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Pressure dependence of the electrical resistivity of YbCu4Ag
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Pressure-dependent measurements of the electrical resistivity, p(T, p), of YbCu4Ag show a notice-
able decrease of the resistivity maximum and a strong increase of the coeKcient A in the T term
of p(T) when the pressure rises. This indicates that the Kondo temperature T~ of this compound
decreases with increasing pressure, stabilizing the 4f configuration of the Yb ion. In the scope
of the compressible Kondo model, a value for the coupling constant times the electronic density of
states at the Fermi energy has been deduced.

I. INTRODUCTION

The substitution of Cu by Ag in YbCus (CaCus struc-
ture) leads to the ordered ternary compound YbCu4Ag
exhibiting the MgCu4Sn type of structure. ' This com-
pound shows those characteristic features which are
known for typical Kondo lattices.

In particular, the temperature-dependent electrical re-
sistivity p(T) shows a smooth maximum around 80 K
followed by a decrease towards lower temperatures. Be-
low about 30 K, the behavior of p(T) can be described
by p = po+ AT, where po is the residual resistivity and.
the coefBcient A is a measure for the electronic density
of states at the Fermi level. The overall resistivity be-
havior may be understood as a crossover from incoherent
Kondo scattering processes of conduction electrons on
the Yb ions at high temperatures to coherent scattering
at Kondo sites distributed periodically throughout the
lattice taking place at low temperatures.

Other interesting features of this compound are its
thermodynamic properties. The temperature-dependent
magnetic part of the specific heat and the magnetic sus-
ceptibility are described successfully using results of the
Bethe-ansatz solution of the j=7/2 Coqblin-Schrieffer
model and assuming a characteristic temperature To of
about 150 K. ' Considering the large-% approximation,
this temperature is found to be about 100 K. Both the
large value of the characteristic temperature and the no-
ticeable agreement of the magnetic susceptibility and the
specific heat with the predictions of the theoretical mod-
els prove that for this compound and in general for most
of the Yb systems, the coupling of the conduction elec-
trons with the 4f moments is much larger than the in-
tersite Ruderman-Kittel-Kasuya-Yosida (RKKY) inter-
action and crystal field terms.

Inelastic neutron scattering experiments performed on
this compound did not reveal clear transitions associ-
ated with crystal field levels. However, very recently
Polatsek and Bonville reanalyzed the results obtained
by Severing et al. in terms of the Anderson impurity

model using a simple approximation scheme for the so-
lution of the noncrossing approximation. Based on this
model, the magnetic spectral response of YbCu4Ag could
be accounted for by a characteristic temperature To ——

60 K and the following crystal field level scheme: I'7,
I'8, and I'6 at energies 0, 45, and 80 K. However, the
I"7 doublet as ground state seems not to coincide with
field-dependent magnetization measurements M(H) at
low temperatures. These measurements exhibit a pos-
itive curvature above about 10 T. Theoretically, such a
behavior is possible only for the case, N ) 3, with N
being the degeneracy of the ground state. Additionally,
the maximum in the magnetic susceptibility around 31 K
(Ref. I) is only consistent with the model of Rajans for
N ) 3. Similar features such as the positive curvature in
isothermal magnetisation measurements or the maximum
in the susceptibility data have been found also for the
compound YbCuA1, where exact results of the j = 7/2
Coqblin-Schrieffer model, appropriate for an Yb + ion
without crystal field splitting, are applicable.

Measurements of the temperature-dependent photoe-
mission spectra of YbCu4Ag confirmed the existence of
the Kondo or Abrikosov-Suhl resonance below the Fermi
energy, which is strongly depressed when the temperature
rises. The temperature dependence of the integrated in-
tensity of the Kondo peak allows one to assume both the
mentioned crystal field level scheme with a Kondo tem-
perature of about 65 K as well as no crystal field splitting
but a Kondo temperature of about 150 K.

