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We show that the NMR Knight shift anomaly exhibited by a large number of heavy electron materials can
be understood in terms of the different hyperfine couplings of probe nuclei to localized spins and to conduction
electrons. The onset of the anomaly is at a temperatureT* , below which an itinerant component of the magnetic
susceptibility develops. This second component characterizes the polarization of the conduction electrons by
the local moments and is a signature of the emerging heavy electron state. The heavy electron component
grows as logT below T* , and scales universally for all measured Ce, Yb and U based materials. Our results
suggest thatT* is not related to the single ion Kondo temperature,TK, but rather represents acorrelatedKondo
temperature that provides a measure of the strength of the intersite coupling between the local moments. Our
analysis strongly supports the two-fluid description of heavy electron materials developed by Nakatsuji, Pines
and Fisk.
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I. INTRODUCTION

The Kondo lattice is a paradigm for heavy electron mate-
rials. Recently a number of puzzling experimental observa-
tions have been made in systems close to a magnetic phase
transition at low temperatures,1–5 and several new theoretical
approaches for non-mean field quantum critical behavior
have been proposed.6–10 A complete theoretical description
of the Kondo lattice remains elusive after two decades since
the discovery of heavy electron behavior. However, several
common experimental signatures have been identified in
these materials that must be captured by any theoretical de-
scription. In particular, heavy fermion and mixed valent sys-
tems exhibit a crossover between localized moments at high
temperatures to coherent behavior at low temperatures. Typi-
cally this crossover is evident as a broad maximum in the
resistivity; in some cases the bulk magnetic susceptibility
also exhibits a maximum, although not always at the same
temperature as the resistivity. This behavior has traditionally
been understood as the onset of coherent scattering of con-
duction electrons by the Kondo lattice of 4f spins: at high
temperaturessT.Tcohd the 4f spins scatter the conduction
electrons as independent local impurities; however, below
Tcoh and at low temperatures the Kondo lattice behaves in a
coherent fashion. Although a microscopic theory of this pro-
cess has not emerged, experimental signatures of this cross-
over are clearly evident in many Ce, Yb and U based com-
pounds.

In the majority of heavy electron and mixed valent mate-
rials for which Knight shift measurements exist, it has con-
sistently been observed that below a temperatureT* , the
NMR (as well asmSR) Knight shift,K, fails to track the bulk

susceptibility,x.11,12The reason for this anomalous behavior
has remained elusive. The Knight shift measures the field at
the nucleus brought about by the hyperfine interaction with
the electrons. When the electrons are polarized in an external
magnetic field, they create a hyperfine field at the nuclei that
is proportional tox. If there is only one magnetic compo-
nent, thenK,x.

Traditionally the breakdown of this relationship has been
attributed to local phenomena associated with the 4f elec-
trons. In the crystal field scenario, the hyperfine coupling
changes when the excited states of the crystal field split 4f
electron become depopulated.13 In the Kondo impurity sce-
nario,T* is the Kondo temperature, below which the 4f elec-
trons are screened by the conduction electrons and the bulkx
is reduced.14 The Knight shift measures the local susceptibil-
ity, which is not screened, and therefore the linear relation-
ship betweenK andx breaks down. Still other authors have
explained this anomaly in terms of a temperature dependent
hyperfine coupling that is modified by the onset of
coherence.15

Here we propose that the origin of this anomaly is collec-
tive rather than local, and thatT* is the temperature at which
the heavy electron liquid begins to emerge from the Kondo
lattice of localized 4f spins. We demonstrate that belowT*

the polarization of the background conduction electron spin
system by the correlatedf-spins is characterized by a distinct
and universal temperature dependence. This polarization is
characterized by the magnetic susceptibility,xcf=kScSfl,
whereSc andSf are the conduction and local moment spins,
respectively. We show that the two-fluid description of the
Kondo lattice proposed by Nakatsuji, Pines and Fisk(NPF)
provides a quantitative explanation for this anomalous
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behavior.16 In turn our analysis allows us to give a more
microscopic interpretation for the two fluids introduced by
NPF. Our results are consistent with NPF who argued thatT*

