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The ternary intermetallic compound EuCugMg, has been synthesized. The magnetic properties have been
investigated by magnetization measurements and '>'Eu Méssbauer spectroscopy. Europium is divalent
and a spin freezing is observed at 25 K. However, this spin freezing is characterized by the onset of strong
magnetic irreversibility, which suggests a cluster-glass freezing. The Mdssbauer spectra can be analyzed
as the superposition of two subspectra of Eu?* ions, which is consistent with a cluster-glass freezing. A

PACS: transition to the ferromagnetic state is induced by application of a magnetic field the order of 0.5 T. This
;g‘zg'ﬂb anomalous feature is attributed to quantum spin fluctuations that oppose the long-range ferromagnetic

o ordering, due to the two-dimensional topology of the geometric arrangement of the Eu?* ions. This 2D-
Keywords: topology is also evidenced by a quadratic variation of the specific heat as a function of temperature

Magnetic properties down to 2.7 K. The electrical resistivity is also analyzed in the framework of intermetallic compounds

Rare-earth compounds
Cluster glass

dominated by ferromagnetic spin fluctuations above the spin-freezing temperature.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Aiming to improve hydrogen storage materials, many investiga-
tions have been performed on new ternary phases based on binary
RM;, (R =rare-earth or transition metals, M = transition metals) [1].
Among them, the RMg family has attracted interest since the report
by Kadir et al. [2] on the existence of RNigMg, (R=La to Gd) com-
pounds, the crystal structure of which can be viewed as stacking of
CaCus and MgCu, structure-type blocks. Later Solokha et al. [3]
have synthesized the RCugMg, series with R=Y, La-Nd, Sm-Ho
and Yb. These compounds crystallize in an ordered superstructure
related to the CeNi3 structure type (containing CaCus and MgZn,
structure-type fragments).

The crystal structures of the RNigMg, and RCugMg; series are
not identical, although related, so that the physical properties are
different. Only few studies have been devoted to the physical prop-
erties of RCugMg,, although atypical behaviors could be inferred.
The temperature dependence of the specific heat and the mag-
netic susceptibility of CeCugMg, have been studied by Ito et al.
[4] and Nakamori et al. [5], respectively. These authors have shown
that CeCugMg, is a heavy-fermion compound with a long-range
antiferromagnetic ordering, in a Fermi-liquid state below 2.7 K.
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This long-range order is confirmed by the anomalies detected in
o(T) and Gp(T). In CeCugMg;, the hexagonal crystal field splits
the ground state of Ce3* in three Kramers doublets revealed by
a Schottky anomaly around 30K. The y coefficient is relatively
large - 160mJ/K? - reflecting an enhancement of the electron
mass [5]. Specific properties of CeCugMg, could be explained by
a two-dimensional arrangement of the cerium ions. However, this
two-dimensional description is more or less in contradiction with
the analysis of Cp(T) based on a splitting of the ground state of
the Ce3* ion by the three-dimensional hexagonal symmetry. The
large value of y makes this compound promising for applications
in thermoelectricity.

Among the RCugMg; series, the Eu-compound has attracted our
interest because, if europium is in the divalent state, and we show
in this work that such is the case, its orbital momentum vanishes
and crystal field effects are negligible. We could then have expected
a simpler magnetic structure. However, our measurements reveal
a rather complex behavior. It is the aim of this paper to shed light
onit.

2. Experimental

Detailed information about sample synthesis has been published previously
[3]. The samples were characterized using conventional methods. The microstruc-
ture and composition were investigated by applying the optical microscopy (by a
DM4000M, Leica Microsystems, Wetzlar, Germany), scanning electron microscopy
and energy-dispersive X-ray spectroscopy (EDXS) (EVO 40, Carl Zeiss SMT Ltd., Cam-
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Fig. 1. Electron microscope image of sample 1. The results of the analysis in selected area identified by numbers are reported below the corresponding image. The rectangle
means that the measurements were not performed in the point-mode, but in scan-mode, and the results of composition presents the average composition within the margins

of rectangle. In any case all our data even those “points” or “rectangles” correlate well.
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Fig. 2. Same as Fig. 1, for sample 2.
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Fig. 3. Crystallographic structure of EuCugMg, emphasizing the Eu?* planes.

bridge, England). X-ray diffraction on powdered samples was performed by means
of diffractometer Philips X'Pert MPD (Cu-Ka radiation, step mode of scanning) in
order to ensure the crystal structure of EuCug Mg, phases. Rietveld matrix full profile
structure refinements were carried out using the FULLPROF software [6].

