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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(Becu Si,),.
The antiferromagnetic state is very stable fraew 0 up to x=0.6 and disappears rather abruptly »at
~0.65. Near the crossover, we confirmed a pronounced Kondo-like behavior in the resistivity and in the
thermopower. Further on, forslightly larger tharx., we observe the formation of a heavy Fermi liquid at low
temperatures, as evidenced by a large linear coefficient of the specificyhea® mJ/K mol for x=0.7), a
large quadratic term in the resistivity and a strongly enhanced constant suscepiikilifihis is a unique
observation of heavy fermion behavior in a Eu compound. The photoemission spectra of thaith3 core
levels indicate significant valence fluctuation evenxerx. in the magnetically ordered regime. The decrease
of Ty before reaching the critical point as well as the Kondo and the heavy fermion behavior found aear
in strong contrast to the observation in typical Eu systems, which usually show a first-order transition from a
(almos} divalent state to a strongly valence fluctuating Eu state.
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[. INTRODUCTION whereas Kondo behavior in transport properties, i.e., a pro-
nounced increase of the magnetic scattering with decreasing
The transition from a magnetically ordered ground state tdemperature, is ubiquitous in Ce- and U-based systems, no
a nonmagnetic ground state is presently one of the hot resuch behavior has yet been observed in Eu-based systems,
search topics in the field of condensed matter physics. This iwith only one exception, namely EugiGe, _,Si,).8 In this
due to the fact that in several systems the disappearance system, exchanging Ge by Si induces a transition from a
the magnetic order results in very interesting phenomenajivalent, antiferromagnetic ordered state in pure Ex@°
like, e.g., formation of heavy fermions, onset of unconven-to a valence fluctuating state in pure EySig.*° In the first
tional superconductivity, and appearance of non-Fermi-liquidnvestigation of this system, Leviat al® observed Kondo-
behaviort Within intermetallic compounds, such investiga- like behavior in the temperature dependence of the resistivity
tions have been carried out mostly on Ce- or U-based sysand of the thermopower for 0<dx<<0.8. Further investiga-
tems. Since these elements present an unsfaihell, they tions did not add much informatior:'?> Noteworthy, the
can quite easily be tuned from a magnetic to a nonmagnetithermodynamic properties have never been reported, and the
state by alloying or applying pressure. Increasing the hybridevolution of the magnetic order in the system has also not
ization g between the localizedl and the conduction elec- been investigated. In order to have a more precise view of
trons leads to a weakening of the magnetic order, whichhis unusual Eu system, we present in this paper a detailed
eventually disappears at a critical strength In Ce- and investigation of its magnetic susceptibility, resistivity, ther-
U-based systems, increasimgalways leads, within some mopower, and specific heat. In addition, valence fluctuation
range ofg belowg,, to a continuous and significafdt least was studied with core-level and valence-band photoemission
by a factor of twg decrease of the magnetic ordering tem-(PE) spectroscopy. Our results allow us to draw a precise
peratureT,. In many systems, it is even suggested fhigt magnetic phase diagram and demonstrate the formation of a
continuously decreases downTe=0 K, leading to a quan- heavy Fermi-liquid state fox slightly larger tharx, (critical
tum critical point®~® concentration where magnetic order disappeaasunique
Eu also presents an unstalflshell, since it can switch observation of a Eu-based heavy fermion system.
between the divalent, magnetid=t 7/2), and the trivalent,
nonmagnetic {=0) configuration. However, the magnetic Il. EXPERIMENT
phase diagram observed upon tungg very different from
that found in Ce- and U-based systems. Starting from a Polycrystalline samples of EugiGe,_,Siy), were pre-
stable divalent Eu systems, one never observes a decreasepaired by arc melting the constituent elements followed by
T, with increasingg. InsteadT ,, seems to be independent of annealing for 1 week at 800—900°C. Powder x-ray diffrac-
g or even to increase slightly witf), until the system makes tion patterns confirm that the samples form in the
at g, a pronounced first-order transition to a valence fluctu-ThCr,Si,-type tetragonal structuréspace groug4/mmm).
ating state, with a valence close to thPdeSince atg=g,  Our lattice parameters agree very well with those of Ref. 8.
the characteristic energy associated with the valence fluctua¥hile a decreases almost linearly over the whole concentra-
tion is quite high, the mass enhancement of the conductiotion range(by 3.7% fromx=0 tox=1), the decrease afis
electron is comparatively small in Eu systems. Thus, no Euslowed down forx>0.6. Thus, the volume also decreases
based heavy fermion system has yet been found. Further onpntinuously fromx=0 to x=1, while the ratioa/c is es-
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sentially constant up tx=0.6, above which it decreases o . . ‘ 14
(Fig. 1)_. The quality of our samples seems to be better than 0 5 10 15 20
those in the previous investigatioh¥ since our samples T (K)

