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The ternary solid solution relating CoSb and Fe1+�Sb has been synthesized and the Fe spin dilution effects
on the magnetic properties has been investigated. The Fe magnetic moments are localized despite the fact that
the metallic character increases with the Fe concentration. The covalent bonding along the c direction that is
responsible for the metallic character is also responsible for a smaller magnetic moment on Fe sites, which
depends on the Fe concentration. On the Fe-rich side, the antiferromagnetic �AF� ordering is observed down to
a Fe concentration that is comparable to the site percolation threshold for the basal plane. At lower tempera-
tures, re-entrant spin-glass phases are observed, which become spin-glass phases below the percolation thresh-
old for AF ordering. The dynamic scaling shows the same behavior as that of the conventional spin glasses in
which the Ising anisotropy is small.
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I. INTRODUCTION

TrX samples, where Tr is a transition metal and X is a
metalloid, form a large variety of materials that crystallize in
the NiAs structure. Primary applications of such materials
concern ferromagnetic compounds, such as MnSb and
MnBi.1 Transition metal antimonides of the family, however,
are not all ferromagnetic.1 FeSb is antiferromagnetic1 and
CoSb is paramagnetic. In this framework, we found that it is
desirable to study the magnetic properties of materials relat-
ing CoSb and FeSb, completing the investigation of the Co-
Sb-Te ternary system.2

The NiAs structure illustrated in Fig. 1 can be viewed as
hcp and as a sublattice with Ni atoms in the octahedral in-
terstices, while tetrahedral interstices are vacant. The substi-
tution of Co by Fe atoms on the �2a� Wickoff sites is accom-
panied with a partial population of the �2d� interstitial sites
by Fe. As a consequence, FeSb is always nonstoichiometric
and its actual chemical composition is Fe1+�Sb with �
�0.02. On the other hand, this deviation from stoichiometry
allows the solid solution to retain the NiAs structure upon
substitution of Co by Fe in the whole range of concentrations
�Fe� and �Co� of the metal ions in the ratio 0� �Fe� / ��Fe�
+ �Co���1.

The broad variety in magnetic behaviors present in TrX
materials comes from the fact that the bonding is a combi-
nation of ionic and unsaturated covalent �metallic� characters
in proportion that depends on the choice of the transition
element and the metalloid. The c /a ratio is important to have
an indirect insight on the ionic or metallic character of the
material. Phases with large c /a ratios tend to be ionic, such
as the case of NiS, which realizes the exact close-packing
hexagonal ratio c /a=1.633. Phases with smaller c /a are
more metallic �e.g., NiAs with c /a=1.39�. For this reason,
the x-ray diffraction �XRD� analysis has been performed on
our samples not only as a means of characterization but also
to determine the evolution of the c /a ratios along the series.
As a result, CoSb has a partly metallic character and Fe1.27Sb
is even more metallic than CoSb.

Many works have been devoted to magnetic properties of
Fe1+�Sb, but the results are divergent. Yashiro et al.3 reported
a transition to the antiferromagnetic ordering of the magnetic
moments on �2a� iron sites at the Néel temperature TN
=105 K for �=0.14, while the ordering of the magnetic mo-
ments on the Fe �2d� interstitial sites takes place only at
Tni=25 K. On the other hand, Kumar et al.4 reported that the
Fe interstitials ordered also at TN. However, powder neutron
diffraction did not evidence any spin freezing of the Fe-
interstitial moments down to 10 K.3 Nössel and Sondermann
concluded that the interstitial Fe atoms order indeed at
10 K,5 whereas other authors concluded that these form mag-
netic micromagnets near 28 K.6 In view of these divergent
results, we found that it is necessary to pursue the investiga-
tion of the magnetic properties of these materials.

The paper is organized as follows. Section II is devoted to
the preparation of the materials, and their structural proper-
ties are reported in Sec. III. The magnetic properties in the
paramagnetic phase are the subject of Sec. IV, in which the
link with the electronic structure is also discussed. The mag-

FIG. 1. Picture of the crystal structure of CoSb from Ref. 3 The
Co atoms are represented by full circles. The sites occupied by Sb
are the larger open circles. The smaller open circles represent the
�2d� sites that are not occupied in CoSb but partly occupied by iron
in the CoyFexSbz samples investigated in this work. J1,2,3 refer to
the magnetic interactions mentioned in the text.
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netic freezing is investigated in Sec. V. The Fe-rich samples
show a transition to antiferromagnetic order. For lower Fe
concentrations, we find re-entrant spin-glass phases that be-
come spin-glass phases below the percolation threshold for
the onset of long-range antiferromagnetic ordering. The re-
sults are discussed in Sec. VI.

