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We present results for the resistivity, the magnetoresistance, and the specific heglyffaggPd and
CePd. The impurity contributions to these measurements follow the predictions of the single-impurity Kondo
model for a Kondo temperaturg ~65 K, assuming that the impurity behaves as a crystal-field gpjit
doublet. Assuming d=§ impurity, the value ofT| needed to fit these experiments varies from 65 to 125 K.
The contribution to the susceptibility may be too small to be explained by the model. These results address
whether the nonmagnetic impurity behaves as a Kondo h8&163-18206)08919-9

When nonmagnetic impurities are placed in an otherwisguantum interference device magnetometer in fields of 0.1—
periodic heavy-fermion compound, the impurities can be-0.5 T, is shown in Fig. 2; the low-temperature magnetization
have as though they are Kondo impurities. A classicM of two other samplesmeasured for several values of
examplé is the alloy system Ge,La,Pd;: for CePq the  temperature using a vibrating sample magnetometer and an
resistivity p(T) falls to a small residual value as the tempera-18-T superconducting magnet at the National High Magnetic
ture approacheg=0; but for x=0.03 the resistivity in-
creases with decreasing temperature Ter50 K and the 200 . .
residual resistivity is large, of order 5X) cm/at. % La[Fig.

1(a)]. Subtracting the host resistivity to obtain the impurity
contribution yields a resistivity that is qualitatively similar to
that expected for a Kondo impuriffig. 1(b)]. This effect is

not very sensitive to which particular element is added, as
long as it resides on the Ce sftep that it is theabsenceof

the Ce atom that causes the effect, hence the terminology
Kondo hole.

The basic idea is that for systems where the heavy renor-
malized electrons carry the electric current in the ground o f -
state, said electrons will be strongly scattered by impurities 150
on the Ce sublattice. That is, the nonmagnetic impurities —_
destroy “coherence.” At higher temperatures where the co- &
herence is absent, and the unrenormalized conduction elec- o
trons carry the current, the effect of the nonmagnetic impu- %
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rity will disappear’ Hence the resistivity should vanish on
the same temperature scale as the coherence. This has also
been showh (in the single-site approximatiorto yield a
magnetoresistancef the same form as for a Kondo impu-

rity. Since calculatiomsshow that the nonmagnetic dopant e : . : : :
) ; 0 100 200 300
induces a resonance in the pseudogap that has much the TK

same form as a Kondo resonance, the impurity also might be (K)

expe_c'ted to give rise to a }(ondo—like contribution to the 5 ¢ (a) Resistivity vs temperature for Ge,La,Pd for x=0
specific heat and susceptibility. In thls paper we present resnqg o.03, foB=0 (solid lineg andB=18 T (dotted lines. (b) The
sults for Ce_,La,Pd; for the magnetic field dependence of mpyrity contribution to the resistivity foB=0 (small squares

the transport, and for the specific heat and magnetizationpund by subtracting the data fer=0 from that forx=0.03. The
Our focus is to test the extent to which the results can be fi§ojid (dotted line is the prediction for @=2% (3J=3) Kondo impu-

50

to the predictions of the single-impurity Kondo model. rity with Kondo temperatureT, =65 K. The inset compares the
Samples of CeRghnd Cg g8y o3P0, were made by zone impurity contribution (heavy ling to the form po(1—AT?) (thin
refining arc-melted polycrystal rods. The susceptibijtpf line) where the coefficienA has the value expected for either a

two representative samples, measured in a superconductidg 3 or 3 Kondo impurity with T, =65 K.
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FIG. 3. The linear coefficientC,/T of specific heat of
(b) o Ce,_,La,Pd; for x=0 and 0.03. The small peak near 6.5 K arises
150 ggeag from a small amount0.1% of Ce,O5 in the sample; the value of
- ggeﬂ“ Cy/T for T—0 has the same value, independent of the magnitude
ig T=25K ggeﬂ“ of the CgOj; contribution. The nonmagnetic impurity induces a
£ 100t gse““ A positive contribution to the specific-heat coefficient, of magnitude 6
E gga“ mJ/mole K; this is the value expected forh:% Kondo impurity
g o with T_=68 K (or aJ=  impurity with T_ =114 K).
S sof ot _ . .
Rgeﬂ“g that, in the range 10-15 K, the specific heat of different
gggﬂ” samples disagreed by 2—3 %; the agreement was much better
ole s near 20 K, and was excellent for<4 K.
0 S 10 The temperature dependence of the resistivity¥erl8 T
B(T) [Fig. 1(a@)] and the field dependence pfat fixed tempera-

