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PHYSICAL REVIEW B VOLUME 51, NUMBER 21 1 JUNE 1995-I

Resistivity, magnetization, and specific heat of YbAgCu4 in high magnetic fields
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Ames Laboratory, Ames, Iowa 50011

(Received 28 November 1994; revised manuscript received 17 February 1995)

We report measurements of the resistivity p, Sommerfeld coeScient of specific heat y, and magnetiza-
tion M of polycrystalline YbAgCu4 in high magnetic fields 0 ~ B ~ 18 T [in the case of M(8) to 50 T]. A
comparison of the temperature-dependent susceptibility g(T) as well as field-dependent Sommerfeld
coefficient y and magnetization to Kondo theory for a J=7/2 impurity shows that theory correctly pre-
dicts the functional dependence of these quantities on T and B, but the characteristic temperatures deter-
mined from the various measurements (120, 98, 77, and 63 K) differ by nearly a factor of 2, which is

difficult to understand within the context of Kondo theory even when other possible contributions are
considered. In addition the normalized (Wilson) ratio of y to y is 1.00 at zero field (compared to 1.14 in
Coqblin-Schrieffer theory) and decreases with increasing magnetic field. The magnetoresistance is posi-
tive at all temperatures, reaching a value Ap(B)/p(B =0)=0.6 at 25 mK and 18 T. The low-

temperature magnetoresistivity hp(8) varies as B' . We argue that this is dominated by an ordinary im-

purity effect. Kohler's rule is clearly violated as the temperature is raised; the scattering rate appears to
increase with field below 40 K and decrease with field above 40 K. This behavior is expected for an An-

derson lattice when a pseudogap is present. At low temperature the resistivity increases as AT . The
coefficient A (corrected for cyclotron-orbit effects) increases with field such that the ratio A (B)/y(B) is
a constant. Doping with Lu onto the Yb site, or with Ni onto the Cu site, changes the magnitude of the
low-temperature resistivity in a manner consistent with the predictions of the theory of ligand-induced
disorder in an Anderson lattice.

I. INTRODUCTION

Magnetic fields have proven to be a useful probe of the
ground state of strongly correlated electron systems' and
have revealed unexpected phenomena in heavy-fermion
compounds, such as the metamagnetic transitions that
occur in CeRu2Si2 (Refs. 2 and 3) and Upt3 (Refs. 4 and
5) at fields of 8 and 20 T, respectively. In addition, mag-
netic field as a thermodynamic variable can be used to
test theoretical models commonly invoked to explain
zero-field properties of these materials. In particular, we
are interested in addressing two specific issues: (I) How
well can the thermodynamic properties of periodic
mixed-valent compounds be described in terms of the
Kondo-Anderson impurity model, and (2) how well do
existing theories of the field-dependent scattering rate of
heavy-fermion compounds describe the measured magne-
toresistivity? To address these issues, we have measured
the field dependence of the specific heat C( T) and electri-
cal resistivity p(T), and the magnetization M(8) of the
weakly mixed-valence compound YbAgCu4. Zero-field

studies of this material show that the 4f-occupation num-
ber is nf =0.88 (Ref. 7) and that the linear-in-
temperature (Sommerfeld) coeKcient of specific heat has
the value y =243 mJ/mole K . s Neutron scattering
finds only a quasielectric component at temperatures
above approximately 75 K and no evidence for well-
defined crystal-field excitations. The quasielastic
linewidth (I /2=80 K) gives a characteristic energy scale
for Kondo-like spin fluctuations that is consistent with
the values for nf and y. Even at low temperatures hy-
bridization is suKciently strong that crystal-field splitting
of the Hund's rule ground state, in the classical sense, is
not well defined. These observations, together with
high-pressure studies, ' favor the interpretation that the
ground state of YbAgCu4 at ambient pressure is eightfold
degenerate, i.e., that the total angular momentum of the
Yb ion is J=7/2. Thus, YbAgCu~ appears to be a very
good material with which the issues of interest can be in-
vestigated. In the following, we brie6y review theoretical
issues that will be used to interpret the measurements.

There is substantial evidence that the thermodynamic
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properties of periodic heavy-ferrnion —mixed-valent com-
pounds can be described over a broad temperature range
by the single-impurity Anderson model. " ' In principle,
the field and temperature dependence of specific heat and
magnetization of a degenerate (XJ=2J+I) Anderson
impurity in the Kondo limit nI ~1 (which for Xz) 2 is
often called the Coqblin-Schrieff'er limit) should be
universal functions of T/T~, where T~ is the Kondo
temperature. "' For this limit, calculations by the Bethe
ansa, tz exist for the zero-field susceptibility y(T) and
specific heat divided by temperature C(T)/T for
J= 1/2 —7/2, ' for the low-temperature magnetization
M(8 ) for J =1/2 —7/2 (Ref. 16) and for the field depen-
dence of C(T) for J= 1/2 (Ref. 17) and 5/2 (Ref. 18).
For each calculation, the characteristic temperature is
defined in a different manner; but well-defined relation-
ships between the variously defined characteristic ternper-
atures exist. ' In what follows, we primarily use the
characteristic temperature TL obtained from the low-
temperature susceptibility by the relation g(0)=CJ/TI,
where Cz is the free-ion Curie constant CJ = (gp~ ) J(J
+ I )/3k~. This can be related to the characteristic
temperature To used by Rajan [ To =(2J+ 1 ) TI /2vr,
Ref. 15] and to the characteristic temperature Ti defined
in calculations' of the field-dependent magnetization
(for J=7/2, T, =0.321TL ). The quantity called H/T~
in the papers of Schlottmann' ' and of Okijj and
Kawakami' is gp&B/kz TL. The Kondo temperature
Tz, as defined from a high-temperature expansion of the
susceptibihty, similarly can be related to TL, e.g. „

