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a b s t r a c t

Single crystals of Zn1�xSbxCr2�x/3Se4 based on the ZnCr2Se4 spinel, which is known to exhibit interesting

magnetic and electronic transport properties, have been prepared by solid state reaction from the

appropriate selenides. Three compounds of different Sb content (x ¼ 0.11, 0.16, and 0.20) were studied

by X-ray diffraction, X-ray photoelectron scattering technique and macroscopic magnetic measure-

ments with the aim to determine (i) stability of the cubic symmetry and (ii) influence of the Sb

admixture on the magnetic properties. The results show that the Sb3+ and Zn2+ ions share the

tetrahedral sites in the spinel structure, while the Cr3+ions carrying magnetic moments, are located in

the octahedral sites. The X-ray photoelectron spectroscopy (XPS) data indicate that in this series of

compounds the chromium ions have a 3d3 electronic configuration. The three samples studied order

antiferromagnetically at low temperatures, with the magnetic characteristics being hardly altered with

respect to those reported for the parent ZnCr2Se4 compound.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

ZnCr2Se4 is a cubic spinel that exhibits interesting structural,
magnetic and electronic transport properties, directly related to
the presence of localized 3d electrons of the Cr3+ ions. Below
TN ¼ 20 K the compound reveals complex helimagnetic spin order,
which results from competing ferromagnetic (F) and antiferro-
magnetic (AF) interactions [1–13]. Sharp specific heat anomaly,
negative thermal expansion, and colossal magnetostriction,
altogether pointed out to distinct spin-lattice correlations and
spin-driven origin of the tetragonal structure distortion observed
below TN [8]. It was also established that the magnetic order can
be fully suppressed by external magnetic field of �70 kOe,
suggesting a field induced quantum-critical behaviour [8,9]. In
the paramagnetic region the magnetic behaviour of ZnCr2Se4 is
characterized by the effective magnetic moment meff ¼ 3.87 mB and
the paramagnetic Curie temperature yp ¼ 115 K [12,13]. The
compound exhibits semiconducting properties with p-type con-
ductivity [6,14].

Much research work was carried out on various diluted spinel
systems. In a number of papers it has been shown that
replacement of di- or trivalent cations by other metals results in
ll rights reserved.
essential changes in the physical properties, where effects of site
disorder, lattice frustration and random distribution of spin
interactions can be observed [4,5,15]. The influence of triva-
lent diamagnetic In, Ga and Al admixtures was reported in
Refs. [16–22]. Upon incorporating indium atoms into the unit cell
of ZnCr2Se4, the Néel temperature decreases down to 16 K,
determined for the maximum In content x ¼ 0.14. At the same
time, value of the effective magnetic moments gets enhanced,
suggesting that in the octahedral B-sites, besides of Cr3+ ions with
the electronic configuration 3d3, also some Cr2+ ions with the 3d4

configuration may be present [16,17]. The electrical transport
studies located this compound among semiconductors with small
conductivity values of the order of 10�4O�1 m�1, which exhibit
thermally induced transition from n- to p-type conductivity.

In the solid solutions with Ga3+ admixtures, the maximum
gallium concentration is x ¼ 0.4 [18,19]. The Ga3+ ions are
accommodated in both the A and B-sites of the spinel structure.
With increasing Ga3+ content the paramagnetic Curie temperature
and the saturation magnetization decrease, while TN remains
unchanged. The compounds are p-type semiconductors, and
higher Ga concentration at the B-sites combines with higher
values of the electrical conductivity. For the Ga concentration of
about x ¼ 0.4 some cationic vacancies are present [20,21].

