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The static and dynamic magnetic properties, electrical resistivity, specific heat, and magnetoresistance have
been studied in EuCu2Si2 single crystals grown by a floating zone method. The magnetic susceptibility exhibits
a considerable anisotropy and a steep rise below 10 K for external fields parallel to the c axis but with no
evident magnetic ordering in the temperature range of 2–350 K. The data imply a gradual change in the Eu
valence as a function of temperature. Electron spin resonance �ESR� measurements reveal a sizeable fraction of
stable Eu2+ magnetic moments that interact with conduction electrons and develop quasistatic antiferromag-
netic correlations on the ESR timescale. The electrical resistivity and specific heat demonstrate the presence of
spin fluctuations and Kondo-like behavior, which apparently competes with the antiferromagnetic order. The
analysis of experimental data enables to conclude that the remarkable diversity of the physical properties of
EuCu2Si2 results from the variation of lattice parameters as well as of local crystal chemistry as a consequence
of the particular preparation route employed for the growth of single crystals and polycrystals.
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I. INTRODUCTION

The large class of RT2Si2 �R=rare earth,T=transition
metal� intermetallic compounds crystallizing in
ThCr2Si2-type body-centered tetragonal structure shows in-
teresting magnetic and electric transport properties.1,2

Among these compounds EuCu2Si2 is an ideal subject for
studying charge configuration fluctuations.2–11 Polycrystal-
line EuCu2Si2 samples exhibit a large magnetic susceptibility
but with no magnetic order transition, a large electronic
specific-heat coefficient, and deviations from a conventional
temperature law in the resistivity.2,3 The effective valence of
the Eu is gradually reduced from about +2.8 at low tempera-
ture �2 K� to +2.6 at room temperature �300 K�.3,4,6

Because of the high-vapor pressure of Eu so far, EuCu2Si2
single crystals have been grown only by a flux method using
indium as melt flux.12 From these crystals antiferromagnetic
ordering below TN=10 K and a considerable anisotropy of
the magnetic properties parallel and perpendicular to the c
axis have been deduced. The c axis ��001�� represents the
magnetic easy axis. In Ref. 13, for crystals prepared with the
same method, two magnetic transitions at 10 and 4 K and
exotic electrical properties below T=2 K were reported.
This behavior and the magnetic properties of the single crys-
tals turned out to be at strong variance with those of poly-
crystalline samples, which do not show evidence of magnetic
order.3,11 For a related compound YbNi2Si2, Bud’ko et al.14

reported a sensitive dependence of the electrical and mag-
netic properties on the preparation route of crystals grown by
two alternative methods, from an indium flux and from a
self-flux, respectively. So far, no information has been avail-
able on the physical properties of EuCu2Si2 single crystals
grown from a self-flux.

In order to throw more light on the physical properties of
the EuCu2Si2 compound, magnetic and electrical properties

have been studied in the present work on a single crystal
prepared by a floating zone �FZ� method. Here the molten
zone acts as a self-flux, which considerably differs from the
In flux used by previous authors.12,13 As a consequence of the
different preparation route, we have found distinct magnetic
and transport properties of our samples, which can be under-
stood as interplay between a Kondo-like behavior and anti-
ferromagnetic correlations between stable Eu2+ magnetic
moments at low temperatures. This paper is organized as
follows: In Sec. II the preparation method and experimental
details are presented. Magnetic, thermodynamic, electron
spin resonance �ESR�, and transport measurements are de-
scribed in Sec. III. Section IV is devoted to the discussion of
the obtained results, which is followed by conclusions in
Sec. V.

