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Magnetization M�T ,B�, specific heat cp�T�, and electrical resistivity ��T ,B� show ferromagnetic ordering in
Eu2CuSi3 single crystals below the Curie temperature TC=34 K. Temperature T and magnetic field
B-dependent M�T ,B� data give evidence for a sizable magnetic anisotropy in the AlB2-derived hexagonal
structure at T�TC. The increase in �dM /dT� at TC for B=50 mT along the easy magnetic c axis ��001�� is
more than twice as large as for B along the a axis ��010��. The analysis of cp�T� in the magnetically ordered
phase reveals signatures of a spin-reorientation process at T�10 K below which the magnetic anisotropy in
M�T ,B� almost vanishes. Measurements of electron-spin resonance �ESR� on Eu2+ ions reveal the anisotropy
of the resonance field and the additional narrowing of the ESR signal at T�100 K that prove appreciable
short-range ferromagnetic correlations far above TC. These lead to a large negative magnetoresistance observed
in the ��T ,B� measurements even up to a temperature T�100 K. Below 50 K the ESR line starts to split due
to the emergence of two magnetically nonequivalent Eu sites. The onset of magnetic order is manifested in the
ESR spectrum by nucleation of a third line. Below T�10 K, where thermodynamic data suggest a transfor-
mation of the ordered spins to a state with strongly reduced anisotropy, the ESR spectrum evolves into a
featureless broad asymmetric peak.
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I. INTRODUCTION

Magnetic properties of rare-earth �R� transition-metal �T�
ternary intermetallic compounds have been a subject of in-
tensive research. The great diversity of magnetic-ordering
behavior observed originates from correlations of the local-
ized f electrons of the rare-earth elements, which are coupled
by the conduction electrons according to the Ruderman-
Kittel-Kasuya-Yosida theory. Most compounds of the
class R2TSi3 �T=Pd, Rh, Ni, Cu� exhibit a hexagonal
AlB2-type crystallographic structure and their interesting
physical properties such as various types of magnetic
ordering,1–3 magnetoresistance anomalies,4 and Kondo
behavior5,6 were revealed from polycrystalline samples. For
Gd2PdSi3 a significant magnetocaloric effect was reported.7

From single crystals grown by the tetra-arc Czochralski tech-
nique the anisotropy of transport and magnetic properties
and metamagnetic transitions of Gd2PdSi3 �Ref. 8� and
Ce2PdSi3 �Ref. 9� were deduced. Single-crystal growth of
various R2PdSi3 compounds �R=Tb, Dy, Ce� by floating-
zone �FZ� methods was described by Behr et al.10 and Graw
et al.11 along with some details of their crystallization behav-
ior. The anisotropy of transport and magnetic properties of
FZ-grown single crystals of Tb2PdSi3,12 Dy2PdSi3,13 and
Er2PdSi3 �Ref. 14� was reported. Tb2PdSi3 is a first example
of substantial anisotropy of the magnetocaloric effect.12

Frontzek et al.15 provided a comprehensive analysis of the
magnetocrystalline anisotropy in R2PdSi3 single crystals and
discuss the competing effects of the crystal electric field and
the magnetic two-ion interaction on the observed magnetic
properties.

Among the lanthanides elemental europium is special be-
cause it has a half-filled 4f shell. Studies on Eu compounds

are scarce due to the difficulties in controlling the Eu stoichi-
ometry during sample preparation. The synthesis of Eu2PdSi3
and Eu2CuSi3, crystallizing in an AlB2-type hexagonal struc-
ture, was first reported by Mallik et al.3 and Majumdar et al.4

Both show complex magnetic behavior of ferromagnetic type
but Eu2CuSi3 exhibits a large negative magnetoresistance. In
order to shed more light on magnetic-ordering behavior and
intrinsic physical properties, measurements on single crystals
are desirable. However, crystal growth so far was hampered
by the volatile character of Eu. The applicability of floating-
zone melting under elevated Ar pressure for crystal growth
of the compound EuCu2Si2 with a lower melting temperature
�1255 °C� than Eu2CuSi3 �1422 °C� was demonstrated only
recently.16,17

Here, magnetic and electrical properties with particular
respect to their dependence on the crystallographic orienta-
tion are studied on large single-crystalline samples from
Eu2CuSi3 single crystals prepared by a floating-zone method.
One special aim was local probing of the dynamic correla-
tion of the magnetic ions by electron-spin resonance �ESR�
measurements.