The dilution range of Al3+ appeared to be limited to x ¼ 0.23.
Although the Al3+ ions share the B-sites with chromium, the
magnetic characteristics of the substituted system, i.e. TN and
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Table 1
EDXRF analysis for single crystals of (Zn1�xSbx)[Cr2�x/3]Se4

Chemical formula Zn Sb Cr Se

Zn0.89Sb0.11Cr1.97Se4 11.9070.19 2.7170.104 20.9170.25 64.4770.89

Zn0.84Sb0.16Cr1.95Se4 11.1570.14 4.0270.081 20.6170.32 64.2371.12

Zn0.80Sb0.20Cr1.92Se4 10.5970.20 4.9770.122 20.3070.29 64.1470.94

The results are in % (m/m).
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yC–W, are very similar to those of the parent compound ZnCr2Se4.
However, with rising x, a rapid reduction in the magnitude of the
saturation magnetic moment takes place, hence suggesting
systematic changes in the interplay between AF and F interactions
due to rising level of lattice disorder and dilution of the magnetic
sublattice of Cr3+ [22].

The purpose of the present study was to investigate the
influence of Sb3+ admixture on the stability of the cubic symmetry
and on the magnetic properties of ZnCr2Se4-based spinels. This is
continuation of the work series concerning the mechanism of
incorporation of three-valent cations into the chromium selenide
spinels, and the role of these cations in modifying the magnetic
and transport properties. Three single-crystalline samples
Zn1�xSbxCr2�x/3Se4 with different antimony concentration, grown
by chemical vapour transport method, were studied with respect
to valence states of cations and their distribution between the
tetrahedral and octahedral sites in the spinel lattice. Moreover, the
electronic structure of the chromium ions was verified by X-ray
photoelectron spectroscopy. The magnetic properties of the
system were investigated by means of magnetization and
magnetic susceptibility measurements carried out in wide ranges
of temperature and magnetic field strength.
2. Experimental

2.1. Synthesis

The single crystal of Zn1�xSbxCr2�x/3Se4 samples were grown
from the binary selenides ZnSe, Sb2Se3 and anhydrous chromium
chloride (purity 95%). The latter compound served also as
transporting agent in the chemical vapour transport process.

The two binary selenides were synthesized from elemental
antimony, zinc and selenium, all with the stated purities better
than 99.999%. The stoichiometric mixtures of the elements were
pulverized in an agate mortar and sealed in evacuated quartz
ampoules. The samples were heated for 7 days at 1073 K, then
ground to powder, and heated once more for 7 days at the same
temperature as before. The products were checked by X-ray
powder diffraction and found to be single-phase materials.

Mixtures of the selenides and CrCl3 were sealed in quartz
ampoules (length �200 mm, inner diameter 20 mm) evacuated to
�10�3 Pa. Temperature of the crystallization zone was between
1075 and 1179 K, while temperature of the melting zone was in
the range 1165–1233 K. The furnace was slowly cooled to room
temperature after 3 weeks of heating. The obtained single crystals
had regular octahedral shape and well-formed regular (111) faces
with edge lengths up to 4 mm.

The presence of antimony in the obtained single crystals was
checked by an energy-dispersive X-ray microanalysis (EDAX) with
Philips SEM 515 microscope. This helped to select off the samples
containing the Sb admixtures. Chemical composition of
Zn1�xSbxCr2�x/3Se4 was determined by nondestructive energy-
dispersive X-ray fluorescence spectrometry (EDXRF). The X-ray
spectrum from the sample excited by monochromatic MoKa
radiation was collected by thermoelectrically cooled Si-PIN
detector (XR-100CR Amptek, Bedford, MA, USA), having a resolu-
tion of 145 eV at 5.9 keV. The pinhole collimator of 1000 mm hole
diameter was placed in front of the X-ray detector to reduce size
of analysed area of single crystal. The Si-PIN detector was coupled
to a multichannel analyser (PX4 Amptek, Bedford, MA, USA). The
quantitative EDXRF analysis of single crystal was performed by
standardless fundamental parameters method. EDXRF analysis
was compared with well-validated wavelength-dispersive X-ray
spectrometry (WDXRF) method using sequential spectrometer
PW1410 (Philips, Almelo, The Netherlands). For this purpose,
some single crystals were analysed by nondestructive EDXRF and
then were analysed by WDXRF after their digestion and by using
series of multielement calibration samples. The agreement
between EDXRF and WDXRF analysis was satisfactory and the
relative differences did not exceed 3%. The results of EDXRF
analysis together with determined chemical formulae are shown
in Table 1.