II. EXPERIMENT

Synthesis of the samples takes place in two steps. First,
the required amounts of the elements �high purity grade,
�99.99%� Sb, Co, and Fe are introduced in a quartz tube
�inner diameter: 0.8 cm� in a glove box under argon atmo-
sphere. After sealing under vacuum �residual pressure lower
than 10−5 torr�, the charge was heated at 1100 °C for one
week and then quenched into water. Second, the samples are
annealed at 900 °C for one week. To avoid the breaking of
the quartz tube due to the large expansion of the �Co, Fe�Sb
compounds during this annealing process, samples are trans-
ferred in a larger tube �inner diameter: 1 cm� before the an-
nealing at 900 °C. This temperature was chosen because it is
smaller than the eutectic temperature in binary Co-Sb
�1065 °C� �Ref. 7� and Fe-Sb �996 °C�.8

The composition of the samples was determined by using
a scanning electron microscope. For this purpose, the
samples were embedded in epoxy resin and polished down to
a 1 �m diamond grade paste. These samples were then
coated with a thin layer of graphitic carbon to obtain a good
electric sheet conductivity. The composition was analyzed
with a Cambridge electron probe by using energy-dispersive
x-ray spectroscopy and wavelength dispersion x-ray spec-
troscopy �WDS�. In particular, the concentration profile for
Co, Fe, and Sb was detected by the WDS line scan method.
The line scans were flat, so the samples were homogeneous.
The final compositions were found to be in agreement with
the initial compositions determined by the relative concen-
trations of the precursors �Table I�.

Due to the deviation of stoichiometry upon substitution of
Co by Fe, the concentration of each element has to be deter-
mined to identify the samples. There are several possibilities
to write the chemical composition of the samples. One pos-
sibility would be to extend the conventional notation Fe1+�Sb
to write the samples under the form CoyFexSb. However,
there is actually no particular reason to choose Sb as the
reference component and, instead, we have chosen to report
the concentrations under the form CoyFexSbz with x+y+z
=1, and we shall refer to the samples by their corresponding
x value in the text. For instance, the sample Fe1.27Sb is now
written as Fe0.56Sb0.48 �sample x=0.56� and CoSb is
Co0.50Sb0.50 �sample x=0�. The variable r= �Fe� / ��Fe�
+ �Co��=x / �x+y� that does not depend on the choice to write
the composition would be the single pertinent variable if it
was the rate of substitution of Co by Fe. However, we shall
see in the next section that this parameter fails to have this
meaning because part of the Fe is not in substitution to Co,
and we shall also give some evidence in the subsequent sec-
tions that iron atoms on both sites give different contribu-
tions to the magnetic properties.

After they have been annealed, all the samples were
grounded with mortar until a fine powder that has been ana-
lyzed by XRD was obtained. The patterns have been ob-
tained by using a Seiffert diffractometer in the �-2� Bragg–
Brentano geometry. The data have been recorded by using
the Cu K� radiation at I=25 mA and K=40 kV with an an-
gular step �=0.01° and time step of 5 s. All the samples are
single phased and crystallized in the InAs �B8� structure and
no impurity phase has been detected.

The magnetization M�H� curves have been measured with
the use of a MPPS “Quantum Design” magnetometer for
magnetic fields in the range of 0�H�5 T. The magnetic
susceptibility 	�T� curves have also been measured with the
same apparatus in the temperature range of 4.2�T�300 K.
Two protocols have been used. According to one of them, a
static magnetic field H=0.1 T is first applied to the sample at
room temperature. Then, the magnetization M is recorded
upon decreasing the temperature to obtain the field-cooled
�FC� magnetic susceptibility 	=M /H as a function of T.
According to the other protocol, the sample is first cooled at
4.2 K before the application of the static magnetic field H
=0.1 T. Then, the magnetization M is recorded upon heating
to obtain the zero-field-cooled �ZFC� magnetic susceptibility
	=M /H. In all the magnetic experiments, attention has been
paid to prevent any pollution by oxygen, and the reproduc-
ibility of the results has been checked on all the samples.

The ac magnetic susceptibility has been recorded under an
ac magnetic field of amplitude of 0.3 mT in the frequency
range of 0.1–800 Hz to investigate spin freezing.

III. X-RAY ANALYSIS

The lattice parameters and the ratio c /a deduced from
Rietveld refinement are reported in Figs. 2 and 3, respec-
tively, as a function of the iron concentration. In contrast to
the small and decreasing variation of c as a function of the
iron concentration, a large increase of a is observed, giving
evidence of a radius rFe of iron larger than the cobalt one rCo.

TABLE I. Sample composition and effective magnetic moment
deduced from the Curie–Weiss law. The magnetic moment at x
=0.50 could not be determined because of the high Néel tempera-
ture ��200 K� for this particular sample �see Sec. V in the text�.

