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Antiferromagnetism, valence fluctuation, and heavy-fermion behavior in EuCu2„Ge1ÀxSix…2
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We have investigated the magnetic, thermodynamic, transport, and electronic properties across the transition
from the divalent antiferromagnetic state to the valence fluctuating state of Eu in the alloy EuCu2(Ge12xSix)2.
The antiferromagnetic state is very stable fromx50 up to x50.6 and disappears rather abruptly atxc

'0.65. Near the crossover, we confirmed a pronounced Kondo-like behavior in the resistivity and in the
thermopower. Further on, forx slightly larger thanxc , we observe the formation of a heavy Fermi liquid at low
temperatures, as evidenced by a large linear coefficient of the specific heat (g5191 mJ/K2 mol for x50.7), a
large quadratic term in the resistivity and a strongly enhanced constant susceptibilityx0. This is a unique
observation of heavy fermion behavior in a Eu compound. The photoemission spectra of the Eu 4f and 3d core
levels indicate significant valence fluctuation even forx,xc in the magnetically ordered regime. The decrease
of TN before reaching the critical point as well as the Kondo and the heavy fermion behavior found nearxc are
in strong contrast to the observation in typical Eu systems, which usually show a first-order transition from a
~almost! divalent state to a strongly valence fluctuating Eu state.

DOI: 10.1103/PhysRevB.69.014422 PACS number~s!: 75.30.Mb, 75.30.Kz, 75.50.Ee
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I. INTRODUCTION

The transition from a magnetically ordered ground state
a nonmagnetic ground state is presently one of the hot
search topics in the field of condensed matter physics. Th
due to the fact that in several systems the disappearanc
the magnetic order results in very interesting phenome
like, e.g., formation of heavy fermions, onset of unconve
tional superconductivity, and appearance of non-Fermi-liq
behavior.1 Within intermetallic compounds, such investig
tions have been carried out mostly on Ce- or U-based
tems. Since these elements present an unstablef shell, they
can quite easily be tuned from a magnetic to a nonmagn
state by alloying or applying pressure. Increasing the hyb
ization g between the localizedf and the conduction elec
trons leads to a weakening of the magnetic order, wh
eventually disappears at a critical strengthgc . In Ce- and
U-based systems, increasingg always leads, within some
range ofg belowgc , to a continuous and significant~at least
by a factor of two! decrease of the magnetic ordering te
peratureTm . In many systems, it is even suggested thatTm
continuously decreases down toT50 K, leading to a quan-
tum critical point.2–5

Eu also presents an unstablef shell, since it can switch
between the divalent, magnetic (J57/2), and the trivalent,
nonmagnetic (J50) configuration. However, the magnet
phase diagram observed upon tuningg is very different from
that found in Ce- and U-based systems. Starting from
stable divalent Eu systems, one never observes a decrea
Tm with increasingg. InsteadTm seems to be independent
g or even to increase slightly withg, until the system makes
at gc a pronounced first-order transition to a valence fluc
ating state, with a valence close to three.6,7 Since atg>gc
the characteristic energy associated with the valence fluc
tion is quite high, the mass enhancement of the conduc
electron is comparatively small in Eu systems. Thus, no
based heavy fermion system has yet been found. Furthe
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whereas Kondo behavior in transport properties, i.e., a p
nounced increase of the magnetic scattering with decrea
temperature, is ubiquitous in Ce- and U-based systems
such behavior has yet been observed in Eu-based syst
with only one exception, namely EuCu2(Ge12xSix)2.8 In this
system, exchanging Ge by Si induces a transition from
divalent, antiferromagnetic ordered state in pure EuCu2Ge2

9

to a valence fluctuating state in pure EuCu2Si2.10 In the first
investigation of this system, Levinet al.8 observed Kondo-
like behavior in the temperature dependence of the resisti
and of the thermopower for 0.4,x,0.8. Further investiga-
tions did not add much information.11,12 Noteworthy, the
thermodynamic properties have never been reported, and
evolution of the magnetic order in the system has also
been investigated. In order to have a more precise view
this unusual Eu system, we present in this paper a deta
investigation of its magnetic susceptibility, resistivity, the
mopower, and specific heat. In addition, valence fluctuat
was studied with core-level and valence-band photoemis
~PE! spectroscopy. Our results allow us to draw a prec
magnetic phase diagram and demonstrate the formation
heavy Fermi-liquid state forx slightly larger thanxc ~critical
concentration where magnetic order disappears!, a unique
observation of a Eu-based heavy fermion system.

