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Abstract

The effect of substitution of the anion Te by Se in non-stoichiometric Cr5Te8 has been investigated with respect to its crystal

structure, magnetic properties, and electronic structure. The compounds Cr(1+x)Q2 (Q ¼ Te; Se; Te:Se=7:1; ð1þ xÞ ¼ 1:234ð6Þ;
1.264(6), 1.300(7)) were synthesized at elevated temperatures followed by quenching the samples to room temperature. The crystal

structures have been refined with X-ray powder diffraction data with the Rietveld method in the trigonal space group P%3m1 with

lattice parameters a ¼ 3:8651ð1Þ23:8831ð1Þ Å and c ¼ 5:9917ð2Þ26:0528ð2Þ Å. The structure is related to the NiAs structure with

full and deficient metal layers stacking alternatively along the c-axis. The irreversibility in the field-cooled/zero-field-cooled

magnetization suggests that the substitution effects of one Te by one Se is strong enough to cause cluster-glass behavior, from

ferromagnetic Cr5Te8 to cluster-glass Cr(1+x)Q2. Non-saturation magnetizations at 5.5 T and the magnetic relaxation results further

support the existence of cluster-glass behavior. Accompanying SPR-KKR (spin-polarized relativistic Korringa–Kohn–Rostoker)

band structure calculations strongly support the observation that the Cr(1) sites are preferentially occupied by Cr atoms and predict

that these compounds are metallic. Results for the spin-resolved DOS and magnetic moments on each crystallographic sites

are presented.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The study of chromium tellurides can be traced back
to the discovery of ferromagnetism in ‘CrTe’ in 1930s
[1]. In the binary chromium–tellurium system, the most
extensive study is found in the region of the tellurium
content between 50 and 62 at%. In this region, several
well characterized phases with compositions Cr(1�x)Te,
Cr3Te4, Cr2Te3, and dimorphic Cr5Te8 were reported
[2,3].

These phases all crystallize in the NiAs-type crystal
structure with ordered metal vacancies [3]. Their
structures consist of a distorted hexagonal close packing
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of Te atoms with Cr atoms in octahedral interstices. The
Cr vacancies occur in every second metal layer, and thus
the metal-deficient and metal-full layers stack alterna-
tively along the c-axis. The distribution patterns of Cr
vacancies depend not only on the Cr concentration but
also on manners of the heat treatment used to prepare
the samples. They are closely related to different
structural modifications with deviations from hexagonal
symmetry.

The magnetic studies show that binary tellurides are
ferromagnetic with the Curie temperature Tc between
180 and 340K, which decreases under high pressure
[1,4,5(a)]. They show also metallic conductivity [5(a),6].
Band-structure calculations [5] demonstrate that the Cr
3d–Te 5p covalency and the Cr 3d2

z2Cr 3d2
z overlap

along the c-axis are the most important interactions in
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Table 1

Crystal data and structure refinement parameters of Cr(1+x)Q2

Formula Cr(1+x)Q2

(1+x) 1.234(6) 1.264(6) 1.300(7)

Crystal system Trigonal

Space group P%3m1

a (Å) 3.8651(1) 3.8740(1) 3.8831(1)

c (Å) 5.9917(2) 6.0179(2) 6.0528(2)
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CrTe, Cr3Te4 and Cr2Te3. The selenide analogue
Cr(1�x)Se (x ¼ 0:875) is antiferromagnetic [7a] and
metallic [8] while Cr3Se4 and Cr2Se3 are antiferro-
magnets [7b–c] and semiconductors [8]. Some transition
metal chalcogenides are found to be excellent candidates
for half-metallic ferromagnets that are seen as a
key ingredient in future high performance spintronic
devices [9].