2.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were taken
using a PHI 5700/660 Physical Electronic spectrometer with
monochromated AlKa radiation. The photoelectron spectra were
analysed by a hemispherical mirror analyser with an energy
resolution of about 0.3 eV. In order to obtain free of contamination
fresh surface, the samples were scraped in situ in 10�10 hPa
vacuum. The following spectra have been measured: (1) an
overview of the binding energy in the range �2 to 1400 eV;
(2) the valence band in the region �2/20 eV and (3) the core-level
characteristic peaks for Se: 3d, Cr: 2p, Zn: 2p3/2, and Sb: 4d. The
background was subtracted using the Tougaard’s approximation.

2.3. X-ray diffraction

Three single crystals of dimensions given in Table 1 and
differing in Sb3+ content were chosen for X-ray diffraction
measurements on a four-circle diffractometer Xcalibur/CCD
Oxford Diffraction, operating in k geometry and using graphite
monochromated MoKa radiation. The intensity data were col-
lected with o-scan technique and Do step of 1.21. A set of 1080
images taken in nine runs of 120 exposures with different
orientations in the reciprocal space, covered almost 99% of
the Ewald sphere. The exposure time per one image was 30 s.
Crystal and instrument stability were controlled by one image,
selected as a standard and measured after each 50 images [23].
The intensity data were integrated and corrected for Lorentz and
polarization effects with CrysAlis software [24]. Numerical
absorption correction based on the crystal shape was applied
[24]. The structure refinement was performed using the
SHELXL-97 program package [25]. The crystal data and the details
of experimental conditions are summarized in Table 2, together
with the general results of the structure refinements.

2.4. Magnetic measurements

Magnetization and magnetic susceptibility measurements
were performed in the temperature range 1.72–400 K and in
magnetic fields up to 5 T employing a Quantum Design MPMS-5
SQUID magnetometer. Moreover, the magnetization was mea-
sured at liquid helium temperature in fields up to 14 T using a
home-made induction magnetometer. The samples used for
magnetic measurements were single crystals of the Zn1�xSbx

Cr2�x/3Se4 compounds, in an amount of about 100 mg, freely
placed in a sample holder (drinking straw). Corrections for the
sample holder as well as for the core electron diamagnetism were
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Table 2
Crystal data, experimental details and structure refinements results for (Zn1�xSbx)[Cr2�x/3]Se4 (x ¼ 0.11, 0.16 and 0.20)

Crystal data (Zn0.89Sb0.11)Cr1.97Se4 (Zn0.84Sb0.16)Cr1.95Se4 (Zn0.80Sb0.20)Cr1.92Se4

Crystal system, space group Cubic, Fd3̄m Cubic, Fd3̄m Cubic, Fd3̄m

Unit cell dimensions (Å)

a 10.498(1) 10.511(1) 10.526(1)

Volume (Å3) 1156.03(3) 1161.27(3) 1166.25(3)

Z 8 8 8

Calculated density (Mg/m3) 5.637 5.659 5.687

Crystal size (mm) 0.07�0.08�0.08 0.09�0.09�0.09 0.8�0.10� 0.10

Data collection

Wavelength (Å) 0.71073 0.71073 0.71073

2ymax for data collection 89.43 92.83 92.65

Limiting indices:

h �13, 13 �14, 14 �11, 13

k �13, 13 �14, 14 �13, 13

l �12, 13 �14, 9 �13, 13

Reflections collected 4696 5067 4460

Reflections unique 153 182 154

Reflections 42s(I)] 146 147 143

Absorption coefficient (mm�1) 32.88 32.78 32.69

R(int) 0.042 0.051 0.049

Refinement

Refinement method Full-matrix least-squares on F2

Number of refined parameters 10 10 10

Goodness-of-fit on F2 1.012 1.018 1.005

Final R indices [I42s(I)] R1 0.019 0.022 0.019

wR2 0.040 0.043 0.038

Extinction coefficient 0.0011(1) 0.0002(1) 0.0030(1)

