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• The nature of the ground state of EuCu2(SixGe1-x)2 depends on 

concentration.  The QCP is located close to x=0.68. 

• The overall features of the thermoelectric power S(T) depend         
on Si concentration.    

• α=limT➝0 S/T    and   ϒ=limT➝0 CV/T    change rapidly with x     

but   q=(NAe)(α/ϒ)    is  almost x-independent    (q ~ 1). 

• How does the change of the ground state affects S(T)? 

• Can we explain S(T) by Kondo effect? 

Motivation



Description of Eu2Cu2(SixGe1-x)2  data 

             Characteristic temperatures change with doping. 
Chemical pressure favors  4f6  with respect to  4f7  configuration.

effective moment close to the value for a free Eu2! ion and

low !p values ("#40 K). A clear kink between 15 and 20
K is observed indicating the onset of magnetic order in this

concentration range. In contrast, for samples with x"0.7,
#(T) deviates strongly from a Curie-Weiss law below 100–

200 K, showing a broad maximum and much smaller abso-

lute values, as expected for intermediate valent systems. The

!p values estimated from Curie-Weiss fit increase only

slightly with x for x"0.7, from !p$#30 K in pure

EuCu2Ge2 to !p$#44 K at x$0.6. For x%0.7, the slope
d!p /dx becomes much larger in accordance with the strong
increase of valence fluctuations. However, since a reliable

determination of !p would require measurements up to much
higher temperatures, above 400 K, we cannot give absolute

numbers here. Levin et al.8 suggested that the valence v in-
creases in two steps, the first step at x$0.5, from v$2 to
v$2.15, and the second step at x$0.9, from v$2.15 to v
$2.4, v being almost constant for 0.6"x"0.9. Our results
indicate that this two-step increase of v and the constant

value of v in the intermediate concentration range is likely
due to a misinterpretation of the peak in $(T) and S(T). The
authors did not investigate the evolution of the antiferromag-

netic order and were thus not aware of the magnetic ordered

state in the intermediate concentration range. Our results

suggest a rather continuous increase of the valence fluctua-

tion over the whole concentration range %at least for x
%0.4), the slope itself increasing with the Si content.

1. Evolution of the antiferromagnetic order

The most precise information on the evolution of the an-

tiferromagnetic state stems from the specific-heat measure-

ments. For 0"x"0.6, the transition at TN remains very

sharp, the size of the anomaly at TN stays constant, but TN
shifts continuously to higher temperatures, reaching a maxi-

mum at x$0.5 with TN$20 K &Fig. 4%a'( %see also phase
diagram in Fig. 9'. Thus, despite the disorder introduced by
alloying, the long-range antiferromagnetic order is very well

preserved and becomes even more stable with increasing Si

content. The weaker anomalies observed near 12 K at x$0
get more pronounced at x$0.2, but disappear at higher con-
centration, suggesting a complex magnetic phase diagram

within the antiferromagnetic state. For x%0.5 a pronounced
evolution of the magnetic order sets in &Fig. 4%b'(. TN de-
creases faster and faster, down to TN$14 K at x$0.6375,
and the size of the anomaly in C(T) at TN also decreases %to
50% of its value at lower x). The width of the anomaly

increases slightly, but even at x$0.6375, the anomaly is still
well defined, clearly indicating a long-range order. The slight

broadening of the anomaly can easily be accounted for by

the combination of the large slope dTN /dx and an inhomo-

geneity of the Si distribution of the order of 1%, which is

difficult to avoid in such an alloy system. At x$0.65 no clear
anomaly is observed. One could suspect that the very weak

and very broad bump in the C(T) curves near 8 K corre-

sponds to a strongly broadened transition, but this would

require a sudden and large increase of dTN /dx . Transform-

ing this broad anomaly to a sharp one would also lead to a

further strong reduction of the size of the anomaly compared

to that at x$0.6375.
No anomaly, even a broad one, can be resolved for x

%0.65. Thus, the antiferromagnetic order is suppressed at a

FIG. 3. Magnetic susceptibility of EuCu2(Ge1#xSix)2 for se-

lected samples. Peak in # for x$0.6 sample is due to magnetic
order. No anomaly due to magnetic order is observed for x$0.7.
The # for x$0.7, 0.8, and 1.0 show broad maxima due to valence
fluctuation.