Recently, the crystal structures of the Cr5Te8 [3(f)]
and Cr5Se8 [10(a)] phases were determined and it was
found that the Cr5Te8 phase has a small existence range
of tellurium content from 59.6 to 62.5 at%. For the
lower Te content (from 59.5% to 61.5%), Cr5Te8 shows
monoclinic symmetry and Te rich Cr5Te8 exhibits
trigonal symmetry. In a previous study it was shown
that the Cr5Te8 phases become ferromagnetic at low
temperatures with a Tc strongly depending on the actual
composition [11]. Cr5Se8 can only be prepared at high-
pressure and high-temperature conditions [10]. Until
now the magnetic ground states in these chalcogenides is
not well understood. We note that Ti5Te8 which
crystallizes in a trigonal system shows Pauli-paramag-
netism [10(c)].

Based on the above facts and our previous study
[3(f),10(a),11], we started to investigate the influence of
the anion substitution by selenium and the cation
substitution by titanium on the crystal structures and
physical properties, especially magnetism, of the Cr5Te8
phases. It is reasonable to expect that different
structural modifications and magnetic transitions from
ferromagnetic to cluster-glass (CG), spin-glass (SG),
or antiferromagnetism occur at different steps of
substitution.

In this paper we first report on the effects of the anion
substitution of Te by Se in the non-stoichiometric
Cr5Te8 phases onto the crystal structure and magnetic
properties. In particular we find a cluster-glass behavior
in trigonal Cr(1+x)Q2 with basic cells (Q ¼ Te; Se; Te:Se
=7:1; (1+x)=1.234, 1.264, 1.300). The samples were
prepared by the conventional ceramic method followed
by quenching in cold water. The results of higher anion
Se and cation Ti substitutions or by other heat
treatments during the preparation of the samples that
show different magnetic behavior like reentrant ferro-
magnetic, SG and CG will be published in following
reports.
V (Å3) 77.516(6) 78.217(3) 79.040(5)

Z 1

2y range (deg) 10–100

No. reflections 43 42 43

No. parameters 13 13 13

wRp 5.35 5.57 5.67

Re 4.38 4.60 4.83

GOF/w2 1.49 1.47 1.37

RBragg 4.48 2.75 3.14

RF 4.87 3.32 3.77

Notes: The reliability factors values have the standard definitions.
2. Experimental section

2.1. Synthesis

Cr(1+x)Q2 ((1+x)=1.234(6), 1.264(6), 1.300(7))
phases were prepared by the reaction of Cr (99.99%,
Heraeus), Te (99.999%, Retorte) and Se (99.95%,
Retorte) powders in evacuated silica tubes according
to the composition range of Cr:Q ¼ 4:60:8.00–5.50:8.00.
Each starting mixture was heated up to 420�C and held
at this temperature for 2 days. The temperature was then
raised to 1000�C and kept at this temperature for 4–6
days. Finally the temperature was lowered to 800�C
followed by quenching the samples into cold water.

2.2. Composition analysis

The Cr, Te, Se contents of the samples were
determined by the inductively coupled plasma (ICP)
technique. The compositions of the three samples are:
Cr1:228ð6ÞTe1:767ð11ÞSe0:233ð2Þ; Cr1:259ð4ÞTe1:764ð2ÞSe0:236ð8Þ;
and Cr1:306ð8ÞTe1:767ð13ÞSe0:233ð1Þ: These agrees well
with the compositions determined by the full-pattern
Rietveld refinements: Cr1:234ð6ÞQ2; Cr1:264ð6ÞQ2; and
Cr1.300(7)Q2.

