu4 appears to border on semimetallic behavio

The dimensionless factorh is seen to be vanishingly
small for YbAuCu4, negative forX5Zn, Co, and Mg, and
positive forX5Tl @and also forX5Ag ~Ref. 14!#; a negative
h is typical of Yb compounds.31 In theory30 h should ap-
proximately equal sind2 whered2 is the phase shift for non

FIG. 6. The Hall coefficient vs temperature for YbXCu4 ~closed
circles! and LuXCu4 ~open circles!. The solid lines represent fits t
Eq. ~2!; the values of the fit parametersR0 ~in units of 10210 m3/C)
and h ~dimensionless! for the different X are as follows. Au:

20.037, 0.007; Zn: 2.2,20.074; Cd: 1.0,20.163; Mg: 1.3,
21.22; Tl: 27.9, 0.97.
se

,
.

resonant scattering~e.g., potential scattering in thed chan-
nel!. This phase shift should not be large, indeed values
large as 0.2 are deemed unrealistic.30 For the more strongly
mixed valent compounds YbTlCu4 and YbMgCu4, values of
the parameterh given in Fig. 6 are an order of magnitud
larger than the value~<0.1! expected based on the skew
scattering model.30 For X5Au, where the ground state mu
tiplet is certainly split by crystal fields, and perhaps for Z
for which J51/2 is also suggested by our magnetic susc
tibility data, the parametersC7/2 andg58/7 in Eq.~2! should
be replaced by smaller values ofCeff andgeff appropriate to
the reduced multiplicity of the Yb ground state. This replac
ment would reduce the fitted values ofh considerably.
YbCdCu4 is again an intermediate case, withh50.16 being
somewhat larger than expected based on the model. A
sible reason for the large discrepancies for the largeT0 com-
pounds (X5Tl and Mg! is that the skew-scattering theory30

is only applicable to the high temperature (T.T0) state,
whereas these compounds are in the coherent state (T,T0)
for the temperatures studied. This is consistent with the
that an appropriately small valueh510.07 was found in
YbAgCu4 for T.T0 .14

VII. L III X-RAY ABSORPTION

In order to directly estimate the temperature depende
of the f-electron occupation number,nf(T), we have mea-
sured the YbL III absorption edge as a function of temper
ture for each of the YbXCu4 compounds. For intermediat
valence compounds, the Yb edgem tot(E) is made up of a
divalentm21(E) and a trivalent partm31(E):

m tot~E!5~12nf !m21~E!1nfm31~E!. ~3!

The divalent absorption edge is;7.2 eV lower than the
trivalent edge in these metallic systems. In order to fit
data, one would like a purely divalent and a purely trivale
example of the YbL III edge in a related material. As no suc
material was available, we used the LuL III edge from the
related LuXCu4 systems. The electronic structure of Lu31 is
roughly the same as Yb21( f 14), and should therefore give
good measure of the shape and magnitude of the Yb21 edge.
Because the height of the edge is proportional to the num
of states available at and above the Fermi level and bec
these states haves andd symmetry for an excited 2p3/2 elec-
tron, the shape of the Yb31 edge should be almost identica
to the Yb21 edge. The isostructural LuXCu4 analogues are
also useful because contributions to the edge height from
extended x-ray-absorption fine structure~EXAFS! ~espe-
cially from multiple scattering effects in the white line! are at
least partially accounted for in the analysis. We theref
determine the mean valence of the Yb ions by fitting the
L III edge to a sum of two LuL III edges suitably shifted to
represent the divalent and trivalent components of the
edge.33 We estimate~somewhat arbitrarily! that the absolute
error in this procedure is several percent. Figure 7 shows
absorption data and fits for YbMgCu4 and YbAuCu4 at 300
K. All data are well fit by this procedure except for that
YbCdCu4, which had an additional component;10 eV
above the main edge. This component could be due to m
tiple scattering effects, and in any case does not affect
parameters extracted from the fits. We shownf at several
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temperatures ranging from 20–300 K for each of t
YbXCu4 compounds in Fig. 8.