tures(Fig. 4 was measured using the same 18-T magnet as

FIG. 2. (a) The susceptibility vs temperature for two represen-for the magnetization. The rates for heating and cooling and

tative samples of Ge ,La,Pd;, with x=0 and 0.03, beforéircles  increasing and decreasing the magnetic field were kept suf-
and after(lines) subtraction of a small Curie term. If the data for ficiently low that no hysteresis was observed. We ran two
x=0.03 are scaled to be equal to those of Geidhigh temperature  samples each fot=0 and 0.03, establishing reproducibility
(see text, the low-temperature intrinsic susceptibility for=0.03 is  of the field dependence. The absolute values are uncertain by
then larger than that for=0 by an amount 0.0610"° emu/mole,  roughly 15%, due to the uncertainty in determining the pre-
corresponding to the value expected far-a; Kondo impurity with cise dimensions of the smal0.5x1x3 mm) rods used for
T.=97 K. (b) The magnetization vs magnetic field at 2.5 K for two the measurement.
other samples witlx=0 and 0.03. We wish to test the extent to which all the data can be fit
within the framework of the Kondo impurity model. In the

Field Laboratory is shown in Fig. ). It has been showr?  Kondo limit (n—1) of the Anderson model the theoretical
that the increase iy with decreasing temperature below 50 predictions scale witfT, i.e., a single Kondo temperature
K is largely intrinsic; only the small additional increase be-should scale the data for the different measurements. For
low 10 K is extrinsic. This extrinsic contribution can be fit strong mixed valencén;<0.85 two energy scales are re-
with a Curie law, and it¢smal) contribution to the magne- quired. Although CePgs actually a mixed valent compound
tization can be saturated in small magnetic fidlgg. 2(b)]. (n;~0.80-0.8% we will for simplicity compare to theory in
The susceptibilities of four zone-refined samples all had exthe Kondo limit. It is not obvious to us which value of the
trinsic Curie tails that were as small as those of the besimpurity spin(J=3 or 3) should be used in the comparison:
samples reported in the literatut The saturation magneti- it depends on whether crystal fields affect the Kondo hole. If
zation and Curie constants correspdndder the assumption so, the cubic environment might give rise tol'a doublet
that they arise from an effective spinimpurity) to impurity ~ Kondo hole. We will compare to theory for both valueslof
contents of a few tenths of a percent. The room-temperaturitn comparing to theory we use the Kondo temperafUye
susceptibility for different samples at fixectypically varied  defined in relation to the linear coefficient of specific heat
by +3%; this reflects both field inhomogeneities, and uncervia T, =(2J/2]+1)w2R/3y, whereR is the gas constant.
tainties in the background susceptibility for small samples. For this definition, in the Cogblin-Schrieffgi.e., Kondg