The aim of this paper is to study the pressure-
dependent evolution of the Kondo lattice state in
YbCu4Ag. As is well known, hydrostatic pressure mainly
influences the parameter JINNI(E~) [J, s fcoupling co-n-
stant; N(E~), electronic density of states at the Fermi
energyI which determines both characteristic energies of
Kondo lattices, namely, the Kondo temperature T~ and
the temperature of the RKKY interaction, TRKK~. Since
these characteristic energies depend on JIV(E~) in differ-
ent analytical ways, the application of hydrostatic pres-
sure may inHuence the balance of these energies, and pos-

0163-1829/93/48(21)/15873(7)/$06. 00 15 873 1993 The American Physical Society



15 874 BAUER, HAUSER, GRATZ, PAYER, OOMI, AND KAGAYAMA 48

sibly alter the ground state of the compound under in-
vestigation.

II. EXPERIMENTAL DETAILS

Polycrystalline YbCu4Ag samples were prepared from
stoichiometric amounts of elements using high frequency
melting under protective argon atmosphere. Subse-
quently, a heat treatment at T=700 C during 14 days
in an argon atmosphere was applied. The phase pu-
rity of the samples was proved from x-ray difFraction
measurements. The electrical resistivity of bare shaped
samples was measured using a four-probe dc method
in the temperature range 1.5 K up to room tempera-
ture. Two difFerent methods to generate high pressure
were applied: In a range up to 20 kbar a liquid pres-
sure cell with a 4:1 methanol-ethanol mixture as pres-
sure transmitter, was used. Beyond 20 kbar, the Bridg-
man technique with A1203 anvils and pyrophyllit gas-
kets was applied. Steatit served as pressure transmitting
medium. The absolute value of the pressure was deter-
mined from the superconducting transition of lead. The
pressure-dependent variation of the lattice constants was
obtained from Guinier x-ray photographs. There, hydro-
static pressure was generated by a Bridgman anvil made
of tungsten carbide. The powdered sample together with
NaCl was placed in a 0.3 mm hole at the center of a
beryllium disk of 0.5 mm in thickness, which was used
as gasket. Again the 4:1 alcohol mixture was used as a
pressure transmitting medium. The pressure in this cell
was evaluated considering Decker's equation of state of
NaC1. ~4

III. RESULTS AND DISCUSSION

Figure 1 shows the inHuence of hydrostatic pressure on
the temperature-dependent electrical resistivity p(T) of

YbCu4Ag. Reinforced pressure causes at moderately low
temperatures a pronounced maximum to appear, which
additionally is shifted downwards (inset, Fig. 1). Si-
multaneously, the initial slope of p(T) increases. This
behavior is in contrast to the reported dependence of
all cerium- and uranium-based compounds but resembles
the behavior of the yet investigated Yb-compounds.
In particular, the p(T, p) dependence up to about 18 kbar
of YbCu4Ag, studied by Thompson et al. , is recovered.
Above about 100 K, the resistivity behavior of YbCu4Ag
can be successfully accounted for considering the single-
impurity Kondo efFect. To show this behavior in more
detail, we consider the most dominant scattering mecha-
nisms contributing to the electrical resistivity:

p(T) = po+ pph(T) + p s(T) = a+ 6 T —c ln(T) .

po originates from scattering of conduction electrons on
lattice imperfections, and p~h (T) describes the resistiv-
ity contribution due to the interaction of conduction elec-
trons with thermally excited phonons, whereas p s(T)
is inferred from spin-dependent scattering processes. At
elevated temperatures, the different contributions to p(T)
follow simple analytical temperature dependences [cf. Eq.
1)]. A least squares fit according to this equation re-
veals satisfactory agreement (solid lines in Fig. 1) which
proves the importance of the Kondo interaction in this
compound. For clarity, the results are indicated for p=1
bar and p=60 kbar only.