present larger ordering temperatures, much better defined
anomalies at the antiferromagnetic transition and a more pro- FIG. 2. (a) Magnetic susceptibilty ) measured at 0.1 T under
nounced temperature dependence in the resistivity. We stu@ero-field-cooledZFC) and field-cooledFC) conditions.(b) Resis-
ied the compositional homogeneity for the sample with tivity (p) and specific heatC) of EuC:Ge, at low temperatures.
=0.6, using electron probe microanaly$&EPMA). The de- Distinct anomalies due to magnetic transitions are seen.
viation of the Si/Ge ratio from the expected value was less
than 1% for different parts of the sample. MagnetizationP€rature independent below 12 K. The rather small decrease
measurements were carried out using a commercial supe®f x(T) belowTy is in accordance with the weak anisotropy
conducting quantum interference devi@QUID) magneto-  expected for the pure spin state of thé’ 4configuration.
meter. Electrical resistivity f), thermolectric power ), There is a small difference between the zero-field-cooled
and specific heaiC) measurements were carried out using a(ZFC) and the field-cooledFC) susceptibility below 14 K,
commercial physical property measurement systef@MS,  Whose origin is not yet clear. In contrast, the magnetization is
Quantum Design almost linear up to 5.5 T, both in the paramagnetic (
Photoemission experiments were performed with a SCI=25 K) and in the antiferromagnetid &2 K) state. From
ENTA 200 electron-energy analyzer using monochromatizedoom temperature down to 15 ig(T) follows the behavior
light from a He discharge lamp ¢=21.2 eV[He la] and  of a classical metal, i.e., a linear dependence at higher tem-
40.8 eV[He lla]) and a x-ray source with a Al anodeh perature merging in a constant resistivity at low temperature.
=1486.7 eV[Al Ka]). The total energy resolution was set At Ty, p(T) shows a distinct increase, reaching a maximum
to 25 meV full width at half maximunfFWHM) and to 400 at 12 K, and decreasing again considerably down to(Eil.
meV FWHM in the ultraviole{UPS, He kv and He Ikr) and  2). The spin density wavéSDW) like increase irp(T) at Ty
the x-ray (XPS, Al Ka) photoelectron spectroscopy modes, indicates the formation of an energy gap at the Fermi sur-
respectively. The surfaces of the samples were cleaned withface, likely to be a superzone gap due to the antiferromag-
diamond file until no traces of oxygen or carbon contaminahetic ordering® The specific-heat data reveal a sharp mean-
tions were observed both in valence-band and core-level Pfeld-type anomaly atTy=14 K and two further small
spectra. The samples were mounted onto a Heliyostat anomalies at 11.5 K and 11 K, respectively. We suspect that
allowing for cooling to temperatures of 4 K and 77 K with these two small anomalies are related to change of the spin
liquid He and N, respectively. PE spectra were taken at thearrangements within the antiferromagnetic state. A second
two above temperatures and room temperature in ultrahigiiansition in this temperature range was also reported by
vacuum conditions with a pressure in the range of 1Fukudaet al'? Below these anomalie§(T) decreases lin-
% 1071° mbar. The pressure rose shortly tox 50" 1° mbar ~ early with the temperature with a large coefficient, as ob-
upon filing of the sample surfaces. served in many Gd and divalent Eu-based systems. This be-
havior is related to the large degeneracy of $7e7/2 state:*
The above results confirm the antiferromagnetic order at

[ll. RESULTS AND DISCUSSION Tn=14 K and the stable divalent Eu state in EyGe,.

A. EuCu,Ge,

We first focus on pure EuGGe,, since a comprehensive B. EuCu,(Ger—xSi).
report on its properties has not yet been published. Above 20 The previous investigations of this alloy indicate that the
K, its susceptibility follows a Curie-Weiss law with,= Eu valence remains close to" 2for x<0.6, but increases
—30 K and an effective moment 78, which is very close rather strongly with the Si content fer=0.7. This is, e.g.,
to the value expected for divalent Euions. A pronounced evidenced in the evolution of the susceptibiligfT). Our
change of the slope indicates the transition into an antiferroresults, which also agree with previous investigativttsare
magnetic state at ¢ temperaturd =14 K (Fig. 2). x(T) shown for selected samples in Fig. 3. Bex0.6, x(T) fol-
decreases only very slightly beloly and is essentially tem- lows a Curie-Weiss law from 300 K down to 30 K, with an
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FIG. 3. Magnetic susceptibility of EuG(Ge,_,Si,), for se- > 011 L
lected samples. Peak ip for x=0.6 sample is due to magnetic % ’
order. No anomaly due to magnetic order is observedxfe0.7. :
The y for x=0.7, 0.8, and 1.0 show broad maxima due to valence 0.
fluctuation. —~
'
[fe)
2
effective moment close to the value for a free’Eiion and <
low 6, values (< —40 K). A clear kink between 15 and 20 cZ
K is observed indicating the onset of magnetic order in this <

concentration range. In contrast, for samples with0.7,

x(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 FIG. 4. () Specific heat of EuG{Ge, _,Siy), for x<0.4 show-