Although an exact solution to the single impurity Ande
son model fornfÞ1 does not exist, calculations forJ55/2
cerium have been made by Bickers, Cox, and Wilkins wit
the noncrossing approximation~NCA! for nfÞ1.25 The NCA
has the advantage thatnf(T) can be input as a parameter
the model together with the Kondo temperature, and ot
physical quantities can be determined uniquely. The relat
ship ofnf(T) andT0 to the strength off-electron/conduction-
electron hybridizationG5pN(0)V2, the f-level energy« f ,
and the conduction electron bandwidthD derives from the
temperature dependence ofnf :

nf~T!5nf~`!2@Dnf~T!/Dnf~0!#Dnf~0!, ~4!

where

Dnf~0!5@11~nG!/~pTNCA!#21, ~5!

n is the spin degeneracy,TNCA is the characteristic tempera
ture in the NCA ~note that T0'1.43TNCA) and
Dnf(T)/Dnf(0) is a very slowly varying function ofnf(0),
given in Ref. 25 forJ55/2 and shown to be at least approx
mately a universal function ofJ and nf(0).25 Therefore, if
one has independent measures ofnf(T) and T0 , one can
determineG. The position of thef-level relates toG simply
as32

« f5
G

p@12nf~`!#
. ~6!

Finally, if one hasTNCA , G, and« f , one can calculate the
conduction bandwidthD from32

FIG. 7. Example of absorption data and fits to the divalent a
trivalent components of the YbL III edge.
er
n-

D5$TNCAg21/8e1/~8g!%/$11D/~TNCA1D!%3/4, ~7!

where g5G/(p« f)512nf(`) and D is a spin-orbit split-
ting. Shown in Fig. 8 is a fit using Eq.~4!. AssumingT0’s
from Table III and extractingnf(`) from the fits in Fig. 8,
the resulting values forG, « f , and D, calculated with Eqs.
~4!–~7!, are shown in Table IV.

VIII. DISCUSSION

A. Sources of deviation from single-impurity model

There are two general approaches to addressing the
that single-impurity models do not quantitatively and unive
sally explain all of the phenomena observed in our data
the YbXCu4 compounds. One is to recognize that a mod
which considers only a singlef-ion impurity in a conduction

d FIG. 8. The number off electrons per Yb ionnf as a function of
temperature for YbXCu4 (X5Au, Zn, Ag, Cd, Mg, and Tl!. Lines
are fits to the single impurity model within the NCA approximatio
~see text!.

TABLE IV. Parameters extracted from fits tonf(T) data@nf(`)
andG# and the resulting calculated values of« f andD. Values ofT0

~based onxfit) were chosen from Table III and held fixed. Th
calculation ofD does not include crystal-field splitting~for the cal-
culations, recallT0'1.43TNCA).

X T0 ~K! nf(`) G ~K! « f ~eV! D ~eV!

Zn 31 0.87~3! 176~5! 0.037~9! 0.004~3!

Cd 101 0.81~3! 444~8! 0.065~10! 0.010~3!

Ag 181 0.95~3! 583~6! 0.3~2! 0.06~5!

Mg 526 0.76~3! 958~9! 0.11~1! 0.05~1!

Tl 900 0.98~3! 706~10! 1~1! 3~3!
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sea cannot possibly explain the detailed properties of a p
odic lattice of f moments. We will discuss those aspects
our data that clearly require periodicity below; however, it
perhaps more constructive to first consider those effe
which might modify the predictions of a single-impurit
theory without explicitly requiring periodicity.