The obtained parameters a, 6, and c as a function of
pressure show a large increase of po with rising pressure,
no essential change of the electron-phonon contribution
but also a weak increase of c which is proportional to the
Kondo interaction strength. The latter quantity consists
of contributions due to the electronic density of states
N(E~) and of the s fcoupling -constant J.

However, below about 100 K, Eq. (1) does not further
account for the observed behavior. This can be caused
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&om various mechanisms such as the formation of the
Kondo lattice state, RKKY interaction, or crystal field
splitting. Since both latter mechanisms are thought to
be weak, at least at ambient pressure, ' the Kondo lat-
tice property may become important. Kondo lattices are
characterized by a Fermi liquid behavior for tempera-
tures small compared to the respective Kondo temper-
ature. This Fermi liquid state gives rise to a T be-
havior of the electrical resistivity, where the prefactor A
is related to the density of states at the Fermi level by
A oc [N(Ey)] . The application of hydrostatic pres-
sure to YbCu4Ag reveals a strong increase of the coeK-
cient A from about 8 nOcm/K at ambient pressure to
277 nA cm/K at 80 kbar (Fig. 2). The absolute value
of A, however, though it is strongly enhanced by pres-
sure, is considerably smaller than that obtained at ambi-
ent pressure for cerium-based heavy fermion compounds
such as CeCus (A=110 yA cm/K ), ~ CeAls (A=35
pAcm/K2), 22 or CeCuqSi2 (A=10.7 pOcm/K2), 2s but
matches for example the value of Cepd3.

Various models have been developed to explain the dis-
tinct features in the temperature-dependent resistivity of
Kondo lattices. Most of them are based on the periodic
Anderson model with large Coulomb interaction. These
models (see, e.g. , Refs. 26—29) account fairly well for the
experimental findings such as the low-temperature T be-
havior, the resistivity maximum at higher temperatures,
and the logarithmic dependence above it. However, these
models neither include intersite interactions nor crystal
field splitting. More realistic starting conditions have
been chosen by Fischer. His resistivity calculation of
the Anderson lattice is based on a single f-electron spin
which is coupled to all other spins and to the conduction
electrons. Multiple intersite scattering is neglected. The
Kondo resistivity of independent spins is modified in this
case by the spin dynamics. This leads at high temper-
atures only to a small modification of the Kondo eKect,

but at low temperatures to a T law in the resistivity
which scales with the Kondo temperature T~. Devia-
tions from this T law are expected at temperatures of
the order of 0.2T~. On the other hand, Schilling has
argued that the maximum in p vs T of Kondo lattices
arises &om the competition between Kondo and RKKY
interactions. Several studies on the pressure depen-
dence of Kondo lattices seem to confirm this assump-
tion. However, even RKKY interactions are responsible
for producing the resistivity maximum and the coherent
state at low temperatures, they do not alter substantially
the pressure response of T „, A, and the Sommerfeld
constant p. To leading order it appears therefore that
the pressure response of the resistivity of Kondo lattices
is primarily determined by the Kondo eKect. This is pos-
sibly understood from a small energy scale k~T* which
is strongly inBuenced by volume changes. ' The small
energy scale is supposed to emerge from the competition
of intrasite and intersite interactions. In the limit of large
Kondo temperatures, T* can be expressed as

(2)

with TRKK~ being the intrasite scale while T~ is the or-
dinary Kondo temperature. Here it should be noted that
the temperatures To and T~ are related via the Wilson
number W~. = T~/To. The Wilson number, which in-
creases with an increasing total angular momentum j,
connects the high-temperature perturbative regime (Tlc)
with the low-temperature strong coupling regime (To).