II. EXPERIMENT

The EuCu2Si2 single crystals have been grown by a FZ
technique with radiation heating in a vertical double ellipsoid
optical configuration with a 5 kW air-cooled xenon lamp
positioned at the focal point of the lower mirror. A coarse-
grained Eu20.5Cu39.5Si40 feed rod with excess Eu—prepared
from high-purity elements 99.98 wt % Eu, 99.999 wt % Cu,
and 99.9999 wt % Si—was utilized to balance evaporation
losses. The growth process proceeded with a growth velocity
of 3 mm/h in a vacuum chamber under elevated pressure �3.5
MPa� of flowing Ar in order to limit severe evaporation
losses of the melt. Two EuCu2Si2 single crystals, 6 mm in
diameter and up to 20 mm length, have been obtained. The
crystals grew with a preferred orientation close to a axis
��100�� with about 15° deviation from the rod axis as deter-
mined by the x-ray Laue back-scattering method. Micro-
structure and crystal perfection were examined by optical
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metallography and scanning electron microscopy.15

All cuboids and rod-shaped single crystal specimens �with
a and c as rod axes� employed in the present studies have
been cut from the same crystal prepared. Here we only refer
to measurements of as-grown single crystalline specimens
because annealing at 850 °C for 192 h has only minor ef-
fects on physical properties. Magnetic-susceptibility ��T�
measurements in the presence of a magnetic field �H� of 0.1
T have been carried out in the temperature interval of 2 to
300 K with a quantum design MPMS superconducting quan-
tum interference device magnetometer. In addition, electrical
resistivity ��� measurements have been accomplished in a
temperature range of 1.8 to 300 K and in the presence of
magnetic fields up to 10 T in an Oxford magnet system by a
conventional four-probe method utilizing silver paint for
making electrical contacts of the leads with the sample. The
specific heat has been measured by means of a Quantum
Design PPMS. Electron spin-resonance measurements have
been performed with a Bruker EMX spectrometer at a fre-
quency of 9.5 GHz in a temperature range of 3.5–300 K.

III. RESULTS

A. Magnetic properties

1. Static magnetization

In Fig. 1, the magnetic susceptibility �=M /H for the
three crystal orientations H �c, H �a, and H �b ��010�� is
shown. It is found that the annealing treatment has little ef-
fect on magnetic susceptibility of this single crystal. The
magnetic susceptibility for H �a and H �b is nearly identical,
which is also demonstrated by the inset showing the inverse
susceptibility data. There is, however, a great anisotropy of
the magnetic properties between an orientation in the basis
plane �a ,b� and in the perpendicular direction �c�. The mag-
netic easy axis is along the c axis where the magnetic sus-
ceptibility displays a sharp increase upon cooling below 50
K, whereas there are only small changes for H �a and for
H �b. In the crystal at hand, there is no evidence for a long-
range magnetic ordering in the temperature range investi-
gated. We mention that there is an additional feature in
�−1�T� below �10 K as indicated in Fig. 1�c�. Interestingly,
the inverse susceptibility �−1�T� fails to show a linear Curie-
Weiss law in the range from 2 K to room temperature �Fig.
1�b��. This behavior reflects the well-known valence fluctua-
tions of EuCu2Si2,3,4,16 which has been observed for other
Eu-containing compounds too.17 In particular, one expects a
Curie-Weiss law of the magnetic susceptibility if the magne-
tism is governed by a stable magnetic moment associated
with a stable Eu valence state. In contrast, the nonlinear tem-
perature dependence of the magnetic susceptibility observed
in a variety of materials was straightforwardly attributed to
valence fluctuations of the rare-earth ion.

We mention that our data are in a stark contrast to recent
data on flux-grown EuCu2Si2 single crystals, where ��T� for
H �c exhibits a pronounced maximum at TN=10 K �indicat-
ing the onset of antiferromagnetic order� and where �−1�T� is
linear over a wide temperature range.12 The latter observa-
tion points to a stable Eu state in that compound. This has

been confirmed by recent Mössbauer data, which prove that
Eu is in the divalent state in the temperature range of 2–300
K in EuCu2Si2 single crystals grown from In flux.18