6, values estimated from Curie-Weiss fit increase onlying anomalies due to magnetic ordé) Specific heat for 0.5x
slightly with x for x<0.7, from 0,= —~30K in pure <0.7. Well-defined anomalies due to magnetic order is found for

EuCu,Ge, to 9p= —44 K atx=0.6. Forx>0.7, the slope x=<0.6325, the anomaly is drastically reduced %o+ 0.65 and dis-

d6,/dx becomes much larger in accordance with the stron bpears fo'x:017' (© Anomaliz_es in the magnetic Suscepti.b.i"ty Is
increase of valence fluctuations. However, since a reliabl bservgd even in ;a_mples Wh'c.h are quite close 0 the crl_tl_cal con-
determination o, would require measurem’ems up to much centration.(d) Resistive anoma_lle_s_du_e to magnetic transition for

. p . x=0.4, 0.5, and 0.6. The resistivity increaseTa{~20 K for x
higher temperatures, above 400 K, we cannot give absolutgO 4 and 0.5 is due to superzone gap formation
numbers here. Leviet al® suggested that the valengein- ' ' '
creases in two steps, the first stepxat0.5, fromv =2 to .
v=2.15, and the second stepsat 0.9, fromv=2.15 tov content. The weaker anomalies obgerved near 1_2 X=a
—2.4, v being almost constant for 0s6x<0.9. Our results g€t more pronounced at=0.2, but disappear at higher con-
indicate that this two-step increase ofand the constant Centration, suggesting a complex magnetic phase diagram
value ofv in the intermediate concentration range is likely within the antiferromagnetic state. Fr-0.5 a pronounced
due to a misinterpretation of the peakdfiT) andS(T). The evolution of the magnetic order sets [iRig. 4(b)]. Ty de-
authors did not investigate the evolution of the antiferromagCreases faster and faster, downTig=14 K at x=0.6375,
netic order and were thus not aware of the magnetic ordere@nd the size of the anomaly @(T) at Ty also decreaseso
state in the intermediate concentration range. Our resul80% Of its value at lowex). The width of the anomaly
suggest a rather continuous increase of the valence fluctulficreases slightly, but even at=0.6375, the anomaly is still
tion over the whole concentration randat least forx well defined, clearly indicating a long-range order. The slight

>0.4), the slope itself increasing with the Si content. broadening of the anomaly can easily be accounted for by
the combination of the large slogkl /dx and an inhomo-

geneity of the Si distribution of the order of 1%, which is
difficult to avoid in such an alloy system. &&= 0.65 no clear
The most precise information on the evolution of the an-anomaly is observed. One could suspect that the very weak
tiferromagnetic state stems from the specific-heat measurend very broad bump in th€(T) curves nea8 K corre-
ments. For 8<x<0.6, the transition affy remains very sponds to a strongly broadened transition, but this would
sharp, the size of the anomaly By stays constant, bufy  require a sudden and large increased®f,/dx. Transform-
shifts continuously to higher temperatures, reaching a maxing this broad anomaly to a sharp one would also lead to a
mum atx=0.5 with Ty=20 K [Fig. 4(@)] (see also phase further strong reduction of the size of the anomaly compared
diagram in Fig. 9. Thus, despite the disorder introduced by to that atx=0.6375.
alloying, the long-range antiferromagnetic order is very well No anomaly, even a broad one, can be resolvedxfor
preserved and becomes even more stable with increasing $i0.65. Thus, the antiferromagnetic order is suppressed at a
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1. Evolution of the antiferromagnetic order

014422-3



Z. HOSSAINet al. PHYSICAL REVIEW B 69, 014422 (2004

0.8 S N ' =0.7 andy=113 mJ/K mol for x=0.75. These results sug-
gest the formation of heavy quasiparticles at low tempera-
tures in these samples. This is confirmed by an analysis of
the resistivity and susceptibility of the=0.7 sample. At low
temperatures T<10 K), the resistivity showsl? depen-
dence, as expected for a Fermi liguidset in Fig. 5. A fit
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- 0.7 p(T)=po+AT? leads toA=0.082.0 cm/K2. Many Ce-
MM and U-based heavy fermion systems follow a universal rela-
02l 075 tion A y? which is known as Kadowaki-Woods relatibn,
with a mean value for the rati&/y? of the order of 1
EuCu,(Ge,_,Si,), X 107° [ cm(mol K/mJ¥]. For EuCy(Si/Geyq), we
0.0 : : : : get A/y?=2.25<10 © [Q cm(mol K/mJ}], which is a
0.0 05 1.0 1.5 20 25 .
T (K) factor of four lower than this mean value. An even lower