For T~ ) TRKKY the pressure response of T' is mainly
that of T~ which can be associated with the change of
the resistivity maximum T . On the other hand, if
TRKKv ) TIc, Eq. (2) is no longer valid since intra-
site interactions dominate and the system orders mag-
netically. The observed dependences for YbCu4Ag, as
the increase of A or the decrease of T, imply that;
OT*/Bp ( 0, indicating that TRKKY/T~ approaches 1
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with increasing pressure, causing a magnetic instability
to occur. It is therefore supposed that beyond our cov-
ered pressure range YbCu4Ag orders magnetically. Ex-
perimentally, such an onset of magnetic order due to high
pressure in Yb compounds was found for YbCuAl by
Mignot and Wittig at roughly 100 kbar. Some exper-
imental evidence for a change of the magnetic state of
the Yb ion in YbCu4Ag can be found from a plot of the
pressure-dependent resistivity according to p/p(T „) vs
T/T „(Fig. 3). While for smaller values of applied
pressure a scaling behavior is found, in agreement to the
results of Thompson et al. ,

" the enhancement of pressure
causes deviations of it. This behavior seems to announce
the growing importance of the RKKY interaction, which
may become comparable to the rapidly decreasing Kondo
interaction as the pressure is strengthened. Simultane-
ously, crystal Geld eÃects will have much more impact
on the temperature-dependent resistivity, causing the ob-
served breakdown of scaling. A scaling behavior of the
resistivity in a limited pressure range has been obtained
in diferent compounds such as CeCu6, ' URu2Si2,
or YbCu2Si2 and YbRh2Si2, " which has been explained
by the fact that the ground state degeneracy stays almost
unchanged.

The magnetic contribution to the electrical resistivity
in the whole temperature range, p s(T), of YbCu4Ag
can be obtained by a comparison with the data of
an isostructural nonmagnetic compound. LuCu4Ag is
thought to account for the contribution owing to electron-
phonon interactions and to the interaction of the conduc-
tion electrons with static imperfections properly. p(T) of
the latter compound is also included in Fig. 1 and is well
described by the Bloch-Gruneisen formula which yields
a constant proportional to the temperature-independent
electron-phonon interaction strength A=0.050 pA cm/K
and the Debye temperature OD = 215 K. The theoretical
temperature dependence according to both parameters is
added to Fig. 1 as a solid line.

The difFerence of the resistivity data is displayed in
Fig. 4 using a logarithmic temperature scale. At ambi-
ent pressure and for temperatures above about 100 K,
p s(T) shows a negative logarithmic behavior, indicat-
ing clearly Kondo scattering processes. Under applied
pressure the absolute resistivity values at the highest in-
vestigated temperatures decrease while the the slope of
the logarithmic p(T) contribution slightly increases; in
the low-temperature range, p z increases. This trend of
p s(T), at least in the high-temperature range, can be
understood in terms of a model of Cornut and Coqblin.
Within this model, the magnetic contribution to the elec-
trical resistivity p s(T) consists of a sum of the spin
disorder resistivity and the Kondo (—in T) term. While
the former contribution depends on 1 N(E~), the lat-
ter is a function of

~

J [N(E~)] ~. Cornut-Coqblin theory
predicts a logarithmic dependence of p s(T) for tem-
peratures much larger or smaller than the temperature
of a certain crystal Geld level and for the fully occupied
multiplet of a cerium or ytterbium ion. From this model
it follows that the pressure-induced slight enhancement
of the logarithmic slope in p s(T) is a consequence of
an increasing value of the product

~

J [%(E~)] ~. How-
ever, much of the observed efFect most likely arises from
the fact that the maximum in p(T) is shifted towards
lower temperatures while the coeKcient of the T term
increases. The observed pressure-induced reduction of
the absolute resistivity values at elevated temperatures
follows directly from the contribution of the spin disor-
der resistivity if J N(E~) decreases. On the contrary,
the increase of p s(T) at high temperatures, found for
cerium compounds in an extended range of increasing
pressure, indicates that J N(E~) rises.