It has been shown earlier, e.g., in Ref. 4, that the average
susceptibility can be used to monitor quantitatively the tem-
perature dependence of the average valence of the Eu ions by
simply interpolating between the Eu2+ and Eu3+ susceptibil-
ity curves at temperatures above the intrinsic fluctuation tem-
perature. Figure 1�a� shows that the experimental data are in
between the susceptibilities of Eu3+ �data taken from Ref. 4�
and noninteracting Eu2+ moments. Following this method as
described in detail, e.g., in Ref. 4, the data imply Eu valence
changes from �2.53 at 50 K to �2.84 at 300 K. Note that
these values do not change significantly but amount to �2.58
and �2.89, respectively, if—instead of a Curie law—the
Curie-Weiss law with the paramagnetic Weiss temperature
�p=−18 K found in Ref. 12 is used for estimating the sus-
ceptibility of Eu2+ as an upper limit. A substantial anisotropy
of the magnetic susceptibility for H �c and H�c is difficult
to reconcile with the Eu2+ paramagnetism, which is of the
pure spin nature.

In order to discuss the magnetic properties more in detail,
we show in Fig. 2 the magnetization vs external magnetic
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FIG. 1. �Color online� �a� Magnetic susceptibility ��T� as a
function of temperature ��100 K� of single crystalline EuCu2Si2
measured in a magnetic field of 0.1 T for three orientations H �a,
H �b, and H �c. The open circles represent the powder average of
the susceptibility. In addition, the response of noninteracting Eu2+

moments and of Eu3+ is shown �data from Ref. 4�. �b� Correspond-
ing inverse susceptibility �−1�T�. �c� �−1�T� at low temperatures.
Arrows indicate additional changes �see the text�. Note that the data
for H �a and H �b are indistinguishable in �a�.
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field for three selected temperatures. Here, the magnetic field
has been applied parallel to the c axis. A first approach to a
data analysis is to discuss the magnetization for H �c at 2 K
in terms of a Brillouin function B1/2�x� �cf. Ref. 19�. Inter-
estingly, in addition to the Brillouin function �which reflects
the alignment of paramagnetic moments saturating at MS
�2100 emu G /mole� and a small internal field of �MS
�2.4 T �with the mean-field parameter ��, a considerable
linear term �lin�0.054 emu /mole has to be added in order
to describe the data. In particular, the saturation value MS is
strongly reduced with respect to the magnetic moment,
which is expected for Eu2+. In addition, �lin is larger than
expected from the Van-Vleck magnetism of Eu3+. This analy-
sis hence indicates that the upturn in ��H �c� found upon
cooling �Fig. 1�a�� at low temperatures is dominated by a
Curie-type contribution MBrill�0.1 T� /H�0.53 emu /mole,
but there is an additional effect reflected by �lin.

2. ESR measurements

ESR measurements have been carried out in the tempera-
ture range of 3.5–300 K at 9.5 GHz with an external mag-
netic field H �c axis as shown in Figs. 3 and 4. Above 10 K
a single resonance line is observed, which is a field deriva-
tive to the absorbed microwave power dP�H� /dH �represen-
tative spectra are shown in Fig. 4�. The line shape is asym-
metric, which is typical for magnetic ions embedded in
metallic environment with the asymmetry parameter A /B
�ratio of the positive and the negative peaks of the
dP�H� /dH curve� of about 1.6. The line can be fitted with a
Dysonian function, which describes an ESR response in
metals.20 The linewidth and the resonance field �the g factor�
of the observed ESR line are obtained from Dysonian fits.
The inset to Fig. 3 shows the measured ESR line at 25 K
together with a respective fit. The difference between the
measured and simulated line around 0.1 T is due to the
spurious signal originating from the cryogenic insert in the
ESR cavity. The temperature dependence of the linewidth
�H is shown in the main panel of Fig. 3. The linewidth �H
slightly decreases with decreasing temperature from 0.1 T