Magnetic susceptibility and magnetization measurements were conducted on
the polycrystalline samples of EuCugMg; using a SQUID magnetometer from Quan-
tum Design. Analyzed samples were crushed into pieces, fixed by glass wool into
gelatin capsule, further sealed in polypropylene tube and placed into the magne-
tometer. The data were collected in the temperature range 3-300 K with magnetic
flux densities up to 7 T.

Méssbauer spectroscopy experiments on the isotope '>'Eu were performed
using a Sm*F3 y-ray source mounted on a linear velocity electromagnetic drive in
the temperature range 4.2-160K, with a particular emphasis around 30 K. For 5'Eu,
the “velocity unit” 0.1 cm/s corresponds to a frequency of 17.36 MHz.

The heat capacity was measured in a commercial semi-adiabatic system under
high (10-¢ mbar) vacuum in VSM (Oxford Instruments) above 9 K. Additional heat
capacity measurements on EuCugMg, were performed in ICMB by a relaxation
method with a Quantum Design PPMS system and using a two T-model analysis.
Data were taken in the 2-50 K temperature range. For these latter measurements,
the sample was a plate (37.7 mg weight).

3. Synthesis and characterization

Two samples (referred as sample 1 and sample 2) from two dif-
ferent batches were used in this study, to separate intrinsic from
extrinsic properties. The results of the quantitative chemical analy-
sis (EDXS) correspond to average compositions EuCug 11 Mg; o2 and
EuCug 15Mg, o5 for sample 1 and sample 2, respectively, close to the
ideal 1:9:2 stoichiometry. In addition, the variation in composition
determined in different spots is very small, so that the samples can
be considered as homogeneous, except for very small amounts of
secondary phases: sample 1 contains EuCus and Cu; Mg (Fig. 1), and
sample 2 contains only EuCus, (Fig. 2).In both cases, these secondary
phases were not detectable by X-ray diffraction experiments. The
results of the Rietveld refinements have been published in our prior
work [3].

Fig. 3 shows the crystallographic structure of EuCugMg, empha-
sizing the 2D dimensional arrangement of the europium ions.
EuCugMg, contains two Eu-layers per unit cell distanced by 8.14 A.
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Fig. 4. Thermal dependence of the inverse of the magnetic susceptibility x of the
two EuCugMg, samples. In this figure, y is defined as M/H with M the magnetization
measured in zero-field-cooled conditions, the magnetic field applied after cooling
isH=0.1T.

Every europium ion inside these layers has six nearest neighbors
in the form of an ideal hexagon, at equidistance 5.07 A.

4. Magnetic properties
4.1. Static properties

The temperature dependence of the inverse magnetic suscep-
tibility 1/x of the samples 1 and 2 is reported in Fig. 4. In this
figure, x is defined as the ratio M/H where M is the magnetiza-
tion measured in an applied field H=0.1T. Above 150K, 1/ x follows
a Curie-Weiss law from which we can deduce an effective mag-
netic moment e =7.92 g equal to the value expected for the
free Eu2* jon so that europium is divalent in this compound. The
paramagnetic temperature is ®p =24.4K, which reveals the pres-
ence of ferromagnetic interactions between Eu2* ions. At 120K an
anomalous decrease of 1/ is observed. To explore the origin of the
anomaly at 120K, the magnetization curves have also been inves-
tigated. A selected set of them is shown in Fig. 5. As expected, the
magnetization M is linear in H up to the highest field investigated
at T> 120K, which validates our definition of the magnetic suscep-
tibility as M/H. However, in the temperature range 80<T<120K,
the magnetization is linear in H only in the high field range, typ-
ically H>2T. This is the signature of a ferromagnetic impurity.
In this scheme, the magnetization at temperatures 80<T<120K
can be decomposed in two components [7]. The extrinsic part is
due to the ferromagnetic nano-clusters in concentration N, which
carry a large magnetic moment Ms that is easily aligned along a
magnetic field smaller than 1T. The intrinsic contribution to the
magnetization is linear in H, and is responsible for the linear vari-
ation when the extrinsic one has saturated to NMg(T) at H>2T.
The intrinsic magnetic susceptibility is then x;=dM/dH (H>2T).
The impurity phase responsible for the extrinsic part orders fer-
romagnetically (or ferrimagnetically) at 120K. This precludes the
possibility that the secondary phase is EuO, often met in europium
compounds due to the oxidization of the powder during handling,
like in Eu3CugSny [8], since the Curie temperature of EuO is 69 K.
We are not aware of any europium compound that orders magnet-
ically at 120K, so that we do not preclude the possibility that the
nano-clusters originate from defects rather than a secondary phase.
Indeed, the material is lamellar, and this geometry is favorable to
the formation of ferromagnetic clouds around a localized defect.
LiNig 5Mng 50, is an example [9]. In any case, the anomaly at 120K
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Fig. 5. Magnetization curves of EuCugMg, at different temperatures. The straight lines at T=100 and 50K are guides for the eyes, and are linear fits of the magnetization
curves at high field. Below 50 K, magnetic irreversibility is observed, evidenced by the difference between zero-field-cooled and field-cooled data, shown in the figure.