Sample composition
Moment

in �BCo Fe Sb

0.50 x=0 0.50

0.495 x=0.01 0.495

0.48 x=0.03 0.49

0.465 x=0.05 0.485 1.62

0.40 x=0.12 0.48 2.25

0.33 x=0.20 0.47 2.72

0.24 x=0.30 0.46 3.45

0.15 x=0.40 0.45 3.54

0.06 x=0.50 0.44

0 x=0.56 0.44 3.67
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Due the small value of the ratio c /a in Fe0.56Sb0.48, we can
take for granted that this material is metallic so that rFe
�1.26 Å. Note that the metallic radius of Co �1.25 Å� is
about the same as that of metallic Fe. Therefore, the smaller
radius of Co evidenced by the decrease of a with the Fe
concentration implies that rCo is closer to the ionic radius.
We shall find in the next section that the cobalt is nonmag-
netic, which implies that the ionic valence state should be
close to the trivalent state. Indeed, the ionic radius of Co3+ is
only 0.6 Å. This value, however, is only an estimate because
the c /a ratio of Co0.50Sb0.50 is small enough to ensure that
the ionic limit is not reached in this material. On the other
hand, the covalent �metallic� character increases with the
�Fe� concentration and the quasisaturation of c /a as
�Fe� / ��Fe�+ �Co�� approaches 1 in Fig. 3 is an evidence that
the metallic limit is reached in Fe0.56Sb0.48. Note that this
saturation of c /a and, hence, the nonlinear variation of this
parameter with the Fe concentration are entirely attributable
to the nonlinear variation of the parameter c, while the varia-
tions of a are linear and satisfy Vegard’s law, as can be seen
in Fig. 2. This feature can be understood if we note that the
basal planes perpendicular to the c axis are occupied by the
transition metal elements distributed on a hexagonal lattice
of parameter a according to Fig. 1. Therefore, the variation
of this parameter a in Fig. 2 is dominated by chemical pres-

sure effects generated by the substitution of transition ele-
ments with different radii. This pressure effect is responsible
for Vegard’s law, which is then satisfied for the parameter a.
In Co0.50Sb0.50, the space between adjacent Co planes per-
pendicular to c is occupied only by Sb since the �2d� inter-
stitial sites are empty. The substitution of Co by Fe is accom-
panied by an increasing occupation rate of these �2d�
interstitial sites by Fe. The resulting chemical pressure, how-
ever, is negligible because the value of c is mainly deter-
mined by the Sb atoms of bigger size �the metallic and co-
valent radii of Sb are 1.61 and 1.43 Å, respectively�.
Therefore, the distance c is mainly influenced by the changes
in the electrostatic interactions between adjacent Co /Fe
atomic planes due to the change in the ionicity of the bonds,
so that the variations of c are small and deviate from Veg-
ard’s law. This is consistent with the attribution of the de-
crease of c to an increase of the metallic bonds between
neighboring transition metal atoms along the c axis for ma-
terials crystallized in this NiAs structure.9

The difficulty to substitute Co by Fe is evidenced in Table
I by the fact that the introduction of 1 at. % of iron in
Co0.50Sb0.50 gives a sample with chemical composition
Co0.495Sb0.495Fe0.01, which means that the total amount of Fe
occupies �2d� interstitial sites. Only for x=0.03 do we have a
sample in which a fraction of the iron atoms occupies the
�2a� sites �in a concentration of 1 at. % in this particular
sample�. The proportion of Fe that is in substitution to Co
monotonously increases with the �Fe� content x in the matrix,
as can be seen in Fig. 4.

IV. MAGNETIC PROPERTIES IN THE PARAMAGNETIC
REGIME

A. Experimental results

The magnetic susceptibility curves 	�T� of the samples
with very small Fe concentrations �x�0.03� are reported in
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Fig. 5. No difference between FC and ZFC curves can be
observed at these small Fe concentrations. The curve 	�T� of
Co0.5Sb0.5 is typical of a nonmagnetic metal or semimetal
with a Pauli contribution of the free-electron gas in the order
of 8
10−5 emu per formula, which is almost temperature
independent. The increase of 	 below 20 K is a 1 /T contri-
bution of residual impurities that act as uncorrelated spins.
The introduction of Fe atoms in the x=0.01 sample is re-
sponsible for an increase of 	�T� at room temperature, but
this contribution decreases upon cooling, after Fig. 5, pre-
sumably due to an antiferromagnetic coupling with the free

carriers. In the x=0.01 sample, the Fe atoms can then be
considered as magnetic impurities located in �2d� sites.