�T=100 K� to 0.08 T �T=10 K�. The linear dependence
�H=A+BT �for the fit see Fig. 3� indicates that the spin
relaxation of localized moments is due to the exchange in-
teraction with conduction electrons via a so-called Korringa
mechanism.21 The fit yields B�1.25 10−4 T /K for the Ko-
rringa slope, which is similar to the result obtained in Ref.
12. In contrast to that work we observed a much larger re-
sidual linewidth �A�0.088 T�. Since A is usually attributed
to the temperature-independent inhomogeneous broadening,
the large value of A suggests substantial chemical disorder of
the studied sample. The measured g factor is g� �2.011�3� in
the temperature range of 10–100 K. The above listed obser-
vations strongly suggest that we observed the ESR of local-
ized Eu2+ ions 4f7�J=S=7 /2, L=0, g=2� which interact
with conduction electrons. For temperatures below 7 K the
measured spectra change dramatically and a line splitting
evolves in decreasing temperature �Fig. 4�. This evolution
suggests the occurrence of an internal magnetic field at T
�7 K possibly due to the development of short-range qua-
sistatic magnetic correlations. This becomes also evident
from the upturn of the magnetic susceptibility in this tem-
perature range �Fig. 1�a�� and the onset of the low-
temperature anomaly of Cp /T �inset to Fig. 5�.
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FIG. 2. �Color online� Magnetization vs external magnetic field
parallel to the c orientation of EuCu2Si2 single crystal M�H� for
selected temperatures 2, 10, and 150 K. The straight line is a fit to
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B. Specific heat

The specific heat Cp as a function of temperature between
0.5 and 290 K is shown in Fig. 5. The overall behavior of
Cp�T� for single crystal differs qualitatively from that of
polycrystals.3 As visible in the inset to Fig. 5, in the tempera-
ture range T�15 K, there are striking additional entropy
changes since the specific heat clearly deviated from a con-
ventional Debye behavior. Instead, there is a distinct maxi-
mum at T	2.5 K, which deviates at least quantitatively
from the broad and much larger anomaly of the magnetic
specific heat observed in single crystals grown from the In
flux.12 In particular, there is no signature of a phase transi-
tion. Therefore, our data rule out long-range magnetic order
in the crystal for T�0.5 K. One might speculate, however,
whether these additional entropy changes have a similar, i.e.,
antiferromagnetic, nature as the entropy changes in the In
flux-grown single crystal, which are related to the develop-
ment of antiferromagnetic order at 10 K.8,22,23

Application of a magnetic field of 9 T leads to drastic
changes in the specific heat. The low-temperature anomaly
of Cp /T becomes completely suppressed, which proves the
magnetic origin of the excess specific-heat contribution. In-
stead, in the presence of a high magnetic field Cp /T exhibits
a sharp drop at T�2.5 K. On the other hand, the magnetic
field yields an increase in the specific heat in the temperature
range 13�T�40 K. Such a behavior supports the scenario
that the zero-field anomaly might be related to short-range
antiferromagnetic spin correlations, which are naturally sup-
pressed in an external magnetic field. In contrast, at higher
temperatures up to 40 K the specific-heat data imply a field-
induced magnetic order, which will be discussed below in
terms of the field-induced alignment of local Eu2+ spins
forming stable magnetic moments.

C. Electronic transport properties

The electrical resistivity vs temperature ��T� of single
crystalline samples for two different axis orientations, c axis
and a axis, is shown in Fig. 6. The plots have been normal-
ized to the resistance at T=295 K. In contrast to the mag-
netic susceptibility, the anisotropy in the electrical resistivity

for the two different crystallographic orientations is less sig-
nificant. Parallel to the c axis ��295 K�=65 �	 cm is
slightly smaller than ��295 K�=90 �	 cm parallel to the a
axis. The temperature dependence is qualitatively similar to
that of EuCu2Si2 single crystals previously reported12,13 and
displays the typical sigmoid behavior between room tem-
perature and He temperature �4.2 K�. The residual resistance
ratio ��5 K� /��295 K�	15% for our crystal is significantly
larger than 	6% in Ref. 12; however, it is much smaller than
that reported in Ref. 13 ���5 K� /��295 K�	36%�. The spe-
cific resistivities, ��295 K�=65 �	 cm in the present work
vs 68 �	 cm in Ref. 12, are comparable whereas
��295 K�=220 �	 cm was obtained in Ref. 13. Polycrys-
talline samples prepared with the nearly stoichiometric com-
position Eu20Cu40Si40 display similar temperature depen-
dence ��T� as single crystal, whereas for off-stoichiometric
composition the electrical resistivity is virtually constant.
But the specific resistivity of most polycrystalline samples is
one order of magnitude larger than that of single crystalline
samples probably because of macroscopic defects �cracks,
grain boundaries, and precipitates�, which are absent in
single crystals. Therefore, the behavior of polycrystals does
not reflect intrinsic properties.