is clearly of an extrinsic origin. This is confirmed by the fact that the
thermal evolution of the lattice parameter (not shown) does not
reveal any crystallographic transition in this temperature range.
In addition, the anomaly is more or less important depending on
the samples, which is another evidence for an extrinsic effect. This
is illustrated in Fig. 4, which shows that the anomaly is reduced
in the sample 2. Note the relation M/H~ x;(T)+ NMs(T)/H at large
magnetic field below 120K implies that M/H overestimates the
intrinsic magnetic susceptibility x;(T). This is the reason for the
drop of the H/M(T) curve at 120K. On the other hand, the mag-
netic properties below 50K are the same in the different samples
and are thus intrinsic. The reason is that x;(T) increases upon cool-
ing, so that the extrinsic contribution that is saturated at NMs (T=0)
becomes negligible at T <50 K. For the same reason, the deviation of
H/M(T)with respect to the Curie-Weiss law extrapolated from high
temperature decreases upon cooling in the intermediate regime
50<T<100K; the large deviation of H/M(T) in this temperature
range is attributable to the extrinsic component: the intrinsic mag-
netic susceptibility x;(T) satisfies approximately the Curie-Weiss
law in the whole range T>40K. This is actually expected since

important deviations with respect to the Curie-Weiss law due to
local spin correlations are expected at T<26);, only.

On the other hand, the magnetic ordering at T. =25 K evidenced
by the opening of the hysteresis cycle in Fig. 5 is an intrinsic prop-
erty of EuCugMg,. Note, however, that the magnetization at T< T,
is proportional to H as long as the applied field remains lower than
some critical value Hc. This behavior shows that in this low-field
range, the sample is not yet in a homogeneous ferromagnetic state.
The transition to the ferromagnetic state is induced by the appli-
cation of the finite field H¢, which is characterized by the sharp
increase of the magnetization. At T=2K where H-~0.5T, the sat-
uration of the magnetization is almost complete at H=7T, leading
to a magnetic moment of 7.16 wg/Eu in reasonable agreement with
the expected value (7 ug) for EuZ* free ions. Therefore, both the
effective magnetic moment in the paramagnetic regime and the
moment at saturation in the ferromagnetic state confirm the com-
position of the sample. They also show that Eu is divalent at all
temperatures in this compound.

At H<H¢, the zero-field-cooled (ZFC) magnetic susceptibility
curve goes through a maximum at T, which can be viewed as a
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Fig.6. Low temperature thermal dependence of the magnetic susceptibility (sample
1), defined in this figure as M/H with M the magnetization measured in zero-field-
cooled conditions, the magnetic field is H=20 Oe.