Because the most quantitative comparisons can be m
between our measurednf(T) and model calculations, we
should first convince ourselves that these values are m
ingful. As shown in Table I, 12nf(T5300 K), as deter-
mined from ourL III absorption-edge data discussed in S
VII, is in qualitative agreement with the difference in lattic
volume between YbXCu4 and LuXCu4, a separate measur
of the departure of Yb from trivalence at room temperatu
As a more quantitative check thatnf is accurately measure
by L III absorption, we determined the average magnetic
ment p of each Yb ion as a fraction of the moment for aJ
57/2 lanthanidep7/2, assuming a Curie-Weiss law at 350 K
from the magnetic susceptibility data in Fig. 3. We use
highest temperature data available so that we are as clo
possible to the temperature region where Curie-Weiss be
ior should dominate. Because the divalent state of Yb is
magnetic, and to the extent that susceptibility is an insta
neous probe of the magnetic state,p2/p7/2

2 should equalnf .
In Fig. 9 we have plottednf @extrapolated to 350 K using Eq
~4!# as a function of the square of the fractional moment
these materials and found that they agree quite well wit
an estimated absolute error of 3%, with the exception of
which differs by ;15%. Together the lattice constant an
magnetic susceptibility data are strong evidence that theL III
data are describing the bulk value ofnf .

Next, we examine the extent to which the other para
eters extracted from the fits tonf(T) using the NCA are
physically realistic. The calculated hybridizationG ~Table
IV ! is within the accepted range of energies, that is, of
order of T0 . The f-level energy« f is generally taken to be
around 1 eV, but 0.1 eV~as theL III fits suggest! is not out of

FIG. 9. nf as a function of the fraction of the full momen
p2/p7/2

2 at 350 K~each data point represents a particular YbXCu4).
Because the fractional moment is still increasing for the mater
with moderately highT0’s, we used the highest temperature data
fits to 1/x(T) and extrapolated the data fornf ~Fig. 8! to 350 K. To
be more accurate, this comparison should be made at tempera
several timesT0 for each material.
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the question. The most troubling result is the value of
conduction electron bandwidthD. This is usually taken to be
around 3 eV. At first glance, the only material for which th
fit might be consistent with such a value is YbTlCu4 ~Table
IV !. All of the other YbXCu4 yield values of D
'0.01– 0.1 eV, which is extraordinarily narrow and pro
ably unphysical, raising doubts about the validity of t
NCA and the single-impurity model in explaining the o
served data. We note, however, that the value ofD depends
sensitively on the value ofnf(`) which is a free paramete
of our fit; reasonable values ofD correspond tonf(`)'1.
For YbAgCu4 only small changes innf(`) are required to
obtain physical values ofD.

Turning to the magnetic susceptibility data, there are s
eral questions that need to be addressed. Can the obse
departures ofnf from the Kondo limit explain the non-
universal behavior ofxmax/x(0) that we observe? Calcula
tions within the noncrossing approximation forJ55/2 indi-
cate that decreasingnf(T50) causes xmax/x(0) to
increase,25 so compound-to-compound variation innf(T
50) could explain the absence of universality in our data.
order to examine whether the variation ofxmax/x(0) among
the YbXCu4 compounds is duesolely to variations innf(T
50), Fig. 10 showsxmax/x(0) for each YbXCu4 versus
nf(T50). To the extent that the data points do not lie on
line parallel to theJ55/2 NCA calculation~with the offset
determined from thenf51 Bethe ansatz values!, relaxing the
constraint that nf51 does not by itself explain the
compound-to-compound variations in the shape ofx(T).

The best fits to our susceptibility data~Fig. 3! were ob-
tained by using curves for variousJ from the calculations by
Rajan.24 In these fits, we found that with the exception
YbAgCu4, the J that produced the best fit increased asT0
increased. Crystal field splitting, which becomes increasin
relevant asT0 becomes small, could in principle explain th
variation in effectiveJ with T0 and might also explain som
of the observed deviation in the Wilson ratio from the val
~8/7! expected for aJ57/2 Kondo impurity. YbAuCu4 is
known to have significant, well-resolved crystal-field spl
ting, while no such splitting has been observed
YbAgCu4.