value of 0.4< 10 [ Q) cm(mol K/mJ¥] has been reported
FIG. 5. C/T vs T for samples withx=x. demonstrating the in some Yb-based intermediate valent systems, and sug-
large linear electronic contribution to the specific heat. Inset ShOWij,]ested to be related to the larger ground-state degeneracy of
T2 dependence ofg(— pg) for x=0.7 in the temperature range 2—9 these systemjés, which is also the case for Bti (N=8).
K. This explanation has been recently supported by a theoretical
work, which for a heavy fermion system witltfold degen-
eracy predicts a reduction of the Kadowaki-Woods ratio by a

or a classical critical point at a finite temperatyréy(x factor_whlch can b7e as large N$N—21)/2_, depending on the
—X.)~13 K]. The sharpness of the transition, close to theCOUpI'ng, strengtﬁ.. Thus, theA/y” ratio we observed in
critical concentration, shows that the long range nature of th&UCW(Sh.C& .9 is in between the value observed and ex-
magnetic order is preserved until the critical point. If there jsPected for heavy fermion systems with a doublet ground
a concentration region where some part of the sample ordef$ate, and Fhat observed and expected for intermediate valent
magnetically while other parts do not, the width of this re-Systems with a large ground-state degeneracy. A further test
gion is very narrow, at most 2 at. % of Ge. Our results furtherfor the heavy fermion behavior is given by the Wilson ratio
indicate a significant decrease @f, before reaching the W= xom?k3/(yuis) between the value of the constant sus-
critical point, in contrast to the observation in other Eu-baseceptibility xo at low temperatures angl. In heavy fermion
system wheréely stays constant or even increases until thesystems, the magnetic and the thermal excitations are com-
critical point. parably enhanced anW is found to be close to unity. Witlg

The evolution of the anomalies (T) and x(T) with x  and y determined at 1.8 K, the Wilson ratio for
[Figs. 4c) and 4d)] confirms the concentration dependenceEuCu,Ge, ¢Si; 4 (x=0.7) is 1.15. Therefore, we observed in
of Ty found in theC(T) measurements. The SDW-like in- this compound at low temperatures an enhanced linear term
crease op(T) at Ty is well defined untitkk=0.5[Fig. 4d)].  in the specific heat, which correlates with an enhanced coef-
For x=0.6, the Kondo-like increase qf(T) (see below ficient of the quadratic term in the resistivity and with an
becomes so strong that the SDW-like increas&atannot  enhanced constant susceptibility, proving the formation of a
be discerned anymore. However, the maximumpl)  heayy Fermi-liquid state in this system. These results clearly
slightly belowTy is still well defined. The anomaly iR(T)  gemonstrate that it is possible to find heavy fermion behavior
is also very well defined ak=0.6 andx=0.625. The i, gy compounds as well.
anomalies we observed &}, in this concentration range are In Ce- and Yb-based heavy fermion systems, when ap-
much more pronounced than those reported by Fukudgoaching the critical point where the magnetic order is sup-
etal,” indicating a better homogeneity and thus higherpressed, one generally observes at low temperatures an addi-
quality of our samples as evidenced by EPMA. tional contribution inC(T) besides the enhanced linear term.
However, this contribution always increases with decreasing
temperature, in contrast to our results fo=0.65 andx

The specific-heat data for the=0.7 sample in Fig. &) =0.7 samples. They show an additional positive term pro-
already suggest that below 10 K (T is dominated portional to 5T?, which is thus decreasing with decreasing
by a linear contribution. Therefore, for the samples at ortemperature. Since this quadratic term decreases when going
slightly above the critical concentratid®(T) was measured away from the critical point, froms=112 mJ/K mol for x
down to 0.4 K and the results were plotted@&T versusT  =0.65 to =62 mJ/K mol for x=0.7, and disappears for
in Fig. 5. In this plot the data fok=0.65, 0.7, and 0.75 x=0.75, it should be related to the critical point. However,
follow a straight line between 0.4 K and 2 K. Thus, the we are not aware of an appropriate theory for this behavior.
temperature dependence of the specific heat can be describedSince forx=0.7, Eu valency is close to 2 a rough
by C=9T+6T?, the linear term, which is the domi- estimate of the Kondo temperature can be obtained from the
nant one, decreases with increasing Si content fronspecific-heat and magnetic-susceptibility data using Coqgblin-
y=296 mJ/K mol for x=0.65 to y=191 mJ/K mol for x Schrieffer model. According to this model, the Kondo tem-

critical point nearx.=0.65, although we cannot tell unam-
biguously whether it is a quantum critical poifE{—0 K)