At low temperatures �T	30 K� a Kondo-like resistance
anomaly in form of a small peak is visible before the resis-
tivity drops at very low temperatures. This temperature evo-
lution of the resistivity can be clearly seen on the magnified
scale �inset to Fig. 6�. In order to elucidate the nature of this
anomaly, the longitudinal magnetoresistance �MR� in a-axis
orientation was measured in magnetic fields up to 10 T �Fig.
7�. A negative MR was observed for temperatures �T
	12 K� close to the maxima of ��T� �inset to Fig. 7�. For
low temperatures �T	1.8 K� a transition from positive to
negative MR was inferred. The Kondo-like anomaly is
gradually suppressed with increasing magnetic field, which
suggests its magnetic origin and implies that the short-range
magnetic correlations may persist well above 2 K.

IV. DISCUSSION

From magnetization and ESR measurements one can con-
clude that a sizable fraction of Eu ions in the studied single
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crystal possesses a stable magnetic moment associated with
the spin S=7 /2 of Eu2+. Their random distribution in the
lattice is manifested in the large residual ESR line width and
resistivity. One can conjecture that, owing to the interaction
of these local states with conduction electrons which is evi-
denced by a Korringa relaxation broadening of the ESR sig-
nal, a partial Kondo-like screening of the local spins can
occur at low temperatures. An indication for that could be an
upturn in the resistivity below �30 K followed by its down-
turn at T�7 K. The former can be assigned to the enhanced
scattering of the itinerant electrons on the 4f-local states,
whereas the latter can be due to the formation of the coherent
Kondo state. However, if a Kondo-like state indeed takes
place, the Kondo screening is obviously noncomplete. Ap-
parently there is a competing magnetic ground state of an
antiferromagnetic nature whose signatures at low tempera-
tures are visible in magnetization and ESR data. In this situ-
ation a strong impact of the external magnetic field on the
resistivity and the specific heat is not surprising. It can be
understood as a breakdown of the Kondo-like state in favor
of a magnetic state with a fully restored 4f moment. For
example, under these conditions a similar sign reversal of the
MR �inset to Fig. 7� and the shift of the magnetic entropy to
higher temperatures were observed in the heavy fermion
compound YbRh2Si2 �see Ref. 24�.

The considerable distinction of magnetic properties be-
tween EuCu2Si2 polycrystalline samples and crystals synthe-
sized by diverse preparation routes has been attributed to a

particular chemical defect structure �rather than to
impurities�.6,12 This is evident from different lattice param-
eters of samples reported in various references. Their sum-
mary is given in Table I. The polycrystalline specimens ex-
hibit a relatively small unit-cell volume V=a2c.12,25 The
lattice parameters and the unit-cell volume V=0.1639 nm3

of the FZ-grown single crystal studied here resemble those of
polycrystals. In contrast, the a axis and unit-cell volumes,
V=0.1685 nm3 �Ref. 12� and V=0.1669 nm3,13,18 of crys-
tals grown from In flux are considerably larger.