FIG. 4. %a' Specific heat of EuCu2(Ge1#xSix)2 for x)0.4 show-
ing anomalies due to magnetic order. %b' Specific heat for 0.5)x

)0.7. Well-defined anomalies due to magnetic order is found for
x)0.6325, the anomaly is drastically reduced for x$0.65 and dis-
appears for x$0.7. %c' Anomalies in the magnetic susceptibility is
observed even in samples which are quite close to the critical con-

centration. %d' Resistive anomalies due to magnetic transition for
x$0.4, 0.5, and 0.6. The resistivity increase at TN*20 K for x

$0.4 and 0.5 is due to superzone gap formation.
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effective moment close to the value for a free Eu2! ion and

low !p values ("#40 K). A clear kink between 15 and 20
K is observed indicating the onset of magnetic order in this

concentration range. In contrast, for samples with x"0.7,
#(T) deviates strongly from a Curie-Weiss law below 100–

200 K, showing a broad maximum and much smaller abso-

lute values, as expected for intermediate valent systems. The

!p values estimated from Curie-Weiss fit increase only

slightly with x for x"0.7, from !p$#30 K in pure

EuCu2Ge2 to !p$#44 K at x$0.6. For x%0.7, the slope
d!p /dx becomes much larger in accordance with the strong
increase of valence fluctuations. However, since a reliable

determination of !p would require measurements up to much
higher temperatures, above 400 K, we cannot give absolute

numbers here. Levin et al.8 suggested that the valence v in-
creases in two steps, the first step at x$0.5, from v$2 to
v$2.15, and the second step at x$0.9, from v$2.15 to v
$2.4, v being almost constant for 0.6"x"0.9. Our results
indicate that this two-step increase of v and the constant

value of v in the intermediate concentration range is likely
due to a misinterpretation of the peak in $(T) and S(T). The
authors did not investigate the evolution of the antiferromag-

netic order and were thus not aware of the magnetic ordered

state in the intermediate concentration range. Our results

suggest a rather continuous increase of the valence fluctua-

tion over the whole concentration range %at least for x
%0.4), the slope itself increasing with the Si content.

1. Evolution of the antiferromagnetic order

The most precise information on the evolution of the an-

tiferromagnetic state stems from the specific-heat measure-

ments. For 0"x"0.6, the transition at TN remains very

sharp, the size of the anomaly at TN stays constant, but TN
shifts continuously to higher temperatures, reaching a maxi-

mum at x$0.5 with TN$20 K &Fig. 4%a'( %see also phase
diagram in Fig. 9'. Thus, despite the disorder introduced by
alloying, the long-range antiferromagnetic order is very well

preserved and becomes even more stable with increasing Si

content. The weaker anomalies observed near 12 K at x$0
get more pronounced at x$0.2, but disappear at higher con-
centration, suggesting a complex magnetic phase diagram

within the antiferromagnetic state. For x%0.5 a pronounced
evolution of the magnetic order sets in &Fig. 4%b'(. TN de-
creases faster and faster, down to TN$14 K at x$0.6375,
and the size of the anomaly in C(T) at TN also decreases %to
50% of its value at lower x). The width of the anomaly

increases slightly, but even at x$0.6375, the anomaly is still
well defined, clearly indicating a long-range order. The slight

broadening of the anomaly can easily be accounted for by

the combination of the large slope dTN /dx and an inhomo-

geneity of the Si distribution of the order of 1%, which is

difficult to avoid in such an alloy system. At x$0.65 no clear
anomaly is observed. One could suspect that the very weak

and very broad bump in the C(T) curves near 8 K corre-

sponds to a strongly broadened transition, but this would

require a sudden and large increase of dTN /dx . Transform-

ing this broad anomaly to a sharp one would also lead to a

further strong reduction of the size of the anomaly compared

to that at x$0.6375.
No anomaly, even a broad one, can be resolved for x

%0.65. Thus, the antiferromagnetic order is suppressed at a

FIG. 3. Magnetic susceptibility of EuCu2(Ge1#xSix)2 for se-

lected samples. Peak in # for x$0.6 sample is due to magnetic
order. No anomaly due to magnetic order is observed for x$0.7.
The # for x$0.7, 0.8, and 1.0 show broad maxima due to valence
fluctuation.