2. Heavy fermion behavior

014422-4



ANTIFERROMAGNETISM, VALENCE FLUCTUATION . .. PHYSICAL REVIEW B 69, 014422 (2004

50 — 1.4 : : T
b %0, P E (a) FuCun(Ge,_ Si ),
40Fs R pten, * x=08 | 1.2 4% ]
LS e T ., o x=07] 4 k
s0f, 4 oo +++*++ *x* ., :\ x=06 | | 1.0 F oog;focoo°°°°°ggg§§§ggs°
ol & o 0.8 géooooooowo;gg.asT ©
A g8 40 T T
c 06 Ségrsese €10l 14
3 10 < 0.4 x=0.0 Stoor 1]
P = S 280 [x = 0.6 g
N L L
0 3 5 02 . e 0o
~ L ' ' E 120 v
10 = 2.0 (b) £
L — 0.75 g 100 repm®
i Q % e gg | :
20}  EuCuyGe,Si), 15F 078 T EFOT 19 ¥
-30 L 1 N 1 L 1 N N N
0 50 100 150 200 250 300 10WF  Fog oo il
Temperature (K) 9 g
FIG. 6. Temperature dependence of thermopower for selected
samples.
- 't L L L L
0 50 100 150 200 250 300
perature Ty=(N—1)wR/(67y), where N=2J+1, R T (K)
=8.314 J/(mol K), andy is the linear coefficient of specific o
heat!® Using y=191 mJ/mol ¥ we obtainT,= 160 K. Fur- FIG. 7. (a) Temperature dependence of the resistivjgy for x

ther, in this model, the magnetic susceptibility fde= 7/2 <X, where magnetic order is observed. Inset showslependence
exhibits a maximum at roughl¥ /4. For x=0.7, we ob- of the magnetic part of the resistivity for=0.6. (b) Temperature

served in the magnetic susceptibility a broad maximumg.ependencg olf th(te rESiSti_\I/_:z TWZ;C Wher? tr;:agnetic ot.rder htasf
around 75 K corresponding B~ 300 K. Thus, bothTk’s Isappeared. Inset showslimependence of the magnetic part 0

are of the same order of magnitude, but the value estimatetge resistivity forx=0.7.

from the susceptibility is a factor of two larger than thatet al® Therefore, forx<0.7, the temperature of this maxi-
estimated from the specific heat, which is itself larger thammum is notT,. At x=0.7, this rather sharp maximum has
the temperatures of the maxima observed in the resistivity Ofransformed into a broader maximum at a much h|gher tem-
thermopowelsee below. These differences suggest that this perature, and it shifts further to higher temperature with in-
model is only a crude approach to this Eu-heavy fermiorcreasing Si conterftFig. 7(b)]. The increase op(T) for x
system, and that more sophisticated models are needed for-80.6 and 0.7 is proportional to Thin a rather broad tem-
precise description. For higher Si concentrati&n-0.7) the  perature rangénsets of Fig. 7, as expected for Kondo scat-
Kondo temperature rapidly increases as evidenced by larg@ring. The Kondo-like increase is still rather pronounced for
reduction of the'y value and Iarge shift of the thermopower x=0.75, but becomes weaker and weaker with further in-
maximum to higher temperaturésee Fig. 6. creasing Si contenp(T) showing now the behavior typical
for a valence fluctuating system. In this concentration range
(x=0.7), the position of the maximum is likely related to the
The observation of Kondo behavior i#ifT) andS(T) was  characteristic energy scale of the valence fluctuatibns
already reported by Leviret al® Nevertheless, we shall The behavior of the thermopowe®(T) corresponds
present and discuss our results, since our data are more excely to the behavior observed in the resistivity. In pure
tended and more precise and our conclusions are partiallguCwGe,, the absolute value ofS(T) is very small
different. In samples witlx<<0.5, p(T) follows the behavior (|S(T)|<2 wV/K) in the whole temperature rang&(T) is
typical for compounds with stableelectrons, i.e., an almost negative at high temperatures and exhibits a kinkat For
linear decrease gf(T) with T at high temperatures due to x=0.5 the absolute value has increased significantly and
phonon scattering, merging in a temperature independer8(T) shows a characteristic temperature dependence, which
p(T) below 50 K due to spin and defect scattering, and as preserved until pure EuG8i,. Starting from a large nega-
pronounced decrease By due to the suppression of the spin tive value at 300 K,S(T) changes sign afs=40 K, and
disorder scatteringFig. 7(a)]. Kondo-like behavior, i.e., an presents a very sharp peak Bf. With increasingx, the
increase ofp(T) with decreasing temperatures, first appearsegative value at 300 K also increases, the temperdtuag
in the samplex=0.5 and becomes already very pronouncedwhich S(T) changes sign shifts to higher temperatures and
in the sample withx=0.6, wherep(T) increases by 50% the increase o$(T) for T<Tg becomes more and more pro-
between a minimum irp(T) around 100 K and a peak nounced. Forx=0.6, this increase also ends into a sharp
around 13 K. Comparison with(T) at lower concentrations peak afTy, whereas fox=0.7 it merges into a broad maxi-
and with the specific-heat data indicate that this maximum isnum at Tg,a=22 K, which shifts to higher temperature
related to the onset of the antiferromagnetic order, and do natith further increasing«. Thus, as in resistivity, fox<<0.7
correspond to the Kondo maximum as suggested by Levithe temperature of the peak 8(T) does not correspond to