Tz =0.6745TL for J=7/2. '

In solutions to the degenerate Anderson model by use
of the NCA (noncrossing approximation or finite temper-
ature I/NJ expansion), it has been shown" for the
J=5/2 case that the Coqblin-Schrieffer limit is valid for
n&) 0.85. Assuming this is true for J=7/2, we should
be able to compare the g(T), M(B ), and y(B ) data for
YbAgCu4 to the Bethe-ansatz calculations in the
Coqblin-Schrieffer limit by finding a single value of TL
that is valid for all measurements. Unfortunately, calcu-
lations of y(8 ) do not exist for the J=7/2 case appropri-
ate to Yb. However, for J=1/2 it has been shown ex-
plicitly' that the Wilson ratio % =m. Ry(0)/3yCz (where
R is the gas constant) is independent of magnetic field.
By numerical analysis of the theoretical results of Okiji
and Kawakami' we have convinced ourselves that this is
true for J=5/2. In what follows, we assume that this is
also true for J =7/2, so that y(8 ) should be proportional
to the diff'erential susceptibility y(B ) =dM/dB. Finally,
we note that Schlottmann' has shown that
discrepancies between the Coqblin-Schrieffer predictions
and the zero-field susceptibility and specific-heat data can
be removed partially by calculations for the degenerate
Anderson model for weak mixed valence (as opposed to
the Kondo limit). In this case, the above-mentioned
universal behavior is no longer strictly valid, and C(8, T)
and M(B, T) depend on nI as well as Tz. No calcula-
tions of the response to a magnetic field exist for the
mixed-valence case, however. Hence, we restrict our
comparison of data to the theory in the Kondo limit.

The theory of the magnetoresistance of the Anderson
lattice is meager. Kawakami and Okiji used the single-
site approximation, where the basic idea is that in the
pure lattice at T=O the phase shifts 5 on all sites are
equal to the unitarity limit so that the resistance and
magnetoresistance (which arise from ffuctuations in the
phase shift) vanish. At high temperatures thermal disor-
der in the phase shifts causes the scattering rate to in-
crease with T but in a magnetic field it decreases, as for a
Kondo impurity. At the lowest temperatures a magnetic
field induces only small changes in the scattering rate,
which can be positive in the situation that the Fermi level
lies below a pseudo-gap in the 4f-density of states.
Ohkawa ' has identified two types of residual disorder
that can give a field-dependent residual resistivity in the
single-site approximation. Kondo holes, where the rare-
earth atom is replaced with a nonmagnetic counterpart,
give a zero-phase shift at the impurity site, equivalent to
a large local Auctuation in phase shift. The scattering
rate then decreases in a magnetic field, proprotional to
xp„[px(8)/pz(0)], where x is the concentration of Kon-
do holes, p„ is the unitarity limit, and px(B) is the
theoretical scattering rate of a Kondo impurity in a mag-
netic field. Ligand disorder occurs when disorder on
neighbors to the rare-earth atom induces local variations
in hybridization with the nearby rare-earth site and con-
sequently a spatial variation of the Kondo temperature.
The application of a magnetic field causes the phase shifts
on the affected sites to vary from the average value, and
the scattering rate increases with increasing field. At low
fields the effect is proportional to
xp„(5TE/Tx ) (gJpsB/k~Tx), where x is the concen-
tration of rare-earth sites neighboring disordered ligands
and 6' is a measure of the magnitude of the disorder in
Tz. These theories concern the field-dependent scatter-
ing rate that must be distinguished from the magne-
toresistance arising from the effect of field-induced cyclo-
tron orbits on the measured resistance at fixed scattering
rate, ' " which effect is necessarily positive. Hong and
Gehring have calculated the magnetoresistance of an
Anderson lattice due to a field-independent scattering
rate induced by impurities. They used the slave boson
approximation and a formula for the magnetoresistance
appropriate to a two-band situation (one band for each
spin direction). They argued that the magnetoresistance
of CeRu2Siz (Ref. 2) could be understood in this way.

In what follows, we first give in Sec. II the experimen-
tal details. Then, we treat in turn the high-field magneti-
zation and specific heat in Sec. III, and the magnetotrans-
port in Sec. IV, giving the data, analysis, and discussion
separately in each section. Results are summarized in
Sec. V.