2.3. Powder X-ray diffraction and Rietveld refinement

X-ray powder patterns for the Rietveld refinements
were collected on a STOE STADI P in transmission
geometry using CuKa radiation (l ¼ 1:54056 Å) in the
2y-range of 10–100� with a position sensitive detector.
The working voltage and current are 40 kV and 30mA,
respectively. The Rietveld refinements were done with
the program package FULLPROF [12]. The back-
ground was interpolated by cubic splines between the
selected points. The profile of the reflections was
modeled with a pseudo-Voigt function (3 parameters).
Preferred orientation was treated using March’s func-
tion. The atomic coordinates were refined and the value
for Biso with a common variable for the Cr or Te/Se
atoms. The position Cr(1) is fully occupied and Cr(2) is
only partially occupied. Te and Se atoms are distributed
statistically on the 2d site and the ratio of Te:Se was
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Fig. 1. Rietveld refinement plot for Cr1:300ð7ÞQ2 with peak markers and difference plot at the bottom.
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fixed at 7:1. In total 13 parameters were refined. The
refinement results are listed in Table 1. Fig. 1 shows an
example of the final Rietveld refinement plots for
Cr1:300ð7ÞQ2 with peak markers and difference plot at
the bottom. Table 2 lists the atomic coordinates.

2.4. Magnetic measurements

Magnetic measurements were conducted with a
Quantum Design MPMS-7 device. The DC susceptibil-
ities were measured in the temperature range of
4KpTp300K with a field of 1T. The susceptibility
of the samples was also measured from 300 to 600K on
a Faraday balance with an external field of 1.5 T. The
zero-field cooled and field-cooled magnetizations MZFC

and MFC were taken as follows. The system was cooled
in zero-field to 4.0K, a field of 100Oe was set
immediately after T ¼ 4:0K was reached, and MZFC

data taken on warming from 4.0 to 300.0K; finally MFC

data recorded on cooling from 300.0 to 4.0K with a field
of 100Oe. The field-dependent magnetizations were
done at 4.0K with a field up to 3.0 T or 5.5 T. The
relaxation magnetizations were measured according to a
well-defined H2T procedure: the samples were field-
cooled (H ¼ 1T) from room temperature to 10K, well
lower than the freezing temperature Tf ; and after
temperature stabilization a waiting time of tw ¼ 600 s
was followed. Thereafter the field was reduced to zero
and the magnetization was recorded as a function of the
elapsed time.
2.5. Band-structure calculations

The electronic structure of the Crð1þxÞQ2 system was
calculated self-consistently by means of the spin
polarized relativistic Korringa–Kohn–Rostoker (SPR-
KKR) method in the atomic sphere approximation
(ASA) mode [13–16]. The calculation method is based
on the KKR-Green’s function formalism that makes use
of multiple scattering theory. The details of the
calculation method have been described elsewhere
[15,16]. Exchange and correlation effects were treated
within the framework of local density functional theory,
using the parametrization of Vosko et al. [17]. The
coherent potential approximation (CPA) is used to
describe the random distribution of Te/Se atoms within
the chalcogen planes and the random distribution of the
vacancies within the Cr layers [18,19].
3. Results and discussion

3.1. Crystal structure

The crystal structure of the trigonal Crð1þxÞQ2 phase
is shown in Fig. 2(a). It can be viewed as a derivative
of the hexagonal NiAs-type structure with metal
vacancies. The Q atoms are hexagonal close packed
and the Cr atoms occupy the octahedral interstices. We
note that these trigonal phases have the same lattice
parameters as the basic cell. The Q atoms have only one



ARTICLE IN PRESS

Table 2

Atomic coordinates for Cr(1+x)Q2

Atom x y z Biso (Å2) sof

Cr1.234(6)Q2

Cr(1) 1a 0.00000 0.00000 0.00000 4.57(18) 1

Cr(2) 1b 0.00000 0.00000 0.50000 4.57(18) 0.234(18)

Te(1) 2d 0.33333 0.66667 0.2513(9) 3.64(6) 0.875

Se(1) 2d 0.33333 0.66667 0.2513(9) 3.64(6) 0.125

Cr1.264(6)Q2

Cr(1) 1a 0.00000 0.00000 0.00000 4.21(15) 1

Cr(2) 1b 0.00000 0.00000 0.50000 4.21(15) 0.264(18)

Te(1) 2d 0.33333 0.66667 0.2520(8) 3.72(5) 0.875

Se(1) 2d 0.33333 0.66667 0.2520(8) 3.72(5) 0.125

Cr1.300(7)Q2

Cr(1) 1a 0.00000 0.00000 0.00000 4.45(13) 1

Cr(2) 1b 0.00000 0.00000 0.50000 4.45(13) 0.300(21)

Te(1) 2d 0.33333 0.66667 0.2514(6) 4.08(5) 0.875

Se(1) 2d 0.33333 0.66667 0.2514(6) 4.08(5) 0.125

Fig. 2. (a) Crystal structure of Crð1þxÞQ2 and (b) dependences of cell

parameters on chromium content in Crð1þxÞQ2: Dotted lines are used

as guides for the eyes.