II. EXPERIMENT

Polycrystalline samples of EuCu2(Ge12xSix)2 were pre-
pared by arc melting the constituent elements followed
annealing for 1 week at 800–900°C. Powder x-ray diffra
tion patterns confirm that the samples form in t
ThCr2Si2-type tetragonal structure~space groupI4/mmm).
Our lattice parameters agree very well with those of Ref
While a decreases almost linearly over the whole concen
tion range~by 3.7% fromx50 to x51), the decrease ofc is
slowed down forx.0.6. Thus, the volume also decreas
continuously fromx50 to x51, while the ratioa/c is es-
©2004 The American Physical Society22-1
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sentially constant up tox50.6, above which it decrease
~Fig. 1!. The quality of our samples seems to be better th
those in the previous investigations,8,12 since our samples
present larger ordering temperatures, much better defi
anomalies at the antiferromagnetic transition and a more
nounced temperature dependence in the resistivity. We s
ied the compositional homogeneity for the sample withx
50.6, using electron probe microanalysis~EPMA!. The de-
viation of the Si/Ge ratio from the expected value was l
than 1% for different parts of the sample. Magnetizati
measurements were carried out using a commercial su
conducting quantum interference device~SQUID! magneto-
meter. Electrical resistivity (r), thermolectric power (S),
and specific heat~C! measurements were carried out using
commercial physical property measurement system~PPMS,
Quantum Design!.

Photoemission experiments were performed with a S
ENTA 200 electron-energy analyzer using monochromati
light from a He discharge lamp (hn521.2 eV @He Ia# and
40.8 eV@He IIa#) and a x-ray source with a Al anode (hn
51486.7 eV@Al Ka#). The total energy resolution was s
to 25 meV full width at half maximum~FWHM! and to 400
meV FWHM in the ultraviolet~UPS, He Ia and He IIa) and
the x-ray~XPS, Al Ka) photoelectron spectroscopy mode
respectively. The surfaces of the samples were cleaned w
diamond file until no traces of oxygen or carbon contami
tions were observed both in valence-band and core-leve
spectra. The samples were mounted onto a He/N2 cryostat
allowing for cooling to temperatures of 4 K and 77 K wi
liquid He and N2, respectively. PE spectra were taken at
two above temperatures and room temperature in ultrah
vacuum conditions with a pressure in the range of
310210 mbar. The pressure rose shortly to 5310210 mbar
upon filing of the sample surfaces.

III. RESULTS AND DISCUSSION

A. EuCu2Ge2

We first focus on pure EuCu2Ge2, since a comprehensiv
report on its properties has not yet been published. Above
K, its susceptibility follows a Curie-Weiss law withup5
230 K and an effective moment 7.8mB , which is very close
to the value expected for divalent Eu21 ions. A pronounced
change of the slope indicates the transition into an antife
magnetic state at Ne´el temperatureTN514 K ~Fig. 2!. x(T)
decreases only very slightly belowTN and is essentially tem

FIG. 1. Composition dependence of the unit-cell volumeV(Å 3)
and of (a/c) of EuCu2(Ge12xSix)2.
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perature independent below 12 K. The rather small decre
of x(T) belowTN is in accordance with the weak anisotrop
expected for the pure spin state of the 4f 7 configuration.
There is a small difference between the zero-field-coo
~ZFC! and the field-cooled~FC! susceptibility below 14 K,
whose origin is not yet clear. In contrast, the magnetizatio
almost linear up to 5.5 T, both in the paramagneticT
525 K) and in the antiferromagnetic (T52 K) state. From
room temperature down to 15 K,r(T) follows the behavior
of a classical metal, i.e., a linear dependence at higher t
perature merging in a constant resistivity at low temperatu
At TN , r(T) shows a distinct increase, reaching a maximu
at 12 K, and decreasing again considerably down to 2 K~Fig.
2!. The spin density wave~SDW! like increase inr(T) at TN
indicates the formation of an energy gap at the Fermi s
face, likely to be a superzone gap due to the antiferrom
netic ordering.13 The specific-heat data reveal a sharp me
field-type anomaly atTN514 K and two further small
anomalies at 11.5 K and 11 K, respectively. We suspect
these two small anomalies are related to change of the
arrangements within the antiferromagnetic state. A sec
transition in this temperature range was also reported
Fukudaet al.12 Below these anomalies,C(T) decreases lin-
early with the temperature with a large coefficient, as o
served in many Gd and divalent Eu-based systems. This
havior is related to the large degeneracy of theS57/2 state.14

The above results confirm the antiferromagnetic order
TN514 K and the stable divalent Eu state in EuCu2Ge2.