This is no longer true at Fe concentrations x=0.03 since 	
monotonically increases upon cooling. The concentration x
=0.03 is then large enough so that the Fe-Fe magnetic ex-
change interaction becomes efficient. Note that there is about
1% Fe in �2a� sites in this sample, after Table I, and this is
found to break the singlet state, while the same amount of Fe
on �2d� sites in the x=0.01 sample could not do it. This is the
first indication that Fe-Fe magnetic interactions are stronger
in the basal planes. This will be confirmed in the next sec-
tions. Nevertheless, this iron concentration is yet too small to
allow for a collective spin freezing of the Fe spins, at least in
the range of temperatures �T�2 K� investigated, hence the
monotonous behavior of 	�T� and the absence of any differ-
ence between ZFC and FC measurements. The magnetization
curve M�H� of the x=0.03 sample is reported in Fig. 6. At
T�20 K, the magnetization curves are no longer linear in H
even at a large magnetic field, for reasons we have already
discussed in a previous work on Co1−xFexSb3.2 On another
hand, at T�20 K, the magnetization curves M�H� in Fig. 6
show that M can be decomposed in an extrinsic component
that easily saturates under the application of the magnetic
field, plus a linear-in-H intrinsic component. We have al-
ready observed this behavior in Co1−xFexSb3 �Ref. 2� and
argued that the extrinsic component is the superparamagnetic
contribution of magnetic nanoparticles. Actually, at large
enough magnetic field H so that the magnetization associated
with the magnetic particles is saturated to a value M0, we can
write

M�H� = M0 + 	H , �1�

where 	 is the intrinsic magnetic susceptibility. M0 can thus
be easily determined by the linear extrapolation of the high-
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field magnetization curve to H=0 and is temperature inde-
pendent. Due to the high annealing temperature of the
samples, the impurity phase in our material is more likely
�-Fe. Since the magnetic moment carried by a Fe atom in
�-Fe is 2.22�B, we find that the concentration of Fe that has
precipitated under this form is 5.36
10−3 at. %, a concen-
tration much too small to be detected by XRD. Since x
=0.03, only a fraction 5.36
10−3 /3, i.e., 0.18%, of the iron
has precipitated in this sample. Note, however, that we did
not detect any �-Fe precipitate in our samples of larger com-
positions. This is another evidence that it is difficult to sub-
stitute Co by Fe at low concentrations of Fe. We have al-
ready shown that Fe occupies the �2d� interstitial sites
instead of the �2a� Co sites when x�0.03. Now, we find that
an increase of the Fe concentration up to x=0.03 is obtained
at the price of the formation of �-Fe precipitates. Only at
larger concentrations could we obtain samples with the total
amount of iron inserted in the matrix in the �2a� and �2d�
sites.

Results of the measurements of the magnetic susceptibil-
ity at larger Fe concentrations XFe�3 at. % are illustrated in
Fig. 7. 	−1 rather than 	 has been plotted as a function of T
in an attempt to fit the data with a Curie–Weiss law. How-
ever, the 	−1�T� curves are nonlinear even at a high tempera-
ture up to x=0.4. Nevertheless, this is only due to the non-
negligible Pauli contribution since the data can be fit by a
generalized Curie–Weiss law of the form

	�T� = 	0 +
C

T − �
. �2�

The fit is illustrated in Fig. 7. 	0 is a positive constant that
corresponds to the temperature-independent Pauli contribu-
tion of the electron gas. The values of � determined by the fit
are negative �antiferromagnetic coupling� and are in the
range ����26K in the whole range of compositions x�0.5.
The effective moment � defined by C=xFe�

2 / �3kB� is re-
ported in Table I and found to be increasing with the Fe
concentration.

B. Analysis

To make contact with prior works on other binary alloys
crystallized in the so-called NiAs structure for which the
conventional notation is NiAs rather than Ni0.5As0.5, we take
the notation “CoSb” and Fe1+�Sb for our binary samples in
this section only.

There are different models to describe magnetic properties
associated with iron in solids, which correspond to different
behaviors that have been observed. The strong d-d Coulomb
correlations may in some cases generate a heavy fermion
behavior like in LaFe4Sb12.

10 The Stoner model of band
magnetism considers the case where both the electrons and
the magnetic moments are delocalized like in �-Fe. The op-
posite model is the ionic model in which both the d electrons
and the magnetic moments are assumed to be localized by
the intra-atomic Coulomb correlations. An archetype of such
an ionic compound is LiFePO4.11 Here, we show the inter-
mediate case: both the c /a ratio and the existence of a Pauli
contribution to the magnetic susceptibility show that the d

electrons of iron are delocalized; on the other hand, the
Curie–Weiss contribution to the magnetic susceptibility
shows that the magnetic moments are localized. This is the
situation seen in Heusler alloys12 and in other iron
compounds.13 In the case of materials TrX crystallizing in the
NiAs structure, this behavior has been observed with Tr