Table 3

Results of the Rietveld refinements of different models for Cr1.300(7)Q2

Model wRp (%) RB (%) RF (%) sof (Cr(1)/Cr(2))

a 5.67 3.14 3.77 1/0.30

b 5.81 3.25 4.77 0.76/0.54

c 6.20 4.04 6.01 0.65/0.65

sof is the site occupation factor.
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crystallographic site (2d), while there are two crystal-
lographically unique positions for Cr atoms: Cr(1) on
the 1a site and Cr(2) on the 1b site, respectively. Electron
diffraction performed in a transmission electron micro-
scope (TEM) confirms the absence of a crystallographic
superstructure. So the Te/Se atoms are considered to be
randomly distributed on the 2d site, forming the anion
layers. For Cr atoms, there exists the question of site
preference: do the Cr atoms occupy with the same
occupancy the 1a and 1b sites or do they fill first the 1a

site, and then, when this site is full, they occupy the 1b

site? In order to answer the above questions, we have
used several models for the Rietveld refinements. The
three models listed in Table 3 are: (a) Cr atoms complete
the 1a site, the remaining Cr atoms are on 1b; (b) some
Cr atoms are moved from 1a to 1b; (c) Cr atoms are
equally distributed on site 1a and 1b: Though there is no
big difference for the different models, one can see that
model (a) yields the best results. In fact, it is well
documented from crystal field theory that the early
transition metals have a great tendency to delocalize
electrons by direct t2g2t2g overlap thus favoring the
occupation of sites in the full layers [20]. Further
evidence for the site preference will be given by the
total energy evaluation through the SPR-KKR band-
structure calculations to be discussed in the last section.

The CrQ6 octahedra in the crystal structure are quite
regular. For (1+x)=1.234(6), 1.264(6), and 1.300(7)
the Crð1Þ2Q distances are 2.6921(10), 2.7022(10),
2.7097(9) Å and the Crð2Þ2Q bonds are 2.6832(10),
2.6890(10), 2.6999(9) Å, respectively. We note that the
Crð1Þ2Q bond distances are longer than for Crð2Þ2Q:
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Fig. 3. Temperature dependencies of the inverse magnetic suscept-

ibility of Crð1þxÞQ2 at field of 1T.
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In an ionic picture, the electronic situation requires
the coexistence of Cr3+ and Cr4+; Cr1.234Q2, Cr1.264Q2

and Cr1.300Q2 may be written as ½Crð1Þ3þ0:93Crð1Þ
4þ
0:07

Crð2Þ4þ0:23�Q2; ½Crð1Þ3þ1:00Crð2Þ
3þ
0:04Crð2Þ

4þ
0:22�Q2; ½Crð1Þ3þ1:00

Crð2Þ3þ0:20Crð2Þ
4þ
0:10�Q2; respectively. In the ab plane, the

CrQ6 octahedra share common edges with Cr–Cr
distance dCr(1)�Cr(1) being equal to the value of cell
parameter a. With the increase of Cr content, the
parameter a and dCr(1)�Cr(1) increase linearly, from 3.865
to 3.883 Å (Fig. 2(b)). Along the c-axis, the CrQ6

octahedra share common faces. The Cr–Cr distance
dCr(1)–Cr(2) is equal to

1
2
of the lattice parameter c. With

increasing Cr content, the c-axis as well as the
dCr(1)�Cr(2) distance increase also linearly, from 2.996
to 3.026 Å for dCr(1)�Cr(2) (Fig. 2(b)). In monoclinic
Cr5Te8 [3(f)], the relevant Cr–Cr bond lengths across the
common faces are 3.080 and 3.020 Å, and in trigonal
Cr5Te8 [3(f)], they amount to 3.047 and 3.018 Å. Such
short Cr–Cr distances suggest the existence of weak
bonding interactions between the Cr atoms in neighbor-
ing layers.