Largest diff. peak and hole (e Å�3) 0.68 and �0.85 1.1 and �0.98 1.02 and �0.84
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found to be negligible in comparison with the signal due to the
samples in both the ordered and paramagnetic regions.
3. Results and discussion

The magnetic properties of the compounds under study
depend mainly on the electronic configuration of Crn+ ions and
distribution of the cations between the tetrahedral and octahedral
voids of the cubic closed-packed selenium sublattice. Therefore,
we focused our attention on precise determination of the cation
positions based on a single-crystal X-ray diffraction technique.
Besides, the electronic structure of chromium ions was indepen-
dently studied by XPS, the technique, which can provide valuable
information on the local magnetic moments at the 3d metals [26].
3.1. Cation distribution

The origin of the unit cell was taken at the point 3̄m of the
space group Fd3̄m (No. 227). In the normal spinel the Zn2+ ions are
located at the tetrahedral position 8a: ð18;

1
8;

1
8Þ (A site), and the Cr3+

ions at the position 16d: ð12;
1
2;

1
2Þ (B site). In the first approach to the

structure refinement an attempt was made to refine the Sb and Cr
ions sharing the B sites with coupled site occupancy factors (SOF)
and constrained atomic displacements. Because of strong correla-
tion, the SOFs for Sb and Cr were refined separately in alternative
runs of calculations. The convergence resulted in rejection of Sb
from the octahedral sites. Similar procedure applied to Sb located
in the tetrahedral A sites led to the acceptable atomic displace-
ment parameters and SOFs, which allowed writing the chemical
composition formula as given in Table 3. On the other hand the
somewhat enhanced thermal displacements in the A site may
indicate a static positional disorder of Zn2+/Sb3+ pseudo-ion,
which is primarily driven by a difference in the ionic charges as
well as in ionic and covalent radii (ri
Zn ¼ 0:60, ri

Sb ¼ 0:76 and
Rc

Zn ¼ 1:33, Rc
Sb ¼ 1:41, where upper indices denote the ionic and

covalent radii, respectively) [27–29]. Since the radius for Sb3+ is
the same in the tetrahedral and octahedral coordination, it seems
that the governing factor in the cation distribution is very strong
octahedral preference of Cr3+ [30]. This explains why the A-site
location for Sb was found in all the samples studied. The Sb
concentration did not exceed the critical quantity for isomorphous
substitution, preserving the spinel structure. However, the
location of the Sb3+ ions in the tetrahedral voids implies, for the
electrostatic charge compensation, some decrease in the total
number of the Cr3+ ions in the octahedral sites. Since the XPS
study (see below) gives no evidence of the charge disproportiona-
tion of chromium, which could lead to an appearance of the Cr2+

and Cr4+ pairs, the respective number of the Cr3+ vacancies should
be taken into account. This assumption found confirmation in the
results of the SOF refinement for Cr atoms. In all the samples a
certain Cr deficit has been observed. Thus, the chemical formula
can be written as ðZn2þ

1�xSb3þ
x Þ½Cr3þ

2�x=3�Se4, where x ¼ 0.11, 0,16 and
0.20. The Sb presence in ZnCr2Se4 is combined with a slightly
enlarged unit cell volume (Table 2). The Se positional parameter u,
which is a measure of the anion sublattice distortion from the
cubic-close packing, remains nearly unchanged compared to
u ¼ 0.259 in the parent phase ZnCr2Se4 (Table 3). Some other
results of the structure refinements are also given in Table 3, while
the selected bond distances and angles are presented in Table 4.
3.2. X-ray photoelectron spectra and Cr valence state