pre-transitional effect to the ferromagnetic phase that is observed
at H>Hc, and the signature of a collective spin freezing. This is
illustrated in Fig. 6 for H=20Oe. According to the ZFC procedure,
the sample has been first cooled down to 2 K without any mag-
netic field, and the data have been recorded upon heating after
application of the magnetic field H=20Oe. The field-cooled (FC)
curve obtained upon cooling from room temperature under the
same applied magnetic field is reported in Fig. 7 for both samples.
The small anomaly at 56K in Fig. 6 is due to the residual amount
of EuCus known to order magnetically at this temperature. This
anomaly is barely visible in Fig. 7, due to the change in the scale
imposed by the very large difference between FC and ZFC below T.
The onset of magnetic irreversibility, however, takes place roughly
at the ordering temperature of the EuCus impurity. The small irre-
versibility in the range T. < T<56 K is attributable to the blocking of
the magnetic moment of the ferromagnetic EuCus nanoparticles.
The large difference between FC and ZFC data taking place at circa
40K, and the related maximum of the ZFC-magnetic susceptibility
gives evidence of a collective spin freezing at T.. However, instead of
the statichomogeneous magnetic moment polarized in a ferromag-
netic arrangement observed at H> H¢, the spin freezing at H<Hc is
characterized by a broad distribution of relaxation times, like in the
case of spin glasses or cluster glasses, as the magnetic properties
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Fig. 7. Field-cooled magnetization (H=20Oe) at low temperature. The zero-field-
cooled data for sample 1 are also reported for comparison.
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Fig. 8. Mossbauer absorption spectra on '*'Eu in EuCugMg; at selected tempera-
tures. The black curve is the fit, and the decomposition in two or three subspectra
is as follows: the subspectrum in cyan corresponds to Eu?*, the blue and red sub-
spectra to Eu?*. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

are qualitatively the same. The characterization of this spin freezing
then requires the investigation of its dynamic properties.

4.2. Spin dynamics

4.2.1. Mossbauer spectroscopy

The europium neutron cross-section is very large (~5000Db),
which precludes any neutron diffraction experiments on natu-
ral europium compounds. To study the magnetic behavior of
EuCugMg;, we have thus performed 1! Eu Méssbauer spectroscopy
experiments as a function of temperature. The results are presented
in Figs. 8 and 9.

Above 40K, the spectra do not depend on temperature, and
consist of a single line with isomer shift IS=—-0.785(5)cm/s, char-
acteristic of Eu2*, plus a small intensity line (3%) with IS=0.1 cm/s
attributable to Eu3* (see spectrum at 77K in Fig. 8). The latter
component is presumably due to oxidation at the surface of the
material. No visible spectral change is observed around 120K,
which is another proof that the anomaly in the magnetic suscepti-
bility curve at this temperature is not an intrinsic property. The Eu2*
component is better interpreted by introducing a small quadrupo-
lar hyperfine interaction, with coupling parameter QS=0.018 cm/s,
typical for a paramagnetic phase.

Below 40K, the spectra are more complex. At 4.2K, a single
magnetic hyperfine spectrum is observed, with a hyperfine field of
29.5T, typical for Eu?* in a magnetically ordered phase (Fig. 8). At
15K and above, a fit with a single magnetic spectrum is no longer
possible. An extra EuZ*component is present, which, however, is
not resolved: one can think of another hyperfine field spectrum
or of a broad fluctuation induced line. The latter hypothesis yields
the best fitting results (see red subspectrum at 20 and 27.5K in
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Fig. 8). The thermal evolution of this line is characterized by two
phenomena, as temperature increases: (i) its intensity increases
at the expense of that of the magnetic hyperfine spectrum (blue
subspectrum in Fig. 8), and (ii) its width is constant up to 25K,
then it abruptly decreases at 27K and above. We attribute the
broad line to a component with a hyperfine field fluctuating at a
frequency close to or higher than the 1>1Eu hyperfine Larmor fre-
quency v; ~200 MHz. Since the hyperfine field is proportional to
the Eu2* magnetic moment, this line corresponds to fluctuating
correlated Eu2* spins. Thus, some Eu?* spins start fluctuating fast
(with respect to the Mossbauer time scale) deep in the ordered
magnetic phase and the fraction of fluctuating spins increases with
temperature, reaching about 50% at 25K, which corresponds to
the peak of the magnetic susceptibility. To understand this prop-
erty, we note that in the (ab) plane of the hexagonal lattice, the
europium sites form a triangular 2D-network (see Fig. 3). The site
percolation threshold for the triangular lattice is 0.5. Therefore, the
topology of this lattice implies that long-range magnetic order can
take place only if the concentration of frozen spins exceeds this
percolation threshold of 50%. Since this critical concentration is
reached at T. =25 K (see Fig. 9), this temperature characterizes the
onset of long-range magnetic ordering. The abrupt narrowing of
the single line above 25K corresponds to a drastic acceleration of
the fluctuations that can also be taken as a signature of the mag-
netic transition, in quantitative agreement with the analysis of the
magnetic properties in the previous section. Estimations of the spin
fluctuation frequency yield around 400 MHz below 25K and a few
GHz above. As to the magnetically split subspectrum, it corresponds
to “frozen” spins, in the sense that their fluctuations (if any) occur
with a frequency lower than v;. The temperature dependence of
their hyperfine field is shown in Fig. 9, together with the decrease of
their relative weight as temperature increases. The determination
of the hyperfine field is made difficult above 30K due to the small
intensity of this component, but the value of 18.5T at 35K is still
high. It suggests the spin correlations are still strong at the short-
range scale probed by the Mdéssbauer experiments, as expected in
the temperature range T < T< 2T. where the Curie-Weiss law does
not apply.