is a correlatedKondo temperature, strongly affected by the
intersite f-electron interaction, rather than the familiar
single-ion Kondo temperature,TK. In addition, we are able to
determine quantitatively the temperature evolution of the
heavy electron spin susceptibility by combining measure-
ments of the temperature dependence of the Knight shift with
those of the bulk magnetic susceptibility. We find that an
excellent fit to existing experimental data in 14 heavy elec-
tron and mixed valent systems is obtained with a susceptibil-
ity whose temperature dependence follows the simple form:

xcf , S1 −
T

T* D log
T*

T
, s1d

a result that suggests that in a Kondo lattice the emergent
behavior of the heavy electron liquid can be characterized
quite generally by the single energy scale,T* , that NPF have
proposed is a direct measure of the strength of nearest neigh-
bor intersite magnetic coupling. For CeSn3 and Ce3Bi4Pt3 we
find quite similar behavior, except that below a cut-off tem-
perature,T0, the Knight shift once more tracks the bulk sus-
ceptibility. We argue that belowT0 the formation of the
heavy electron liquid is complete, and the system has a
single, itinerant magnetic component.

In Sec. II, we discuss the origin of the Knight shift in a
Kondo lattice, and its anomalous behavior belowT* in the
two-fluid description of NPF. We present the experimental
data on 14 Kondo lattice materials, and show that the simple
expression given by Eq.(1) provides a quantitative account
of the existing results. For the heavy electron material,
CeCoIn5, the second component of susceptibility that we ob-
tain by Knight shift measurements is shown to be in excel-
lent agreement with that deduced by NPF. We present our
discussion of these results and our conclusions in Sec. III.

II. KNIGHT SHIFTS IN A KONDO LATTICE

In the two-fluid description proposed by NPF to explain
bulk specific heat and susceptibility measurements in La
doped CeCoIn5, the authors postulate that a fractionfsTd of
the 4f electrons in the Kondo lattice become delocalized be-
low T* , forming a coherent state, the heavy electron liquid,
analogous to the superfluid component of4He. fsTd re-
sembles an order parameter for the coherent heavy electron
component, while the fraction of the 4fs5fd electrons remain-
ing localized resembles the normal fluid component. The
magnetic system contains one component that is localized on
the magnetic sitesi with susceptibility xKI, and a second
component that is associated with the itinerant heavy quasi-
particles with susceptibilityxHF:

xsTd = f1 − fsTdgxKIsTd + fsTdxHFsTd. s2d

Detailed insight into the emergence of two contributions to
the susceptibility with dramatically differentT-dependency
can be obtained by taking into account that the total spin of
the system is the sum of the localizedf-electron and the
conduction electron spins

Stot = o
i

Sfsr id + o
l

Scsr ld, s3d

wherer i are the positions of thef-electrons andr l the posi-
tions of the itinerant component of the system within a Wan-
nier orbital representation.Scsr ld= 1

2oss8cr ls
† sss8cr ls8 is the

conduction electron spin density. Our results show that atT* ,
as a result of the coupling to thef-electron spins, the con-
duction electrons acquire a heavy component, characterized
by the correlation functionkSfsr idScsr ldl. The uniform sus-
ceptibility is now given asx=s1/Nds] /]HdkM totl where
M tot=oiS

fsr id+olS
csr ld and it follows that

x = xff + 2xcf + xcc<xff + 2xcf, s4d

where xff =s1/Ndoi,i8kS
fsr idSfsr i8dl and xcf

=s1/Ndoi,lkSfsr idScsr ldl are the orbital resolved susceptibili-
ties, characterizing the magnetic response of the pure
f-system as well as the polarization of the background con-
duction electron spin system by the correlatedf-spins, re-
spectively. We recover the NPF result, Eq.(2), by neglecting
xcc, the uniform susceptibility of the background conduction
electrons, which is small, and identifyingxff =f1− fsTdgxKI

and 2xcf= fsTdxHF.
Quite generally, we expect the hyperfine couplings asso-

ciated with these two magnetic components to differ. For the
local moments, the dominant hyperfine interaction is via a
transferred coupling between the nuclei(typically at a differ-
ent crystalline site) and the local moment. A finite spin den-
sity is induced on the neighboring nucleus via wavefunction
overlap, or via an indirect interaction mediated by conduc-
tion electrons. In general, the transferred hyperfine interac-
tion may couple the nucleus to several nearest neighbor local
moment sites. On the other hand, if the magnetic component
is delocalized as in a Fermi liquid, it has an additional on-site
hyperfine contact term, which generally dominates. For a
Kondo lattice system that retains aspects of both localized
and delocalized behavior, one can reasonably expect both
contact as well as transferred hyperfine couplings. A similar
situation is found in the cuprate superconductors.18

