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We report measurements and data analysis of specific heat, susceptibility, and transport properties of
Yb0.5Y0.5InCu4 in the temperature range between 2 and 300 K, and in magnetic fields of 0 and 5 T. The data
can be consistently explained within the local-moment crystal-field theory with two close-lying doublets, �6

and �7, in the ground state and a �8 excited quartet, and with very weak or even absent Kondo effect. The
crystal-field scheme proposed by this work, which differs from the one widely accepted in the literature,
provides a better understanding of the relevant energy scales and the valence transition in the YbInCu4.
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I. INTRODUCTION

The intermetallic compound YbInCu4 is one of the most
intriguing rare-earth compounds exhibiting a very rare, still
not well understood, valence phase transition which is inter-
esting from both technological and fundamental aspects. A
large magnetic entropy change at the transition could be used
in thermomagnetic devices. In addition, the transition tem-
perature can be tuned by doping. Knowing the relevant en-
ergy scales is crucial for understanding and modeling the
transition. The first-order isostructural valence transition at
TV=42 K �Ref. 1� is characterized by the change in the va-
lence and the magnetic character of Yb3+ ion. The high-
temperature local-moment �LM� phase, is semimetallic and
paramagnetic with the magnetic moment 5%–10% lower
than the Yb3+ free-ion value. The low-temperature valence
fluctuating �VF� phase is a nonmagnetic heavy fermion
state.2,3 At the transition the holes, originally located on an
ytterbium ion, delocalize into the conducting band.1 Accord-
ing to recent hard-x-ray PES �photoemission spectra� data,
the Yb valence decreases from 2.9 to 2.74.4 The decrease is
accompanied by an order of magnitude increase in conduc-
tivity and by a 0.5% lattice expansion. It is widely accepted
that the Kondo temperature changes from approximately
TK

LM=25 K in the LM phase to TK
VF=400 K in the VF

phase.5 To elucidate this transition different experiments
have been performed on YbInCu4 and related
compounds.2,6–8 The phase diagrams have been studied by
doping, applying hydrostatic pressure and external magnetic
fields.

Different theoretical models have been used to describe
the experimental results.9,10 The reduction in the Yb moment
in the LM phase indicates the existence of an interaction
between itinerant d and localized f electrons. It is important
to find out more about this interaction because it is respon-
sible for the onset of the transition. Two different assump-
tions are found in the literature: �i� the f-d interaction is the
Kondo exchange and �ii� the f-d interaction is the Falicov-
Kimball �FK� Coulomb repulsion.10 The FK interaction suc-

cessfully explains the moment reduction in terms of delocal-
ization of holes. It also explains the main features of the LM
phase and the transition but gives a too large valence change
�close to 1�. In the case of the Kondo interaction, TK

LM

=25 K is needed to explain the moment reduction.2 Al-
though this value is commonly accepted in the literature
there is not much evidence for the Kondo effect in the LM
phase. Besides the magnetic susceptibility data,2 the evi-
dence is based on neutron-scattering data, showing an inelas-
tic absorption maximum at 2.3 meV which is attributed to
Kondo scattering.5 Recently a broad maximum at 10 K in
specific heat in pressure-stabilized LM phase was interpreted
in terms of the Kondo effect.11 On the other hand it is widely
accepted that the position of the inelastic neutron absorption
maximum is actually at 3.8 meV and that it reflects scattering
from the CF �crystal field� levels12,13 rather than Kondo scat-
tering. There are a number of indications that the Kondo
effect in the LM phase is weak or even absent. The value of
TK

LM=25 K is rather large and difficult to reconcile with the
semimetallic character of the LM phase. The paramagnetic
Curie-Weiss temperature, which is expected to be of the or-
der of TK

LM, is only a few Kelvin and can be attributed to the
CF effects. A logarithmic term in the resistance is absent, the
magnetoresistance is weak, and the Hall constant is typical
for semimetals. For details see the discussion in Ref. 10.
Finally, the Kondo volume collapse model9 does not seem to
describe the transition because the volume change is too
small.