The substitution of Te by Se in Cr5Te8 has led to the
formation of trigonal Cr(1+x)Q2 with a small unit cell
which may be regarded as the basic cell of the larger
trigonal cell of Cr5Te8. It also introduces thus a different
type of magnetic interaction through the Se atoms. The
disorder of the Cr atoms in the metal deficient layers,
and the randomness of Te and Se in the anion layers
may generate magnetic frustration, thus introducing
spin-glass or cluster-glass behavior in these materials as
discussed below.

3.2. Magnetic properties

The temperature dependence of the inverse suscept-
ibilities for Cr(1+x)Q2 ((1+x)=1.234(6), 1.264(6),
1.300(7)) samples (H ¼ 1T) are plotted in Fig. 3. In
all cases, wðTÞ obeys the Curie-Weiss law wðTÞ ¼
C=ðT � yPÞ in the temperature range of 200–300K.
The fitting parameters, the effective magnetic moment
meff and the Weiss constants yP are listed in Table 4. The
effective magnetic moments meff are between 4.10 and
4.34 mB per Cr atom, slightly larger than the expected
value 3.87 mB for spin-only Cr3+. In the temperature
region between 300 and 600K the magnetic moments
per Cr atom is still large and amount to about 4.15 mB
for the three different compounds. This is quite unusual
for Cr3+, but was often observed for chromium
chalcogenides [21]. It may be due to the electron transfer
from the Q to Cr through d2p hybridization [22]. As
pointed out above in an ionic picture of the compounds
the coexistence of Cr3+ (d3) and Cr4+ (d2) is required,
and one would assume that the effective magnetic
moment is slightly smaller than 3.87 mB: The Weiss
temperatures are quite large and positive, indicating
strong ferromagnetic exchange interactions.
In order to characterize the magnetic behavior of
these compounds at low temperatures, the temperature
dependence of zero-field-cooled (ZFC) and field-cooled
(FC) magnetizations were measured. Fig. 4(a) shows the
magnetizations MZFC and MFC; respectively, for
Cr1:300ð7ÞQ2: For the zero-field-cooled magnetization,
the curve shows a broad maximum at 86.0K. For the
field-cooled magnetization, it is nearly flat above 120K
and increases drastically with decreasing the tempera-
ture below 120K. Finally, the magnetization tends to
level off at lower temperature. Such a behavior is
different from that for a canonical spin-glass. For spin-
glasses, the FC curve is almost flat below the freezing
temperature [23], but in our case it continues to rise.
A similar behavior has been reported for cluster-
glass (CG) materials like La0:7Sr0:3Mn0:7Co0:3O3

[24(a)], La0:5Sr0:5CoO3 [24(b), (c)], Fe1=3TiS2 [24(d)],
Ca0:9Sm0:1MnO3 [24(e)], and the molecule-based magnet
K1�2xCo1þx½FeðCNÞ6�	yH2O [24(f), (g)]. The rapid rise
in magnetization at about 104K may be associated with
the occurrence of finite range ferromagnetic ordering,
forming spin clusters near a quasi-critical temperature
Tc; the clusters becoming randomly frozen as T is
further decreased. Here we define the quasi-critical
temperature or Curie temperature Tc and the freezing
temperature Tf as follows (Fig. 4(b)): Tc is the
temperature where the minimum of the dwðZFCÞ=dT vs.
T curve occurs, while Tf is the temperature at which
(dwðZFCÞ=dT) crosses the zero line. We note that the ZFC
and FC magnetizations for the other samples which are
not shown here have similar profiles. Their Curie
temperature Tc and the freezing temperatures Tf are
listed in Table 4. Note that for Cr1:264ð6ÞQ2 the lowest
values for Tc and Tf are observed. This observation
should be related to the ratio of the number of
chromium atoms distributed over the vacancies and
their specific local distribution in the metal-deficient
layers, though the full understanding is still not
unveiled.