II. EXPERIMENTAL

The Eu2CuSi3 single crystal was grown by a vertical
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.16,18

For preparing feed rods high-purity elements Cu
�99.999 wt %� and Si �99.9999 wt %� were first alloyed in
an arc-melting furnace. Subsequently, Cu-Si and Eu
�99.98 wt %� were comelted and cast to rods 6 mm in diam-
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eter by a Hukin-type radio-frequency cold-crucible levitation
melting equipment. A coarse-grained Eu34.5Cu15Si50.5 seed
and an Eu34.3Cu15Si50.7 feed rod containing excess Eu with
respect to the nominal Eu2CuSi3 �Eu33.3Cu16.7Si50� stoichi-
ometry to balance evaporation losses were utilized. The
growth process proceeded with a velocity of 3 mm/h in a
vacuum chamber under elevated pressure �5 MPa� of flowing
Ar, in order to limit severe evaporation from the melt, which
lead to deposits at the quartz walls of the growth chamber
and reduce the light flux during the growth process. Bulk
single crystals of Eu2CuSi3 were obtained, 6 mm in diameter
and up to 15 mm length. The x-ray Laue backscattering
method was utilized to check the quality and to determine
the orientation of crystals. Microstructure and crystal perfec-
tion were examined by optical metallography and scanning
electron microscopy.

Cuboids and rod-shaped specimens with a-axis ��010��
and c-axis ��001�� orientations within and perpendicular to
the basal plane of the hexagonal unit cell, respectively, were
all cut from one big crystal. Magnetization measurements
were carried out in the temperature interval 2–300 K and in
magnetic fields up to 5 T with a Quantum Design MPMS
superconducting quantum interference device magnetometer.
In addition, electrical resistivity ��� measurements were ac-
complished in a temperature range of 1.8–300 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 contacting the leads with the sample. The specific
heat was measured by means of a Quantum Design PPMS.

ESR experiments at the same cuboid specimen used for
magnetic and specific-heat measurements, respectively, were
performed with an X-Band Bruker spectrometer EMX series
at a frequency �=9.5 GHz that was equipped with a He-gas
flow cryostat for the variation in the sample temperature in
the range 4–300 K.

III. RESULTS

A. Crystal structure

By the x-ray diffraction pattern it was ascertained that the
present compound crystallizes in an AlB2-derived hexagonal
structure. The x-ray Laue backscattering image �Fig. 1� con-
firms the high perfection of the single crystal and the absence
of defects such as secondary phases, disoriented grains or
twinning. The preferred growth axis of the crystal rod devi-
ates about 16° from crystallographic �100� orientation within
the basal plane of the hexagonal unit cell. From the powder
x-ray diffraction pattern employing Cu K� radiation the lat-
tice constants a=4.0762 Å and c=4.4895 Å were obtained,
which are slightly different from the reported values of poly-
crystalline samples a=4.095 Å and c=4.488 Å.4 A Cu-
depleted composition 35.4 at. % Eu, 14.1 at. % Cu, and
50.5 at. % Si was determined by electron-beam microprobe
analysis of the crystal. The different lattice constants seem-
ingly originate in composition differences between the single
crystal and polycrystalline samples due to the deviation of
the homogeneity range of the intermetallic compound from
the exact Eu2CuSi3 stoichiometry.