The magnetic phase diagram is successfully explained
simply by taking into account the Yb3+-ion magnetic entropy
change.14 This clearly demonstrates the importance of the
magnetic degrees of freedom. The energy-level scheme for
the Yb+3 ion obtained from neutron inelastic scattering in the
LM phase of YbInCu4 �Ref. 12� is shown in Fig. 1. The
overall CF splitting TCF=44 K is consistent with the entropy
change at the transition,2 but a more precise determination of
the CF scheme was not possible because the valence transi-
tion sets in at TV=42 K, very close to TCF, making the LM
phase inaccessible at lower temperatures. For the same rea-
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son TK
LM could not be estimated more accurately. As the rel-

evant energy scales TV, TCF, and TK
LM are nearly equal, we

found it necessary to lower TV, i.e., to extend the LM phase
down to lower temperatures, in order to separate TCF and
TK

LM. This can be done by applying a hydrostatic pressure,
magnetic field, or by doping.

Hydrostatic pressure stabilizes the LM phase down to
very low temperatures. In that case, the magnetic entropy is
released by ferromagnetic ordering of uncompensated Yb3+

moments. The pressure-induced small-moment ferromag-
netism is found in magnetization measurements of
Yb0.8Y0.2InCu4,15 in resistivity and ac susceptibility,16 and in
the specific heat11 of YbInCu4. The corresponding pressure-
temperature phase diagram has been extensively studied
recently.17 The specific-heat data11 exhibit a broad maximum
around 10 K which is attributed to the combination of Kondo
and CF effects.

The LM phase is also stabilized by yttrium doping in
YbxY1−xInCu4. For concentrations x�0.8 the valence transi-
tion is completely suppressed.18 The measured anisotropic
high-field magnetization and the magnetic phase diagram ob-
tained on a single crystal of YbInCu4 �Ref. 19� is explained
with the CF1 scheme from Ref. 12 �see Fig. 1�. However, the
low-field low-temperature magnetization data in the LM
phase of a single crystal of Yb0.7Y0.3InCu4 �Ref. 19� exhibits
anisotropy that is not expected within the proposed CF
scheme.

Our previous investigations of the LM phase of
YbxY1−xInCu4 showed that the temperature of the ther-
mopower minima does not change by doping and also that
magnetic susceptibilities scale with concentration of Yb3+

ions down to 2 K.18,20 This indicates that the CF levels and
the magnetic properties of the Yb ion do not change by dop-
ing and that the Y-doped sample is relevant for studying the
LM phase at low temperatures. In this paper we report mea-
surements and data analysis of specific heat, magnetic sus-
ceptibility, electrical resistance, and thermopower of
Yb0.5Y0.5InCu4 in the temperature range between 2 and 300
K.

II. RESULTS AND DISCUSSION

The most convenient concentration we found is for
Yb0.5Y0.5InCu4: it is concentrated enough to obtain a strong
response of Yb ions and dilute enough to avoid possible
coherence effects. The measurements were performed on
single crystals grown in In-Cu flux.21 The experimental data
are obtained on samples from the same batch. Quantum de-
sign’s physical property measurement system �PPMS� was
used to measure dc magnetic susceptibility and specific heat.
The transport properties were measured as described in Ref.
18. The susceptibility data obtained for magnetic fields of 0.1
and 5 T are shown in Fig. 2. The Curie-type susceptibility,
shown in the inset, shows that the sample is in the LM phase
down to 2 K. The slope of the inverse susceptibility corre-
sponds to the concentration x3+=0.315 of magnetic Yb3+ free
ions. This value is used to scale the magnetic contribution for
all theoretical curves in this work. The concentration x3+ is
lower than the nominal one x=0.5 so that the rest of ytter-
bium ions are considered to be nonmagnetic Yb2+ ions.18 The
magnetic contribution of the Yb3+ CF levels is calculated for
the two different CF schemes from Fig. 1 by exact diagonal-
ization of the CF Hamiltonian of Yb3+ ion �j=7 /2� in a cubic
CF in an external magnetic field. The data calculated for the
CF2 scheme are in much better agreement with the experi-
mental results �see Fig. 2�.