It is supposed that different effective valence states of Eu
exist in the various specimens. The presence of a small frac-
tion of Eu2+ ions in the FZ-grown crystal inferred from our
magnetic measurements is supported by the ESR spectra.
Because the ionic radius of divalent Eu2+ is substantially
larger than trivalent Eu3+, the observed smaller unit-cell vol-
ume of the FZ-grown crystal �compared to those grown from
an In flux� is consistent with a larger fraction of the trivalent
nonmagnetic configuration Eu3+.17 The reduced fraction of
magnetic Eu2+ ions may explain the lack of any magnetic
transition at T�2 K both in polycrystals and in the FZ-
grown crystal studied. Instead, spin fluctuations are observed
for low temperatures, which can also give rise to Kondo-like
resistance anomalies. This behavior contrasts with the anti-
ferromagnetic ordering at TN=10 K in EuCu2Si2 single crys-
tals synthesized from the In flux.12,13 Only recently, Stadnik
et al.18 found out by Mössbauer measurements that the
EuCu2Si2 single crystals grown from the In flux do not show
any charge fluctuations but exhibit a stable Eu2+ state.
Also studies performed on EuCu2Ge2 and doped
EuCu2�SixGe1−x�2 proved the stabilization of divalent Eu2+

and a magnetically ordered phase through the substitution of
Si by Ge �with a larger ionic radius�.13,26,27

We assume that the primary origin of the remarkable dif-
ferences in properties and lattice parameters of EuCu2Si2
crystals from different preparation methods are small com-
position variations. A direct comparison of crystals is not
viable because of the lack of composition data in Refs. 12
and 13. However, the typical energy dispersive x-ray analysis
of our FZ-grown crystal, 21.8 at. % Eu, 39.7 at. % Cu, and
38.6 at. % Si, not only proved a slight excess of Eu but also
a depletion in Cu and Si compared to the Eu20Cu40Si40 sto-
ichiometry. Bearing in mind this stoichiometry deviation, a
Rietveld analysis of the structure data was performed. It is
consistent with a ThCr2Si2-type structure where excess Eu
ions can randomly occupy Cr sites �normally occupied by Cu
ions� and a small fraction of Cu ions on Si sites. This is the
origin of chemical disorder also inferred from the ESR mea-
surements.

In Ref. 6, it was argued that a Si-rich surrounding should
promote the divalent Eu2+; therefore, the Si-depleted compo-
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TABLE I. Lattice constants of EuCu2Si2 specimen for various preparation conditions.

Parameter
Powder
Ref. 25

Polycrystal
Ref. 12

Single crystal
Ref. 12

Single crystal
Refs. 13 and 18

Single crystal
�Present work�

a �nm� 0.407 0.408–0.405 0.4111 0.410 0.4061�1�
c �nm� 0.993 0.996 0.9968 0.993 0.9936�1�
V=a2c�nm3� 0.1645 0.1658–0.1634 0.1685 0.1669 0.1639
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sition obtained rather supports the preference of Eu3+ ions.
However, the explanation of the observed behavior on an
atomic level is beyond the scope of the present paper. As
mentioned above, the observed dependence of physical be-
havior on the preparation route is typical for ThCr2Si2-type
compounds.14 It finally originates from slight differences in
composition. Exact composition data of specimen studied are
scarce. Only recently it was found that the homogeneity
range of another ThCr2Si2-type compound ErPd2Si2 extends
over 6 at. %.28 This may explain the observed diversity of
properties of this class of compounds as a function of prepa-
ration method. The comparison of single crystals synthesized
in different ways, instead of polycrystalline samples as in the
majority of studies of ThCr2Si2-type rare-earth compounds,
proved that the variation of properties is intrinsic in nature
but not primarily caused by defects.

V. CONCLUSIONS

We have presented the results of magnetization, ESR,
specific-heat, and resistivity measurements on EuCu2Si2

single crystals. While the magnetic behavior is anisotropic
with an easy c axis, no magnetic ordering transition was
observed at T�2 K. The data provide evidence for a mixed-
valence behavior and short-range magnetic correlations at
low temperatures concomitant with a Kondo-like behavior.
Finally, we conclude that the diversity of the physical prop-
erties as a consequence of the particular preparation route
employed for single crystals and polycrystals results from
different lattice parameters and chemical disorder, which are
characteristic for classes of intermetallic compounds with a
wide homogeneity range.
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