The coexistence of a magnetically split spectrum and a broad
line deep in the magnetic phase is rather unusual, and it points to
the presence of peculiar spin dynamics (or spin “freezing”) at low
temperature in EuCugMg,. Méssbauer spectroscopy gives access
to the local magnetic properties and the spread of the coexis-
tence region in the temperature range 15-35K gives evidence that
the magnetic spin freezing in the sample is very progressive and
not homogeneous at the atomic scale. This result is fully consis-
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Fig. 10. Real part of the magnetic susceptibility x’ for different frequencies of the
ac-field of amplitude 0.2 Oe. Data can be identified can be identified by the fact that,
at given temperature, x’ decreases when frequency increases.

tent with the analysis of the magnetic properties at H<Hc in the
previous section, as expected since the Mossbauer experiments
have been performed at H=0. Since this spin-glass-like freezing
is quite unusual for a sample that is well crystallized and not spin-
diluted, we have explored further the spin-freezing dynamics by
ac-magnetic measurements.

4.2.2. ac-Magnetic susceptibility

The real part x/(T) and imaginary part x”(T) of the ac-magnetic
susceptibility have been measured in an ac-field of amplitude
0.2 Oe. The results are reported in Figs. 10 and 11, respectively, in
the frequency range 1-1500 Hz. The peak of x’ at T. does not sig-
nificantly depend on frequency. This is the behavior characteristic
of long-range magnetic ordering and at contrast with the canon-
ical spin-glass freezing behavior. This result shows that the spin
freezing is of a different nature, because of the proximity of the fer-
romagnetic freezing induced by an applied magnetic field H> H..
The spin freezing is also evidenced by a broad maximum of x”(T) in
the temperature range 20-30K. At 1500 Hz, a single maximum of
x"(T) is observed circa T. as expected. At low frequency, however,
the broad peak is split in two peaks centered at 30 and 20 K. This
feature, together with the fact that no sharp behavior in the x”(T)
curve can be detected, suggests that the magnetic freezing is not
homogeneous, which is consistent with the analysis of the Mdss-
bauer spectra. Note the intensity of the broad peak in x”(T) is not
reduced as the frequency increases. The broad peak looks smaller at
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Fig. 11. Imaginary part of the magnetic susceptibility for the same frequencies as
in Fig. 10.



34 A. Mauger et al. / Journal of Alloys and Compounds 508 (2010) 28-36

T T T T T T T
104 EUCuMg, i
0.8 4 4
]
s 064 .
ug
= & 300K =r°+a'r+bm(rfl‘f)
r_=0333
0.4 9 1
a=0080177
b=04087
Te 43K
0'2 T T T T T T T
1] 50 100 150 200 250 300
T (K)

Fig. 12. Relative resistivity of EuCugMg, as a function of temperature. The full line
is a calculation according to Eq. (1).

1000 and 1500 Hz in the figure only because of the change of scale
on the ordinate. This change of scale is due to the increasing back-
ground of the x”(T) curve with the frequency of the ac-magnetic
field, which reveals the progressive blocking of spins associated
with the defects/impurities detected by the static measurements
reported in the previous section.