FIG. 4. %a' Specific heat of EuCu2(Ge1#xSix)2 for x)0.4 show-
ing anomalies due to magnetic order. %b' Specific heat for 0.5)x

)0.7. Well-defined anomalies due to magnetic order is found for
x)0.6325, the anomaly is drastically reduced for x$0.65 and dis-
appears for x$0.7. %c' Anomalies in the magnetic susceptibility is
observed even in samples which are quite close to the critical con-

centration. %d' Resistive anomalies due to magnetic transition for
x$0.4, 0.5, and 0.6. The resistivity increase at TN*20 K for x

$0.4 and 0.5 is due to superzone gap formation.

ANTIFERROMAGNETISM, VALENCE FLUCTUATION, . . . PHYSICAL REVIEW B 69, 014422 %2004'

014422-3

T

0.65<x<0.65  -  S(T) shows at TN a break of slope.  
x<0.6 -   S(T) shows a cusp at TN.

FL ground state  for x > 0.65. 

CV and S(T) have anomaly at TN(x).
TN(x) is a non-monotonic function of x.



effective moment close to the value for a free Eu2! ion and

low !p values ("#40 K). A clear kink between 15 and 20
K is observed indicating the onset of magnetic order in this

concentration range. In contrast, for samples with x"0.7,
#(T) deviates strongly from a Curie-Weiss law below 100–

200 K, showing a broad maximum and much smaller abso-

lute values, as expected for intermediate valent systems. The

!p values estimated from Curie-Weiss fit increase only

slightly with x for x"0.7, from !p$#30 K in pure

EuCu2Ge2 to !p$#44 K at x$0.6. For x%0.7, the slope
d!p /dx becomes much larger in accordance with the strong
increase of valence fluctuations. However, since a reliable

determination of !p would require measurements up to much
higher temperatures, above 400 K, we cannot give absolute

numbers here. Levin et al.8 suggested that the valence v in-
creases in two steps, the first step at x$0.5, from v$2 to
v$2.15, and the second step at x$0.9, from v$2.15 to v
$2.4, v being almost constant for 0.6"x"0.9. Our results
indicate that this two-step increase of v and the constant

value of v in the intermediate concentration range is likely
due to a misinterpretation of the peak in $(T) and S(T). The
authors did not investigate the evolution of the antiferromag-

netic order and were thus not aware of the magnetic ordered

state in the intermediate concentration range. Our results

suggest a rather continuous increase of the valence fluctua-

tion over the whole concentration range %at least for x
%0.4), the slope itself increasing with the Si content.

1. Evolution of the antiferromagnetic order

The most precise information on the evolution of the an-

tiferromagnetic state stems from the specific-heat measure-

ments. For 0"x"0.6, the transition at TN remains very

sharp, the size of the anomaly at TN stays constant, but TN
shifts continuously to higher temperatures, reaching a maxi-

mum at x$0.5 with TN$20 K &Fig. 4%a'( %see also phase
diagram in Fig. 9'. Thus, despite the disorder introduced by
alloying, the long-range antiferromagnetic order is very well

preserved and becomes even more stable with increasing Si

content. The weaker anomalies observed near 12 K at x$0
get more pronounced at x$0.2, but disappear at higher con-
centration, suggesting a complex magnetic phase diagram

within the antiferromagnetic state. For x%0.5 a pronounced
evolution of the magnetic order sets in &Fig. 4%b'(. TN de-
creases faster and faster, down to TN$14 K at x$0.6375,
and the size of the anomaly in C(T) at TN also decreases %to
50% of its value at lower x). The width of the anomaly

increases slightly, but even at x$0.6375, the anomaly is still
well defined, clearly indicating a long-range order. The slight

broadening of the anomaly can easily be accounted for by

the combination of the large slope dTN /dx and an inhomo-

geneity of the Si distribution of the order of 1%, which is

difficult to avoid in such an alloy system. At x$0.65 no clear
anomaly is observed. One could suspect that the very weak

and very broad bump in the C(T) curves near 8 K corre-

sponds to a strongly broadened transition, but this would

require a sudden and large increase of dTN /dx . Transform-

ing this broad anomaly to a sharp one would also lead to a

further strong reduction of the size of the anomaly compared

to that at x$0.6375.
No anomaly, even a broad one, can be resolved for x

%0.65. Thus, the antiferromagnetic order is suppressed at a

FIG. 3. Magnetic susceptibility of EuCu2(Ge1#xSix)2 for se-

lected samples. Peak in # for x$0.6 sample is due to magnetic
order. No anomaly due to magnetic order is observed for x$0.7.
The # for x$0.7, 0.8, and 1.0 show broad maxima due to valence
fluctuation.