=Mn, and it has been understood from electronic structure
calculations in MnAs and MnSb.14,15 Although such calcula-
tions are missing for the particular material investigated here,
the results can be extrapolated. First, the calculations have
shown that the magnetic moment carried by the transition
metal element is about the same whether it is calculated in a
ferromagnetic or an antiferromagnetic alignment, which
proves that it can be considered as localized.16 This is in
essence to the reason why the Curie–Weiss law applies at
high temperature in our material. Second, the localized mag-
netic moment is small because the covalent bonding interac-
tion between the 3d electrons of the transition element,
whether direct or mediated by the 5p orbitals of Sb, leads to
a lowering of the local magnetic moment.16 In MnSb, for
instance, the Mn atom is in configuration 3d5.5 with a local-
ized magnetic moment of 3.3�B only. Note that such a mo-
ment estimated from electronic structure calculations should
not be confused with the effective moment we have deduced
from the Curie–Weiss law. Due to the quenching of the or-
bital momentum, the moment of 3.3�B should behave like a
pure effective spin S=3.3 /2=1.65, which is confirmed by
measurements that show that the gyromagnetic factor g is
close to g=2.17 Then, the corresponding effective magnetic
moment deduced from the Curie law should be �=2�S�S
+1��1/2=4.18�B. The moment we found in Table I increases
with the Fe concentration and saturates to a value �3.7�B
that is smaller but comparable to that of Mn in MnSb and in
both cases differ from the value of the moment predicted for
Mn2+ or Fe3+ ions in ionic compounds. This is another evi-
dence that the Fe-rich samples are metallic and the electronic
configuration of iron should not be confused with that of
Fe3+. This may be the reason for an outstanding disagree-
ment with the magnetic moment �=0.88�B estimated from
the analysis of spin-polarized neutron experiments for Fe at-
oms of �2a� sites3 in Fe1+�Sb, since the magnetic form factor
of Fe3+ was used to fit the neutron spectra. In addition, such
a small value of �=0.88�B would not be compatible with the
antiferromagnetic �AF� ordering that is observed in Fe1+�Sb
in the same work3 because the loss of exchange energy re-
sulting from the loss of local magnetization stabilizes the
ferromagnetic alignment.12

The effective magnetic moment at small Fe concentra-
tions is small. This is due to the fact that the proportion of Fe
in �2d� sites is larger, and the magnetic moment is expected
to be smaller on the �2d� Fe sites than that on �2a� Fe sites.
The reason is related to the metallic character of Fe-rich
samples: the d electrons are itinerant mainly because of the
d-d covalent interactions along the c axis,9 and this covalent
bonding along c is responsible for a lowering of the magnetic
moment on the �2d� Fe sites. The extreme case is again
MnSb since it was concluded from neutron experiments that
the Mn atoms in �2d� sites have no magnetic moment.18 In
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the case of Fe, however, we have determined that Fe in �2d�
sites are magnetic with a magnetic moment that, however, is
small according to Table I. The second difference between
Mn and iron is the more metallic character of FeSb, which is
evidenced by the larger c /a=1.396 ratio in MnSb, which
means that the d-d interactions are larger in FeSb. Since they
lower the center of mass of the occupied d band in the AF
configuration but not in the ferromagnetic one, the d−d in-

teractions are known to favor antiferromagnetic alignment.16

This is in essence to the reason why the magnetic ordering
that is ferromagnetic in MnSb is antiferromagnetic in FeSb.

The difference in the local magnetic moment on �2a� and
�2d� Fe sites implies that the value of the effective magnetic
moments in Table I is actually an average of the square of the
effective moments �2a and �2d on �2a� and �2d� Fe sites,
respectively,
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FIG. 7. Zero-field-cooled magnetic susceptibility 	�T� measured at dc magnetic field H=0.1 T for samples with Fe concentration x
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�2 = f�2a
2 + �1 − f��2d

2 , �3�

where f is the fraction of Fe located on �2a� sites displayed
in Fig. 4. However, it is impossible to determine �2a and �2d
from our experiments because these quantities depend on the
ionic/covalent character of the bonds and thus depend on the
Fe concentration. Local probes such as Mössbauer or neutron
experiments are needed for that purpose.

V. MAGNETIC BEHAVIOR AT LOW TEMPERATURE

A. Antiferromagnetic ordering in Fe-rich samples

For the samples x=0.5 and 0.56, the inverse of the mag-
netic susceptibility shows an anomaly at TN�220 and
141 K, respectively, marked by arrow in Fig. 7. This
anomaly is much easier to detect on the 	−1�T� curves like in
Fig. 7 than that on 	�T� curves because it is superposed on an
almost linear background. At such large Fe concentrations,
the Pauli term 	0 is too small with respect to the Curie–
Weiss contribution to generate sizable deviations from the
linearity of 	−1 vs T, so that this anomaly is entirely attrib-
utable to the transition to the antiferromagnetic order. We
believe that this is the reason why no anomaly at TN could be
detected in a prior work where 	�T� instead of 	−1�T� was
explored.19 No difference between ZFC and FC curves can
be observed in the vicinity of TN, so that TN can be identified
with a Néel temperature. This result is consistent with the
prior work in Ref. 3 The decrease of TN with � �Ref. 4�
quantitatively accounts for the shift from TN=105 K in Ref.
3 to TN=141 K in our x=0.56 sample. On the another hand,
the fact that the anomaly at TN is so small gives evidence that
only part of the spins is frozen in an AF configuration. Two
hypotheses can be invoked. The first hypothesis is that the
magnetic transition at TN corresponds to the formation of
three-dimensional antiferromagnetic clusters of finite size, in
which case the Fe interstitials also order at TN.4 The other
hypothesis is that only the normal Fe atoms on �2a� sites
order at TN.3 The magnetic properties we have investigated
only give access to macroscopic properties and do not allow
us to conclude which one out of these two hypotheses is the
right answer. Nevertheless, our results give some insight on
the different roles played by Fe atoms on the two different
sites.