5. Electronic and heat transport
5.1. A. Electronic resistivity

The thermal dependence of the relative resistivity is reported
in Fig. 12. In the whole temperature range, o increases with T,
showing that the sample is metallic. However, the p(T) curve has
a negative curvature in the whole paramagnetic regime. This is
the typical behavior often met in systems dominated by spin fluc-
tuations in a wide class of metallic compounds of d-transition
elements and actinides [10]. In such a case, the saturation respon-
sible for the negative curvature at high temperature is due to a
logarithmic contribution predicted by the spin fluctuation theory
[11]. We then follow our prior work on another intermetallic com-
pound (LaFe4Sbq,) dominated by ferromagnetic spin fluctuations,
and write the resistivity under the form [12]:

o(T)=po+aT +bIn (%) (T >Ty), (1)

which holds true from high temperature down to a spin fluctuation
temperature Ty (~50 K) that compares well with 2T.. The S-shaped
behavior is due to the existence of the inflexion point at T;. In the
present case, however, the onset of magnetic irreversibility at a
temperature close to Ty prevents the observation of this inflection
point. The contribution aT in Eq. (1) is a phenomenological term
standing for the electron-phonon scattering used in the transport
properties of metals with strong electron-phonon coupling [13].
The result of the fitis shownin Fig. 12 and is very good down to 50 K.
Actually, the resistivity curve and the fit in Fig. 12 is very similar to
the Fig. 4 in our prior work [12] on polycrystalline LaFe4Sb. It also
means that we meet the same problem encountered in this previous
work, with a resistivity at low temperature that is large. This is
due to the fact that we are dealing with poly-crystals, implying
the existence of grain boundaries that may dominate the resistivity
behavior. In LaFe4Sb1,, the investigation of the resistivity curves on
poly-crystals gives the results in [12] (same as in the present work),
but the resistivity below the spin fluctuation temperature on single
crystals is much lower [14] and the temperature dependence of the
resistivity in this temperature range different from the results in
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Fig. 13. Heat capacity C of EuCugMg; as a function of temperature T.

poly-crystals. This result on LaFe4Sbq; illustrates that a quantitative
analysis of p(T) below T; can be done on single crystals only, and is
thus beyond the scope of the present work.

5.2. Specific heat

The similitude in the transport properties between EuCugMg;
and LaFe4Sby; dominated by ferromagnetic spin fluctuations is a
motivation to explore the specific heat C(T). In addition, the spe-
cific heat has over the electronic resistivity the great advantage
that it is identical in poly-crystals and in single LaFe4Sbq,crystals,
and this is expected to be also the case in EuCugMg,. The rea-
son is that the effect of impurities and defects on the specific
heat at low temperature is negligible in ferromagnetic metals
(except in the critical regime of a transition phase). It may be
important in superconductors, due to the influence of impuri-
ties on the excitation gap [15], or in insulating alloys, and still
only in very special cases leading to low-lying resonance modes
[16], but not in rare-earth metallic compounds: see for instance
[17].

The temperature dependence of the specific heat is reported in
Fig. 13. ((T) goes through a maximum at the spin ordering tem-
perature T as expected, but in addition, a broad bump extends
in the temperature region 30 < T<40K. This is in agreement with
the magnetic properties (see Fig. 7) and Mdssbauer experiments
(see Fig. 9) showing that a partial spin ordering already takes place
at 40K at low magnetic field. Note that the specific heat experi-
ments, like the Mdssbauer experiments, are made in the absence of
applied magnetic field. To avoid the spurious effects of the critical
spin fluctuations in the vicinity of T, we have analyzed the tem-
perature dependence of C(T) at temperature T<7K, down to the
lowest temperature available in the experiments, 2.7 K. In this tem-
perature range, the Log-Log plot in Fig. 14 shows that C(T) satisfies
a power law in T" with n=2.0, namely

C(T) o T2. (2)

This quadratic law gives evidence that the specific heat is dom-
inated by the contribution of a Goldstone mode with linear
dispersion in dimension D=2. Such a contribution is expected to
come from the “in-plane” vibrations of the lattice. In lamellar com-
pounds, the crossover to the three-dimensional T3 contribution
of the lattice occurs at a temperature that increase when the Cyy
elastic coefficient decreases [18], and our result shows that this
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Fig. 14. Log-Log plot of the heat capacity. The full line is the quadratic law.

crossover occurs only at higher temperature, giving evidence of the
two-dimensional character of the lattice already outlined in Fig. 1.