II. EXPERIMENTAL DKTMLS
Polycrystalline samples YbAgCu4, YbAgCu4 „Ni,

and Yb& Lu AgCu4 were prepared by melting the start-
ing elements in sealed, evacuated tantalum tubes. As
shown in Fig. 1, the low-field (0.1-T) magnetic suscepti-
bility of YbAgCu4, measured with a superconducting
quantum interference device (SQUID) magnetometer,
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leads to an additional, apparent linear-in-field contribu-
tion to the magnetization. This undesired signal was
suppressed by subtracting a variable fraction of the volt-
age induced across a third, few-turn coil located next to
the opposed coil pair. "Fine tuning" the system in this
way was done before each measurement with the sample
removed from the pick-up coils. Finally, a thermal-
relaxation method was used to measure the specific heat
of a small ( =10-mg) piece of YbAgCu4. Absolute accu-
racy in C(T) is better than +1%. For C/T in the
highest magnetic field, this increases to +2%.

0
120 240 360

III. MAGNETIZATION AND SPECIFIC HEAT

FIG. 1. Susceptibility of YbAgCu4, YbAgCu3 99Nip p&,

YbAgCu3 98Nip p2, and Ybp 96Lup p4AgCu4 as a function of tern-
perature at 0.1 T. The zero of the ordinate is offset successively
by 5X10 ' emu/mole starting from the bottom. The solid
points are the predictions of the Coqblin-Schrieffer model for
J=7/2 and Tl =117 K but increased in magnitude by a multi-
plicative factor of 1.09 (see text for details).

The temperature-dependent susceptibility of YbAgCu4
(as well as of several alloys, to be discussed in Sec. IV) is
shown as the solid line in Fig. 1. The magnetization at
400 mK for field up to 50 T is given in Fig. 2(a) (solid
line). Because of the above-mentioned lack of calibration

shows a vanishingly small "Curie tail" at low tempera-
tures. Comparison to the low-temperature susceptibility
of YbAgCu3 99Nio o& indicates that the level of magnetic
impurities is much less than 1%. The zero-field residual
resistance ratio R(300IC)/R(4 K)=6.3 is typical of the
best values reported to data for YbAgCu4. '

The field dependence of the electrical resistivity and
magnetization was measured at the National High Mag-
netic Field Laboratory (Pulsed Field Facility, Los
Alamos). Magnetoresitivity p(B, T) was determined in
Aelds 0 ~ B ~ 18 T generated in a superconducting rnag-
net for temperatures in the range 0.025 + T ~ 120 K. Ab-
solute values of p are estimated to be accurate to +20%
because of uncertainty in determining precise dimensions
of the approximately bar-shaped samples. Magnetization
experiments were performed in both the 18-T supercon-
ducting magnet and in a 50-T pulsed magnet. M versus B
to 18 T was measured on a 150-mg piece of YbAgCu4 in
the temperature interval 2 ~ T ~ 200 K with a calibrated
vibrating sample magnetometer. Variable temperature
was provided by helium-gas How in the sample space.
Pulsed fields to 50 T were generated in a capacitively
driven copper solenoid such that the total pulse length
was less than 30 msec. Measurements were performed
with sample and pick-up coils immersed in liquid He at
0.40 K. The signal, which is proportional to the magneti-
zation (but which is not calibrated in absolute units), was
determined by integrating the voltage output from a pair
of nominally compensated pick-up coils, each having
1000 turns and wound in series opposition. A back-
ground signal, obtained with the sample removed from
one of the coils, was subtracted before performing the in-
tegration. Because the coils were not exactly compensat-
ed, a small di6'erence voltage develops that varies from
pulse to pulse, and its integration with the desired signal
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FIG. 2. (a) Low-temperature magnetization of YbAgCu4
(solid line, arbitrary units) as a function of magnetic field. The
dashed line is the prediction of the Coqblin-Schrieffer model for
M(B ) (ordinate arbitrary) for a characteristic temperature
Tz =77 K (see text). (b) Magnetization at six different tempera-
tures vs field to 18 T generated in a superconducting magnet.
For these data the ordinate is calibrated. (c) The differential
susceptibility, obtained by differentiating the data of Fig. 2(b) at
4 K (open circles). The solid line is the prediction of the
Coqblin-Schrieffer model for y(B)/y(0) with a value TL =77 K
(see text).
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FIG. 3. (a) Specific heat C(T)/T of YbAgcu4. at various

fields to 10 T plotted as a function of the square of the tempera-
ture. The Debye temperature deduced from the T term is 245
K, independent of field. (b) Linear coeKcient of specific heat y
determined from (a) vs the magnetic field. The estimated exper-
imental uncertainty in y is 2 mJ/mole K . The dashed line,
marked "constant VA'lson ratio" is determined assuming pro-
portionality of y(B )/y(0) to the theoretical susceptibility
y(8)/g(0) shown in Fig. 2(c), where TL =77 K (see text). The
solid line fits the data with TI =63 K.

of the absolute magnetization, the ordinate is given in ar-
bitrary units. The (calibrated) magnetization for fields to
18 T and for six temperatures between 2.5 and 200 K is
given in Fig. 2(b). Derivatives of these data obtained at
low fields agree very well with the low-field susceptibility
results shown in Fig. 1, at all six temperatures. In Fig.
3(a) we show the specific heat divided by temperature
C( T ) /T obtained in applied fields of 8 =0, 2, 4, 6, 8, and
10 T. The specific heat varies as y T+/3T for all fields in
this temperature range. The Debye temperature obtained
from the T term is essentially field independent, with
value OD =245 K. The linear coefricients, plotted in Fig.
3(b), vary as 8 (solid line) and increase by 10% at 8 = 10
T.