An example of the field dependence of magnetization
MðHÞ is shown for Cr1:300ð7ÞQ2 in Fig. 5(a). Again the
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Table 4

Magnetic parameters for Cr(1+x)Q2

(1+x) meff (mB/Cr-atom) yP (K) Tc (K) Tf (K) Mrem (mB/Cr-atom) Mmax (mB/Cr-atom) Hc (T)

1.234a,b 4.10 158 109.0 84.0 0.73 1.45 0.200

1.264a 4.31 115 69.0 57.0 0.25 1.12 0.0175

1.300 4.34 133 104.0 86.0 0.35 1.58 0.0313

aM2H curves with a field up only to 3T.
bM2H curve from a new sample without former magnetic treatment history.

Fig. 5. (a) Field-dependent magnetization for Cr1:300ð7ÞQ2 at 4.0K. (b)

Thermoremanent magnetization relaxation for Cr1:234ð6ÞQ2 at

T ¼ 10K and with tw ¼ 600 s.

Fig. 6. Magnetic phase diagram. Dotted lines are used as guides for

the eyes. PM: paramagnetism; CG: cluster-glass; IFM: intra-cluster

ferromagnetism or short-ranged FM ordering, i.e., the formation of

clusters.

Fig. 4. (a) Temperature-dependent MZFC and MFC for Cr1:300ð7ÞQ2

with a field of 100Oe and (b) [dwðZFCÞ=dT ] as a function of temperature

for Cr1:300ð7ÞQ2 with a field of 100Oe.
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compounds Cr1:234ð6ÞQ2 and Cr1:264ð6ÞQ2 have similar
curves. The remanent moments Mrem; the coercive fields
Hc; and the magnetic moments Mmax at a field of 3 T or
5.5 T are listed in Table 4. Here one notifies that the
coercive fields are small for all compounds, consistent
with their high chromium site symmetries in their crystal
structures. From Fig. 5(a) and Table 4, one finds that
the magnetic moments Mmax at a field up to 3 or 5.5 T
are between 1.1 and 1.6 mB/Cr. They are smaller than
the expected value of 3.0 mB for Cr3+. This may be
considered as another indication for the existence of
spin-glass like or cluster-glass behavior, in which the
saturation can never be reached.

The existence of the cluster-glass behavior has been
further confirmed by the time-dependent magnetization
relaxation using a measuring process according to a
well-defined H2T procedure [23]. Fig. 5b shows an
example of the relaxation results for Cr1:234ð6ÞQ2: From
this figure, one finds that the decay of the remanent
magnetization is remarkably fast (decrease of about
87% after 3 h at 10K), indicative of a non-equilibrium
nature of the system. For tbtw; the data can be fitted to
a logarithmic time dependence. Our data show no
minimum in the relaxation rate S ½S ¼ dM=dðln tÞ� at
t ¼ tw; in contrast to that of a canonical spin-
glass [23], but similar to data reported for the cluster-
glass compounds La0:5Sr0:5CoO3 [24(b), 24(c)], U2RhSi3
[24(h)], and for the molecule-based magnet K1�2x

Co1þx½FeðCNÞ6�	yH2O [24(f), 22(g)].
Using the Curie temperature Tc and the freezing

temperature Tf ; the magnetic phase diagram for
Crð1þxÞQ2 is constructed and it is shown in Fig. 6. From
this figure, one can distinguish three regions. In the high
temperature region paramagnetic behavior is observed.
In the low temperature region cluster-glass properties
occur and in the intermediate intra-cluster ferromagnet-
ism or short-range ferromagnetic ordering is present,
i.e., the formation of clusters.