The specific heaC(T) (Fig. 3), measured using a ther- theory the low-temperature susceptibility has the value
mal relaxation technique, shows a small peak near 6.5 Ky(0)=C/T,.}° Here the Curie constant iSC=NJ(J
Past studig'ssuggest this arises from the presence ofGge  +1)(gug)?/3kg; for Ce, g is ¢ for J=% and C=0.807
which orders antiferromagnetically at approximately thisemu K/mole, while for aJ=3 I'; doublet, g= ¥ and
temperaturé.The entropy under the peak measured for sev-C=0.192 emu K/mole.
eral zone-refined samples showed that the amount of Ce in In Fig. 1(b) we plot the temperature dependence of the
the samples in this second phase is of order 0.1%. We founidnpurity contribution to the resistivity, found by subtracting
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. T . must be separated out. Unfortunately, this is an extremely
difficult problem, depending in detail on band structure and
momentum dependence of the scattering. We attempt a
qualitative analysis only, of the same form as dddd a
7 recent study of YbAgCy where we used a generalization of
Kohler’s rule to effect the separation. The result is shown as
the dashed curve in Fig(d). The solid line through the data
7 represents the quadratic field dependep(@ =p, (1—aB?)
with @=1.7x10"*. For S=3, low-field expansionSec. 4.4
of Ref. 10 of the Bethe ansatz results gives
1 a=(1/16(mgug/kgT,)?% for aT'; doublet withg=1.43 the
' ' ' experimental value ofr implies T, =58 K. For the casd
180+ (b) 7 =2 the theoretical prediction isa=(175/216(7gug/
! : kgT.)? ; here a valuel, =125 K fits the data.
1707\—\ i The usé® of Kohler's rule Ap/py=B(Blpy)*® to estimate
1 ] the orbital contribution to the magnetoresistance acknowl-
160 Ceg g7Lag 03P ds E edges that, in the presence of the larger scattering rate and
I | residual resistivity that prevails fox=0.03 the electrons
complete a much smaller fraction of a cyclotron orbit before
150—*“\\ 7 scattering, and hence the orbital contribution will be smaller
T Ty, l than for CePgl. To get a sense for the resulting uncertainty
1401 7 in the value ofT derived from the magnetoresistance mea-
' ' . surement we note that were we to ignore this and simply
subtract the magnetoresistance of CgHtbm that of
B(T) Ceyolag P ds, the value ofT, needed to describe the data
, ~ would be smalle44 K for J=3% and 93 K forJ=3). Alter-
~ FIG. 4. (& The_magnetoresustancelc;f CeRat 4 K. The solid  natively, if we assume no orbital contribution at all and di-
line represents a fit to the fordip/pyxB™". (b) The magnetoresis- o4y it the data fox= 0.03 without subtracting the data for
tance of Cgglag o at 4 K (thick line). The thick dashed line CePd, we obtainT, =73 K for J=% and 159 K forJ=%.

represents an estimate of the effect of the reduction of the scattering . i )
rate by the field on the resistance; the effect of the field on the We next consider the specific heat. The low-temperature

cyclotron orbits is estimated by applying a generalization ofﬁpecIfIC heat of antlfterll’r(:rr;ﬁgnets'typlcgtlly Vﬁ”es:aﬁ.”T ,t
Kohler’s rule(Ref. 13 and subtracted out. The thin line, represent- ence we assume (ha e ,0Og impurity phase will no

ing the formp=po(1—aB?), is the form expected for the low field co_ntribute_ toC,/T in the limit T—0. (In confirmation of
magnetoresistivity of d=3 Kondo impurity forT, =58 K (or aJ  this, we find that the value oC,/T for T—0 reproduces