3. Kondo behavior
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TABLE |. The temperature of resistivity maximum T T T T
[Tomax (K) 1, thermopower maximum[Tsmax(K)], and ther- EuCu,(Gey,Siy), L
mopower change of sighl¢(K) ] for differentx. hv=1486.7 eV af
— 4K
X Tomax (K) Tsmax(K) Ts(K) - ;SOKK
1.0 >300 145 >300 x=0.0
0.8 140 65 185 "
0.7 60 22 125
0.6 <15 <20 80

Intensity

the Kondo temperature, as suggested by Letial.® but to
Tn. On the other hand, fox=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) to a large
positive maximum at lower temperatures<(Ty) is in ac-
cordance with prediction of the Kondo model for Eu idfs. 0 8 6 4 2 E
The magnetoresistance for samples with<0x5<0.7 shows Binding Energy (eV)
similar behavior as in the Ce-based Kondo lattice system.
The characteristic valence fluctuation energy s¢atehe

FIG. 8. 4f XPS spectra of selected samples. K€0.0 sample

- . . is characterized by only thef4 final-state PE multiplet indicating
Kondo energy is reflected in three different temperatures,stable divalent configuration, whereas the other samples reveal ad-

Tomaxs Tsmax @ndTs (Table ). However, although all of  iionaiy the 4° final-state multiplet providing evidence for va-
them shift to higher temperatures with increasinthe slope  |ence fluctuation. As a result the relative intensities of the divalent
is different. Thus, in the absence of a reliable theory, weand trivalent components vary for the samples with0.6, 0.7, and
cannot determine absolute values Tar. However, the shift  1.0. The 4° and 4f® multiplets from Ref. 23 are shown by vertical
of T, to even lower values whexdecreases from=0.7 to  bars at the bottom of the figure.

x=0.5, as well as the decrease of the magnitude of th
Kondo effect inp(T) and S(T) in this concentration range
indicate thatTx (or T;) also decreases withfor x<<0.7, in
contrast to the constaff, suggested by Leviet al® Thus,
these results indicate a continuous decreaskair T; from
pure EuCuySi, to EuCyGe,, T being of the order of
10-30 K at the onset of magnetic order.

?lgurations can easily be discriminated. From the intensity
ratio of these contributions the information about the valence
can be derived*

The results obtained in the present study from the analysis
of the Eu 3 and the 4 core-level spectra are qualitatively
similar to each other. The spectra of the lower-binding en-
ergy (BE) 4f states reveal, however, much weaker broaden-
ing of the 4f final-state multiplet¢only 10—100 meYdue to
the larger lifetime of the core-hole excitation. Therefore, as a
rule they allow for more precise assignments of the experi-

In order to get more precise information about the valencenental data as compared to the spectra of the much deeper-
state of Eu close to the magnetic-nonmagnetic transition, thiying 3d levels. Apart from that the # spectra can be used
photoemission measurements on pure BE@y and for the analysis of the electronic structure close to the Fermi
EuCuSi, and on the compounds witk=0.6 andx=0.7  energy Eg). If the leading 4 component of the final-state
were performed both in ultraviolet photoemission spectrosPE multiplet is observed at the Fermi energy, it shows that
copy (UPS and x-ray photoemission spectrosco¥PS)  this term of the final-state multiplet is energetically degener-
modes. Since the purpose of this work is to study bulk propate with the ground state and gives, therefore, evidence for
erties of the compounds, in the following we will concentratehomogeneous mixed-valent behavior of the system. The 4
on the results of the more bulk-sensitive XPS measurementenergy distribution curves taken at three different tempera-
The UPS results, which are in agreement with the XPS dataures: 300 K(gray curvey, 77 K (dotted, and 4 K(black) for
providing additional information on the surface properties ofthe samples doped with different concentrations of Si are
the samples, will be discussed elsewH@re. shown in Fig. 8. All spectra are normalized to the intensity of

The Eu valence in the above compounds was studied bghe Cu 3l valence-band signdht 3.8 eV BH that is sup-
recording the Eu 8 and 4f core-level PE spectra with the posed to be constant within the used range of temperatures
bulk-sensitive AlK« excitation. Due to the large Coulomb- and for all four samples differing from each other only by the
correlation energy, the energy positions of the core-level sigrelative Ge/Si content. Thef4 final-state multiplet corre-
nals for 4f configurations with different electron occupations sponding to divalent B is usually located within the first 2
are shifted by several eV with respect to each other. ThereeV below Er, while the broad #° multiplet of E?" is
fore, the contributions to the PE from the differerft don-  found between 6 and 11 eV binding enerdiés.