We compare these data to predictions of the J=7/2
Coqblin-Schrie6'er model, obtained through the Bethe an-
satz and convert the characteristic temperatures utilized
in the theoretical papers to a common temperature Tl, as
discussed in the Introduction. Before fitting the suscepti-
bility, we first determined the non-4f background by
measuring the susceptibility of LuAgCu4 (not shown).
This has a broad maximum at 140 K with a value

0. 143 X 10 emu/mole and falls to 0. 140 X 10
(0. 120X10 ) emu/mole at T=O K (300 K). Because
this is negligibly small on the scale of Fig. 1, we ignore it
in the following. We use the theoretical results of Ra-
jan' for y(T); to compare to the data requires choice of
TI . If we evaluate this directly using the measured value
of CJ /g(0), we obtain TI = 110 K. Alternatively, TI can
be chosen so that the temperature T of the maximum in
the data and theory coincide; this gives a similar value
TL =117 K. However, for this value of TL the magni-
tude at the maximum should be y( T ) =26. 9 X 10
emu/mole, but the actual value at the maximum is
29.4X10 emu/mole. In Fig. 1 we have plotted the
theory curve (solid squares) using TL = 117 K (so that the
temperature of the maximum coincides with that of the
data) but have multiplied the theoretical values of y by a
factor of 1.09. This should allow the reader to see that
the theory reproduces the shape of the data very well;
however, it also implies that theory underestimates the
magnitude of g by as much as 10%. We have measured

y in three samples of YbAgCu4 and find that, although
T has the same value (34 K) in all samples, there are
+10' deviations from the average values of
y(0) =20. 1 X 10 emu/mole and of y(T ) =27.7X 10
emu/mole, and in each case, there are 10% deviations be-
tween theory and data over a significant temperature
range. The origin of these difFerences is unclear, it possi-
bly rejects variations in the site occupancies, in part due
to the volatility of Yb. The apparent 10% disagreement
with theory is thus of the same order as the experimental
uncertainties. The average value of TI deduced from
these studies is TL = 120+ K.

In Fig. 2(a) we plot the prediction' for the low-
temperature, high-Geld magnetization as the dashed line.
In this plot, TI was chosen to give best overall agree-
ment. Because the ordinate has arbitrary units, there are
actually two fit parameters: TI, which is primarily deter-
mined by the shape [i.e., by the characteristic field Bo at
which the infiection in M(8 ) occurs], and the overall am-
plitude. The value obtained, TI =77 K, is substantially
smaller than that expected on the basis of the susceptibili-
ty. Hence, while the S shape of the M(8) curve deter-
mined experimentally is well reproduced by the Coqblin-
Schrieff'er theory, given TI obtained from y(T), the
theory incorrectly overestimates the characteristic Geld

Bo by a factor of 1.6.
That this is not an artifact of the uncalibrated ordinate

is demonstrated in Fig. 2(c). Hewson and Rasul' give a
low-field expansion for the zero-temperature magnetiza-
tion M(8 ), which can be difFerentiated to give an expres-
sion for the susceptibility of the form y(B )/y(0)
= 1+a2x +a4x, where x =gp&8/k~ TI . The values
of the coeKcients can be determined from those tabulated
in the theoretical paper. ' In Fig. 2(c) we show the re-
sulting curve for J=7/2 plotted as y(0)(1+a&x +a~x )

for g(0)=0.022 emu/mole and TI =77 K. This is com-
pared to the differential susceptibility y(8 ) = dM/dB ob-
tained by diff'erentiating the data of Fig. 2(b) taken at 4
K. Note that for these data the ordinate is calibrated.
We see that the fit is respectable. Were we to use a value



51 RESISTIVITY, MAGNETIZATION, ANI3 SPECIFIC HEAT OF. . . 15 057

for TI =120 K, the theory curve would underestimate
the measured ratio of g(18T)/y(0) by a factor of 1.14.
Note that the shape of the theory curve is good for the
choice Tl =77 K, but the value of y(0) utilized is that
appropriate to a characteristic temperature TI =117 K.
Again, this means that the characteristic field Bo is
overestimated by the theory.

The value of characteristic temperature determined
from the specific-heat coefficient at zero field [Fig. 3(a)]
using the Bethe-ansatz formula for J=7/2 is
TI =7~ R/24y=98 K; hence, at zero field there is a
disagreement of order 20% between the values of TL
determined from the specific heat and from the overall
shape of the susceptibility. The Wilson ratio [normalized
ratio of g(0) to y; see the Introduction] is 9t= 1.00 com-
pared to the value (2J+1)/2J=1. 14 expected on the
basis of the Coqblin-Schieffer model.

