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Abstract. We report the results of measurements of the low-temperature specific heat C,(7T") and the ac
susceptibility Xac(T') in low applied magnetic fields for a series of samples of Eui—;Ca;Bg. The anomalies
in Cp(T), together with the results for xa.(T") and M (H), confirm the onset of phase transitions to long
range magnetic order for z < 0.7 and provide evidence that for x > 0.7, the Eu moments, which are
captured in large magnetic clusters with magnetic moments of the order of 260 up, adopt a spin-glass
type ground state. The data set allows to establish the low-temperature [T',x] phase diagram of this alloy

series.

PACS. 71.30.+h Metal-insulator transitions and other electronic transitions — 75.20.-g Diamagnetism,

paramagnetism, and superparamagnetism

1 Introduction

The phenomenon of magnetic order in solids is most often
based on periodic arrays of magnetic moments on regular
lattice sites, here denoted as magnetic sites, of the crystal
structure of the respective material. The necessary inter-
action between the moments, which more or less deter-
mines the transition temperature and the ordered-moment
configuration, may be due to different causes, not of pri-
mary interest here. The present work is devoted to inves-
tigating the influence of the random removal of magnetic
moments on the onset of magnetic order at low tempera-
tures.

A prominent example of magnetic systems is the so
called Heisenberg ferromagnet, where all magnetic sites
are occupied by moments, which are mutually linked by
some interaction. The probability of finding an unbro-
ken path following these links on a random path across
the sample is P = 1. This situation is altered, if a num-
ber of moments is randomly removed from the magnetic
sites, breaking all links to the respective nearest neigh-
bour moments. The parameter P may also be defined as
the probability of the existence of an infinitely large clus-
ter of adjacent moments in an infinitely large array of
such moments. In a three-dimensional simple cubic struc-
ture, the concentration of moments, below which P = 0, is
Cthres /= 0.31, the so called site percolation limit [1,2]. For
€ < Cthres 1t is predicted that the ground state of the solid
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is no longer characterized by long range magnetic order
and other configurations of the moments are energetically
more favourable.

The hexaboride compound EuBg may be regarded as
a model system for studying this site percolation prob-
lem. It crystallizes with a simple cubic structure. The Eu
ions, each carrying a magnetic moment of 7 up due to the
half filled S = 7/2 4f electron shell [3], occupy the centers
of cubes whose corners are decorated with Bg octahedra.
Ferromagnetic order sets in at approximately 15 K. The
chemical composition may be changed by, e.g., replacing
the rare-earth element Eu by the alkaline earth element
Ca. Because both type of ions adopt a divalent configura-
tion, the substitution is in first order expected to be iso-
electronic and simply provoking a dilution of magnetic mo-
ments. Recently published results of electronic transport
measurements and their interpretation based on theoreti-
cal modelling suggested the influence of site percolation on
the magnetic and transport properties of Eu; _,Ca,Bg [4].

In this work we investigated the z-dependence of the
magnetic properties of Eu;_,Ca,Bg with measurements
of the specific heat, the magnetic susceptibility and field
induced magnetization at low temperatures. The results
indicate that long range magnetic order among the Eu
moments ceases to be established, if x exceeds 0.7 or, in
view of site percolation, the concentration of magnetic mo-
ments ¢ < cipres- Instead, the ground state seems to adopt
a spin-glass type configuration of the remaining Eu mo-
ments.
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The samples were all in single-crystalline form and
their high structural quality was confirmed by correspond-
ing characterizations using X-ray and electron-microscopy
techniques. For more details, the reader should consult ref-
erences [4,8,14].

2 Results and discussion
2.1 Specific heat

We first concentrate on our study of the low-temperature
specific heat. The investigated samples were single crys-
tals in the form of platelets and the compositions were
such that =z = 0.1, 0.16, 0.37, 0.65 and 0.77, respectively.
The specific heat C,,(T') was measured in the temperature
range between 0.34 and 22 K, employing the conventional
relaxation method. The C,(T') data for a crystal of the
binary compound with x = 0 was taken from the work
presented in reference [5]. Since we are mainly interested
in the magnetic part of C,(T"), we attempted to separate
the different contributions. The dominant non magnetic
term is due to lattice excitations, Cjus:. The contribution
due to conduction electrons can safely be neglected be-
cause their concentration is only of the order of 10~3 per
unit cell. Earlier successful analyses of specific-heat and
resistivity data of hexaborides were based on the assump-
tions that i) the excitations of the Boron network are suffi-
ciently well accounted for by a Debye-type spectrum with
6 = 1160 K in the case of LaBg [6] and that ii) the cation
motions are well represented by Einstein-type oscillators.
Thus the molar specific heat of the lattice is
C}l}attwe (T) _ CpDebye (T) 4 C]I)Eznstezn (T) (1)

The calculations of the two terms is done by using
the well known integral expressions [23]. For this particu-
lar series, the element specific Einstein temperatures are
0py = 168 K for Eu [8] and ¢, = 373 K for Ca [4], re-
spectively. The second term on the rhs of equation (1) is
thus concentration dependent and a sum of the form

Cpmen(T) = (1~ ) - CF(T) 4 - CET) - (2)
where CF*(T) and CI? @(T) denote the contributions from
the Eu- and Ca ions, respectively. We assume that the
Debye temperature does not vary across the series.