The binding energy of the characteristic core peaks of the
respective elements is nearly independent of the admixture
concentration. The effect observed for different spinel systems
has already been discussed in the literature [31]. Moreover, the 2p

peaks of Zn, are not shifted relative to the elemental zinc along the
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Table 3
Atomic coordinates and equivalent isotropic displacement parameters for (Zn1�xSbx)[Cr2�x/3]Se4 (x ¼ 0.11, 0.16 and 0.20)

Compound Anion positional parameter: SOF in (A)-site SOF in [B]-site Uiso (Å2
�10)3 Ueq (Å2

�103)

u Zn/Sb Cr Zn/Sb Cr Se

(Zn0.89Sb0.11)Cr1.97Se4 0.25913(2) 0.89(9)/0.11 0.980(10) 15.1(3) 8.6(2) 8.9(1)

(Zn0.84Sb0.16)Cr1.95Se4 0.25925(3) 0.84(10)/0.16 0.975(11) 15.8(3) 7.8(2) 8.2(1)

(Zn0.80Sb0.20)Cr1.92Se4 0.25936(3) 0.80(8)/0.20 0.967(9) 15.3(3) 7.4(2) 8.1(2)

Note: The atomic positions are as follows:

Zn=Sb ðAÞ site 8a ð18;
1
8;

1
8Þ

Cr ½B� site 16d ð12;
1
2;

1
2Þ

Se Anion site 32e ðu;u;uÞ

Table 4
Selected interatomic distances (Å) and angles (deg) for (Zn1�xSbx)[Cr2�x/3]Se4

(Zn0.89Sb0.11)Cr1.97Se4 (Zn0.84Sb0.16)Cr1.95Se4 (Zn0.80Sb0.20)Cr1.92Se4

Zn/Sb–Se 2.4436(5)�4 2.4441(5)�4 2.4496(5)�4

Cr–Se 2.5324(4)�6 2.5343(4)�6 2.5368(4)�6

Se–Cr–Se 180.00(1)�3 180.00(1)�3 180.00(1)�3

Se–Cr–Se 94.50(1)�6 95.48(1)�6 94.54(1)�6

Se–Cr–Se 85.50(1)�6 84.52(1)�6 85.46(1)�6

Se–Zn–Se 109.47(0)�6 109.47(0)�6 109.47(0)�6

Fig. 1. XPS spectrum of Cr 2p core-levels in the (Zn1�xSbx)[Cr2�x/3]Se4 system

(x ¼ 0.11, 0.16 and 0.20).

Fig. 2. XPS valence band spectra of the (Zn1�xSbx)[Cr2�x/3]Se4 system (x ¼ 0.11,

0.16 and 0.20).
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crystal series. The characteristic Cr 2p spectra, which consist of Cr
2p3/2 and Cr 2p1/2 peaks are shown in Fig. 1. The Cr 2p3/2 states are
split into two peaks at 574.2 and 575.2 eV. The peak separation
with the binding energy difference DE E1 eV is typical of the 3d

elements with localized magnetic moment of 3 mB. A similar value
of DE was reported for CdCr2Se4 and for a number of other
chalcogenide spinels [32]. For Cr2O3 the experimental Cr 2p3/2

splitting was qualitatively described by a strict ab initio model
[33]. This feature was found also for the manganese 2p3/2 levels in
the Mn2+ based spinels [34] and Heusler alloys [35]. It is
important to notice that splitting of the 2p3/2 states can be
observed experimentally only for the 3d elements with localized
magnetic moments larger than 2 mB [26,35]. Moreover, a linear
relationship has been reported between the magnitude of the
splitting of the 2p3/2 levels and the valence state of the 3d

transition metals [26]. Based on these findings it can be concluded
that the Cr ions in the (Zn1�xSbx)[Cr2�x/3]Se4 system have the
electronic state Cr3+ 3d3.