To investigate these roles, let us first consider the mag-
netic interactions between the different iron atoms. The mag-
netic interaction between an iron ion in the �2a� site and a
nearest neighbor on the �2d� site, when it is occupied, is
expected to be essentially a direct interaction according to
the Moriya mechanism20 just like the interaction J1 between
�2a� nearest neighbors along the c axis and, thus, positive
�ferromagnetic�. The reason is that the distance between such
atoms is smaller than a �it is only c /2�0.26 Å for J1�, so
that this direct exchange interaction that is ferromagnetic is
much larger than the superexchange interaction that is anti-
ferromagnetic. Then, the increase in the population of the
�2d� sites just increases the number of ferromagnetic bonds
between Fe atoms that opposes the antiferromagnetic order-
ing. This feature explains the decrease of TN with � that has
been observed in Fe1+�Sb.4 On the other hand, the distance

between nearest �2a� sites is a, which is large enough so that
the antiferromagnetic superexchange interactions are domi-
nant, which explains the triangular spin arrangement of Fe
magnetic moments in the basal plane at TN, evidenced by
neutron experiments.3 This, in essence, explains the mag-
netic behavior of the x=0.56 sample. To understand Fe spin
dilution effects, we note that the concentration of �2d� inter-
stitial sites occupied by Fe in the x=0.50 and x=0.56
samples is the same, so that any difference in their magnetic
properties only comes from the vanishing of the substitution
of Co atoms by Fe atoms in the �2a� sites �see Table I� in the
x=0.50 sample with respect to 6% in the x=0.56 sample. It
results in an increase in TN that reaches TN�220 K in the
x=0.50 sample, despite the dilution of Fe magnetic moments
upon substitution of magnetic Fe by nonmagnetic Co in the
�2a� sites of the hexagonal lattice in the basal planes. The
reason is the decrease of a that increases the strength of the
antiferromagnetic coupling inside the basal plane.

The relative concentration r of Fe with respect to Co in
the basal planes shifts only from r=100% in the x=0.56
sample to r=38 /44=86% in the x=0.50 sample, so that it
remains large with respect to the percolation threshold rc for
the basal magnetic lattice. The decrease in TN versus r is
small near r=1 and strong only as one approaches the per-
colation threshold, which is the reason why the variation of
TN between the two samples is dominated by the other effect
mentioned above. On the other hand, the spin dilution effects
did not allow this collective antiferromagnetic ordering in
our samples x�0.40. Indeed, the site percolation threshold
of the two-dimensional �2D� triangular lattice is 0.5. The
occupation number of the lattice sites in the basal planes by
Fe atoms for the x=0.30 sample is r=22 /46 below the per-
colation threshold. On the other hand, r is already larger than
0.5 for x=0.40 and the S-shaped form of the magnetization
curve, which is characteristic of the re-entrance at low tem-
perature, as we shall see in the next section, also pleads for
an antiferromagnetic transition at finite temperature. We can-
not exclude that this transition exists even if we could not
detect it since we have already pointed out the difficulty to
detect it even in the x=0.56 sample. We must also remember
that the existence of geometric frustration associated with the
existence of antiferromagnetic interactions may be respon-
sible for the disappearance of TN at a value of r larger than
the site percolation. In any case, the fact that the limit in the
apparition of the antiferromagnetic ordering is comparable to
the site percolation of the 2D lattice comforts the hypothesis
that only the Fe spins in �2a� sites in the basal plane order at
TN that is in agreement with neutron experiments,3 although
a different conclusion was derived from Mössbauer
analysis.4 It also gives evidence that the magnetic interac-
tions are short range and thus dominated by direct Fe-Fe
exchange and superexchange interactions.

B. Spin-glass and re-entrant spin-glass transitions

All the samples x�0.12 show similar magnetic properties
at low temperature. The departure between FC and ZFC 	�T�
curves takes place at temperature T2. Upon cooling below T2,
a sharp separation between FC and ZFC 	�T� curves takes
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place at a temperature we call T1, at which the ZFC curve
goes through a maximum, while the FC curve still increases
upon cooling. These features are shown in Figs. 8 and 9 for
the x=0.12 and x=0.4 samples, which are chosen as ex-
amples.

At high concentrations x�0.4, the low field part of the
magnetization curves presents an inverse curvature and an
inflection point, as can be seen in Fig. 10. This feature is a
characteristic of re-entrant spin-glass phases of either ferro-
or antiferromagnets.21 The change of behavior from pure an-
tiferromagnet �linear M�H�� to a re-entrant spin-glass phase
�S-shaped M�H�� is also used to distinguish between these
two phases in other frustrated compounds.22 The Fe concen-
tration in the x=0.40 sample is a limit case where we could
not detect any temperature TN for AF ordering, while we still
observe this S-shape M�H� curve.