B. EuCu2„Ge1ÀxSix…2

The previous investigations of this alloy indicate that t
Eu valence remains close to 21 for x<0.6, but increases
rather strongly with the Si content forx>0.7. This is, e.g.,
evidenced in the evolution of the susceptibilityx(T). Our
results, which also agree with previous investigations,8,12 are
shown for selected samples in Fig. 3. Forx<0.6, x(T) fol-
lows a Curie-Weiss law from 300 K down to 30 K, with a

FIG. 2. ~a! Magnetic susceptibilty (x) measured at 0.1 T unde
zero-field-cooled~ZFC! and field-cooled~FC! conditions.~b! Resis-
tivity ( r) and specific heat~C! of EuCu2Ge2 at low temperatures.
Distinct anomalies due to magnetic transitions are seen.
2-2
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ANTIFERROMAGNETISM, VALENCE FLUCTUATION, . . . PHYSICAL REVIEW B 69, 014422 ~2004!
effective moment close to the value for a free Eu21 ion and
low up values (,240 K). A clear kink between 15 and 2
K is observed indicating the onset of magnetic order in t
concentration range. In contrast, for samples withx>0.7,
x(T) deviates strongly from a Curie-Weiss law below 100
200 K, showing a broad maximum and much smaller ab
lute values, as expected for intermediate valent systems.
up values estimated from Curie-Weiss fit increase o
slightly with x for x,0.7, from up5230 K in pure
EuCu2Ge2 to up5244 K at x50.6. Forx.0.7, the slope
dup /dx becomes much larger in accordance with the stro
increase of valence fluctuations. However, since a relia
determination ofup would require measurements up to mu
higher temperatures, above 400 K, we cannot give abso
numbers here. Levinet al.8 suggested that the valencev in-
creases in two steps, the first step atx50.5, from v52 to
v52.15, and the second step atx50.9, from v52.15 tov
52.4, v being almost constant for 0.6,x,0.9. Our results
indicate that this two-step increase ofv and the constan
value of v in the intermediate concentration range is like
due to a misinterpretation of the peak inr(T) andS(T). The
authors did not investigate the evolution of the antiferrom
netic order and were thus not aware of the magnetic orde
state in the intermediate concentration range. Our res
suggest a rather continuous increase of the valence fluc
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 a
tiferromagnetic state stems from the specific-heat meas
ments. For 0,x,0.6, the transition atTN remains very
sharp, the size of the anomaly atTN stays constant, butTN
shifts continuously to higher temperatures, reaching a m
mum at x50.5 with TN520 K @Fig. 4~a!# ~see also phase
diagram in Fig. 9!. Thus, despite the disorder introduced
alloying, the long-range antiferromagnetic order is very w
preserved and becomes even more stable with increasin

FIG. 3. Magnetic susceptibility of EuCu2(Ge12xSix)2 for se-
lected samples. Peak inx for x50.6 sample is due to magneti
order. No anomaly due to magnetic order is observed forx50.7.
The x for x50.7, 0.8, and 1.0 show broad maxima due to valen
fluctuation.
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content. The weaker anomalies observed near 12 K atx50
get more pronounced atx50.2, but disappear at higher con
centration, suggesting a complex magnetic phase diag
within the antiferromagnetic state. Forx.0.5 a pronounced
evolution of the magnetic order sets in@Fig. 4~b!#. TN de-
creases faster and faster, down toTN514 K at x50.6375,
and the size of the anomaly inC(T) at TN also decreases~to
50% of its value at lowerx). The width of the anomaly
increases slightly, but even atx50.6375, the anomaly is stil
well defined, clearly indicating a long-range order. The slig
broadening of the anomaly can easily be accounted for
the combination of the large slopedTN /dx and an inhomo-
geneity of the Si distribution of the order of 1%, which
difficult to avoid in such an alloy system. Atx50.65 no clear
anomaly is observed. One could suspect that the very w
and very broad bump in theC(T) curves near 8 K corre-
sponds to a strongly broadened transition, but this wo
require a sudden and large increase ofdTN /dx. Transform-
ing this broad anomaly to a sharp one would also lead t
further strong reduction of the size of the anomaly compa
to that atx50.6375.