C. Valence changes
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The 4f XPS spectra acquired for Eugte, at different TABLE II. Eu valencev for different compositions at selected
temperaturegFig. 8 reveal a prominent peak at about 0.7 temperatures as determined from the analysis of the EXRS
eV BE corresponding to a signal from a bulk®uconfigu- ~ SPectra.
ration, which is consistent with the pure divalent nature of

Eu in EuCyGe,. A weak shoulder at the left side of the peak * v (300K v (17K v (4K
is due to the contribution of divalent surface Eu atoms. Thet.0 2.10 2.20 2.28
signal around 8 eV BE that does not change with the teme.7 2.04 2.06 2.15
perature is related to a plasmon loss structfifghe intensity 0.6 2.04 2.05 2.15

of the E¥* peak is strongly decreased in the spectra of the
EuCuSi, compound. The respectivef &pectral weight is )
transferred into the region of the Eumultiplet. This redis- EUP@ (from Ref. 26 were taken as references for the signals
tribution of the spectral weight is clearly seen particularly inOf ideal divalent and trivalent systems. Note, that the relative

the region of 6—7.5 eV, which is not masked by the Contri_intensity of the surface component varies slightly as a func-

bution of the plasmon-loss structure. Such behavior is in acion of material properties and surface quality and is particu-

cordance with the valence fluctuating state of this compoundggséaf’;ng ﬂ:ﬁeCr?]seea:fvg?gnfg%iﬂ\e/ggu? orﬂs;‘dé(gsé a
Similar to EuCySi,, for the samples witlx=0.6 andx q '

- . ectra might be slightly overestimated. In case of tlie 4
=0.7, both E4" and E&" contributions are clearly visible spectra mig slightly overesli

Lo , . @'E spectra in Fig. 8 surface contributions are almost negligible
indicating a valence fluctuating Eu state. Since th€'EU e to the much larger kinetic energy of the photoelectrons.

component is found to be very close to the Fermi energy, @ata analysis, however, is complicated by valence-band con-
homogenous mixed-valent origin of the last three compoundgiputions and a broad structure of thé>4inal-state multip-
can be concluded. let. Within the error of the data evaluation, the values of the

In pure EuCySi, the EF* signal is strongly suppressed mean valence deduced from thé 4pectra reproduce the
as compared to its value in Eug®e, 3Sip 7). Note also  ones obtained from thed3core-level data.
that for thex=0.7 sample this signal is slightly weaker than  The resulting valencies given in Table Il are remarkably
for the x=0.6 sample. As expected, the intensities of thesmaller than those reported from x-ray absorptid\S)
Eu’* component follow opposite behavior. Since the inten-gat$1232 The deviations are even larger than thédeloauer
sity variation of the 4 final-state multiplets is related with studie$”?®where a nearly trivalent state of Eu was reported
the valence of the rare earth, the observed behavior reflectstgr EuCw,Si,. Mdssbauer experiments are purely bulk sensi-
strong reduction of the valence betweenl andx=0.7 and  tjve and do not affect directly the electronic states. Thus, the
a weaker decrease between 0.7 andx=0.6. This finding  observed deviations may be ascribedilachange of crystal
is in accordance with the results obtained by our thermodystructure and stoichiometry in the subsurface regioriior
namic and transport experiments. The latter results are fufinal-state effects of the photoemission process. Particularly
ther confirmed by the temperature dependence of the 4for the low temperatures applied here lattice relaxations and
spectra. The signal of the Bl component does not show segregation effects are rather unlikely, and from the similar-
significant change with temperature for the stable divalentty of the results obtained from thed3and 4f spectra mecha-
compound EuCyGe,. In contrast to this, the intensity ratio nism (i) seems to be not very probable. Mechanigmim-
of the E¥* and the E&* components decreases quite sig-plies that the final states observed in the photoemission
nificantly with temperature for the valence fluctuating spectra are not characterized by integéro¢cupation num-
samples withx=0.6, 0.7, and 1.0. Note that for pure bers, but that strong configurational mixing takes place like
EuCuSi, the corresponding changes are more pronounceth Ce and other light rare-earth systems. In this case the
in the temperature range between 300 K and 77 K than besimple procedure applied here to determine that the valence
tween 77 K and 4 K, whereas for thee=0.7 and particularly  leads to rather approximate results and a more sophisticated
thex=0.6 samples the situation is reversed as expected for analysis in the light of the single-impurity Anderson model
decrease of the characteristic valence fluctuation energmight be more appropriate. Such an analysis, however, is
scale. beyond the scope of the present work.