5 Realistically, we should make some estimate

ls
r

res

FIG. 10. xmax/x(0) vsnf(T50). Data from BCW~Ref. 25! are
normalized to the Bethe ansatz result~Ref. 24! at nf51.
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~or better, actually measure! the scale of crystal-field split
ting for each of the YbXCu4 ~100 K is a zeroth order esti
mate! and then fit the data with reducedJ below this tem-
perature and fullJ at high temperature. In fact such a
analysis has been performed for YbAgCu4.

34 However, be-
cause our purpose has been to give a qualitative flavor for
data, we have intentionally avoided this added complex
Furthermore, large changes inJ would greatly affectT0 as
determined fromx~0!, and therefore the qualitative agre
ment betweenT0 from x~0! andxfit would be destroyed. We
therefore feel that crystal fields alone cannot explain fully
variation observed in our data.

The final possibility we raise for explaining th
compound-to-compound variations in magnetic suscept
ity is that there is a distribution of Kondo temperatures
those YbXCu4 whose susceptibility deviates significant
from theJ57/2 Bethe ansatz prediction. This approach h
been successfully employed in the analysis of susceptib
and NMR data for UPdCu4.

35 Such a model could be appl
cable here if the distributions ofT0 were sufficiently narrow
as to leave the system in a Fermi-liquid regime, as th
materials appear to be. Within this limit, a Kondo-disord
model would allow for a decrease inxmax/x(0) while main-
taining the agreement amongx~0!, T0(x fit ) and the derived
Wilson ratios, because these are all mainly sensitive to^T0&,
the average Kondo temperature. One possible mechanism
a distribution of Kondo temperatures may be structural d
order. Even though the crystal symmetry is the same for e
of the YbXCu4 compounds, it is possible that local structur
disorder or distortions are present. The absence of signifi
coherence-induced decreases in resistivity for someX ~see
Sec. VI! adds some credence to this argument. In the no
nal YbXCu4 crystal structure the Yb-Cu andX-Cu bond dis-
tances are identical; however, large variations~;0.2 Å! exist
in the radii of the variousX ions and their difference in siz
from that of Yb. In addition to their global effect on lattic
constant, discussed in Sec. III, these ionic size differen
are likely to affect the local structure of each YbXCu4. Al-
though we see no direct evidence for this in our diffracti
data,X/Cu site disorder is also a possibility, especially f
X’s such as Zn that have radii comparable to that of C
Experiments that probe the local structure and disorde
these materials are currently underway to clarify these iss

Finally, one must recall that coherence effects associa
with the periodic lattice off-moments have to play a role i
understanding these materials. The downturn in resisti
for T,T0 observed for many of the YbXCu4 is beyond the
scope of any single-impurity model. Although only pressu
dependent resistivity data can rule out crystal-field depo
lation as a mechanism for the observed temperature de
dence, it is certainly the case that such a mechanism ca
explain the properties of YbAgCu4. The unphysically small
bandwidths that are extracted from the NCA fits to theL III
data also point to the not-unexpected inadequacy of a sin
impurity model in describing periodic Bloch states. Fort
nately, progress in treating periodic lattices off-moments
theoretically is being made.36

B. Chemical trends

Because one does not have a rigorous theory in whic
understand self-consistently all of the data for the YbXCu4
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compounds, it is constructive to discuss the trends that
be observed. In the simplest terms, varyingX in YbXCu4 has
two effects: a volume effect associated with ionic size a
an electronic effect associated with electron count. M
nachesi and Continenza have examined these effects r
ously in the cases of YbAgCu4, YbAuCu4, and YbPdCu4.

37

Although an equally complete treatment of YbMgCu4,
YbZnCu4, YbCdCu4, and YbTlCu4 would be valuable, here
we limit our discussion to qualitative observations. Becau
divalent Yb is larger than trivalent Yb, largerX ions push Yb
towards trivalence. Ions with more electrons, because of
bridization between Yb andX, favor ‘‘electron-rich’’ diva-
lent Yb. In actual materials, of course, one has to consi
not only which mechanism dominates but also their coup
interaction~e.g., the extent of hybridization depends on bo
the density of states at the Fermi energy and the volume
the lattice!. Even in isoelectronic materials, e.g
YbAg12xCuxCu4 ~Refs. 38 and 39! and YbAg12xAuxCu4,

40

the situation is not always simple: in the former case, a vo
metric description has been quite successful, while in
latter, such a description is inadequate.