The treatment given in the following, which helps to
analyze the pressure dependence of the electrical resis-
tivity, has been successfully applied to various Ce com-
pounds such as CePds, Ce(lno sSno 2)s, CeInCu2,
or CeCu6, and is now used to check the properties of
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YbCu4Ag as well. This procedure is partly based on re-
sults of the periodic version of the Anderson Hamilton op-
erator in its integer valent limit. It has been shown
that the characteristic temperature of the system, the
Kondo temperature T~, depends on the coefBcient A by
A oc T~ and the maximum temperature T is related
to TJc via T „oc 1/~A. The latter expression can easily
be verified by plotting 1/v A as a function of the max-
imum temperature T „(Fig. 5). The increase of A in
the low-temperature range corresponds to a decrease of
T~ caused by the hydrostatic pressure.

Since the temperature of the maximum in electrical
resistivity is related to T~, it is directly connected to the
parameter JN(E~),

T TT oc TIc oc exp
i

pected from the variation of the coefBcient A when the
pressure rises, we have to anticipate that the coupling
constant J decreases rapidly enough to overcome the in-
crease of N(E~). Also recent pressure-dependent studies
of the specific heat on YbCu4 s (Ref. 43) indicated that
p and therefore N(E~) increases with pressure, confirm-
ing the deduced low-temperature behavior of YbCu4Ag.
An estimation of the parameter JN(E~) may be found
in the scope of the compressible Kondo model,

V —Vpi
I
JN(E~)

I

=
I
JN(E~) Ip exp

I

—~
Vp )

(4)

where
~
JN(E~) ~p is the value of

~
JN(EJ ) ~

at ambient
pressure. V and Vo are the volumes at pressure p and
at ambient pressure, respectively. q is a dimensionless
parameter and may be termed as a Gruneisen parameter
of (JN(EF)(, i.e. ,

The decrease of the maximum in p(T) with increasing
pressure therefore points to a decrease of the product
JN(E~) Since an inc. rease of the density of states is ex-

Bln iJN(Ey)i
BlnV V =Vp

(5)
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For the Yb compound investigated, it is evident that q is
negative, opposite in sign to Ce compounds. For various
Kondo systems the absolute value of q has been found to
range between 6 and 8. Now, the Gruneisen parameter
for the Kondo temperature TIc follows from Eqs. (3) and
(5):
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FIG. 5. 1/~A vs T „ofYbCu4Ag. The solid line
shows a least squares fit according a linear dependence.

Considering the relation between A and T „, i.e. ,

T „oc 1/~A, Eqs. (3) and (4) yield the expression

T „(p) 1 A(p) q Vp —V
T (0) 2 A(0)
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The evaluation of the parameter
~
JN(E~)

~

requires the
knowledge of (Vp —V)/Vp. We have, therefore, performed
pressure-dependent x-ray diKraction measurements to
determine the volume change of YbCu4Ag. Figure 6
shows the relative change of the volume of the unit cell
V/Vp of YbCu4Ag as a function of pressure at room tem-
perature. V/Vp decreases smoothly with increasing pres-
sure. No anomaly up to 140 kbar is found, indicating that
YbCu4Ag does not exhibit a pressure-induced valence
transition at room temperature. The volume change of
YbCu4Ag can be accounted for considering the first-order
Murnaghan's equation of state,

1

Vo —V iBo

IV. CONCLUDING REMARKS

Measurements of the electrical resistivity and the lat-
tice constant of YbCu4Ag at various values of applied
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FIG. 6. Relative change of the volume V/Vp of
YbCu4Ag as a function of pressure.

where Bo is the bulk modulus and Bo its pressure
derivative. The results of a least squares fit give Bo

1080 kbar and Bo ——3.3. To trace the depen-
dence predicted by Eq. (7), the experimental results
are plotted as ln[T „(p)/T „(0)] versus (Vp —V)/Vp
and (—1/2) in[A(p)/A(0)] versus (Vp —V)/Vp in Fig.
(7). This figure indicates an almost linear dependence
of both ln[T „(p)/T „(0)]and —(1/2) In[A(p) /A(0)] on
the volume change due to applied pressure. The slope
of both curves yields —18.6 kbar and —27.8 kbar
for q/~ JN(Ey')~p as deduced from the variation of the
maximum temperature T and the dependence of the
coeKcient A, respectively. It is supposed that the former
value is more accurate since the absolute value of the
coeKcient A depends directly on the geometrical cross
section of the sample, which can be wrong due to micro-
cracks or pores.