B. Static magnetization and specific heat

In Fig. 2, the magnetization is shown measured in a mag-
netic field of B=50 mT applied along the c axis, i.e.,
B � �001�, and the a axis, i.e., B � �010�, respectively. The most
pronounced feature is the strong increase in the magnetiza-
tion at low temperatures which implies the evolution of a
spontaneous magnetic moment, i.e., the onset of ferromag-
netic order at TC=34 K. At high temperatures, the magneti-
zation obeys a Curie-Weiss law as visible in the inverse static
susceptibility B /M �inset of Fig. 2�. Fitting of the data yields
the ferromagnetic Weiss temperature �= �34.5�0.5� K, i.e.,
there is an effective ferromagnetic coupling in agreement to
the observed ferromagnetic order. Quantitatively, the effec-
tive magnetic moment peff= �7.8�0.1� �B /Eu is derived
from the data. This value agrees well to peff=7.94 �B which
is expected for a free Eu2+ ion. The data hence provide
strong evidence that the Eu ions exhibit the stable valence of
2+ in the temperature regime under study. Note that this

FIG. 1. �Color online� X-ray Laue backscattering image of the
Eu2CuSi3 crystal with main reflections.

FIG. 2. �Color online� Magnetization of the Eu2CuSi3 crystal for
two orientations of the external field B �a and B �c, for B=50 mT
and B=5 T, respectively. Inset: inverse magnetic susceptibility
�−1= �M /B�−1 vs temperature, at B=50 mT. The straight line rep-
resents a Curie-Weiss fit �see the text�.
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result is in contrast to findings for EuCu2Si2 where the effec-
tive valence is gradually reduced from �2.84+ at 300 K to
�2.53+ at 50 K.17

The magnetization in the low-temperature ordered state
exhibits additional features, which imply the complex nature
of this phase. This becomes evident if the temperature de-
pendence of the low-field magnetization and its derivative
are considered �see Fig. 3�. The data display a considerable
anisotropy of the magnetic properties at TC. The steep in-
crease in magnetization �dM /dT� along the easy magnetic c
axis is more than twice as large as the slope along the a axis
in the basal plane perpendicular to the c axis. At T=30 K the
magnetization reaches 0.74 �B /Eu and 0.34 �B /Eu for ex-
ternal magnetic fields of 50 mT along the c axis and the a
axis, respectively. In addition, beginning at T�25 K the
magnetization starts to rise again upon cooling for both ori-
entations. Different from the monotonic behavior of M�T�
for the a axis the magnetization for the c axis decreases at
T�20 K. As will be pointed out in more detail below, these
changes most presumably indicate reorientation of spins in
the ordered phase. Below 20 K, for B �c, we also observe a
small temperature hysteresis between field-cooled �FC� and
zero-field-cooled �ZFC� data while a hysteresis for B �a is
restricted to T�10 K. A small anisotropy of the magnetiza-
tion is also visible at higher fields, i.e., at B=5 T �see Fig.
2�. The temperature derivative dM /dT of the field-cooled
magnetic data visualizes the ferromagnetic transition. The
minimum indicates the magnetic-ordering temperature at
TC=34 K determined for the c axis, which slightly deviates
from the a axis.

The field dependence of the magnetization M�B� recorded
at various constant temperatures confirms the observations
described above. At T=80 K, the data imply paramagnetic
behavior but typical ferromagneticlike curves are visible for
low temperatures �Fig. 4�. Again, the magnetization exhibits

only small anisotropy in the ordered phase at T=2 K and
there is a hysteresis at low temperatures. In agreement with
the data in Fig. 3, the hysteresis loops for fields applied along
the c axis are larger compared to those for the a-axis orien-
tation.

The onset of magnetic order at TC and additional changes
at lower temperatures associated with spin reorientation are
also visible in the specific-heat data shown in Fig. 5. The
most pronounced feature is the jump at TC which signals a
second-order phase transition. Quantitatively, the jump in the
specific heat amounts to 	cp�9 J / �mol K�. Note that this
value is considerably smaller than expected at the magnetic-
ordering transition if a mean-field approach is applied, which
predicts

	cp =
5NkB

2

�2J + 1�2 − 1

�2J + 1�2 + 1
� 40.3 J/�mol K� .