For a Heisenberg ferromagnet the contribution of the spin sys-
tem to the specific heat is expected to be either in T3/2 in D=3, or
in Tin D=2 [19]. A T2 contribution can be observed in case of anti-
ferromagnetic interactions in dimension D =2, due to the existence
of the Nambu-Goldstone mode, which has a gapless and linearly
dispersive character [20]. Note, however, that the specific heat
measurements have been performed without the application of any
external magnetic field, so that the coherence length is limited to
the size of magnetic domains, with frustration of the interaction
in the inter-domain region. The magnetic contribution to the spe-
cific heat in that case might be close to that of 2D frustrated spin
systems. In this case too a T> magnetic contribution to the specific
heat has been observed, which is robust since it is not affected by
impurities even in large concentrations, and even in the absence
of any long-range magnetic ordering [21]. At this stage, it is then
impossible to determine whether the specific heat is dominated
by the phonons or the spin system, since both contributions might
have the same temperature dependence. In any case, however, Eq.
(2) is a property that is linked to the two-dimensional structure of
the material already evidenced in Sections 1 and 3.

6. Discussion

Field-induced transitions have been observed in other quasi-
2D systems such as CeRhIns and Ce;RhIng [22]. However, they
are antiferromagnets and they present spin-density waves in
finite magnetic fields, at contrast with EuCugMg, where the
field-induced transition is ferromagnetic. On the other hand,
field-induced ferromagnetic transitions can be observed in other
materials, such as (Lag 4Prgg)1.2Sr1.8Mn;07 [23], but the transition
in this case is associated with a metal-insulator transition, i.e. the
material is insulating and paramagnetic in the absence of a mag-
netic field, and the application of the magnetic field drives the
transition to a metallic state, which restores a magnetic coupling
mediated via the free carriers responsible for the onset of ferro-
magnetism. The situation here is quite different, since EuCugMg,
is metallic even in the absence of the magnetic field.

The physical properties are then quite unusual and they should
be specific to quasi-2D systems with ferromagnetic interactions.
Actually, a two-dimensional Heisenberg system does not order fer-
romagnetically, because of quantum fluctuations [24]. It is clear
that EuCugMg, cannot be considered as a truly 2D-Heisenberg

ferromagnet. In particular, the magnetic susceptibility of a 2D-
Heisenberg system with ferromagnetic exchange interaction J
between nearest neighbors is [25]:

_ -1 47'[_]52
x =(37)S) exp( T ) (3)

while we have shown that the Curie-Weiss law is observed in
EuCugMg,. Magnetic coupling between the Eu-layers shown in
Fig. 3 may restore a 3D spin ordering. The long-range inter-layer
coupling has been shown to induce the three-dimensional ferro-
magnetic ordering at a Curie temperature comparable to that of
T in different hybrid compounds [26]. The inter-layer coupling in
that case was due to dipolar interactions. In the present material,
such interactions should exist as well, but the RKKY indirect inter-
actions mediated via the free carriers should play a role too. Usually,
these interactions are sufficient to restore the Curie-Weiss law in
the paramagnetic regime, but small enough to lead to anomalous
spin-freezing properties. Such a situation has been met for instance
in Ru/Rh metal graphite layered structure [27], or stage 2 CoCl, GIC
[28,29].