The parameter
~
JN(Ey) ~p, as follows from Fig. (7)

using q = —6, is determined to be 0.32. This value
has to be compared with

~

JN(E~) ~p of 0.091 and 0.081
for CeCu6 and CeInCu2, respectively, evaluated from a
similar analysis. Both latter compounds are known for
Kondo temperatures of the order of 10 K, while that of
YbCu4Ag is an order of magnitude larger.
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FIG. 7. ln[T „(p)/T „(0)]and —(I/2) in[A(p)/A(0)]
versus pressure of YbCu4Ag.

pressure evidence the sensitivity of the main parameters
to a change of the volume of the system. This of course
is a general feature of Kondo systems and heavy fermions
and may be explained by the balance of the principal in-
teraction mechanisms at low temperature. The observed
behavior of YbCu4Ag, which is found to be opposite to
related Ce systems, can be understood qualitatively re-
garding particular features in the electronic density of
states near the Fermi energy. In the scope of the Ander-
son impurity model, and in the large U limit (U is the
Coulomb interaction between f electrons) the following
relation was obtained:

n~/(I —nf) = N~&/T~ (9)

where 4 is the hybridization parameter between
4f (ds) and 4f (ds) electronic states, ny is the
number of holes, and Ny represents the degeneracy of
the f electrons. It was demonstrated that the num-
ber of f holes in Yb compounds increases if the pres-
sure is raised. Hence the valency increases accordingly,
while the Yb 4f moment is strengthened. This is re-
lated to the fact that the atomic radius of the 4f
state is smaller than that of the 4fi4 state. Conse-
quently, Eq. (9) indicates that Nf 6/T~ should increase
with increasing pressure. Pressure, however, influences
both the hybridization parameter NfL as well as the
Kondo temperature T~. The latter quantity behaves
as T~ = D exp( —m~ef ~/NyA), where D is an efFective
bandwidth and ef is the binding energy of bare f holes.
Since the Kondo temperature changes exponentially, T~
varies more rapidly than the hybridization parameter.
We, therefore, expect that the Kondo temperature de-
creases for YbCu4Ag as the number of f holes increases.
Simultaneously, the width I' of the Abrikosov-Suhl res-
onance (ASR) below the Fermi energy decreases with
decreasing Kondo temperature, i.e. , I = 7rT~/Nf sA.
decrease of T~, however, can be obtained also from a
change of the hybridization with pressure, which does
not necessarily require a change in the f hole count. It
has been shown that the formation of quasiparticle bands
and the splitting of the ASR do not modify significantly
the resistivity. This is due to the fact that the elec-
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tric current is carried only by conduction electrons which
contribute only very little to this resonance in the the
quasiparticle band. For this reason, the splitting of the
ASR seems to be of minor importance in case of trans-
port properties of Kondo lattices. The noticeable pres-
sure dependence of the coeKcient A for this ytterbium
compound follows then from the f hole density of states
pf (0) by py (0) = 1/(7rF) sin (7rny/%f ) ~T—p. Due to the
decreasing width of the ASR with increasing pressure,
py(0) increases too, hence explaining the growing value
of A. This fits to the low-temperature resisitivity calcula-
tions of the Anderson lattice, giving a T behavior which

scales by the Kondo temperature. The pressure inferred
decrease of T~ thus causes the rapidly rising value of A. '
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