We therefore conclude the presence of either strong magnetic
disorder below TC or considerable short-range magnetic or-

FIG. 3. �Color online� �a� Magnetization M for two orientations
of the external field B �a and B �c, at B=50 mT. Data have been
taken both after field cooling �FC, filled symbols� and zero-field
cooling �ZFC, open symbols�. �b� Temperature derivative dM /dT of
the FC data. The dashed line indicates the magnetic-ordering tem-
perature TC.

FIG. 4. �Color online� Magnetization of Eu2CuSi3 vs external
magnetic field for B �a �filled symbols� and B �c �open symbols� at
various temperatures. The low-field data for B �a �filled triangles�
and B �c �bold line�, at T=2 K, are shown on the right.

FIG. 5. �Color online� Specific heat as function of temperature
of Eu2CuSi3 �filled circles� and La2CuSi3 �line, from Ref. 6�. The
difference 	cp between these two data sets represented by the open
circles estimates the magnetic contribution to the specific heat of
Eu2CuSi3. Inset: 	cp /T vs T.
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der at higher temperatures �cf., e.g., Ref. 19� as presumed by
Majumdar et al.4

In addition to the pronounced signature of the magnetic
phase transition at TC, there is a broad hump in the specific-
heat data around T=10 K. This broad anomaly indicates that
the changes in the magnetization in the ordered phase are
associated with anomalous entropy changes, too. For a quan-
titative estimate, we have subtracted the specific heat of the
isomorphic nonmagnetic counterpart of Eu2CuSi3, i.e.,
La2CuSi3 �data taken from Ref. 6�, from our data. We assume
that the specific heat of the isostructural compound La2CuSi3
provides an estimate for the pure phononic specific heat.
Note that the data for La2CuSi3 have been scaled by a
factor of 1.046. This correction to the lattice contribution
takes into account the different masses of the La and
Eu atoms. Subtraction of the data indicates significant mag-
netic entropy changes above the magnetic-ordering tempera-
ture TC. The magnetic entropy changes in the accessible tem-
perature range up to 45 K, which are calculated according to
this analysis, amount to �37 J / �mol K�. Although our
analysis overestimates the magnetic entropy changes, this
value fairly agrees to the total magnetic entropy associated
with ordering of the Eu2+ moments, i.e., 	Smagn=R ln�2S
+1��34.6 J / �mol K�. In general, the analysis of the specific
heat implies �1� magnetic fluctuations in the paramagnetic
regime and �2� significant magnetic disorder at TC, which
persists down to relatively low temperatures.

C. ESR measurements

A well-defined ESR response has been detected from the
sample in the entire temperature range of the study �T
=4–300 K�. For the presentation of the data it is useful to
define two temperature regimes: A high-T �HT� regime
above �50 K, and a low-T �LT� regime below �50 K. At
HT the ESR spectrum comprises a single line of an asym-
metric shape, typical for the ESR of localized magnetic mo-
ments in a metal �Fig. 6, inset�. It can be perfectly fitted with
the so-called Dysonian line profile,20 which yields the values
of the resonance field Bres, the linewidth 	B and the intensity
of the signal. The position of the line corresponds to the g
factor g�1.96, which is very close to a spin-only value of 2
and only slightly depends on the direction of the external
magnetic field relative to the crystallographic c axis of the
sample �see below�. This g-factor value is characteristic for
the Eu2+ ion, which possesses the spin moment only �S
=7 /2, L=0�.21 The occurrence of a well-defined ESR signal
evidences a stable 2+ valence state of Eu in Eu2CuSi3, since
even a small broadening of the 4f level due to charge fluc-
tuations would make ESR of Eu unobservable �see, e.g., Ref.
22�.

Generally, the intensity of the ESR signal is proportional
to the static susceptibility of the spins participating in the
resonance. For Eu2CuSi3 in the HT regime it closely follows
the Curie-Weiss law �Fig. 6�. The corresponding fit yields the
values of the paramagnetic Curie temperature �p

ESR=29 K
and the ferromagnetic ordering temperature TC

ESR=31 K,
which are very similar to the estimates of �p and TC from the
static magnetization measurements at the same sample �see

Sec. III B�. This similarity enables to conclude that ESR
probes the same Eu spins which contribute to static magnetic
properties.