In order to determine the absolute valence of Eu, we ana- From the above results we derive the important conclu-
lyzed the intensity ratios of the divalent and trivalent Eusions that valence fluctuations are not only presentxfor
components in the valence-baffg. 8 and the Eu 8 core-  >x. in thex=0.7 sample showing heavy fermion behavior,
level XPS spectrgnot shown. The latter consists of two but still persist forx<x. in the x=0.6 sample, which is
spin-orbit doublets that correspond ta@®3f® and 3°4f’  characterized by a well defined long range magnetic order.
final states, respectively, and are separated from each oth®hus, a coexistence of well defined long-range magnetic or-
by 6 eV. In spite of this large energy separation data, analysidering and valence fluctuation is observed. In their theoreti-
is complicated by the fact that at a mean kinetic energy otal study Bulk and Noltin§f have shown that this is possible
450 eV, emissions of the divalent outermost atomic layeiin the case of rather weak valence fluctuation. Indeed coex-
contribute by about 20—25% to the spectral intensity and gstence of antiferromagnetism and valence fluctuation was
high binding energy component of thed®f’ multiplet  observed earlier in Eu metal and in EugRAu, 5) ,Si, using
overlaps with the 8°4f°® final state€? To take into account high-pressure Mssbauer spectroscofd® In the present
these effects spectra of Eugbe, (our experiment and  study exploiting different kinds of experimental techniques
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30 a classical critical point at a finite temperat(ifgy(x— X.)
—13 K]. Forx slightly larger tharnx., 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/K mol for x=0.7), T? dependence of resistivity
with a large coefficien, and a strongly enhanced constant
susceptibility yo. Both the Wilson's ratioy,/y and the
v Kadowaki-Woods raticA/y? show the value expected for a
| heavy fermion system. Kondo-like behavior appears in the
O / temperature dependence of the resistivity and of the ther-
I / mopower forx>0.4, and becomes very pronounced around
°[ /

: Y
// Xc. For further increasing Si content, the systems evolve
i HF

towards valence fluctuating properties. The thermopower
ol— . . . : : - data suggest a continuous decrease of the Kondo Gualee
00 01 02 03 04 05 06 07 08 09 1.0  characteristic fluctuation energy scafeom pure EuCuSi,
X to EuCyGe,. The temperature and concentration depen-
dence of XPS and UPS results indicate that valence fluctua-
FIG. 9. Magnetic phase diagram of EufGe, ,Si,),. Solid  tion persists fronx=1 down to at least=0.6, well into the
line is a guide to eye fofys up tox=0.6375 which are character- antiferromagnetic regime.
ized by well-defined anomalies in specific heat. ker0.65, we We presented here experimental evidence for heavy fer-
found only a braod anomaly centered around 8 K, hence connecteglisy hehavior and coexistence of valence fluctuation and
by a dotted line. Close to the magnetic-nonmagnetic boundary th?nagnetic order at ambient pressure in Eu compounds. The
system shows Kondo effect and heavy fermion behavior, while forheavy fermion behavior in this case is unique as the eight

largerx the system exhibits valence fluctuation. fold degeneracy of the divalent Eu f(74 J=S=7/2) is pre-

at ambient pressure we were able to show that these vaIen%ived down to lowest temperature in contrast to the Ce-,

fluctuations are also consistent with the Kondo-like behavior or. U-based heavy ferm|ons whe.re' the effective de-
of the resistivity and the thermopower. 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.

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 The work was supported by the Deutsche Forschungsge-
EuCu,Ge, with a SDW-like anomaly irp(T) at Ty=14 K. meinschaft, Grants Nos. SFB 463, TP B14 and B16. We
The long-range antiferromagnetic order is stable until a critithank V. H. Tran and S. Paschen for their support in ther-
cal point atx=0.65. Ty first increases with Si content, up to mopower measurements and discussion of the results. We
Ty=20 K aroundx=0.5, but shows then a significant de- also thank R. Ramlau for electron probe microanalysis.
crease with further increasing down to Ty=14 K at x Fruitful discussions with V. ZlaticF. Steglich, C. Laubschat,
=0.6375. We cannot tell unambiguously whether the AFM. B. Maple, B. Cogblin, and J. Mydosh are gratefully ac-
state disappears at a quantum critical poi{0 K) or at  knowledged.

IV. SUMMARY
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