In Fig. 3(b) we analyze the variation of the specific-heat
coefFicient with the field. As mentioned in the Introduc-
tion, there is no existing calculation of y(8 ) for J=7/2.
However, the Wilson ratio has been shown' to be con-
stant as a function of field for J=1/2. By numerically
analyzing the calculated data' for J=5/2, we have
determined that % should be constant for this degenera-
cy. We assume that the Coqblin-SchriefFer theory for
J=7/2 also will predict a constant 9t(8). At low fields,
then, we expect to have the relation y(8 )/y(0)
=1+a2x +a4x . The dashed curve, marked "constant
Wilson ratio" in Fig. 3(b) corresponds to this expression
and was obtained from y(0)(1+a2x +a4x ) with
y(0) =243 mJ/mol K ) and Tl =77 K. The experimental
data increase more rapidly than predicted. This has two
important implications: (1) The Wilson ratio is not con-
stant but decreases by 4% over the interval 0—10 T. (2)
The characteristic field as measured by the variation of
y(8)/y(0) is yet smaller than that determined from
M(8). The value TL =63 K must be used to fit the data
[solid line in Fig. 3(b)]. Hence, again, the theory overes-
timates the characteristic field.

We have the situation that the Bethe-ansatz solutions
of the Coqblin-SchriefFer model give excellent agreement
for the shape of the several measurements but incorrectly
predict the relationship between the characteristic tem-
peratures and fields. To summarize, the characteristic
temperatures are 120, 98, 77, and 63 K as determined
from y(T), y(8 =0)„ the low-temperature y(8)/y(0),
and y(8)/y(0), respectively. In addition the Wilson ra-
tio decreases in an applied field (by 4% at 10 T).

As mentioned in the Introduction, Schlottmann' was
able to remove part of the discrepancy between values of
TL obtained from the measured values of y(8 =0) and
y( T) by comparing the data to the predictions for the de-
generate (J=7/2) Anderson model. In this treatment,
the calculated ground-state valence, approximately 2.90,
corresponds well to the measured value. It is also possi-
ble that inclusion of crystal-field (CF) efFects will alter the
relationship between the characteristic temperature TL
and the characteristic field Bo. Polatsek and Bonville
have shown that the susceptibility and neutron-scattering
line shape of YbAgCu4 can be fit assuming a smaller hy-

bridization (than for no CF splitting) and an overall
crystal-field splitting of 80 K. It remains to be seen
whether such treatments can also correctly predict the
characteristic magnetic fields. Given the large discrepan-
cy between the measured and calculated characteristic
fields, we are skeptical that they can be so reconciled.

IV. MAGNETQTRANSPORT

0=[p(300 K)—p(4 K)]/p(T)
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FIG. 4. (a) Resistivity of YbAgCu& as a function of tempera-
ture measured in several magnetic fields to 18 T. The magne-
toresistance is positive at all temperatures and decreases sub-
stantially above 100 K. (b) Resistivity as a function of magnetic
field at four different temperatures.

i

1812

The resistivity measured in five fields ranging from 0 to
18 T is plotted versus temperature in Fig. 4(a). The mag-
netoresistance is positive over these temperature and field
intervals and becomes vanishingly small at higher tem-
peratures as shown explicitly in Fig. 4(b).

In Fig. 5(a) we plot on a log-log scale the ratio

[p(B,T)—p(0, T)]/p(0, T)=hp(8, T)/p(0, T)

versus the quantity Bro for YbAgCu4 at several tempera-
tures and compare these to data obtained on polycrys-
talline indium at low temperatures. For the case of indi-
um, the quantity ro is defined as the ratio p(OD)/po,
where 8D is the Debye temperature and po=p (T=O) is
the residual resistivity. For YbAgCu4 we set



15 058 T. GRAF et al. 51

I ~ ~ I ~ ~ ~

+++

0.1

0.01

0 00 I

1

ew
~ .'d

. 'd'o
C!

aO
,0

~
+

~ ~ a ~ s s ~ I

l0

9K
5mK
4K

T =60K
Indium
B =18T

a I ~ a ~ ~ II

(y) 100

20-

This formula assumes that p(T) =p, (T)+po, i.e., p, (T) is
the "true" resistivity in the absence of impurity effects, so
that at 4 K 1/ro measures the impurity residual resistivi-
ty in units of p, (300). From this plot [Fig. 5(a)] we con-
clude that below 60 K the magnetoresistance of
YbAgCu4 is comparable in magnitude and field depen-
dence to that of indium. The data for 25 mK fall on top
of that for In if ro for the former is multiplied by 1.4 This
suggests that the positive magnetoresistance observed in
Fig. 4 is primarily an ordinary impurity effect. We note
that the low-temperature magnetoresistance varies with
field as B' [dashed line in Fig. 5(a)]. If we assume that
each atom contributes one conduction electron, then
given 24 atoms per unit cell with a lattice constant of 7.07
A, s the value of co,r (where ni, is the cyclotron frequency
and 1/r the scattering rate) is B/nepo=0 05 .at low tem-
peratures and 18 T. Hence, the system is in the small co, w

limit, and this power law does not represent the effect of
saturation.