In the HT region the resonance field is almost T indepen-
dent and begins to shift to somewhat lower values by ap-
proaching a temperature of 50 K 	Fig. 7�a�
. The linewidth,
however, exhibits an appreciable T dependence 	Fig. 7�b�
.

FIG. 6. �Color online� Inset: ESR signal 	field derivative of the
microwave absorption dP�B� /dB from Eu2CuSi3 at T=100 K
 to-
gether with the Dysonian fit. The experimental line and the fit are
indistinguishable in the plot. Sharp resonances are due to field
markers. Main panel: T dependence of the inverse intensity of the
ESR signals �squares�. The solid line is a fit to the Curie-Weiss law
which yields the ESR estimate of the paramagnetic Curie tempera-
ture �p

ESR=29 K and the ferromagnetic ordering temperature TC
ESR

=31 K.

FIG. 7. �Color online� Temperature dependence �a� of the ESR
resonance field Bres and �b� of the linewidth 	B for a magnetic field
parallel to the c axis. The solid line in �b� is a linear Korringa fit
�see the text�.
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Above 100 K 	B scales linearly with the temperature T as
	B=A+B ·T, where A=142.7 mT is the residual width and
B=0.11 mT /K is the so-called Korringa slope. The term A
usually comprises several contributions, such as an unre-
solved fine-structure, dipolar- and anisotropic exchange in-
teractions as well as structural disorder.23 The presence of the
B ·T term suggests that the dominant relaxation channel for
Eu spins at high temperatures is due to the spin-flip scatter-
ing on conduction electrons, which is a usual relaxation
mechanism of the localized spins in metals �Korringa
mechanism�.24,25 A superlinear decrease in 	B below
�100 K indicates an enhancement of ferromagnetic correla-
tions, which yields an additional narrowing of the ESR line
by a factor of �Curie�T� /�CW�T�.25 Here �Curie is the Curie
susceptibility of noninteracting spins and �CW is the suscep-
tibility enhanced due to ferromagnetic spin-spin interactions.
This finding is corroborated by the development of the an-
isotropy of the resonance field in the same temperature range
�Fig. 8�. Above �100 K Bres depends only slightly on the
angle between the magnetic field vector and the hexagonal c
axis. This variation may be attributed to a small anisotropy
of the g factor, which could arise due to the crystal-field-
induced admixture of the high-energy multiplet with a non-
zero orbital momentum to the spin-only ground state of
Eu2+.21 However, at lower temperatures the anisotropy of Bres
substantially increases �Fig. 8� suggesting the emergence of
anisotropic magnetization in the sample due to the develop-
ment of ferromagnetic correlations. In fact, this finding
agrees well with the observation of large negative magne-
toresistance in a similar temperature range that is also sug-
gestive of appreciable ferromagnetic correlations far above
the ordering temperature TC �see Sec. III D and Ref. 4�.

The development of the above-discussed features of 	B
and Bres is followed by a substantial transformation of the
ESR spectrum upon entering the LT regime �Fig. 9�. Here,
below 50 K, the signal splits into two components due to the
emergence of two magnetically nonequivalent Eu sites that
experience different local internal fields as suggested in Ref.

4. The line splitting grows with decreasing the temperature
and below the ferromagnetic order transition at TC=34 K a
third line nucleates in the spectrum. The multiline structure if
the ESR spectrum can be tentatively assigned to the forma-
tion of magnetic domains in this temperature range23 though
its precise nature remains to be elucidated. Finally, below
�10 K the spectrum transforms into a broad asymmetric
peak strongly shifted to small fields that can be attributed to
a single-mode ferromagnetic resonance response. Note that
the LT region identified in the ESR data as a region where
the short-range order begins to develop corresponds well to
the temperature range where the specific-heat data reveal
substantial changes in the magnetic entropy whereas this
temperature regime is not clearly seen in the static magneti-
zation data as well as in the ESR intensity.