No anomaly, even a broad one, can be resolved fox
.0.65. Thus, the antiferromagnetic order is suppressed

e

FIG. 4. ~a! Specific heat of EuCu2(Ge12xSix)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
x<0.6325, the anomaly is drastically reduced forx50.65 and dis-
appears forx50.7. ~c! Anomalies in the magnetic susceptibility i
observed even in samples which are quite close to the critical c
centration.~d! Resistive anomalies due to magnetic transition
x50.4, 0.5, and 0.6. The resistivity increase atTN'20 K for x
50.4 and 0.5 is due to superzone gap formation.
2-3
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critical point nearxc50.65, although we cannot tell unam
biguously whether it is a quantum critical point (TN→0 K)
or a classical critical point at a finite temperature@TN(x
→xc)'13 K#. The sharpness of the transition, close to
critical concentration, shows that the long range nature of
magnetic order is preserved until the critical point. If there
a concentration region where some part of the sample or
magnetically while other parts do not, the width of this r
gion is very narrow, at most 2 at. % of Ge. Our results furth
indicate a significant decrease ofTN before reaching the
critical point, in contrast to the observation in other Eu-bas
system whereTN stays constant or even increases until
critical point.

The evolution of the anomalies inr(T) andx(T) with x
@Figs. 4~c! and 4~d!# confirms the concentration dependen
of TN found in theC(T) measurements. The SDW-like in
crease ofr(T) at TN is well defined untilx50.5 @Fig. 4~d!#.
For x50.6, the Kondo-like increase ofr(T) ~see below!
becomes so strong that the SDW-like increase atTN cannot
be discerned anymore. However, the maximum inr(T)
slightly belowTN is still well defined. The anomaly inx(T)
is also very well defined atx50.6 and x50.625. The
anomalies we observed atTN in this concentration range ar
much more pronounced than those reported by Fuk
et al.,12 indicating a better homogeneity and thus high
quality of our samples as evidenced by EPMA.

2. Heavy fermion behavior

The specific-heat data for thex50.7 sample in Fig. 4~b!
already suggest that below 10 K C~T! is dominated
by a linear contribution. Therefore, for the samples at
slightly above the critical concentrationC(T) was measured
down to 0.4 K and the results were plotted asC/T versusT
in Fig. 5. In this plot the data forx50.65, 0.7, and 0.75
follow a straight line between 0.4 K and 2 K. Thus, th
temperature dependence of the specific heat can be desc
by C5gT1dT2, the linear term, which is the domi
nant one, decreases with increasing Si content fr
g5296 mJ/K2 mol for x50.65 to g5191 mJ/K2 mol for x

FIG. 5. C/T vs T for samples withx>xc demonstrating the
large linear electronic contribution to the specific heat. Inset sh
T2 dependence of (r2r0) for x50.7 in the temperature range 2–
K.
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50.7 andg5113 mJ/K2 mol for x50.75. These results sug
gest the formation of heavy quasiparticles at low tempe
tures in these samples. This is confirmed by an analysi
the resistivity and susceptibility of thex50.7 sample. At low
temperatures (T,10 K), the resistivity showsT2 depen-
dence, as expected for a Fermi liquid~inset in Fig. 5!. A fit
r(T)5r01AT2 leads toA50.082mV cm/K2. Many Ce-
and U-based heavy fermion systems follow a universal re
tion A}g2 which is known as Kadowaki-Woods relation,15

with a mean value for the ratioA/g2 of the order of 1
31025 @mV cm(mol K/mJ)2#. For EuCu2(Si0.7Ge0.3)2, we
get A/g252.2531026 @mV cm(mol K/mJ)2#, which is a
factor of four lower than this mean value. An even low
value of 0.431026 @mV cm(mol K/mJ)2# has been reported
in some Yb-based intermediate valent systems, and s
gested to be related to the larger ground-state degenera
these systems,16 which is also the case for Eu21 (N58).
This explanation has been recently supported by a theore
work, which for a heavy fermion system withN-fold degen-
eracy predicts a reduction of the Kadowaki-Woods ratio b
factor which can be as large asN(N21)/2, depending on the
coupling strength.17 Thus, theA/g2 ratio we observed in
EuCu2(Si0.7Ge0.3)2 is in between the value observed and e
pected for heavy fermion systems with a doublet grou
state, and that observed and expected for intermediate va
systems with a large ground-state degeneracy. A further
for the heavy fermion behavior is given by the Wilson ra
W5x0p2kB

2/(gme f f
2 ) between the value of the constant su

ceptibility x0 at low temperatures andg. In heavy fermion
systems, the magnetic and the thermal excitations are c
parably enhanced andW is found to be close to unity. Withx
and g determined at 1.8 K, the Wilson ratio fo
EuCu2Ge0.6Si1.4 (x50.7) is 1.15. Therefore, we observed
this compound at low temperatures an enhanced linear t
in the specific heat, which correlates with an enhanced c
ficient of the quadratic term in the resistivity and with a
enhanced constant susceptibility, proving the formation o
heavy Fermi-liquid state in this system. These results cle
demonstrate that it is possible to find heavy fermion behav
in Eu compounds as well.