In our discussion of YbXCu4, one should also recall the
recent work on the fcc phase of YbCu5, stabilized by high-
pressure synthesis techniques.22,39,41 Cubic YbCu5, in fact,
has the largest linear coefficient of specific heatg
5600 mJ/mol K2) of any of the YbXCu4 compounds yet re-
ported. Although an analysis as comprehensive as that
sented in this study has not yet been completed, the repo
experimental data reveal agreement with predictions of
J57/2 Bethe ansatz that rival that of YbAgCu4.

As one moves withX in the periodic table from the lowe
left to the upper right in the late transition metals, one o
serves increasingly mixed valence. ForX5Au and Pd, or-
dered magnetism is observed.4,11 For X5Cu, Ag, Zn, and
Cd, nearly trivalent behavior is observed withT0;100 K,
and no magnetic order is observed above 300 mK. Fina
for X5Tl and In ~at least in its low temperature state,T
,40 K) large T0’s ~;500–1000 K! are observed, and
YbAlCu4 ~Refs. 42 and 43! and YbGaCu4 ~Refs. 42 and 44!
are, in fact, hexagonal and nonmagnetic. Although one m
naively put X5Mg ‘‘on top of Zn’’ because Mg is a full
shell element, it appears to fit best in this last group. T
trend suggests that increasing electron count rather than i
size variation has the greater impact on Yb valence in
YbXCu4 materials~recall Table I!. In this context, it is worth
recalling that the first-order valence transition in YbInC4
appears to be more amenable to an ‘‘electronic’’ descript
than a volumetric one.14,28

The more difficult question to answer is how YbAgCu4,
YbCdCu4, and YbZnCu4 can be so similar and yet so differ
ent, especially as compared to cubic YbCu5. EachX is bigger
than Cu, so it is perhaps not surprising thatT0 is increased
for each as compared toX5Cu. The variation inJ inferred
from our susceptibility data may point to variations in h
bridization strength like that observed in YbAgCu4 and
YbAuCu4,

37 although theT0’s andG’s deduced fromnf(T)
data are comparable. To address this issue, inelastic neu
scattering measurements are underway to study the rela
strength of quasielastic and inelastic scattering for YbCdC4
and YbZnCu4. Finally, given the similarity in size betwee
Zn and Cu, Zn/Cu site disorder may be particularly impo
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tant in this case. Although the lack of clear trends amo
these materials is somewhat unsettling, it does reveal
complexity and richness of the competition among
mechanisms which determine the physical properties of
YbXCu4 compounds and leaves much room for future stu
In fact, YbAgCu4, the most-heavily studied and seeming
understood of the YbXCu4 compounds, may be the mo
anomalous of the group: each of its physical proper
~from lattice constant to magnetic susceptibility and tra
port! deviates strongly from the behavior observed in
other materials.

IX. CONCLUSION

In summary, we have performed an experimental sur
of a wide class of face-centered-cubic YbXCu4 compounds.
In particular, comprehensive data for four new members
this family (YbCdCu4, YbMgCu4, YbTlCu4, and YbZnCu4)
have been reported. Although the single-impurity mo
o
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qualitatively accounts for much of the data, universal beh
ior cannot be inferred by only accounting for variations
the Kondo temperature. Rather, the varied impact of crys
field splitting, variations in effective valence, hybridizatio
and, perhaps, disorder conspire to create a situation in w
large compound-to-compound variations in physical prop
ties are observed. Although our understanding of these
fects is incomplete, the addition of new members to t
family of compounds has more clearly defined what we
not understand.
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