D. Electronic transport properties

The electrical resistivity vs temperature ��T� at different
magnetic fields of single-crystalline samples for the two dif-
ferent a- and c-axis orientations is shown in Fig. 10. The
plots have been normalized to the resistance at T=295 K.
The absolute value of resistivity ��295 K��285 �
 cm
parallel to the a axis has been reproduced for different
samples and after various cooling cycles down to 4.2 K. For
samples cut parallel to the c axis an arbitrary resistivity in-
crement was observed on reheating after several cooling
cycles. We assume that microcracks within the specimen are
responsible for this behavior. However, the temperature de-
pendence of the normalized electrical resistivity
��T� /��295 K� is virtually unaffected by this deficiency, and
the lowest absolute resistivity value ��295 K�
�290 �
 cm obtained by measurements at different
samples was close to that measured along the a axis at zero

FIG. 8. �Color online� Angular dependence of the resonance
field Bres at 60 and 150 K. Magnetic field directions parallel and
perpendicular to the c axis are indicated by the arrows.

FIG. 9. �Color online� Evolution of the ESR spectra in the LT
regime below 50 K �see the text�.
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magnetic fields. The temperature dependence of the normal-
ized electrical resistivity ��T� /��295 K� basically reflects
metallic behavior but the resistivity drop is smaller than in
another Eu bearing compound EuCu2Si2.17,26 There is a sig-
nificant anisotropy for the two different crystallographic ori-
entations. A sudden drop in the electrical resistivity occurs
parallel to the c axis near TC�34 K, similar to the findings
in polycrystalline samples.4 However, different from poly-
crystals, the electrical resistivity parallel to the a axis exhib-
its a cusp at this temperature, which indicates the ferromag-
netic ordering transition. A small anomaly of the resistivity
along the a axis is also visible near T�10 K �dashed arrow
in Fig. 10� concomitant with a rise in resistivity parallel to
the c axis. This resistance anomaly is obviously connected
with the change in the spin reorientation in the ordered phase
discussed in the previous sections.

Below T�100 K the resistance is reduced by a longitu-
dinal external magnetic field �Fig. 10�. This large negative
magnetoresistance is related to the presence of ferromagnetic
correlations far above the Curie temperature TC.4 The mag-
netoresistance as function of the external magnetic field for
selected temperatures is visualized in Fig. 11. The magne-
toresistance ��B� /��0� decreases monotonously with increas-
ing field. The dependence in the longitudinal and the trans-
verse field is nearly identical. Even in the highest accessible
field of �0H=10 T, ��B� does not yet saturate. Remarkably,
a significant negative magnetoresistance is already observed
at a temperature T�150 K, which is much larger than the
Curie temperature. With decreasing temperature the negative
magnetoresistance increases until it becomes nearly tempera-
ture independent at about 12 K. At high fields of 6 T and low
temperatures �T=4.2 K� the magnetoresistance can exceed
9% for the current parallel to the rod a axis and 20% for the
current parallel to the c axis.

IV. DISCUSSION

The Eu2CuSi3 compound exhibits ferromagnetic ordering
with a significant anisotropy below the TC=34 K. The Curie
temperature determined for single crystals is slightly less
than TC=37 K found for polycrystals,4 which is attributed to
the stoichiometry deviations within the finite homogeneity
range of the R2TSi3 compounds.10,17 The c axis represents
the easy magnetic axis. Interestingly, the anisotropy practi-
cally disappears when the material undergoes a spin reorien-
tation at T�10 K. In polycrystalline Eu2CuSi3 samples the
orientation dependence of magnetic properties cannot be de-
duced explicitly, however, a small peak in the magnetic sus-
ceptibility below TC was reported at T�5 K, which hints to
some anomaly, too.4

An analysis of the specific-heat data indicates significant
magnetic entropy changes above the magnetic-ordering tem-
perature TC, which confirms the assumption of considerable
short-range magnetic order as supposed by Majumdar et al.4