The magnetic part Cr,qq(T) of the specific heat is now
obtained by simply subtracting the calculated lattice spe-
cific heat from the measured data. The result is shown in
Figure 1. Although shifted to lower temperatures, the two
consecutive transitions, clearly seen and discussed in pre-
vious work for EuB [5,9-12], persist to Ca contents of at
least 16%. Only one transition is observed for = 0.37 and
beyond, confirming earlier conclusions based on results of
electronic transport measurements [13,14]. We note that
from comparing the shapes of the specific-heat anomalies
for x = 0.65 and x = 0.77 alone, the transition from a fer-
romagnetically ordered to a spin-glass type ground state
cannot be inferred.
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Fig. 1. Magnetic part of the specific heat for x = 0, 0.1, 0.16,
0.37, 0.65 and 0.77.
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Fig. 2. Magnetic entropy for z = 0, 0.1, 0.16, 0.37, 0.65 and

0.77.

The magnetic entropy across these transitions is read-
ily obtained from

T /
Smag = / 7Cmag (T )dT/
0

= 3)

As may be seen in Figure 2, the full molar magnetic en-
tropy of the Eu?* ions, which amounts to (1 —2)RIn(2J +
1) with J = 7/2, is recovered at approximately 20 K for
all values of x covered in this study.

2.2 Magnetic susceptibility and magnetization

The magnetic phase diagram for z < 0.7 was established
by Arrott-plot analyses in combination with specific-heat
and susceptibility experiments [4]. In order to probe the
magnetic properties of those alloys with x > 0.7 and hence
for moment concentrations ¢ < c¢ipres, we measured the ac
magnetic susceptibility x.. of Eu;_,Ca;Bg between 0.35
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Fig. 3. The response voltage divided by the excitation fre-
quency V/f for x = 0.77 as a function of temperature for f =
22.7, 227, 2270, 9170 and 22700 Hz. The inset shows V/f for
f = 227 Hz in various static magnetic fields.

and 3.5 K for z = 0.73, 0.77 and 0.84, respectively. The
samples were placed into an RCH-1000 plastic cell. Inte-
grated in the cell body were the primary and secondary
coil systems, each consisting of a pair of coils with 2 x 500
and 2 x 2000 windings, respectively. The current ampli-
tude in the primary coil was of the order of 1 mA and the
frequencies of the excitation current were set to f = 22.7,
227, 2270, 9170 and 22700 Hz respectively. In Figure 3
we display the output voltage V' of the secondary coils, a
measure for x,., divided by the frequency f,i.e. V/f, ver-
sus temperature. The position of the voltage maximum on
the temperature scale, Tp,q.(f), shifts to higher temper-
atures upon enhancing the frequency. The application of
weak static magnetic fields, of the order of 10 Oe, signif-
icantly reduces the amplitude of the maximum. As may
be seen in the inset of Figure 3, at and above 100 Oe,
the anomaly is completely quenched. This behavior is dis-
tinctly different from the features of the ac-susceptibility
results for x = 0.65 and 0.37, which exhibit a peak at
T but no observable frequency dependence within exper-
imental resolution.

A frequency dependent maximum in y..(7") is usually
taken as evidence for a spin freezing process which leads,
upon decreasing the temperature, to a spin-glass configu-
ration, or to the formation of a superparamagnetic phase.
Element specific electron microscopy imaging (EFTEM)
revealed [4] that material with z = 0.75 exhibits an inho-
mogenous cluster formation with Eu- and Ca rich regions,
respectively. This phase separation exceeds the expecta-
tions from simply considering the inherent statistical in-
homogeneity of the material. The clusters adopt diameters
of the order of a few nm. The Eu-rich clusters may be con-
sidered as acting like large magnetic molecules with giant
magnetic moments. In view of the response of an isolated
cluster, its dynamics may be characterized by a relaxation
time [15]

T=1/f= 10 - ePa/kBTB ,

(4)
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Fig. 4. logio(f) is plotted as a function of logio[(Tmaz(f) —
Tsg)/Tsg] for = 0.77. In the inset, we display the measured
magnetization M(H) at 2 K for the same sample as empty
circles and the calculated curve (solid line) as indicated in the
text.

where 7¢ is the intrinsic relaxation time of the large mo-
ment, F, represents the energy barrier preventing the re-
orientation of the moment and Tg denotes the so called
blocking temperature. According to literature, however,
fitting the available data by employing equation (4) re-
sults most often in unrealistic values of these parameters
[16]. For real systems, the Vogel-Fulcher relation [17]

T = 7—0 . eEa/kB(Tm,am_TO) ,

()
describing the frequency dependence of the temperature
where the magnetic susceptibility exhibits a maximum,
seems to be more appropriate. Here, kgTj is the cluster
interaction energy. This type of behaviour has often been
verified for typical spin glasses [18]. In our case, the best
fits are obtained by setting T, = 0 K, indicating a pro-
gressive freezing of moments which interact over a wide
range of energies [19]. However, this procedure leads to
To ~ 1072 s, obviously unrealistic and orders of magni-
tude different from approximately 107'2 s, the common
value of 7 for conventional spin glasses [20].