FIG. 4. %a' Specific heat of EuCu2(Ge1#xSix)2 for x)0.4 show-
ing anomalies due to magnetic order. %b' Specific heat for 0.5)x

)0.7. Well-defined anomalies due to magnetic order is found for
x)0.6325, the anomaly is drastically reduced for x$0.65 and dis-
appears for x$0.7. %c' Anomalies in the magnetic susceptibility is
observed even in samples which are quite close to the critical con-

centration. %d' Resistive anomalies due to magnetic transition for
x$0.4, 0.5, and 0.6. The resistivity increase at TN*20 K for x

$0.4 and 0.5 is due to superzone gap formation.
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at ambient pressure we were able to show that these valence

fluctuations are also consistent with the Kondo-like behavior

of the resistivity and the thermopower.

IV. SUMMARY

Our results are summarized in the magnetic phase dia-

gram shown in Fig. 9. Our specific heat, susceptibility, and

resistivity results confirm an antiferromagnetic state in pure

EuCu2Ge2 with a SDW-like anomaly in !(T) at TN!14 K.
The long-range antiferromagnetic order is stable until a criti-

cal point at x!0.65. TN first increases with Si content, up to
TN!20 K around x!0.5, but shows then a significant de-
crease with further increasing x, down to TN!14 K at x

!0.6375. We cannot tell unambiguously whether the AF
state disappears at a quantum critical point (TN→0 K) or at

a classical critical point at a finite temperature "TN(x→xc)
→13 K# . For x slightly larger than xc , we observe the for-
mation of a heavy Fermi liquid at low temperatures, as evi-
denced by a large linear coefficient in the specific heat ($
!191 mJ/K2 mol for x!0.7), T2 dependence of resistivity
with a large coefficient A, and a strongly enhanced constant
susceptibility %0. Both the Wilson’s ratio %0 /$ and the
Kadowaki-Woods ratio A/$2 show the value expected for a
heavy fermion system. Kondo-like behavior appears in the
temperature dependence of the resistivity and of the ther-
mopower for x"0.4, and becomes very pronounced around
xc . For further increasing Si content, the systems evolve
towards valence fluctuating properties. The thermopower
data suggest a continuous decrease of the Kondo scale &or the
characteristic fluctuation energy scale' from pure EuCu2Si2
to EuCu2Ge2. The temperature and concentration depen-
dence of XPS and UPS results indicate that valence fluctua-

tion persists from x!1 down to at least x!0.6, well into the
antiferromagnetic regime.

We presented here experimental evidence for heavy fer-

mion behavior and coexistence of valence fluctuation and

magnetic order at ambient pressure in Eu compounds. The

heavy fermion behavior in this case is unique as the eight

fold degeneracy of the divalent Eu (4 f 7; J!S!7/2) is pre-
served down to lowest temperature in contrast to the Ce-,

Yb-, or U-based heavy fermions where the effective de-

geracy is lowered due to crystal field splitting. As the number

of f electrons is rather large, it might be possible to find

experimental evidence for underscreened Kondo effect. Such

studies shall be one of the focus of further research.
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2K ! T ! 20K. The value of ! of the sample Eu-
Cu2(SixGe1"x)2 with x ¼ 1:0 is about 30mJ/ K2mol. It
increases with the decrease of x of the samples, and it
attains to about 250mJ/ K2mol for thesamplewith x ¼ 0:68,
if it is estimated in the temperature region 15K ! T ! 20K.
The value of ! for this sample, however, shows an
enhancement with the decrease of T, and it extrapolates to
450mJ/ K2mol at T ¼ 0. The values of ! for other samples

with 0:70 < x < 0:80 also show an enhancement at low-
temperature region. The value of ! for the samples of
EuCu2(SixGe1"x)2 with 0:68 ! x ! 1:0 is plotted as a
function of Si concentration x in Fig. 13. We will discuss
the value of ! later.
Hossain et al. reported recently theoccurrenceof aheavy-

Fermion state for the sample of EuCu2(Si0:7Ge0:3)2 having
an enhancement of ! value of 250mJ/ K2mol.8) The present
study supports their report.