Moreover, clear signatures of pronounced ferromagnetic qua-
sistatic correlations between Eu moments and the develop-
ment of the magnetic anisotropy are revealed by ESR at tem-
peratures T�100 K far above TC. As it follows from the
analysis of the angular dependence of the resonance field Bres
of the ESR line in Sec. III C the magnitude of the variation
in Bres in this temperature regime is substantially larger com-
pared to a very small single-ion anisotropy expected for iso-
lated Eu2+ ions. This suggests a collective nature of the mag-
netic anisotropy of the Eu spin system which develops short-
range magnetic correlations below 100 K. Remarkably, the
value of Bres for the direction of the external field B parallel
to the c axis of the single crystal is smaller as compared to
the perpendicular geometry. This implies that the effective
internal field in the short-range-correlated regions is parallel
to the c axis and adds to the external field thus decreasing the
value of Bres. This result gives complimentary evidence for
an easy-axis character of magnetic anisotropy in Eu2CuSi3.

FIG. 10. �Color online� Normalized electrical resistivity
��T� /��295 K� parallel to a and c axes of the Eu2CuSi3 single
crystal as a function of temperature, longitudinal magnetoresistance
for H �c at �0H=6 T and longitudinal magnetoresistance for H �a
at �0H=0, 3, 6, and 8 T. The solid and dashed arrows indicate
resistance anomalies caused by the ferromagnetic transition at TC

=34 K and the spin reorientation at low temperature T�10 K,
respectively.

FIG. 11. �Color online� Normalized electrical resistivity of a
Eu2CuSi3 single crystal parallel to c axis as function of the longi-
tudinal �H �c, open symbols� and transversal �H�c, filled symbols�
external magnetic field for various temperatures T=3.1–100 K.
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The development of ferromagnetic correlations at elevated
temperatures suggested by ESR results may explain the oc-
currence of a large negative magnetoresistance not only in
the vicinity but also far above TC, an observation of some
importance for the search of novel systems, which display
giant magnetoresistance near room temperature.

Similar to another AlB2-derived compound, Eu2PdSi3,3

the Eu ions are in a divalent Eu2+ state and differ from the
mixed valence state in EuCu2Si2 for instance.17,26 At tem-
peratures T�50 K the ESR signal splits into two compo-
nents due to the emergence of two magnetically nonequiva-
lent Eu sites, which are also evidenced by Mössbauer
measurements at T�TC, where magnetic hyperfine split
spectra could only be fitted with the assumption of two sites.4

The two magnetic transitions at TC=34 K and T�10 K ob-
served may be attributed to nonequivalent Eu sites. The local
modification of Eu sites turns out to be more distinct for
Eu2PdSi3 where evidence for an antiferromagnetic compo-
nent was found below 10 K.3 The study of Eu2PdSi3 single
crystals is the subject of future work.

V. CONCLUSIONS

Summarizing, the presented results of magnetization, spe-
cific heat, and electrical resistivity studies on Eu2CuSi3
single crystals support ferromagnetic ordering at TC=34 K.
According to magnetization measurements the magnetic an-

isotropy is sizable at T�TC and the c axis is identified as the
easy magnetic axis. Remarkably, below T�10 K the mag-
netic anisotropy almost vanishes most probably due to a spin
reorientation as suggested by the analysis of the specific-heat
data. The anisotropy of the resonance field and the additional
narrowing of the electron-spin resonance line of Eu2+ ions at
T�100 K prove appreciable short-range ferromagnetic cor-
relations far above TC. These can explain the occurrence of a
large negative magnetoresistance even up to temperatures T
�100 K. Below 50 K the electron-spin resonance line starts
to split due to the emergence of two magnetically nonequiva-
lent Eu sites. Upon entering the magnetically ordered state a
third line emerges in the spectrum. Finally, the spectrum
transforms into a broad asymmetric peak below T�10 K
which correlates with a transition from an anisotropic to an
isotropic spin state as suggested by the specific-heat mea-
surements.
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