=2 impurity with T, =125 K). well for different samples and does not depend on the mag-
nitude of the small maximum.The addition of 3% La to
the resistivity of CePglfrom that of CggLa, o0 (square CePd increases the linear coefficient by 6 mJ/mofe(Rig.
symbols. The solid and dotted lines are predictions for the3). Assuming this arises from a concentratigs-0.03 of
Kondo impurity model forJ= % (Ref. 11 and 3 (Ref. 12, Kondo impurities, the corresponding Kondo temperafgee
respectively; for both cases a vallie=65 K is used in the above is T =68 K for J=3 and T =114 forJ=3.
comparison to the data. In the inset, the détick curve at In the Kondo theory, the susceptibility should be related
low temperature are shown to vary as the square of the temto the Kondo temperature byx(0)=xC/T ;° for
perature: p(T)=po(1—AT?) with A=1.42<10%K? (thin x=0.03, J= 3 and T, =65 K the impurity contribution to
curve. When compared to the Fermi-liquid predictions the susceptibility should be 04102 emu/mole, while for a
[A=7%16T?2 for J=3 (Ref. 1) and A~6.0/TZ for J=3  I'; doublet(J=3) it should be 0.0%10 3 emu/mole. For the
(Ref. 12] this value also implies the valug =65 K for both ~ samples shown in Fig. 2, thetrinsic susceptibility for both
J= 1 and3. Hence at the lowest temperatures the resistivityCePd and Cg g3, oPd; is identical. That is, after subtrac-
behaves as an Anderson impurity, with Kondo temperaturdion of the Curie tail, the resulting value for the low-field
65 K. For T>20-30 K the data appear to fall off far more susceptibilityy(0) is 1.82x10™ 2 emu/mole for both samples
rapidly than the predictions of the impurity modgFig. [solid and dashed lines in Fig(&]. Furthermore the mag-
1(b)]; however, this may be an artifact arising from the netization curves for two samples differ by a constant
above-mentioned uncertainty in determination of the geoamount forB>2 T, while the slopes are identiddtig. 2(b)];
metric factors. this implies that the impurity phase saturation magnetization
The magnetoresistivity of CeRdis positive, varying is larger for the La-doped sample, but that the intrinsic sus-
nearly quadratically in fieldlFig. 4(@)]; this is ordinary mag- ceptibilities are equal. Hence, the impurity does not appear to
netoresistance due to the creation of conduction-electron cygive a simple Kondo hole contribution to the susceptibility.
clotron orbits by the field. The magnetoresistance of As stated above, the measured absolute value of suscep-
Ce gL 3y 0P d; is negative[Fig. 4(b)], in striking qualitative tibility can be in error by a few percent. We now argue that
agreement with the Kondo model, for which the magneticthe high-temperature susceptibility fa=0.03 should equal
field causes a decrease in the spin-flip scattering’ritetest  that of CePg: the 3% reduction in the susceptibility due to
for quantitative agreement, the cyclotron-orbital contributionthe smaller number of Ce atoms in the alloy should be nearly
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compensated by the decrease in characteristic energy on ampurity. For J=3 the Kondo temperatures 65-125 K de-
loying. [At high temperature we expegt=C/(T+ ) with  rived from the different measurements agree to within a fac-
0T max; @andT o decreases from 120 K for CepPb 113 K tor of 2; for the J=3 (I'; double} case, the agreement
for x=0.03] Indeed, we found that the room-temperature(58—68 K) is better. Finally, the susceptibility does not ap-
susceptibility of a polycrystalline sample fer=0.03 equaled  pear to have the extra contribution expected for a Kondo
that of CePd. For the sample of Ggda,od shown in  nole; however, this may be a consequence of &rr@%) in

Fig. 2 the susceptibility at 350 K is lower than that of CePd the determination of the magnetic field, or of the low-

by a factor 1.033; if the two should be equal, the intrinsiciemperature Curie tail, and if so the contribution is of same

susceptibility at low temperature should be increased by thi§ qer of magnitude as that expected foF adoublet Kondo
factor, to 1.8&10 3 emu/mole. This is consistent with a hole.

Kondo hole contribution of 0.0610™2 emu/mole, which is The single-ion Kondo temperatufig, of CePd is greater
the value expegted forig, doublet withT =97 K, butis too  {han 500 K. In the single-site approximatibthe scale for
small for aJ= 3 Kondo hole. the Kondo hole should be the sameTas. The fact that the

_ To summarize, for Ggylag s the low-temperature ondo hole scaldl, is an order of magnitude smaller than
impurity contribution to the temperature dependenqe of .thq-K is a key part of the argumértthat the full ground-state
resistivity has the same form as a Kondo impurity with coherence sets in on a much smaller temperature scale than
Kondo temperatur& =65 K. ForT>50 K the contribution 1 i cePq. The fact thafT_ < Ty also allows the negative
appears to decrease with temperature more rapidly than themperature coefficient gf(T) to be observable. We know
theoretical prediction, but this may be a consequence of erq§t no other heavy-fermion systems for which such a small
in the determination of the sample geometry. The magnetorgsgncentration of impurities induces a negatiy@d T at low
sistance is negative, in important qualitative agreement Wiﬂﬂemperature. As discussed in earlier wbfkit is possible

the prediction of Kondo theory. The precise magnitude of thgpat the large magnitude of the effect reflects the low carrier
effect depends in detail on the method used to separate OHEnsity in CePg it is almost a “Kondo insulator.”

the ordinary, positive orbital magnetoresistance; the result
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