We therefore postulate the following hyperfine Hamil-
tonian:

Hhyp = g"o
l

I sr ld·A ·Scsr ld + g"o
i,l

I sr ld·Bi·S
fsr id, s5d

whereA andB are the temperature independent contact and
transferred hyperfine tensors, respectively, andr i are posi-
tions of the nearest neighbor 4fs5fd sites. The Knight shift is
given by Hhyp=g"olI sr ld ·K ·H0; where H0 is the applied
field. By recognizing thatkScsr dl=xcfH0 and kSfsr dl=sxcf

+xffdH0, and making use of Eq.(5), we then have

KasTd = K0,a + sAa + BadxcfsTd + BaxffsTd, s6d

whereK0,a is an offset(to account for orbital susceptibility
and otherT independent effects), and we have dropped the
summation over the neighboring sites for simplicity and in-
corporated the couplings into the constantB. For T.T* ,
where the linear relationship between Knight shift and bulk
susceptibility holds, we make the assumption thatxcfsTd
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.0. This allows us to determine the coupling constantB. In
the dilute limit where the single impurity Kondo problem
applies, one can carry out an explicit calculation, where in-
deed one finds for large temperaturessT@TKd xcf /xff

.rFJK!1.19 Below T* , xsTd and KasTd are no longer pro-
portional. xcfsTd and xffsTd enter intoxsTd and KasTd with
different weights, which is due to the additional hyperfine
coupling constants in the Knight shift. This allows us to
separate the two contributions to the susceptibility from a
knowledge of bulk susceptibility and Knight shift. In particu-
lar, we obtain the crucial relationship

Kcf,asTd = KasTd − K0,a − BaxsTd = sAa − BadxcfsTd. s7d

This enables us to single out the heavy electron component,
xcf, that must be thought of as a hybridized many-body state
where the delocalized nature of thef-spin degrees of free-
dom is made explicit. In Eqs.(3) and (4) we made the sim-
plifying assumption that theg-factors of the localized and
conduction electron spins are the same. Including different
g-factors for the two spins will not change the relation
Kcf,asTd~xcfsTd but only affect the numerical value of the
unknown prefactorAa−Ba→Aa−sgf /gcdBa. We note that a
necessary condition for the existence of a Knight shift
anomaly is thatAaÞBa. In Figs. 1 and 2 we show this
anomaly in CeCoIn5. K0 andBa are determined by fitting the
high temperature data, shown as the solid lines; these values

are given in Table I.20–41Below T* we obtain the temperature
dependence of the heavy electron component,Kcf,asTd,
which is shown in the inset. Note that without an indepen-
dent measure ofxcfsTd, the on-site couplingA remains un-
determined.

In Fig. 1 we plotKcf,asTd versusT/T* for 14 heavy elec-
tron and mixed valent systems.T* is experimentally deter-
mined as the temperature below whichxsTd andKasTd cease
to be proportional to each other. The collapse of data for such
a considerable number of systems is particularly impressing
and is the single most important observation of this paper.
This universal behavior ofxcf is particularly surprising if one
takes into account that the bulk susceptibilityx and the total
shift KasTd behave qualitatively differently for a number of
the compounds shown. It isxcf which is universal for all
these materials.

Based on our observation of universality ofxcf we can
now make contact to the two-fluid picture of NPF and dem-
onstrate that indeedxcf agrees with the predictions of their
phenomenological approach. In Ce1−xLaxCoIn5, NPF pro-
posed thatxcfsTd= fsTdRCcf /T, whereR is the Wilson ratio,
which successfully explains the doping evolution of the bulk
properties. Empirically it was found thatfsTd,1−T/T* , and
that Ccf /T, logsTd. Combining these results, we arrive at
Eq. (1), a candidate description ofxcfsTd. Indeed, in the in-
serts of Figs. 2 and 4 we show fits ofKcfsTd to the equation

TABLE I. The Knight shift parameters in several Kondo lattice systems.