4. Discussions

4.1 Doniach diagram
The antiferromagnetic Néel temperature, TN, for the

present samples series of EuCu2(SixGe1"x)2 has been
estimated so far from the measurements of ", # and C,
and the temperature of effective valence change of Eu, TV,
from themeasurementsof ", XAS, #, S andC. In Fig. 14, all
these values of TN and TV are plotted as a function of Si
concentration x of the present samples. The values of TN
estimated from the different physical properties agree with
each other well, while the values of TV estimated from the
different physical propertiesshow ascattering. However, the
values of TV estimated by different methods in Fig. 14 are
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effective moment close to the value for a free Eu2! ion and

low !p values ("#40 K). A clear kink between 15 and 20
K is observed indicating the onset of magnetic order in this

concentration range. In contrast, for samples with x"0.7,
#(T) deviates strongly from a Curie-Weiss law below 100–

200 K, showing a broad maximum and much smaller abso-

lute values, as expected for intermediate valent systems. The

!p values estimated from Curie-Weiss fit increase only

slightly with x for x"0.7, from !p$#30 K in pure

EuCu2Ge2 to !p$#44 K at x$0.6. For x%0.7, the slope
d!p /dx becomes much larger in accordance with the strong
increase of valence fluctuations. However, since a reliable

determination of !p would require measurements up to much
higher temperatures, above 400 K, we cannot give absolute

numbers here. Levin et al.8 suggested that the valence v in-
creases in two steps, the first step at x$0.5, from v$2 to
v$2.15, and the second step at x$0.9, from v$2.15 to v
$2.4, v being almost constant for 0.6"x"0.9. Our results
indicate that this two-step increase of v and the constant

value of v in the intermediate concentration range is likely
due to a misinterpretation of the peak in $(T) and S(T). The
authors did not investigate the evolution of the antiferromag-

netic order and were thus not aware of the magnetic ordered

state in the intermediate concentration range. Our results

suggest a rather continuous increase of the valence fluctua-

tion over the whole concentration range %at least for x
%0.4), the slope itself increasing with the Si content.

1. Evolution of the antiferromagnetic order

The most precise information on the evolution of the an-

tiferromagnetic state stems from the specific-heat measure-

ments. For 0"x"0.6, the transition at TN remains very

sharp, the size of the anomaly at TN stays constant, but TN
shifts continuously to higher temperatures, reaching a maxi-

mum at x$0.5 with TN$20 K &Fig. 4%a'( %see also phase
diagram in Fig. 9'. Thus, despite the disorder introduced by
alloying, the long-range antiferromagnetic order is very well

preserved and becomes even more stable with increasing Si

content. The weaker anomalies observed near 12 K at x$0
get more pronounced at x$0.2, but disappear at higher con-
centration, suggesting a complex magnetic phase diagram

within the antiferromagnetic state. For x%0.5 a pronounced
evolution of the magnetic order sets in &Fig. 4%b'(. TN de-
creases faster and faster, down to TN$14 K at x$0.6375,
and the size of the anomaly in C(T) at TN also decreases %to
50% of its value at lower x). The width of the anomaly

increases slightly, but even at x$0.6375, the anomaly is still
well defined, clearly indicating a long-range order. The slight

broadening of the anomaly can easily be accounted for by

the combination of the large slope dTN /dx and an inhomo-

geneity of the Si distribution of the order of 1%, which is

difficult to avoid in such an alloy system. At x$0.65 no clear
anomaly is observed. One could suspect that the very weak

and very broad bump in the C(T) curves near 8 K corre-

sponds to a strongly broadened transition, but this would

require a sudden and large increase of dTN /dx . Transform-

ing this broad anomaly to a sharp one would also lead to a

further strong reduction of the size of the anomaly compared

to that at x$0.6375.
No anomaly, even a broad one, can be resolved for x

%0.65. Thus, the antiferromagnetic order is suppressed at a

FIG. 3. Magnetic susceptibility of EuCu2(Ge1#xSix)2 for se-

lected samples. Peak in # for x$0.6 sample is due to magnetic
order. No anomaly due to magnetic order is observed for x$0.7.
The # for x$0.7, 0.8, and 1.0 show broad maxima due to valence
fluctuation.