In Ce- and Yb-based heavy fermion systems, when
proaching the critical point where the magnetic order is s
pressed, one generally observes at low temperatures an
tional contribution inC(T) besides the enhanced linear term
However, this contribution always increases with decreas
temperature, in contrast to our results forx50.65 andx
50.7 samples. They show an additional positive term p
portional todT2, which is thus decreasing with decreasin
temperature. Since this quadratic term decreases when g
away from the critical point, fromd5112 mJ/K3 mol for x
50.65 to d562 mJ/K3 mol for x50.7, and disappears fo
x50.75, it should be related to the critical point. Howeve
we are not aware of an appropriate theory for this behav

Since for x50.7, Eu valency is close to 21, a rough
estimate of the Kondo temperature can be obtained from
specific-heat and magnetic-susceptibility data using Coqb
Schrieffer model. According to this model, the Kondo tem

s
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ANTIFERROMAGNETISM, VALENCE FLUCTUATION, . . . PHYSICAL REVIEW B 69, 014422 ~2004!
perature TK5(N21)pR/(6g), where N52J11, R
58.314 J/(mol K), andg is the linear coefficient of specific
heat.18 Usingg5191 mJ/mol K2 we obtainTK5160 K. Fur-
ther, in this model, the magnetic susceptibility forJ57/2
exhibits a maximum at roughlyTK/4. For x50.7, we ob-
served in the magnetic susceptibility a broad maxim
around 75 K corresponding toTK'300 K. Thus, bothTK’s
are of the same order of magnitude, but the value estim
from the susceptibility is a factor of two larger than th
estimated from the specific heat, which is itself larger th
the temperatures of the maxima observed in the resistivit
thermopower~see below!. These differences suggest that th
model is only a crude approach to this Eu-heavy ferm
system, and that more sophisticated models are needed
precise description. For higher Si concentration (x.0.7) the
Kondo temperature rapidly increases as evidenced by l
reduction of theg value and large shift of the thermopow
maximum to higher temperatures~see Fig. 6!.

3. Kondo behavior

The observation of Kondo behavior inr(T) andS(T) was
already reported by Levinet al.8 Nevertheless, we sha
present and discuss our results, since our data are mor
tended and more precise and our conclusions are part
different. In samples withx,0.5, r(T) follows the behavior
typical for compounds with stablef electrons, i.e., an almos
linear decrease ofr(T) with T at high temperatures due t
phonon scattering, merging in a temperature independ
r(T) below 50 K due to spin and defect scattering, and
pronounced decrease atTN due to the suppression of the sp
disorder scattering@Fig. 7~a!#. Kondo-like behavior, i.e., an
increase ofr(T) with decreasing temperatures, first appe
in the samplex50.5 and becomes already very pronounc
in the sample withx50.6, wherer(T) increases by 50%
between a minimum inr(T) around 100 K and a pea
around 13 K. Comparison withr(T) at lower concentrations
and with the specific-heat data indicate that this maximum
related to the onset of the antiferromagnetic order, and do
correspond to the Kondo maximum as suggested by Le

FIG. 6. Temperature dependence of thermopower for sele
samples.
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et al.8 Therefore, forx,0.7, the temperature of this max
mum is notTK . At x50.7, this rather sharp maximum ha
transformed into a broader maximum at a much higher te
perature, and it shifts further to higher temperature with
creasing Si content@Fig. 7~b!#. The increase ofr(T) for x
50.6 and 0.7 is proportional to lnT in a rather broad tem-
perature range~insets of Fig. 7!, as expected for Kondo sca
tering. The Kondo-like increase is still rather pronounced
x50.75, but becomes weaker and weaker with further
creasing Si content,r(T) showing now the behavior typica
for a valence fluctuating system. In this concentration ran
(x>0.7), the position of the maximum is likely related to th
characteristic energy scale of the valence fluctuationsTf .