The XPS valence band spectra of the (Zn1�xSbx)[Cr2�x/3]Se4

spinels are shown in Fig. 2. The dominant feature in the region
from �2 to 20 eV is a 3d Zn peak. Apparently, the substitution of
Zn by antimony causes a decrease of the peak area, compared to
ZnCr2Se4, and a shift of the Zn 3d states away from the Fermi level.
Similar shift of the Se 4s states is probably connected with
hybridization of these states with the Zn 3d states. With
increasing Sb content the Se 4s band gradually flattens. Near the
Fermi level the valence bands of the (Zn1�xSbx)[Cr2�x/3]Se4 consist
mainly of the Cr 3d and Se 4p levels. In this region no visible
difference, related to the presence of Sb admixture, can be
observed because the selenium and chromium sublattices remain
nearly unaffected along the series.
3.3. Magnetic properties

The magnetic characteristics of the (Zn1�xSbx)[Cr2�x/3]Se4

system are summarized in Figs. 3 and 4. In general, the observed
behaviour is very similar to that reported in the literature for the
parent compound ZnCr2Se4 [1–13]. In each case the magnetic
susceptibility follows a Curie-Weiss law only above room
temperature with the effective magnetic moment of about 3.8mB

(Table 5), which is close to the spin-only value for free Cr3+ ion
with 3d3 configuration (3.86 mB), seen also for ZnCr2Se4 [11,12].
The paramagnetic Curie temperature gradually decreases with
rising Sb-content from 115 K reported for ZnCr2Se4 [11,12] to about
108 K in (Zn0.89Sb0.11)Cr1.97Se4, 106 K in (Zn0.84Sb0.16)Cr1.95Se4, and
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Fig. 3. Temperature dependencies of the inverse molar magnetic susceptibility measured in a field of 1 kOe for (Zn1�xSbx)[Cr2�x/3]Se4 (x ¼ 0.11, 0.16 and 0.20). The solid

curves emphasize a straight-line behaviour of w�1(T) at high temperatures. Insets: magnetic field variations of the magnetization, measured at 1.72 K with increasing (full

circles) and decreasing (open circles) magnetic field.

Fig. 4. Low-temperature dependencies of the molar magnetic susceptibility of (Zn1�xSbx)[Cr2�x/3]Se4 (x ¼ 0.11, 0.16 and 0.20) measured in a field of 1 kOe upon cooling the

specimens in zero (ZFC, open circles) and applied (FC, full circles) magnetic field.

E. Malicka et al. / Journal of Solid State Chemistry 181 (2008) 1970–19761974
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Table 5
Magnetic characteristics of the (Zn1�xSbx)[Cr2�x/3]Se4 system

x TN (K) yp (K) meff (mB/Cr atom) m1U7 K,50 kOe (mB/Cr atom) msat (mB/Cr atom)

0.0 20 [11–13] 22 [18] 115 [11,12] 3.87 [11,12] 2.4 [8] 2.98 [18]

0.11 22.0(4) 108(1) 3.81(2) 2.41(2) 2.90(2)

0.16 21.7(2) 106(1) 3.81(3) 2.06(3) 2.83(2)

0.20 21.8(3) 103(1) 3.84(2) 2.26(2) 2.64(3)

Fig. 5. Magnetic field variations of the chromium magnetic moment in

(Zn1�xSbx)[Cr2�x/3]Se4 (x ¼ 0.11, 0.16 and 0.20).
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finally to 103 K in (Zn0.80Sb0.20)Cr1.92Se4. The observed trend may
signal some changes in the competition between ferromagnetic
and antiferromagnetic exchange interactions. In the paramagnetic
region below 300 K the w�1(T) curves distinctly deviate from a
straight-line behaviour, probably due to strong contribution of
spin fluctuations. For all three compositions the Néel temperature
amounts to about 22 K being equal to that of pure ZnCr2Se4 [18]
(a lower value of 20 K was reported in Refs. [11,12]), as well as to
the TN value derived recently for Zn[Cr1.85Al0.15]Se4 and Zn[Cr1.77