In view of the clustering of the Eu moments, a more
adequate description of the dynamics is obtained by in-
voking the critical slowing-down process via

_ Tmax(f) - Ts Y
f=1ro- (—ng g) ;

(6)
where T, is the critical temperature for the spin-glass
ordering, zv is a constant and 79 = f; 1'is the charac-
teristic time scale for the spin dynamics. In Figure 4 we
display our experimental data for x = 0.77, together with
a fit according to equation (6). The resulting parameters
are Tsy, = 1.79 K, zv = 10.17 and 7, ' = 5.15 x 10° s~
For conventional spin glasses, experiments and mean-field
calculations yield zv & 10 and 19 ~ 10712 s [16]. It is con-
ceivable that the significant difference in the magnitude of
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To is due to the clustering of ionic moments, forming units
with rather large magnetic moments in our case.

It is customary to distinguish between spin-glass and
superparamagnetic behaviour on the basis of the value of
the ratio [21]

(T az) 7
dln(f)

where T}, is again the temperature at which, for a given
frequency f, the maximum of x,. is observed.

For spin glasses, K ~ 0.01 and for superparamagnets,
K > 0.1. For all our samples with x > 0.7, we obtain
K = 0.06. Although this does not allow for a clear ver-
dict, we argue that the low-temperature features for these
materials are those of a spin glass whereby the freezing
does not involve single spin moments, but the total mo-
ments of the mentioned Eu-rich clusters.

Additional details of the magnetic response of these
ensembles of clusters can be obtained from results of mea-
surements of the field-induced magnetization. In mean
field approximation, the magnetization of a single cluster
increases with decreasing temperature according to

Mep = Msat - B7/2{g,u'BJ(>\EuM + H)/kBT} ) (8)

where Bz, is the Brillouin function for J = 7/2, M the
sample magnetization, Ag, = 5.1 is taken to be identical
to the mean field parameter valid for pure EuBg [8], H is
the external magnetic field and the saturation moment is
given by

K=

Hsat = N - HEuw (9)
i.e., by the number of Eu ions in the cluster and the mo-
ment of an individual Eu ion. If the clusters would act
independently from each other, the field induced magne-
tization is expected to vary according to

mClH
M ~ cL )
el <kBT)

(10)

where L represents the Langevin function. It turned out
that this approximation is not adequate for describing our
M(H) data at low temperatures. The interaction between
the clusters can again be taken into account in mean-field
approximation, resulting in [22]

me(H + AM(T, H))
kT

M(T,H) ~mgL [ ] , (11)
where \ captures the internal field due to the cluster mag-
netization.

As usual, equation (11) has to be solved self consis-
tently. The corresponding fit to our M (H) data, recorded
for the crystal with x = 0.77 at 7' = 2 K and displayed
in the inset of Figure 4 as open circles, is represented by
the solid line. Demagnetization effects for the experimen-
tal data have been considered as described in ref. [23]. The
average value for my = 260 up corresponds to a cluster
diameter of approximately 3 nm, which is in good agree-
ment with what is observed in the EFTEM images [4].
The molecular-field constant A = —1.2 is distinctly smaller
than Ag, and implies that the clusters interact predomi-
nantly antiferromagnetically.
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Fig. 5. Phase diagram for Eu;_,Ca,Bs. The open circles de-
note the ferromagnetic transition obtained from Cinaq(T) and
Arrot-plot analyses [4]. The filled squares represent the clus-
ter spin glass transition temperatures deduced from xqc(7T), f)
data.

3 Conclusion

In summary we provide experimental evidence that for
x > 0.7 and thus below the site percolation limit, the
magnetic ground state of Eu;_,Ca,Bg is reached via the
freezing of moments of sizable Eu-rich clusters. This allows
for a completion of the [z, T] phase diagram of this hexa-
boride series, shown in Figure 5. By increasing x, the ma-
terial’s electronic ground state changes from semimetal-
lic to a semiconducting, where the electronic properties
are governed by defect states [24]. We showed previously
that, at intermediate concentrations, the inhomogeneous
distribution of Eu ions leads to an intrinsic spin-valve fea-
tures observed in transport and optical properties [14,25].
This experimentally determined phase diagram is in con-
flict with the conclusions of a recent theoretical calcula-
tion based on a simple Kondo lattice model [26]. It ap-
pears that the spontaneous formation of Eu-rich clusters,
carrying substantial moments, is requested to be a major
ingredient in related future theoretical work.
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senschaftlichen Forschung and the US-NSF grant DMR-
0203214.
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