The behavior of the thermopowerS(T) corresponds
nicely to the behavior observed in the resistivity. In pu
EuCu2Ge2, the absolute value ofS(T) is very small
(uS(T)u,2 mV/K) in the whole temperature range.S(T) is
negative at high temperatures and exhibits a kink atTN . For
x50.5 the absolute value has increased significantly
S(T) shows a characteristic temperature dependence, w
is preserved until pure EuCu2Si2. Starting from a large nega
tive value at 300 K,S(T) changes sign atTs540 K, and
presents a very sharp peak atTN . With increasingx, the
negative value at 300 K also increases, the temperatureTs at
which S(T) changes sign shifts to higher temperatures a
the increase ofS(T) for T,Ts becomes more and more pro
nounced. Forx50.6, this increase also ends into a sha
peak atTN , whereas forx50.7 it merges into a broad maxi
mum at TSmax522 K, which shifts to higher temperatur
with further increasingx. Thus, as in resistivity, forx,0.7
the temperature of the peak inS(T) does not correspond to

ed

FIG. 7. ~a! Temperature dependence of the resistivity (r) for x
,xc where magnetic order is observed. Inset shows lnT dependence
of the magnetic part of the resistivity forx50.6. ~b! Temperature
dependence of the resistivity forx.xc where magnetic order ha
disappeared. Inset shows lnT dependence of the magnetic part
the resistivity forx50.7.
2-5
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the Kondo temperature, as suggested by Levinet al.,8 but to
TN . On the other hand, forx>0.7, the temperature of th
broad maximum is also likely related to the characteris
energy of the valence fluctuations. It seems that the temp
ture dependence of the thermopower, i.e., the crossover
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 ions19

The magnetoresistance for samples with 0.5<x<0.7 shows
similar behavior as in the Ce-based Kondo lattice system11

The characteristic valence fluctuation energy scale~or the
Kondo energy! is reflected in three different temperature
Trmax, TSmax, and Ts ~Table I!. However, although all of
them shift to higher temperatures with increasingx, the slope
is different. Thus, in the absence of a reliable theory,
cannot determine absolute values forTK . However, the shift
of Ts to even lower values whenx decreases fromx50.7 to
x50.5, as well as the decrease of the magnitude of
Kondo effect inr(T) and S(T) in this concentration range
indicate thatTK ~or Tf) also decreases withx for x,0.7, in
contrast to the constantTK suggested by Levinet al.8 Thus,
these results indicate a continuous decrease ofTK or Tf 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 vale
state of Eu close to the magnetic-nonmagnetic transition,
photoemission measurements on pure EuCu2Ge2 and
EuCu2Si2 and on the compounds withx50.6 andx50.7
were performed both in ultraviolet photoemission spectr
copy ~UPS! and x-ray photoemission spectroscopy~XPS!
modes. Since the purpose of this work is to study bulk pr
erties of the compounds, in the following we will concentra
on the results of the more bulk-sensitive XPS measureme
The UPS results, which are in agreement with the XPS d
providing additional information on the surface properties
the samples, will be discussed elsewhere.20

The Eu valence in the above compounds was studied
recording the Eu 3d and 4f core-level PE spectra with th
bulk-sensitive AlKa excitation. Due to the large Coulomb
correlation energy, the energy positions of the core-level
nals for 4f configurations with different electron occupatio
are shifted by several eV with respect to each other. Th
fore, the contributions to the PE from the different 4f con-

TABLE I. The temperature of resistivity maximum
@Trmax (K) #, thermopower maximum@TSmax (K) #, and ther-
mopower change of sign@Ts(K) # for different x.

x Trmax (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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figurations can easily be discriminated. From the intens
ratio of these contributions the information about the valen
can be derived.21

The results obtained in the present study from the anal
of the Eu 3d and the 4f core-level spectra are qualitativel
similar to each other. The spectra of the lower-binding e
ergy ~BE! 4 f states reveal, however, much weaker broad
ing of the 4f final-state multiplets~only 10–100 meV! due to
the larger lifetime of the core-hole excitation. Therefore, a
rule they allow for more precise assignments of the exp
mental data as compared to the spectra of the much dee
lying 3d levels. Apart from that the 4f spectra can be use
for the analysis of the electronic structure close to the Fe
energy (EF). If the leading 4f component of the final-state
PE multiplet is observed at the Fermi energy, it shows t
this term of the final-state multiplet is energetically degen
ate with the ground state and gives, therefore, evidence
homogeneous mixed-valent behavior of the system. Thef
energy distribution curves taken at three different tempe
tures: 300 K~gray curves!, 77 K ~dotted!, and 4 K~black! for
the samples doped with different concentrations of Si
shown in Fig. 8. All spectra are normalized to the intensity
the Cu 3d valence-band signal~at 3.8 eV BE! that is sup-
posed to be constant within the used range of temperat
and for all four samples differing from each other only by t
relative Ge/Si content. The 4f 6 final-state multiplet corre-
sponding to divalent Eu21 is usually located within the first 2
eV below EF , while the broad 4f 5 multiplet of Eu31 is
found between 6 and 11 eV binding energies.22