Al0.23]Se4 [22].
As it is seen in Fig. 4, the magnetic phase transition is very

sharp, characteristic of first-order-type transitions, and very
similar in character to that of the parent spinel [1–13,18]. Some
irreversibilities in the susceptibility measured upon cooling the
specimens in zero and nonzero applied magnetic field are also
reminiscent of the behaviour of ZnCr2Se4 (see for example most
recent study reported in Ref. [8]). This effect may be due to the
presence of ferromagnetic components in the nominally anti-
ferromagnetic (helimagnetic) structure. Another possibility is the
formation below TN of a spin-glass-like state, which is very likely
to occur in geometrically frustrated magnets.

Shown in the insets in Fig. 3 are the magnetic field
dependencies of the magnetization in the (Zn1�xSbx)[Cr2�x/3]Se4

compounds, measured much below TN. Changes in the slope of the
s(H) curves taken with increasing field, which occur near 10 kOe
for all three compositions, can be identified with the metamag-
netic-like phase transition observed for the parent spinel [8]. Up
to 50 kOe the magnetization is slightly curvilinear function of the
applied field strength with no tendency to saturate (the values of
the magnetic moment measured at 1.72 K in a field of 50 kOe are
given in Table 5). However, as presented in Fig. 5, the saturation is
observed in higher fields, actually above the second metamagnetic
critical field of about 60 kOe that probably manifests breakdown
of the helical spin structure. On rising the concentration of Sb
atoms the saturation magnetic moment continuously decreases
from msat ¼ 2.98 mB/Cr atom reported for ZnCr2Se4 [18] to 2.64 mB/
Cr atom found for (Zn0.80Sb0.20)[Cr1.92]Se4 (see Table 5). This
feature may be related to the changes in the interplay between the
antiferromagnetic and ferromagnetic exchange interactions
caused by Zn/Sb substitution and possibly by a presence of some
Cr vacancies in the octahedral sites.
4. Conclusions

The dilution range of Sb3+ in ZnCr2Se4 does not exceed the
critical concentration for isomorphous substitution preserving
cubic spinel structure, and good quality crystals have been
obtained for the admixture concentration of xp0.20. The X-ray
diffraction results show that the Sb3+ ions share the tetrahedral
positions with the Zn2+ ions, causing slight increase of the unit cell
volume. The observed small deviations of the anionic positional
parameter u from the ideal value of 0.250 signal some distortions
of the selenium sublattice. The X-ray photoelectron spectroscopy
data indicate the 3d3 electronic configuration of Cr3+ ion with
localized magnetic moment of about 3mB. This finding is fully
consistent with the results of bulk magnetic measurements. The
antiferromagnetic behaviour of the (Zn1�xSbx)[Cr2�x/3]Se4 system
is very similar to that of the parent spinel ZnCr2Se4. With
increasing Sb-content, some changes in the strength of competing
antiferromagnetic and ferromagnetic exchange interactions likely
occur, which are manifested via the systematic decrease in the
values of the saturation magnetic moment per Cr atom and the
paramagnetic Curie temperature. The other magnetic character-
istics like the critical metamagnetic fields, the ordering tempera-
tures, the effective magnetic moments and extent of strong spin
fluctuations in the paramagnetic state are nearly the same as in
ZnCr2Se4.
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[18] S. Juszczyk, J. Krok, I. Okońska-Koz"owska, T. Mydlarz, A. Gilewski, J. Magn.

Magn. Mater. 46 (1984) 105–113.
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