Note that the transitions at T1 and T2 are observed in
samples x�0.4 that order antiferromagnetically at larger
temperature TN, in which case T1 and T2 correspond to re-
entrant spin-glass phases. However, they are also observed in
those samples x�0.4 that do not show any AF ordering, in
which case T1 and T2 correspond to spin-glass phases. This is
understandable because spin-glass and re-entrant spin-glass
phases are two irreversibility levels that present the same
features and are phase transitions with the same dynamics.

The variations in T1, T2, and TN as a function of x are
reported in Fig. 11. However, it is important to realize that
these temperatures depend on the relative amount f of Fe
atoms on �2a� sites. A true magnetic phase diagram of the
material would then be the three-dimensional plot of these
temperatures in the space �T ,x , f�. The dependence on f ,
however, has been determined only in Fe1+� so far.

To complete the study of spin freezing at T2, we have
measured the ac magnetic susceptibility at different frequen-
cies in the range of 0.1���800 Hz. The result is illustrated
in Fig. 12 for the x=0.12 sample. The onset of irreversibility
takes place at a temperature Tf larger than the temperature
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FIG. 8. Zero-field-cooled �open circles� and field-cooled �full
circles� magnetic susceptibilities 	�T� measured at a dc magnetic
field of 0.1 T for the x=0.12 sample.
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Tmax of the maximum in the ZFC-	��T� curve. Note that Tf
and Tmax differ from T2 and T1, respectively, not only be-
cause the quantities have been measured at different time
scale but also because the amplitude of the magnetic field is
different �an ac magnetic field of 0.3 mT, against a dc field
of 0.1 T�. In this work, however, the influence of the strength
of the magnetic field on the dynamics was not explored, and
no dc magnetic field was superposed to the ac field. Tmax is
often used for the definition of the spin-glass or re-entrant
spin-glass transition. However, we have argued that this
maximum does not have any clear physical meaning and we
shall retain Tf as the transition temperature.23 Note that Tf
also coincides with the departure of 	� �T� from zero. Tf
considerably shifts to a lower temperature with decreasing
frequency like in canonical spin glasses. An attempt at fitting
the Tf��� to the Vogel–Fulcher scaling law,

ln� �

�0
� = −

Ea

kB�Tf − T0�
, �4�

gives T0=5.6 K, Ea=2.8
10−22 J, and 0=�0
−1=3.7


10−12 s for the x=0.12 sample, while the analysis in terms
of the conventional critical slowing down for spin glasses,

� �

�0
� = �Tf − T0

T0
�z�

, �5�

gives T0=6.1 K, and the dynamic critical exponent z�=9.6.
These values for both z� and 0 are typical values in conven-
tional spin glasses.24 In particular, we find that 0 is the char-
acteristic time of atomic spin flipping, which is the evidence
that the magnetic phase transition is indeed the spin-glass or
re-entrant spin-glass freezing. It precludes the possibility of a
cluster glass, i.e., a freezing of magnetic clusters, since the
time 0 would have been the characteristic time associated
with the flipping of the polarization of one cluster, which is
orders of magnitude larger than the atomic relaxation time.
These features are the same at any concentration; only the
temperatures Tf and T0 depend on x �and increase with x�.
The difference in T0 in the two fits by Eqs. �4� and �5� is also

commonly observed in any spin glass and has been discussed
elsewhere.25

	��T� goes through a maximum at a temperature Ti
slightly smaller than Tf. This maximum in 	��T� also corre-
sponds to an inflection point in the ZFC-	��T� curve. This
feature corresponds in some cases to the signature of the
transition to a re-entrant phase.26 In the present case, how-
ever, this is only a secondary maximum because the sharp
increase in the difference between the ZFC and FC magnetic
susceptibilities at a temperature that is T1 when H=0.1 T in
quasistatic conditions implies that the main peak in 	��T�
will be near T1. Therefore, the secondary maximum of 	��T�
at Ti, here, might just be the result of sample inhomogene-
ities that would spread the transition at Tf, with the onset of
magnetic irreversibility extending from Tf to Ti. Indeed, the
frequency dependences of Tf and Ti are just the same, so that
they are associated with the same physical process, while T1
corresponds to a transition to another spin-glass state.

VI. DISCUSSION

The existence of two �re-entrant or not� spin-glass phases
has been observed in several cases and is predicted by the
model of Gabay–Toulouse.27 According to this model, T2
would correspond to the onset of spin-glass ordering of the
transverse components of the spins, while T1 would be asso-
ciated with the additional freezing of the longitudinal com-
ponent of the spins. Since this freezing of the longitudinal
component transition is also associated with the breaking of
the replica symmetry, it is associated with the onset of strong
magnetic irreversibility at T1. In case the AF ordering at TN is
observed �x�0.4�, the magnetic phases below T2 are re-
entrant spin-glass phases in which both the antiferromagnetic
order and the spin-glass phase coexist.