FIG. 8. 4f XPS spectra of selected samples. Thex50.0 sample
is characterized by only the 4f 6 final-state PE multiplet indicating
stable divalent configuration, whereas the other samples revea
ditionally the 4f 5 final-state multiplet providing evidence for va
lence fluctuation. As a result the relative intensities of the dival
and trivalent components vary for the samples withx50.6, 0.7, and
1.0. The 4f 5 and 4f 6 multiplets from Ref. 23 are shown by vertica
bars at the bottom of the figure.
2-6
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The 4f XPS spectra acquired for EuCu2Ge2 at different
temperatures~Fig. 8! reveal a prominent peak at about 0
eV BE corresponding to a signal from a bulk Eu21 configu-
ration, which is consistent with the pure divalent nature
Eu in EuCu2Ge2. A weak shoulder at the left side of the pea
is due to the contribution of divalent surface Eu atoms. T
signal around 8 eV BE that does not change with the te
perature is related to a plasmon loss structure.24 The intensity
of the Eu21 peak is strongly decreased in the spectra of
EuCu2Si2 compound. The respective 4f spectral weight is
transferred into the region of the Eu31 multiplet. This redis-
tribution of the spectral weight is clearly seen particularly
the region of 6–7.5 eV, which is not masked by the con
bution of the plasmon-loss structure. Such behavior is in
cordance with the valence fluctuating state of this compou
Similar to EuCu2Si2, for the samples withx50.6 and x
50.7, both Eu21 and Eu31 contributions are clearly visible
indicating a valence fluctuating Eu state. Since the Eu21

component is found to be very close to the Fermi energ
homogenous mixed-valent origin of the last three compou
can be concluded.

In pure EuCu2Si2 the Eu21 signal is strongly suppresse
as compared to its value in EuCu2(Ge0.3Si0.7)2. Note also
that for thex50.7 sample this signal is slightly weaker tha
for the x50.6 sample. As expected, the intensities of t
Eu31 component follow opposite behavior. Since the inte
sity variation of the 4f final-state multiplets is related with
the valence of the rare earth, the observed behavior refle
strong reduction of the valence betweenx51 andx50.7 and
a weaker decrease betweenx50.7 andx50.6. This finding
is in accordance with the results obtained by our thermo
namic and transport experiments. The latter results are
ther confirmed by the temperature dependence of thef
spectra. The signal of the Eu21 component does not show
significant change with temperature for the stable dival
compound EuCu2Ge2. In contrast to this, the intensity rati
of the Eu21 and the Eu31 components decreases quite s
nificantly with temperature for the valence fluctuatin
samples withx50.6, 0.7, and 1.0. Note that for pur
EuCu2Si2 the corresponding changes are more pronoun
in the temperature range between 300 K and 77 K than
tween 77 K and 4 K, whereas for thex50.7 and particularly
thex50.6 samples the situation is reversed as expected f
decrease of the characteristic valence fluctuation ene
scale.

In order to determine the absolute valence of Eu, we a
lyzed the intensity ratios of the divalent and trivalent E
components in the valence-band~Fig. 8! and the Eu 3d core-
level XPS spectra~not shown!. The latter consists of two
spin-orbit doublets that correspond to 3d94 f 6 and 3d94 f 7

final states, respectively, and are separated from each o
by 6 eV. In spite of this large energy separation data, anal
is complicated by the fact that at a mean kinetic energy
450 eV, emissions of the divalent outermost atomic la
contribute by about 20–25% to the spectral intensity an
high binding energy component of the 3d94 f 7 multiplet
overlaps with the 3d94 f 6 final states.25 To take into account
these effects spectra of EuCu2Ge2 ~our experiment! and
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EuPd3 ~from Ref. 26! were taken as references for the sign
of ideal divalent and trivalent systems. Note, that the relat
intensity of the surface component varies slightly as a fu
tion of material properties and surface quality and is parti
larly large in the case of the EuPd3 spectrum used. As a
consequence, the mean valence derived from the 3d XPS
spectra might be slightly overestimated. In case of thef
spectra in Fig. 8 surface contributions are almost negligi
due to the much larger kinetic energy of the photoelectro
Data analysis, however, is complicated by valence-band c
tributions and a broad structure of the 4f 5 final-state multip-
let. Within the error of the data evaluation, the values of
mean valence deduced from the 4f spectra reproduce th
ones obtained from the 3d core-level data.