Materialssited Ref. T*sKd K0s%d BaskOe/mBd AaskOe/mBd Kcf
0 s%d gsmJ/mol K2d

CeCoIn5sIns1dcd 17 89 0.79 8.9 13.7 3.3 290(Ref. 20)

CeCoIn5sIns1dabd 17 ¯ 0.13 12.1 12.1 ¯ 290 (Ref. 20)

CeCoIn5sIns1dad 17 42 1.14 −0.4 25.9 −2.0 290(Ref. 20)

CeCoIn5sIns2dbd 17 42 0.77 10.3 24.1 −1.3 290(Ref. 20)

CeCoIn5sIns2dcd 17 95 −2.43 28.1 12.1 3.1 290(Ref. 20)

CeCu2Si2sCucd 13 171 0.04 −0.2 ¯ −0.3 700(Ref. 21)

CeCu2Si2sCuabd 13 58 −0.05 2.5 ¯ −0.1 700(Ref. 21)

CeCu2Si2sSicd 13 171 0.12 2.7 ¯ −0.3 700(Ref. 21)

CeCu2Si2sSiabd 13 58 −0.11 8.2 ¯ −0.2 700(Ref. 21)

CeRhIn5sIns1dcd 12 −2.51 26.0 ¯ 1.3 200(Ref. 22)

CeRhIn5sIns1dabd 10 −0.54 19.6 ¯ 2.2 200(Ref. 22)

CeAl3sAl d 23 60 0.02 3.5 ¯ −0.7 1620(Ref. 24)

CePtSisSid 25 20 −0.11 7.1 ¯ −1.7 800(Ref. 26)

CePtSi0.9Ge0.1sSid 25 15 0.07 4.2 ¯ −1.4 1350(Ref. 27)

CeSn3sSnd 28 167 −0.05 32 ¯ 0.2 70(Ref. 29)

Ce3Bi4Pt3sBid 30 123 0.37 46 ¯ −1.0 3.3(Ref. 31)

YbCuAlsCud 32 73 0.07 −1.0 ¯ 0.03 260(Ref. 33)

URu2Si2sSicd 34 84 0.05 3.37 ¯ −0.03 65(Refs. 35 and 36)

CePsPd 11 76 0.03 9.98 ¯ −1.49 17(Ref. 37)

CeAssAsd 11 73 0.43 16.3 ¯ −2.41 unknown

UPt3sPtcd 38 23 3.95 −95.7 ¯ 0.19 420(Ref. 39)

UPt3sPtabd 38 19 −2.0 −54.4 ¯ 1.30 420(Ref. 39)

UBe13sBed 40 10 −0.02 0.86 ¯ −0.008 900(Ref. 41)
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KcfsTd = Kcf
0 S1 −

T

T* D log
T*

T
, s8d

with Kcf
0 and T* as fitting parameters.Kcf

0 is given by the
value of the shift atT=aT* , wherea<0.259 is given by the

FIG. 1. (Color) KcfsTd /Kcf
0 versus lnsT/T*d for several Kondo lattice systems, showing the scaling behavior of the Kondo liquid

component of susceptibility. The solid line is given by Eq.(8).

FIG. 2. The In(1) Knight shift in CeCoIn5 versus the bulk
susceptibility.17 The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 3. Kcf versusxcf for CeCoIn5, where thexcf were obtained
from bulk measurements.42
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equationsa−1dlog a=1. Figure 3 showsKcf versusxcf in
CeCoIn5, where thexcf data were extracted from bulk mea-
surements by NPF.16,42 The linearity, especially for thec di-
rection, strongly supports the argument that the second com-
ponent measured by NMR Knight shifts is indeed probing
xcf. Figures 4–16 present comparable data for a number of
Ce, Yb and U compounds. In Fig. 2 we showKcfsTd /Kcf

0

versusT/T* for all of the materials for which we have thus
far been able to obtain Knight shift and susceptibility data.
With the exception of Ce3Bi4Pt3, a Kondo insulator, and
CeSn3, a mixed valent system, the data scale remarkably
well with one another. This result points to a common
mechanism for the Knight shift anomaly, a conclusion that is
model independent. In fact, the scaling evident in Fig. 2 is
based solely on the reasonable assumption that a second
component of susceptibility with a different hyperfine cou-