The results are comparable to the magnetic properties of
NicMg1−c�OH�2 at large Ni concentrations �c�0.6�, which
is another diluted antiferromagnet. This material crystallizes
in the CdI2 type, which is also a hexagonal structure, in
which the magnetic ions �Ni2+� form a triangular lattice. At
large c, the system also antiferromagnetically orders �al-
though the type of AF order is different�, and the magnetic
susceptibility curves show the same features,28 namely, the
onset of magnetic irreversibility at some temperature below
TN �the analog of the temperature T2 in the present work,
but no attention was paid to this feature in this prior
work on NicMg1−c�OH�2� and a dramatic increase of irre-
versibility at temperature T1 that coincides with a peak in
	��T� referred as the transition temperature to the re-entrant
spin-glass phase. The difference between the two systems is
in the magnetic behavior in more dilute systems. For in-
stance, at c=0.5, the peaks in the 	��T� and 	��T� curves are
almost frequency independent, while in typical spin glasses,
including the system Co-Sb-Te investigated here, these
peaks shift to higher temperature with increasing frequency
of the ac magnetic field.29 This anomalous behavior in
NicMg1−c�OH�2 is also observed in FecMgCl2 at similar di-
lutions c�0.5.30 The common feature of the two systems is
that they are diluted Ising antiferromagnets, the Ising char-
acter in the case of NicMg1−c�OH�2 coming from the chiral-
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ity of spin triads, and the universality class of the chiral-glass
transition is that of the three-dimensional Ising spin glass.31

The different spin dynamics that we observe in our system
can then be considered as an evidence that it does not belong
to the Ising family, so that the magnetic anisotropy should be
small in our material. This is confirmed by the complex AF
order in our system with magnetic moments polarized in
different directions in the basal plane,3 while the Fe spins are
aligned along the c axis by the Ising anisotropy in FeMgCl2.

The coexistence of the spin-glass and antiferromagnetic
orders in the re-entrant spin-glass phase has been previously
observed on other systems.32,33 We believe that this is the
reason why the magnetic structure observed by the neutron
experiments is still retained below 28 K in Fe1+�Sb.3 In the
same way, the neutron experiments have shown that the AF
order is not affected by the re-entrant spin-glass transition in
FecMg1−cCl2 at c=0.55.30 The re-entrance phenomena in
Fe1+�Sb comes from the excess Fe on the �2d� sites that
introduce an inhomogeneity in the distribution of the mag-
netic interactions. Actually, the theoretical models for spin
glass and re-entrant spin glasses separate in two main
classes: the homogeneous models27 and inhomogeneous
models.34 In a homogeneous picture, the coexistence of long-
range AF and spin-glass orders takes place everywhere si-
multaneously in the material. In a homogeneous picture, the
system is divided in regions where either AF or spin glass
dominates. Since both approaches give similar phase dia-
grams, it is usually quite difficult to distinguish between
these two possibilities, but the re-entrance we have observed
even in the absence of spin dilution in the basal planes pleads
in favor of the inhomogeneous case in our system.

VII. CONCLUSION

The ternary compounds relating CoSb to Fe1+� have been
synthesized. They all crystallize in the NiAs structure. The

XRD analysis, however, gives evidence of the difficulty to
substitute Co by Fe in the basal planes with a tendency for
Fe to occupy interstitial �2d� sites in the low Fe-
concentration limit. The fraction f of Fe on �2a� sites in-
creases with the total amount x of Fe atoms. The static and
dynamic magnetic properties have been investigated. The ef-
fective moment associated with the d electrons remains lo-
calized on the Fe sites despite the metallic character, a fea-
ture that is met in other transition compounds crystallizing in
this NiAs structure. The magnetic moment of Fe on �2d�
sites is smaller than that on �2a� sites but does not vanish
like that of Mn on the same sites in MnSb. At x�0.01, the
material behaves like a diluted antiferromagnet with small
Ising anisotropy. The antiferromagnetic long-range ordering
is observed for Fe concentrations in the basal plane that ex-
ceed the site percolation threshold for the triangular lattice,
which is consistent with the results of neutron experiments
showing that only the magnetic moment of Fe on �2a� sites
order at TN in Fe1+�Sb. At low temperatures, the system un-
dergoes magnetic transitions to spin-glass phases with criti-
cal slowing down and relaxation times that are consistent
with the values met in conventional spin glasses. These
phases coexist with the AF order at large Fe concentrations.
Although an overall understanding of the magnetic proper-
ties has been achieved, further magnetic neutron-scattering
studies are required to provide us with an independent deter-
mination of the magnetic moment carried by Fe on �2a� sites
since the former analysis of the magnetic intensities in neu-
tron studies have been analyzed by assuming a configuration
Fe3+ that is not relevant to Fe in these materials.
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