FIG. 4. %a' Specific heat of EuCu2(Ge1#xSix)2 for x)0.4 show-
ing anomalies due to magnetic order. %b' Specific heat for 0.5)x

)0.7. Well-defined anomalies due to magnetic order is found for
x)0.6325, the anomaly is drastically reduced for x$0.65 and dis-
appears for x$0.7. %c' Anomalies in the magnetic susceptibility is
observed even in samples which are quite close to the critical con-

centration. %d' Resistive anomalies due to magnetic transition for
x$0.4, 0.5, and 0.6. The resistivity increase at TN*20 K for x

$0.4 and 0.5 is due to superzone gap formation.
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the Kondo temperature, as suggested by Levin et al.,8 but to

TN . On the other hand, for x!0.7, the temperature of the
broad maximum is also likely related to the characteristic

energy of the valence fluctuations. It seems that the tempera-

ture dependence of the thermopower, i.e., the crossover from

a large negative value at high temperature (T!TK) to a large

positive maximum at lower temperatures (T"TN) is in ac-

cordance with prediction of the Kondo model for Eu ions.19

The magnetoresistance for samples with 0.5"x"0.7 shows
similar behavior as in the Ce-based Kondo lattice system.11

The characteristic valence fluctuation energy scale #or the
Kondo energy$ is reflected in three different temperatures,
T%max , TSmax , and Ts #Table I$. However, although all of
them shift to higher temperatures with increasing x, the slope

is different. Thus, in the absence of a reliable theory, we

cannot determine absolute values for TK . However, the shift

of Ts to even lower values when x decreases from x#0.7 to
x#0.5, as well as the decrease of the magnitude of the
Kondo effect in %(T) and S(T) in this concentration range
indicate that TK #or T f) also decreases with x for x"0.7, in
contrast to the constant TK suggested by Levin et al.

8 Thus,

these results indicate a continuous decrease of TK or T f from

pure EuCu2Si2 to EuCu2Ge2 , TK being of the order of

10–30 K at the onset of magnetic order.

C. Valence changes

In order to get more precise information about the valence

state of Eu close to the magnetic-nonmagnetic transition, the

photoemission measurements on pure EuCu2Ge2 and

EuCu2Si2 and on the compounds with x#0.6 and x#0.7
were performed both in ultraviolet photoemission spectros-

copy #UPS$ and x-ray photoemission spectroscopy #XPS$
modes. Since the purpose of this work is to study bulk prop-

erties of the compounds, in the following we will concentrate

on the results of the more bulk-sensitive XPS measurements.

The UPS results, which are in agreement with the XPS data,

providing additional information on the surface properties of

the samples, will be discussed elsewhere.20

The Eu valence in the above compounds was studied by

recording the Eu 3d and 4 f core-level PE spectra with the

bulk-sensitive Al K& excitation. Due to the large Coulomb-

correlation energy, the energy positions of the core-level sig-

nals for 4 f configurations with different electron occupations

are shifted by several eV with respect to each other. There-

fore, the contributions to the PE from the different 4 f con-

figurations can easily be discriminated. From the intensity

ratio of these contributions the information about the valence

can be derived.21

The results obtained in the present study from the analysis

of the Eu 3d and the 4 f core-level spectra are qualitatively

similar to each other. The spectra of the lower-binding en-

ergy #BE$ 4 f states reveal, however, much weaker broaden-
ing of the 4 f final-state multiplets #only 10–100 meV$ due to
the larger lifetime of the core-hole excitation. Therefore, as a

rule they allow for more precise assignments of the experi-

mental data as compared to the spectra of the much deeper-

lying 3d levels. Apart from that the 4 f spectra can be used

for the analysis of the electronic structure close to the Fermi

energy (EF). If the leading 4 f component of the final-state

PE multiplet is observed at the Fermi energy, it shows that

this term of the final-state multiplet is energetically degener-

ate with the ground state and gives, therefore, evidence for

homogeneous mixed-valent behavior of the system. The 4 f

energy distribution curves taken at three different tempera-

tures: 300 K #gray curves$, 77 K #dotted$, and 4 K #black$ for
the samples doped with different concentrations of Si are

shown in Fig. 8. All spectra are normalized to the intensity of

the Cu 3d valence-band signal #at 3.8 eV BE$ that is sup-
posed to be constant within the used range of temperatures