FIG. 4. The In(2) Knight shift CeCoIn5 versus the bulk
susceptibility.17 The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 5. The In(1) Knight shift in CeRhIn5 versus the bulk sus-
ceptibility. The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 6. The Sn Knight shift in CeSn3 versus the bulk
susceptibility.28,49 The solid lines are fits to the high temperature
data. Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 7. The Al Knight shift in CeAl3 versus the bulk
susceptibility.23 The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 8. The Cu Knight shift in CeCu2Si2 versus the bulk
susceptibility.13 The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).
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pling manifests itself belowT* , and that it is this component
that exhibits the universal scaling behavior given by Eq.(1).
The fact that the scaling form agrees with the analysis pre-
sented by NPF supports the two-fluid description for a broad
range of heavy fermion materials. In Figs. 17–19 we show
the bulk susceptibility versus temperature for each com-
pound.T* is marked with an arrow for each material. Note
that the anomalous behavior marking the emergence of the
xcf component is not obvious in the bulk susceptibility; mea-
surements of both the susceptibility as well as the Knight
shift are required to identifyT* .

III. DISCUSSION AND CONCLUSIONS

The alert reader will have noticed that there are two ma-
terials, Ce3Bi4Pt3 and CeSn3, for which K once more be-
comes proportional tox for T,T0. This result has a simple
physical interpretation:T0 marks the temperature below

which there are no longer any local moments present in the
material, so belowT0 the system reverts to a single compo-
nent. In Ce3Bi4Pt3 that component becomes a Kondo insula-
tor, with a band gap in the one-component electronic system
brought about by band structure effects. In the case of CeSn3
that single component is a heavy fermion liquid. This point
of view finds support in the measurements of the specific
heat and resistivity of CeSn3 which show Fermi liquid be-
havior belowT<17 K. A reasonable explanation is that for
these materialsfsTd reaches unity atT0. Below this tempera-
ture, the heavy electron liquid is fully formed, and there is
only a single, itinerant magnetic component.

In the other heavy fermion systems, both the localized and
heavy electron liquid components coexist down to the lowest
temperatures measured, typically defined by the onset of
magnetic or superconducting order in the particular com-
pounds. Presumably, in the absence of order and for suffi-

FIG. 9. The Si Knight shift in CeCu2Si2 versus the bulk
susceptibility.13 The solid lines are fits to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 10. The Si Knight shift in CePtSi1−xGex for x=0.0 andx
=0.1 versus the bulk susceptibility.25 The solid lines are fits to the
high temperature data. Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 11. The Bi Knight shift Ce3Bi4Pt3 versus the bulk
susceptibility.30 The solid line is a fit to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 12. The Cu Knight shift in YbCuAl versus the bulk
susceptibility.32 The solid line is a fit to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

CURROet al. PHYSICAL REVIEW B 70, 235117(2004)

235117-6



ciently low temperatures, all materials should exhibit one-
component behavior corresponding to the fact that the heavy
electron emergence has become complete, there is no further
trace of local moment behavior, andf =1. In fact, for
CeCu2Si2, Fig. 2 suggests that perhapsKcf begins to saturates
below 0.02T* >3.5 K.

The distinctT-dependence ofxcf andxff below T* is an-
other strong indication for the fact thatT* is not the single
ion Kondo temperatureTK. In a few cases we were able to
determine the actual temperature dependence ofxff below
T* . This is possible if the low temperature bulk susceptibility
clearly shows a logarithmic temperature dependence allow-
ing us to determine the unknown hyperfine constantA. This
approach yields a Curie–Weiss type susceptibility forkSfSfl
with Weiss temperature equal toT* as determined in the fits
for kSfScl. This is yet another reason for the collective, rather
than local, origin ofT* . Finally, this point of view is sup-

ported by the fact that the latter scenario typically leads to
the sameT-dependence ofxff andxcf below some coherence
temperature.43 The notion of a two-fluid description to
Kondo lattice systems has, in some way, been discussed in
theories based on single ion dynamics.43–46 The unconven-
tional temperature dependence ofxcf clearly requires a new
approach to Kondo lattice systems which goes beyond those
theories.

For the materials that possess structural symmetries lower
than cubic, we note thatT* is anisotropic, in some cases by
more than a factor of 2. In the two-fluid model of NPF,T* is
a measure of the Ce–Ce intersite coupling. For the bulk
measurements presented by NPF, the measuredT* describes
an volume average coupling. However, NMR results, probe a
local susceptibility, and the anisotropicT* ’s measured by
NMR reflects the anisotropy of the local couplings between
the 4fs5fd sites. This anisotropy reflects that of the orbitals
that enter the quantum chemistry calculation of the nearest
neighbor coupling; in fact the anisotropy might be maximum

FIG. 13. The P and As Knight shifts in CeP and CeAs versus the
bulk susceptibility.11 The solid line is a fit to the high temperature
data. Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 14. The Pt Knight shift in UPt3 versus the bulk
susceptibility.38,50The solid line is a fit to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 15. The Be Knight shift in UBe13 versus the bulk
susceptibility.40 The solid line is a fit to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).