In conclusion, our results suggest that Crð1þxÞQ2

ðð1þ xÞ ¼ 1:234ð6Þ; 1.264(6), 1.300(7)) phases exhibit
cluster-glass behavior at low temperatures, with short-
range ordering within clusters, and with strong interac-
tion among clusters. Such an observation is in full
agreement with the structural characteristics of the Se
substituted compounds. First, in these compounds exist
a partial disorder of chromium atoms over the 1b site
and the partial occupancy and randomness of Te and Se
atoms on the 2d site; and secondly among the Cr–Cr
ferromagnetic interaction through the common faces
(Te layers), the substitution of Te by Se introduces an
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Fig. 7. The SPR-KKR total energy variation of the system Cr1:30Q2

as a function of chromium concentration y moved from site a to

site b, according to the scheme: Cr(1)1.00Cr(2)0.30Q2-Cr(1)(1�y)

Cr(2)(0.30+y)Q2.

Fig. 8. Spin-resolved DOS of the system Cr1:300Q2 by SPR-KKR

calculations. The origin of the energy scale is EF:
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antiferromagnetic interaction component due to the
shorter Cr–Cr separation and stimulates the competition
between ferromagnetic and antiferromagnetic interac-
tions, i.e. the frustration. The coexistence of disorder
and frustration thus leads to a magnetically disordered
state, i.e., a cluster-glass. From a formal point of view
the electronic situation requires the coexistence of
Cr(III) d3 and Cr(IV) d2: Hence, a double-exchange
mechanism should also be considered leading to
ferromagnetic exchange interactions. Furthermore, ac-
cording to the band structure calculations the com-
pounds are metals (see below) and the cluster-glass
behavior may be due to the RKKY mechanism.

3.3. Band-structure calculations

3.3.1. Preferential site occupation

The SPR-KKR band structure calculations have been
performed for the quenched ferromagnetic samples
Crð1þxÞQ2 ((1+x)=1.23, 1.26, 1.30). The structure and
the lattice parameters used for these calculations are
those determined by experiment, as it is described in
Section 2. The X-ray powder diffraction data concern-
ing the site occupation in the Crð1þxÞQ2 phases is
questioned in Section 3.1. According to the Rietveld
refinements, the layer of Cr at z ¼ 0 denoted by Cr(1) is
fully occupied, whilst the plane of Cr(2) at z ¼ 1

2
is only

partially occupied.
The preference of Cr atoms for one of the layers must

be energetically determined and it must be reflected in
the variation of the total energy if a certain percentage
of Cr is moved from Cr(1) to the Cr(2) layer. In order to
verify this assumption, the variation of the total energy
of the system is calculated when y% of the Cr(1) atoms
are moved to the Cr(2) plane, according to the scheme:
Crð1Þ1:0Crð2Þ0:30Q2-Crð1Þð1:0�yÞCrð2Þð0:30þyÞQ2: As can
be seen in Fig. 7, an increase in the total energy of the
Cr1:30Q2 system results when moving Cr atoms from the
Cr(1) to the Cr(2) planes. This increase of the total
energy with the concentration y is monotonous. This
result clearly confirms that the Cr atoms preferentially
occupy the Cr(1) sites. If the overall Cr concentration
would increase in this system, the Cr(1) plane would be
occupied first. Only after the Cr(1) plane has been fully
occupied, the Cr atoms start to populate the Cr(2) plane.
The results of the calculations for the Cr1:23Q2 and
Cr1:26Q2 systems lead to the same conclusion.

3.3.2. Density of states and magnetic moments

The spin-resolved density of states for the system
Cr1:30Q2 is presented in Fig. 8. The main features of the
KKR calculated DOS of these systems are similar to the
results of ASW calculations reported by Dijkstra et al.
[5(a)], [5(b)] for stoichiometric CrTe and CrSe com-
pounds with a NiAs-like structure. One should note
that for the SPR-KKR density of states representation
for non-stoichiometric compounds each component
is weighted by its concentration in order to get the
total DOS.