The low-temperature specific-heat data divided by tem-
perature cp /T for Yb0.5Y0.5InCu4 measured in zero magnetic
field and in a field of 5 T are shown in Fig. 3 along with the
theoretical curves, consisting of a sum of nonmagnetic and
magnetic contributions. The nonmagnetic part is assumed to
be equal to the measured specific heat c0 /T of nonmagnetic
isostructural and isoelectronic YInCu4.22 The magnetic con-
tribution is calculated from the CF Hamiltonian and scaled
by the concentration factor x3+. The data calculated for a
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FIG. 1. The CF schemes for the Yb3+ ion in the cubic environ-
ment of YbInCu4. The CF1 scheme is proposed from the results of
inelastic neutron scattering �Ref. 12� and widely accepted in litera-
ture. The CF2 scheme is proposed by this work. For both schemes
the total CF splitting TCF��2=44 K is an order of magnitude
greater than spacing between the doublets �1=7 K. The system can
be considered as a system of two quartets, with one of them being
composed of two closely spaced Kramers doublets. For tempera-
tures larger than the doublet splitting, T��1, the system behaves
like two quartets with total CF spacing �2 and it is not possible to
distinguish between the two schemes.
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FIG. 2. �Color online� Magnetic susceptibility of Yb0.5Y0.5InCu4

as a function of temperature measured in magnetic fields of 0.1 T
�circles� and 5 T �triangles�. The dashed-dotted and the dotted lines
are the calculated susceptibilities for the CF1 scheme in magnetic
fields of 0.1 and 5 T, respectively. The full and the dashed lines are
the calculated susceptibilities for the CF2 scheme in magnetic field
of 0.1 and 5 T, respectively. The corresponding Curie-Weiss plot for
0.1 T is shown in the inset where the full line is the calculated
inverse susceptibility.
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magnetic field of 5 T show a very similar behavior for the
both CF schemes �the dotted line and the dashed line which
overlap�, while for the zero magnetic field �dash-dotted line
and the full line� the behavior for the two schemes differs
completely. The CF1 scheme fails to explain the upturn in
cp /T obtained at low temperatures. The upturn could be at-
tributed to the Kondo effect, with the TK of only few K. For
the CF2 scheme the upturn is easily explained within the
simple CF theory as the result of the occupation of the two
close-lying ground-state doublets.

Magnetic entropies of the Yb3+ ion in Yb0.5Y0.5InCu4 as
function of temperature are shown in Fig. 4. The data are
obtained by integrating the difference �cmag /T−c0 /T� from
Fig. 3. They are scaled for the concentration of Y3+ ions and
then shifted to match the high-temperature theoretical CF
curves. The lines are the calculated entropies for the two CF
schemes. For temperatures larger than the doublet separation,
T��1, the doublet splitting can be neglected and the system
behaves like a system of two simple quartets with total CF
spacing equal �2. Therefore for temperatures above 20 K the

results do not differ for the two schemes. At high tempera-
tures all eight CF levels are equally occupied, and the mag-
netic entropy assumes the maximum value of kB ln�8�. A
significant difference in residual entropies is expected for the
two schemes because of the different degeneracies of their
ground states: kB ln�4� for the quartet and kB ln�2� the dou-
blet ground state, respectively. Figure 4 shows that, at low
temperatures, the measured zero-field magnetic entropy is in
good agreement with theoretical data for the doublet ground
state. The Zeeman energy splits the ground-state multiplet
leading to a singlet ground state and the residual entropy
falls to zero. This behavior is observed for the data measured
in the magnetic field of 5 T. The analysis shows that the CF2
scheme explains the experimental results much better than
the CF1 scheme.