We test next whether or not the magnetoresistance
obeys Kohler's rule

b.p(B, T ) /p(0, T ) =f(B /p(0, T ) ) .

A necessary (though not sufficient) condition for this is
that the scattering rate is not affected by the field, whose
role then is simply to create cyclotron orbits. ' In Fig.
5(a) the data do not collapse onto a single line. There-
fore, Kohler's rule does not apply as the temperature is
raised. In many metals, phonon scattering causes devia-
tions from Kohler's rule, which, in general, are monoton-
ic as a function of temperature. However, a plot of
bp(18, T)/p(0, T) [line in Fig. 5(a)] shows that the mea-
sured resistance at 18 T is larger than expected on the
basis of Kohler's rule at low temperatures and smaller at
high temperatures. As discussed in the Introduction, this
is predicted by the theory of magnetoresistance in a Kon-
do lattice when a pseudogap is present.

To determine the magnitude of the effect, we must
separate out the magnetoresistance due to normal pro-
cesses. This is an extremely dificult problem even for or-
dinary metals because it depends in detail on the band
structure, any momentum (Q) dependence of the impuri-
ty scattering, and on the Q and frequency dependence of
the phonon scattering. For this reason, we attempt only
a qualitative analysis. We assume that deviations from
Kohler's rule arise entirely from the field dependence of
the scattering rate. In the absence of these deviations, if
p( T ) =p, ( T )+po is the zero-field resistivity, then by
Kohler's rule the measured resistivity at finite field
should be

1.5

PK(»T)=[p (T)+Po] 1+
P (»+Po

10-

0

I 1sT

I

T (K)
120

This quantity is plotted as the dashed line in Figs. 5(a)
and 5(b). The coefficient a is determined from the 25-mK
data in Fig. 5(a). Figure S(b) again emphasizes that the
deviations from the expected Kohler resistivity are posi-
tive at low temperature and negative at higher tempera-
ture. The effect of the field on the scattering rate is to
change p(T)=p, (T)+po by an amount b,ps(T) so that
the measured resistance in field is

p(B, T)=[p,(T)+p +bp (T)]

FIG. 5. (a) Magnetoresistance Ap(B, T)/p(0, T) of YbAgCu4
as a function Bro at constant temperature or at constant B= 18
T. Data for polycrystalline indium at 4 K taken from Ref. 28 is
also shown. For indium, ro stands for the resistivity ratio
p(OD )/po, where OD is the Debye temperature. For YbAgCu4,
ro = [R (300 K) —R (4 K)]/R (T), where R is the resistance (see
text). The dashed line represents the behavior a(B/ro)" with
o,'=6.5X10 (T "). (b) Measured resistivity for 0 and 18 T
(dotted and solid lines). p& (18 T) is the resistivity anticipated
on the basis of Kohler's rule at B=18 T, if the scattering rate
did not depend on field (dashed curve). Ap&8 z is the extra resis-
tivity taking into account the efFect of a field-dependent scatter-
ing rate (dashed line, see text). Ep&8& has the magnitude and
sign expected for the magnetoresistivity of the Anderson lattice.

X 1+
p, (T)+po+bps(T)

' 1.5

(2)

i.e. , p, (T)+po+bps(T) is the resistivity that would be
measured in absence of field (and hence, no cyclotron or-
bits) but with the scattering rate being the same as in
presence of a field. The correction b,ps(T) for field-
dependent scattering was determined by solving Eq. (2)
iteratively. The result is shown as the dashed-dotted line
in Fig. 5(b). For comparison to theory, we note that, for
18 T and TI =120 K, gp~B/k~TI =0.1. The experi-
mental b,ps(T) is very similar to the predicted curve for
this value of B/T~ shown in Fig. 3 of the paper by
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Kawakami and Okiji for the case that the Fermi level
lies below a pseudogap in the f density of states. The
measured b pz ( T ) changes sign near T=0.3 Tz and
reaches a maximum value hp~(T)!po=0. 17, compared
to the values 0.2' and 0.05 in theory. Given the quali-
tative nature of our result and of the theory (which treats
a spin- —,

' Anderson lattice in the symmetric case
U = —2Ef and in the single-site approximation), this or-
der of magnitude agreement is quite encouraging.

The field-dependent low-temperature resistivity of
many heavy-fermion compounds varies as p(8, T)
=po(8)+A(8)T . That YbAgcu~ exhibits this
behavior can be seen from Fig. 6(a). Kadowaki and
Woods argue that the ratio A /y has a common value
of 1.0 X 10 p Q cm(mole K/m J) in heavy fermions.