and for all four samples differing from each other only by the

relative Ge/Si content. The 4 f 6 final-state multiplet corre-

sponding to divalent Eu2$ is usually located within the first 2

eV below EF , while the broad 4 f
5 multiplet of Eu3$ is

found between 6 and 11 eV binding energies.22

FIG. 8. 4 f XPS spectra of selected samples. The x#0.0 sample
is characterized by only the 4 f 6 final-state PE multiplet indicating

stable divalent configuration, whereas the other samples reveal ad-

ditionally the 4 f 5 final-state multiplet providing evidence for va-

lence fluctuation. As a result the relative intensities of the divalent

and trivalent components vary for the samples with x#0.6, 0.7, and
1.0. The 4 f 5 and 4 f 6 multiplets from Ref. 23 are shown by vertical

bars at the bottom of the figure.

TABLE I. The temperature of resistivity maximum

'T%max (K)( , thermopower maximum 'TSmax (K)( , and ther-

mopower change of sign 'Ts(K)( for different x.

x T%max (K) TSmax (K) Ts#K$

1.0 !300 145 !300

0.8 140 65 185

0.7 60 22 125

0.6 "15 "20 80
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The valency of Eu ions changes with doping. 

  1 <  x < 0.8     Valence fluctuations  (2+,3+)
0.8 < x < 0.7     Kondo effect, FL ground state
0.7 < x < 0       2+ and 3+ mixture, Kondo,  
                                  AFM ground state
  x=0            2+ state,  AFM, no Kondo effect



Universality of  S(T)/T  and  CV/T  at low temperatures 

q=1 in EuCu2(SixGe1-x)2 
S

γT
=

q

eNAv



Eu assumes  4f7 or 4f6  Hund’s rule configuration.

Configurational fluctuations 
give rise to Kondo effect

4f7

4f6

Ef

Eu 3+Eu 2+

Configurational splitting is Ef

conduction electron

Sz=7/2

J=0

Jz =7/2

Jz=7/2

Eu2Cu2(SixGe1-x)2  



Modeling unstable 4f ions

Configurational splitting   Ef. 
Configurational mixing     V  (hybridization).
Dimensionless coupling   g=πV2n(EF)/Ef = Γ/Ef
Intra-configurational excited states are neglected.

Configurational mixing via conduction band.

4f6Ef 4f7 
V

W
Ef



                      Relevant parameters:  

  Only  4f6 and 4f7 states admitted:  Uff >> W

  Configurational splitting:   Ef < W

  f-d mixing:      Γ << Ef      

  Properties depend  on:   g = Γ/π|Ef|
  and 
  relative occupation:
                          nc(T) and  nf(T)                                     



Anderson lattice model

Hd = Σij,σ(tij − µδij)d†
iσdjσ

Hf = Σl,η(εfη − µ)f†
lηflη − UΣl,σ>ηf†

lσflσf†
lηflη

Hfd =
1√
N

Σk,l,σ(Vkc†kσflσ + h. c.)

U → ∞ Infinite correlation

Fixed points of the periodic model not well understood.



Poor man’s solution

ci=1

• Neglect coherent scattering on 4f ions.

• Impose local charge conservation at each f-site.           

ntot = nc(T) + ci nf(T)

Thermoelectric properties depend on  g=Γ/π|Ef|    



What is needed?

A(ω) = − 1
π

Im Gf (ω + i0+)Spectral function

Green’s function Gf (z) =
1

z − (εf − µ) − Γ(z) − Σ(z)

Transport relaxition time
1

τ(ω)
= cNπV 2A(ω)

Transport integrals Lij = σ0

∫ ∞

−∞
dω

(
−df(ω)

dω

)
τ(ω)ωi+j−2



NCA calculations for CeEu2(SixGe1-x)

(initial parameters for  x=0)  

• Semielliptic conduction band of  W=4 eV 

• Initial f-level at Ef = - 0.12 eV

• Initial hibridization width Γ=0.006 eV 
• 0.93 particles per effective ‘spin’ channel



Assume that Si doping increase hybridization Γ. 
Fine-tuning: change the f-level position and 
                    consider the excited states of 3+ configuration.



Thermopower of Eu2(Si1xGe1-x)2: comparison with experiment

TheoryExperiment



Thermopower - changing the f-level position.