6.1. Dynamics

The spin freezing with slow dynamics can be interpreted in
terms of a cluster-glass freezing. Such a spin freezing is commonly
observed in spin-diluted systems near the percolation threshold,
even in the absence of the frustration of the magnetic interac-
tions that drive the transition to the spin-glass phase for more
spin-diluted systems. Among 3D-systems, an example is provided
in FexMgq_4F, [30]. In such cases, magnetic clusters are formed
at high temperature where they behave as superparamagnetic
particles, and their fluctuations freeze out at the cluster-glass
temperature. The image found in the literature in the case of quasi-
two-dimensional systems is not much different despite the fact that
the spins are not diluted; the magnetic clusters being referred to
as islands [27-29]. In our case of a ferromagnetic quasi-2D sys-
tem, we can envision the existence of magnetic domains with a
size limited to the correlation length (that remains finite down to
T=0fora2D-Heisenberg ferromagnetic with interactions limited to
nearest neighbors), or eventually the coherence length determined
from the X-ray diffraction spectra if it is smaller than the coher-
ence length. The common feature with the picture displayed in
prior works is that the cluster-glass behavior is related to the finite
size of the magnetic domains. The picture of magnetic “particles”
or “islands” in quasi-2D systems, however, is deceptive, because a
ferromagnetic particle would act as a macrospin, well located in
space and with fixed magnitude (only the macrospin polarization
can fluctuate under the application of a magnetic field), and we have
shown in this work that the magnetic properties of EuCugMg, are
different. The reason is that we are not in a spin-diluted system, so
that the finite size of the domain is not determined by the topol-
ogy of the clusters of spins generated by spin-dilution. Instead, the
magnetic domains fluctuate in time due to the spin dynamics inher-
ent to the quasi-2D geometry. The spin dynamics of a cluster glass
are then different from other systems. In particular, the Méssbauer
spectrum in the cluster-glass state has the particular property that
it can be decomposed in two subspectra that have been evidenced
in FexMgq_xF, [31] above mentioned, just like the spin dynamics of
EuCugMg, probed by Mdssbauer spectroscopy in the present work.

The spin dynamics investigated in the present work shows
that the cusp in the ZFC-magnetic susceptibility does not shift
significantly with the frequency of the ac-magnetic field. This is
another difference with the spin dynamics of spin glasses, since
the relative shift per frequency decade AT./[TcAln(w)] is in the
range of 0.005 (Cu:Mn, Au:Mn) up to 0.08 (FeMgCl,) [32], and
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is even larger than 0.1 in the case of the freezing of superpara-
magnetic according to the Néel-Brown theory [33]. The lack of
frequency dependence of the susceptibility cusp is then another
proof that the spin freezing is a phase transition that is not asso-
ciated with magnetic frustration effects. Indeed, the cusp of the
ac-susceptibility in the quasi-2D ferromagnetic Ru-metal graphite
system does not depend significantly on the frequency of the ac-
field either [24].

6.2. Static properties and transport

The cusp of the zero-field-cooled magnetic susceptibility of
EuCugMg, is commonly observed in both the spin glasses and
the cluster glasses. Actually, this cusp is invariably predicted for
cooperative spin freezing [34,35]. On the other hand, the peak in
the specific heat is more questionable. In spin glasses, there are
claims that there is no anomaly at the spin-freezing temperature
[36-38], and no anomaly is expected in case the freezing sup-
ports the picture of a viscous freezing rather than a spin-glass
phase transition with cooperative freezing. On the other hand, for
cluster glasses, all the theoretical models in which superparamag-
netic clusters of spins order cooperatively, a peak in the specific
heat C(T) curve is expected, at the same temperature where the
magnetic susceptibility cusp is observed [39-41]. This is also the
case met in EuCugMg,, and the signature that the spin freezing is
a collective phenomena, even if the spin fluctuations due to the
quasi-2D geometry makes the spin-freezing inhomogeneous, as
evidenced by the magnetic experiments and the Mdssbauer spec-
troscopy.

The linear variation of the magnetization with the dc-field
H at low temperature, followed by the sharp increase of the
magnetization in the field-induced transition to the ferromag-
netic state is reminiscent of the inflection point observed in the
magnetization curves M(H) of Co;_xFexPt3 at Fe concentrations
x>0.2 in the region of the phase diagram where magnetic inter-
actions are mainly ferromagnetic (CoPts is a ferromagnet), but Fe
introduces frustration (FePts is an antiferromagnet) [42]. In this
case, the inflexion point is interpreted as the transition to re-
entrant spin-glass phase, which is also an inhomogeneous phase
where ferromagnetic domains coexist with spin-glass domains
[42], a picture actually close to that of the cluster glass. How-
ever, the magnetization has a positive curvature in this re-entrant
spin-glass phase at low field, while the magnetization is roughly
linear in H in EuCugMg, at low field. Therefore the transition
to the ferromagnetic phase in the present case is much sharper
and suggests a field-induced phase transition, which can be
attributed to the freezing of the spin fluctuations specific to the
quasi-2D geometry by the application of the external magnetic
field.

In conclusion, the magnetic, electronic, electric and heat
transport properties of EuCugMg, have been investigated and
have revealed unusual behaviors that have been analyzed self-
consistently. The analysis suggests that they are the fingerprints
of the quasi-2D ferromagnetic systems.
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