I I I I

200 y2 (K&) 400

I
I

I

Eo 0.015—
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0
0

0.010 -o o 0 R ~

I I I

6 B p) 12

This implies that A =1/Tz, which is expected to be true
on very general grounds for heavy fermions. It also im-
plies that the prefactor p, in the expression
p(T)=p, (T/TL ) = AT should have a universal value
for heavy fermions, which is an assumption that seems
extremely unlikely, since p, should depend on nonuniver-
sal details of the band structure. Indeed, we find a value
A(8=0)=0.01 pQcm/K from the data of Fig. 6(a).
Given y =243 mJ/mole K, we obtain 3 /y =1.67
X 10 pQ cm(mole K/mJ), which is a factor of 60
smaller than predicted by Kadowaki and Woods. An
obvious source of error in determining this ratio is the
geometric factors needed to convert the resistance to
resistivity. For our sample this should be a 20% effect,
but not a factor of 60. Hence, we do not believe that this
ratio is universal. However, we do believe that it can be
universal for a given compound as TL is varied, e.g. , by
application of pressure, and we have shown ' that this is
the case for CeCu6. This raises the issue whether the ra-
tio A /y is constant as a function of magnetic field in
YbAgCu~.

Figure 6(b) shows the coefficient A as a function of 8
(solid symbols). Because there is considerable curvature
in plots of p versus T at the higher fields [Fig. 6(a)], we
have fit only to the lowest-temperature data (4—11 K) to
determine these coefficients. Although 2 increases with
the field, it clearly does not do so as rapidly as y. Indeed,
it can be seen from Fig. 6(c) (solid symbols) that A in-
creases as y . However, these data have not been
corrected for the effect of cyclotron orbits. To accom-
plish this, we again assume that deviations from Kohler s
rule arise only from the change in scattering rate in field,
i.e., from the effect on A in field. Since the coefficient is
derived in the T~O limit, this is a reasonable assump-
tion. To determine the true value A, (8), we solve the
formula

p(B, T)=[po(8)+A, (8)T ]
1/5

2.00— X 1+
po(8)+ A, (8)T (3)

o

1.90

0

I

-2.41

log(1')
-2.39

As T~O the true A, (8) [open circles in Fig. 6(b) and
6(c)] is related to the measured value A (closed symbols)
by the relation

bp(8, 0)
2po

FIG. 6. (a) Low-temperature resistivity of YbAgCu4 as a
function of the square of the temperature at magnetic fields of
0,4,6, . . . , 18 T increasing from bottom to top. (b) Measured T
coefficient of resistivity A (solid symbols) and corrected value
A, (open symbols) as a function of magnetic field. A, depends
only on the field-dependent scattering rate, but not on the effect
of cyclotron orbits. (c) Comparison of the measured A (B )

(solid symbols) and corrected A, (B ) (open symbols) to the T-
linear coe%cient of specific heat y(B). The lines represent the
relations A(B ) =2 3 X 10 y and A(B ) =25 X 10 y'
which is essentially A, /y =constant. The units of A are
pO cm/K and of y are mJ/(mole K ), and the logarithms are
base 10.

The solid line in Fig. 6(c) represents the relation
A, =2.5 X 10 y', which is in much better agreement
with the Kadowski-Woods relation 3 ~ y than for the
case of the as-measured data. This increases our
confidence that the use of Kohler's rule to obtain the
field-dependent scattering rate [i.e., Eq. (3)] is sound. To
the best of our knowledge, it has not been previously es-
tablished that A (8 )/y(8 ) should be constant for heavy
fermions, neither experimentally nor theoretically.

We next consider the effect of impurities on the magne-
toresistance. In particular, we examine whether the con-
cepts of a Kondo hole or of ligand disorder, discussed in
the Introduction, are applicable. To this end, we t xamine
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the cases of YbAgCu4 alloys YbAgCu3 99Nip pi,
YbAgCu3 98Nip p2, and Ybp 96Lup p4AgCu4. The suscepti-
bilities of these alloys are shown in Fig. 1. We note first
that alloying results in a Curie tail; the effective moment
per mole Lu calculated from this Curie tail gives
0.8@~/Lu, which is equivalent to 0.2 times the effective
moment of a free- Yb ion. This moment could arise either
from a Kondo-hole effect, whereby the Kondo hole has
an effective moment comparable to a crystal-field-split Yb
atom, or from a ligand-disorder effect whereby the Lu
atom causes a smaller Kondo temperature (and hence
enhanced susceptibility) on the 12 neighboring Yb sites.
Doping with l%%uo Ni gives a Curie tail comparable to that
for 4% Lu. The tail is proportional to the Ni content,
and its magnitude is comparable to that expected for lo-
cal moments on the nickel sites. Alternatively, if there
are no local moments on the nickel sites, it could arise
again from a ligand-disorder effect.

In Fig. 7(a) we compare the magnetoresistance at 4 K
for these alloys to that of YbAgCu4. Alloying decreases

the magnetoresistance, but the effect increases uniformly
as the resistance ratio rp decreases, which suggests that
the decrease is primarily due to a decrease in m, ~=Brp.
In Fig. 7(b) we plot hp/po versus Bra, which shows that
the deviations from Kohler's rule are positive at 18 T. Be-
cause Kohler's rule works best for comparing the low-
temperature magnetoresistance of a system as impurities
are added, and because at these temperatures phonons
do not complicate the picture, it seems very likely that
the impurities give rise to a field-dependent scattering
rate, as expected on the basis of the ligand-disorder
effect. The effect should be proportional to
xnp„(g Jp~B/k~ TI ) (5TL /TI ), where x is the impuri-
ty concentration, p„ the unitary limit resistivity, n the
number of Yb atoms whose Kondo temperatures are
affected by the ligand impurity, and 6TI the change in
Kondo temperature at the affected sites. To quantify this,
we extract the change in resistivity due to the field-
dependent scattering rate by solving the equation