The band at around 12 eV binding energy has anion
s-character, whilst the higher energy band crossing the
Fermi level has Cr 3d–Te/Se p character. In the lower
part of the d2p band, the p-character is obvious and the
influence of the exchange-splitting is minor. The higher
part of the d2p band, having a Cr 3d character shows a
clear exchange-splitting. The difference in DOS between
the systems of the type Crð1þxÞQ2 with different Cr
content appears in exchange-splitting and in the separa-
tion of the p� and d-like peaks in the d2p band.

The magnetic moments for Crð1þxÞQ2 obtained by
SPR-KKR band structure calculations are presented in
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Table 5

Spin and orbital magnetic moments in trigonal Cr1+xQ2 non-stoichiometric compounds

Cr1.23Q2 Cr1.26Q2 Cr1.30Q2

mspin (mB) morb (mB) mspin (mB) morb (mB) mspin (mB) morb (mB)

Cr(1) 2.9536 0.0112 2.9972 0.0113 3.0422 0.0111

Cr(2) 2.2440 0.0231 2.3494 0.0231 2.5016 0.0226

Te �0.1929 �0.0077 �0.1949 �0.0083 �0.1943 �0.0093

Se �0.2797 �0.0025 �0.2821 �0.0032 �0.2810 �0.0042
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Table 5. As can be seen, the magnetic moments of Cr on
Cr(2) are about 25% smaller than those on Cr(1) sites.
This observation supports the ionic picture where the
mixed valence states of Cr3+ and Cr4+ coexist and Cr4+

has the priority to occupy the Cr(2) 1b site. With the
increase of Cr content, the magnetic moments in both
Cr(1) and Cr(2) increase simultaneously. This enhance-
ment is more pronounced for Cr(2) than for Cr(1)
magnetic moments. When the Cr content in the system
Crð1þxÞQ2 increases from Cr1:23Q2 to Cr1:30Q2; the
magnetic moment of Cr(1) increase by around 3%,
whilst that for Cr(2) increase by around 10%. We
should note also the magnitude and the sign of the
magnetic moment on the chalcogen atoms. Their
magnetic moments are antiparallel to the Cr moments
and almost independent on the Cr content. This
negative magnetic polarization is explained by Dijkstra
et al. [5(a)] in the case of Cr–Te compounds by covalent
mixing of Cr 3d and Te p-bands. This explanation can
be extended to Crð1þxÞQ2 compounds if we take into
account the calculated DOS of Crð1þxÞQ2 systems which
show a slight displacement of the Te/Se spin-up p-bands,
in agreement with the picture of Dijkstra et al. [5(a)].
4. Conclusion

The concept of chemical substitution has been
successfully used to synthesize the quasi-binary
Crð1þxÞQ2 phases, in which chromium atoms are located
in full and deficient metal layers stacking alternatively in
the c direction, and Se and Te atoms are distributed
statistically in the anion layers. The substitution of one
Te by one Se atom in Cr5Te8 has introduced the disorder
in the anion layers and antiferromagnetic interaction
among chromium atoms through the Se bridges, thus
creating frustration in the 3D lattice. Ferromagnetic
Cr5Te8 thus changes to cluster-glass Crð1þxÞQ2; accom-
panied by the decrease of the Curie temperature. SPR-
KKR band-structure calculations confirm the observa-
tion of preferential site occupation of Cr atoms in the 1a

site from the Rietveld refinements and show that these
compounds are metallic.

Syntheses using the high temperature route followed
by slow cooling leads to trigonal Crð5þx0ÞQ8 phases with
superstructures. Studies of compounds with a higher
degree of Se substitution are in progress. Preliminary
results of Ti substitution in Cr5Te8 show a very rich
magnetic behavior like reentrant ferromagnetic phe-
nomenon, spin-glass, cluster-glass with ferromagnetic or
antiferromagnetic interactions. They will be reported in
forthcoming papers.
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