FIG. 16. The Si Knight shift in URu2Si2 versus the bulk
susceptibility.34 The solid line is a fit to the high temperature data.
Inset:Kcf versusT, and a fit to Eq.(8).
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for directions intermediate to thec andab planar directions.
We emphasize that the scaling behavior exhibited strongly

supports the validity of the two-fluid description in a wide
variety of Kondo lattice systems, ranging from heavy elec-
tron systems to mixed valent systems. This scaling seems to
be independent of the ground state: the materials represented
here include magnetically ordered, superconducting, as well
as Kondo insulating materials.

The specific heat of the heavy electron fluid of the system
was shown by NPF to behave as

CcfsTd = Q
T

T* fsTd log ST*

T
D , s9d

where the dimensionless constantQ determines the entropy
contribution of the heavy electron fluid atT* , ScfsT*d
=e0

T*
fCcfsTd /TgdT=s3/4dQ. It is natural to assume that

ScfsT*d is a generic value, independent of the details of the
system. Together with the fixed Wilson ratio,R=Ccf /Txcf, of
the heavy electron component of the two fluid system, this
gives

xcf =
4

3R

ScfsT*d
T* fsTdlogST*

T
D , s10d

demonstrating that not only theT-dependence but also the
absolute value ofxcf is determined byT* . In our current

FIG. 17. (Color) The susceptibilityx versus temperature in
CeAs, CeP, CeCoIn5, and CeRhIn5. T* is marked with an arrow.
The data for CeAs and CeP are offset vertically for clarity.

FIG. 18. (Color) The susceptibilityx versus temperature in
UPt3, CeCu2Si2, and UBe13. T* is marked with an arrow.

FIG. 19. (Color) The susceptibilityx versus temperature in
CeAl3, CePtSi1−xGex, CeSn3, Ce3Bi4Pt3, YbCuAl, and URu2Si2. T*

is marked with an arrow.

FIG. 20. T* versusg for the Kondo lattice systems discussed.
There is no apparent correlation.

CURROet al. PHYSICAL REVIEW B 70, 235117(2004)

235117-8



analysis, we do not know the hyperfine coupling constantA
for all materials and consequently cannot determine the pref-
actor inxcf. In addition, even if there exists a generic value
of ScfsT*d, this does not, however, imply a universal value for
the specific heat coefficientg=CsTd /TuT→0. A g-value can
only be defined if at some low temperatureT0!T* the loga-
rithmic growth of CcfsTd /T stops. Then g
.sQ/T*dlogsT* /T0d is determined by bothT* and T0. Such
behavior might reflect, for example, the crossover from a
quantum critical regime to a heavy Fermi liquid regime if the
system is close to a quantum critical point. As seen in Fig.
20, no correlation betweeng and T* exists. From the NPF
perspective, this result is not surprising.

It is interesting to note that for the Cu sites that are nearest
to the Fe impurities in the dilute Kondo alloy Cu1−xFex there
is no Knight shift anomaly.47,48 This result supports the ar-
gument that the Knight shift anomaly observed in Kondo
lattice systems is acorrelatedKondo effect, determined by
the onset of the heavy electron component with a different
hyperfine component, rather than a local property of a Kondo
screened impurity.

In summary, both the regime of uncorrelated local mo-
ments at very highT, as well as the heavy Fermi liquid at
T!TK, should exhibitK~x (with different proportionality

constants). At high T local moments dominate the magnetic
response and the conduction electrons are invisible by com-
parison; in the other limit a single component Fermi liquid
state has emerged. However, in the important regime in be-
tween, which is so crucial to understanding how a heavy
electron emerges, and which might dominate all the way to
T=0 at a quantum critical point, the two-component picture
is essential. It is this regime where the systems are charac-
terized by the scaling behavior found in this paper. The un-
expected simplicity captured by the two-component model
offers many new opportunities for the reinterpretation of ex-
isting data and future experiments in a simple manner.
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