' 1.5

0.6
p(8, 0)= [dpi(B )+po] 1+

bp& 8 +po
(4)
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for bp&(8). Here, p(8, 0) is the measured value and
bp~(B)+po is the resistivity of the alloy with a field-
dependent scattering rate but without cyclotron orbits.
We plot bp&(18 T)/p, (300 K) against the alloy parameter
x in the inset to Fig. 7(b). The solid line represents the
prediction

b,p((B )/p, (300)=xn
p, 300

2 2
5TL gJp~B
TI k~ TL

V. SUMMARY

for 8 =18 T, TI =120 K, and n [p„/p, (300)](5TL /TL )

=18. This is a reasonable value for the last quantity:
5TI /TL should be of order unity if the Yb atoms neigh-
boring the ligand have their Kondo temperatures reduced
to very small values, p„/p(300) should be of order 2 —3,
and it is likely that =10 Yb atoms are affected by the
ligand impurity. Hence, while the magnitude of the mea-
sured magnetoresistance in these alloys is that expected
on the basis of ordinary impurity scattering, deviations
from Kohler's rule have the right magnitude to be ex-
plained as a ligand-disorder effect. This holds even for
Ybp 96Lupp4AgCu4, where we might exPect a negative
magnetoresistance due to a Kondo-hole mechanism.

FIG. 7. (a) Magnetoresistance of YbAgCu4,
YbAgCu3 99Nio», YbAgCu3 98Nio», and Ybo 96Luo O4AgCu4 at
4 K. The values of the normalized resistivity ratio ro are given
for each compound. The magnitude of the magnetoresistance at
18 T decreases uniformly as ro decreases. (b) Magnetoresistance
plotted vs Bro. Under the assumption that positive deviations
from the curve for YbAgCu4 represent a ligand-disorder effect
on the field-dependent scattering rate, we have determined the
magnitude of the extra magnetoresistance hp& (18 T) induced by
the ligand effect (see text). The quantity Apl(18 T)/p, (300 K) is
plotted vs alloy parameter x in the inset. In the text we argue
that the magnitude of the linear increase (solid line) is as expect-
ed for a ligand-disorder e6'ect.

Perhaps the most significant (and disconcerting) con-
clusion from this work is that the characteristic tempera-
ture TL differs by nearly a factor of 2, depending on
which measurement was used to extract TI. Though
theory appears to describe well the functional dependence
of the magnetization and Sommerfeld coeKcient on ap-
plied field, this discrepancy in values of TI is well outside
experimental uncertainty even considering that "back-
ground" contributions to C(8, T) and M(B, T) have not
been subtracted, and emphasizes the need for extreme
caution in drawing quantitative conclusions from fitting a
given measurement to theory. The origin of these
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discrepancies is not understood. Throughout we have as-
sumed that the 4f occupancy is field independent and
that impurity models are applicable to the lattice case. In
the absence of direct measurements of nf (B ), we cannot
state unambiguously that our assumption about nf is val-
id, but it is very unlikely that the 4f occupancy changes
enough to account for the large difference in values of
T~. The possibility that a periodic Anderson lattice
responds differently to field than a simple impurity is real.
Clearly, additional theoretical and experimental work is
needed. In particular, useful calculations should include
the mixed-valence nature of the 4f ion and the effect of
crystal fields and should be extended to the Anderson lat-
tice case to allow a more direct comparison to experi-
ment. Experimentally, a systematic study of the field
dependence of thermodynamic properties of heavy-
fermion —mixed-valent compounds is needed to establish
the generality of effects we have observed as well as to
determine nf(B) directly. Particularly useful would be
measurements of the field-dependent spin dynamics, e.g.,
by performing inelastic neutron-scattering measurements
in magnetic fields comparable to those used in this study.

Because electrical transport is not a thermodynamic
quantity, it is much more difficult to calculate and de-
pends most definitely on lattice periodicity. We have
shown that in YbAgCu4, which has a relatively large
characteristic temperature compared to very heavy-
fermion compounds, the magnetoresistance at low tem-
peratures is dominated by simple potential scattering
from defects, such as grain boundaries, etc. However, de-

viations from Kohler's rule suggest the existence of
scattering processes expected for an Anderson lattice. A
detailed, though qualitative, analysis of the magnetoresis-
tance of YbAgCu4 shows relatively good agreement with
predictions for a spin- —,

' Anderson lattice, once conven-
tional contributions are taken into account. We would
expect these "unconventional" contributions to be
significantly more pronounced in materials with a much
smaller Tz. We also have established, at least for
YbAgCu4, that the field dependence of the T coefficient
of resistivity tracks field-induced changes in y, i.e., that
A(B) icy (B). Introduction of disorder, either through
substitution on the 4f or ligand sites, accentuates devia-
tions from Kohler's rule, scaling approximately with the
degree of disorder. A theory of ligand-disorder effects
accounts reasonably well for the experimental observa-
tions.
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