The transport data for Yb0.5Y0.5InCu4 as function of tem-
perature are shown in Fig. 5. The resistivity shows no sign of
the Kondo effect, i.e., no characteristic low-temperature up-
turn. Moreover, the resistance decreases down to the lowest
temperatures. The decrease cannot be ascribed to the onset of
coherence which is not expected for a diluted �x=0.5�
sample. We believe that the temperature dependence of the
resistance reflects the scattering on the localized Yb3+-ion 4f
levels, split by the CF. The dashed line represents a fit to
Hirst’s formula,23 R�T�=R0+�i�ai�i /T� / �exp��i /T�−1�,
which describes the resistivity arising from the scattering by
CF levels. The CF energy levels are taken to be �1=7 K and
�2=44 K, which correspond to the CF2 scheme, while the
R0 and ai are the fitting parameters. A discussion of param-
eters is given in Ref. 24 and references therein. For a com-
parison the best fit for the CF1 scheme is also shown by the
dotted line. The thermopower exhibits a minimum at 44 K
and a maximum at 5 K. We think that both extrema indicate
scattering on CF levels; the minimum scattering on the ex-
cited quartet and the maximum scattering on the first excited
CF doublet.

We find our data, presented in this work, are relevant to
estimate the CF energy scheme and the strength of the
Kondo interaction in the LM phase of the YbInCu4. The
low-temperature anomalies obtained in the LM phase can be
explained with the CF2 scheme, shown in Fig. 1, and a small
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FIG. 3. �Color online� Low-temperature specific heat of
Yb0.5Y0.5InCu4 divided by temperature as a function of temperature
in zero magnetic field �circles� and in a magnetic field of 5 T �tri-
angles�. The data in the whole temperature range are shown in the
inset. The squares are the specific-heat data of nonmagnetic YInCu4

from Ref. 22. Note the upturn in cp /T at low temperatures. Theo-
retical values for the two CF schemes and for the fields of 0 T and
5 T are also shown in the figure for a comparison.
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or even absent Kondo energy. It is important to note that the
CF2 scheme proposed in this work is not in contradiction
with the neutron-scattering data12,13 which only show one
inelastic absorption peak corresponding to the overall CF
splitting. This is in accord with the picture in which EF is
placed just below the dip in the density of states �DOS�.
Large electrical resistance of the LM phase and its increase
when a noninteger valence Yb is substituted by trivalent Y,18

forcing a hole localization, support this picture. Our results
support the FK scenario for the onset of the valence transi-
tion in YbInCu4. At the transition hole delocalization pushes
EF deeper in the DOS where the density of states is higher.
This sets up the Kondo interaction �with high characteristic
temperature TK

VF=400 K� which screens Yb moments. A
new equilibrium itinerant hole concentration �and Yb va-
lence� is fixed by the equilibrium between the Kondo con-
densation energy gain and the magnetic entropy lost due to
the quenching of the Yb3+ moments. The VF phase is stabi-
lized when about 15% of holes are delocalized. In other
words, TV depends on FK parameters and the valence change
depends on the TK

VF of the VF phase. In the simplest picture,
we assume the Kondo condensation energy EK is propor-
tional to the product of the concentration x3+ of the Yb3+ ions
and the concentration of delocalized itinerant holes 1−x3+,
EK=TK

VFx3+�1−x3+�. If we neglect the entropy of the Fermi
liquid, the entropy change at the transition is roughly

TVx3+ ln�4�. By equating these two expressions we obtain the
valence change at the transition 1−x3+=TV ln�4� /TK

VF

=42 K ln�4� /400 K=0.15 that is the experimentally ob-
served value.

III. CONCLUSIONS

We present measurements and data analysis of specific
heat, magnetic susceptibility, electrical resistance, and ther-
mopower of Yb0.5Y0.5InCu4. Our measurements show that
the low-temperature properties of the local-moment phase of
YbInCu4 can be explained only by the CF effects but with a
modified CF scheme. The data are consistently explained
with two close-lying doublets, �6 and �7, in the ground state
and a �8 excited quartet. This also implies that the Kondo
interaction in this system is very weak. We find our results
relevant for a better understanding of the valence transition,
as well as of the low-temperature properties of the pressure
stabilized LM phase of YbInCu4.
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