The resulting valencies given in Table II are remarkab
smaller than those reported from x-ray absorption~XAS!
data8,12,32. The deviations are even larger than the Mo¨ssbauer
studies27,28 where a nearly trivalent state of Eu was report
for EuCu2Si2. Mössbauer experiments are purely bulk sen
tive and do not affect directly the electronic states. Thus,
observed deviations may be ascribed to~i! change of crystal
structure and stoichiometry in the subsurface region or~ii !
final-state effects of the photoemission process. Particul
for the low temperatures applied here lattice relaxations
segregation effects are rather unlikely, and from the simi
ity of the results obtained from the 3d and 4f spectra mecha-
nism ~i! seems to be not very probable. Mechanism~ii ! im-
plies that the final states observed in the photoemiss
spectra are not characterized by integer 4f occupation num-
bers, but that strong configurational mixing takes place l
in Ce and other light rare-earth systems. In this case
simple procedure applied here to determine that the vale
leads to rather approximate results and a more sophistic
analysis in the light of the single-impurity Anderson mod
might be more appropriate. Such an analysis, howeve
beyond the scope of the present work.

From the above results we derive the important conc
sions that valence fluctuations are not only present fox
.xc in the x50.7 sample showing heavy fermion behavio
but still persist forx,xc in the x50.6 sample, which is
characterized by a well defined long range magnetic or
Thus, a coexistence of well defined long-range magnetic
dering and valence fluctuation is observed. In their theor
cal study Bulk and Nolting29 have shown that this is possibl
in the case of rather weak valence fluctuation. Indeed co
istence of antiferromagnetism and valence fluctuation w
observed earlier in Eu metal and in Eu(Pd0.8Au0.2)2Si2 using
high-pressure Mo¨ssbauer spectroscopy.30,31 In the present
study exploiting different kinds of experimental techniqu

TABLE II. Eu valencev for different compositions at selecte
temperatures as determined from the analysis of the Eu 4f XPS
spectra.

x v ~300 K! v ~77 K! v ~4 K!

1.0 2.10 2.20 2.28
0.7 2.04 2.06 2.15
0.6 2.04 2.05 2.15
2-7
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at ambient pressure we were able to show that these val
fluctuations are also consistent with the Kondo-like behav
of the resistivity and the thermopower.

IV. SUMMARY

Our results are summarized in the magnetic phase
gram shown in Fig. 9. Our specific heat, susceptibility, a
resistivity results confirm an antiferromagnetic state in p
EuCu2Ge2 with a SDW-like anomaly inr(T) at TN514 K.
The long-range antiferromagnetic order is stable until a c
cal point atx50.65. TN first increases with Si content, up t
TN520 K aroundx50.5, but shows then a significant d
crease with further increasingx, down to TN514 K at x
50.6375. We cannot tell unambiguously whether the
state disappears at a quantum critical point (TN→0 K) or at

FIG. 9. Magnetic phase diagram of EuCu2(Ge12xSix)2. Solid
line is a guide to eye forTNs up tox50.6375 which are character
ized by well-defined anomalies in specific heat. Forx50.65, we
found only a braod anomaly centered around 8 K, hence conne
by a dotted line. Close to the magnetic-nonmagnetic boundary
system shows Kondo effect and heavy fermion behavior, while
largerx the system exhibits valence fluctuation.
e

ith

e

H

nd
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a classical critical point at a finite temperature@TN(x→xc)
→13 K#. For x slightly larger thanxc , we observe the for-
mation of a heavy Fermi liquid at low temperatures, as e
denced by a large linear coefficient in the specific heatg
5191 mJ/K2 mol for x50.7), T2 dependence of resistivity
with a large coefficientA, and a strongly enhanced consta
susceptibility x0. Both the Wilson’s ratiox0 /g and the
Kadowaki-Woods ratioA/g2 show the value expected for
heavy fermion system. Kondo-like behavior appears in
temperature dependence of the resistivity and of the th
mopower forx.0.4, and becomes very pronounced arou
xc . For further increasing Si content, the systems evo
towards valence fluctuating properties. The thermopow
data suggest a continuous decrease of the Kondo scale~or the
characteristic fluctuation energy scale! from pure EuCu2Si2
to EuCu2Ge2. The temperature and concentration depe
dence of XPS and UPS results indicate that valence fluc
tion persists fromx51 down to at leastx50.6, well into the
antiferromagnetic regime.

We presented here experimental evidence for heavy
mion behavior and coexistence of valence fluctuation a
magnetic order at ambient pressure in Eu compounds.
heavy fermion behavior in this case is unique as the e
fold degeneracy of the divalent Eu (4f 7; J5S57/2) is pre-
served down to lowest temperature in contrast to the C
Yb-, or U-based heavy fermions where the effective d
geracy is lowered due to crystal field splitting. As the numb
of f electrons is rather large, it might be possible to fi
experimental evidence for underscreened Kondo effect. S
studies shall be one of the focus of further research.
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