            Universal behavior is restricted to T ≤ Tmax ~ T0
Temperature of the sign-change Tx is not simply related to T0 

and does not provide a physical characterization of the  system  



             Eu summary of calculations:

Ge doping shifts Ef  and reduces nf but Γ is unchanged.

For each Ef  we shift μ so as to conserve ntot.  

Thus E0, Ef, and Ef - E0 change with pressure for Yb ions.  

This procedure makes Yb more magnetic under pressure.

Ef - E0 Ef - E0

P=0 P>0

4f7

W

4f6

E0<0 E0=0



f-particle number:Electrical resistance

Transport and thermodynamics should be related  
to the fixed points of the model!



Spectrum of elementary excitation 

Ef=-0.12,   Γ=0.20
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Spectrum of elementary excitation 

Ef=-0.12,   Γ=0.006
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• Thermopower in Ce, Eu, and Yb intermetallics can be 
understood from the fixed point analysis of the 
effective single impurity Anderson model. 

• Properties depend on the number of electrons and  
the relative magnitude of  Γ/Ef. 

• Shape of S(T) follows the redistribution of the  
spectral weight within the Fermi window.

• Pressure changes Ef and Γ.
• Combining the NCA and the Fermi liquid 

approximations  provides the solution for any T.

Summary of NCA thermopower calculations



Conclusions

•  Above the coherence temperature ( Tc~T0 ), we do     

not see any effects due to the proximity of the QCP. 

• Single ion Kondo effect does all the work.                       
Effective f-degeneracy changes with temperature.         
Local environment is important (CF splitting, ligands).   

• Pressure, chemical pressure or temperature change nf 

and S(T), which strongly depends on nf. 

• High-concentration data and low-concentration data 
are not related by a simple scaling law. Shape of S(T) 
changes with concentration (chemical pressure). 



Thermopower (α) versus entropy (sN)

     j=<e-βH j >/<e-βH>          current

    q=<e-βH q >/<e-βH>         heat current

Gradient expansion leads to transport equations 
(Luttinger)

  j = -σ∇φ-σα∇T
 q = (φ+Π)j-κ∇T  eNA(α/sN)=NA/N} ⇒



Seebeck effect:  current generation

Seebeck coefficient: 
transport eq. for j=0

α=∆V/∆T

T+ΔT

q

T

ΔV≠0

∇T ∇T

j

To



Peltier effect:  thermoelectric cooling

Peltier coefficient:
transport eq. for ∇T=0

Π(T ) =
q

j

T+ΔT

q

T

ΔV≠0

j

To

∇T∇T

Onsager:  α = Π/T



Stationary state in isothermal condition:   

       dQ/dt = -div q = 0  

       div q= Tj∇α
Integrating over the interface:

gs-gl=(Πs-Πl)j

Interface leads to the discontinuity 
in the heat current.

Stationary flow:     j = nev

 α/γNT=NA/N

T

q

T

j



Analysis of transport equation

• Free electrons:             q=1

• Anderson model:          q=1

• Falicov-Kimball model:   q=1

• Periodic Anderson model (NFL)    α ~ sN

N/NA is proportional to the Fermi volume of charge carriers  



Additional self-consistent loop for spectral functions:

B-spectral function

F-spectral function

Self-consistency eqns.

Partition function

b(ω) = |G0|2
∫

dε a∆(ω + ε)Γ(−ε)f(ε)

a∆(ω) = |G∆|2
∫

dε b(ω + ε)Γ(ε)f(ε)

Z = e−βω0

∫
dω[b(ω) +

∑
∆

a∆(ω)]

a∆(ε) =
e−β(ε−ω0)

πZ
ImG∆(ε)

b(ε) =
e−β(ε−ω0)

πZ
ImG0(ε)



         Self-consistent NCA solution:

Hybridization parameter 

Bosonic Green’s function

Fermionic Green’s function

Fermionic self energy

Bosonic self energy

G0(ω) =
1

ω − ε0 − Π(ω)

Π(ω) =
∑
∆

n∆
f

∫
dε G∆

f (ω + ε)Γ(ε)f(ε)

Σ(ω) =
∫

dε G0(ω + ε)Γ(−ε)f(ε)

G∆
f (ω) =

1
ω − ε∆f − Σ(ω)

Γ(ω) =
∫

V 2(ε)ρc(ε − ω)


