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A series of single crystals based on CuCr,Se4 spinel diluted with Sb ions was prepared by chemical vapour
transport. They were characterized by X-ray fluorescent spectroscopy (XRF), X-ray diffraction, X-ray
photoelectron spectroscopy (XPS) and bulk magnetization measurements. The results revealed that non-
magnetic Sb3* ions substitute Cr3* ions at the octahedral sites. For the Sb3* content x=0.06 the single
crystals of (Cu)[Cr,_xSby]Se; were formed, while for larger Sb concentration (x=0.12 and x=0.16) the
crystals with cation vacancies at the octahedral sites were obtained. The XPS data evidenced the 3d?
electronic configuration of Cr ions with localized magnetic moments for the three compositions differing
in the Sb content. Despite the unaltered valence state of Cr ions along the series, the low-temperature
magnetic characteristics have changed considerably. With increasing content of Sb the saturation mag-
netic moment was found to radically decrease. This effect may be explained in terms of the perturbation in
the ferromagnetic Cr-Se-Cr indirect exchange interactions caused by the presence of increasing number
of dopant atoms and vacancies in the crystal lattice.
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1. Introduction

CuCr,Sey is a ferromagnet exhibiting metallic conductivity.
It has the cubic spinel structure with normal cation distribu-
tion and symmetry of the space group Fd3m [1-3]. The reported
lattice parameter is in the range 10.321A [1]-10.337A [3].
The high Curie and paramagnetic Curie-Weiss temperatures of
the range T.=414.5K [1]-460K [4-6] and Ocw =441K [7]-465K
[4,8], respectively, have been attributed to the strong ferromag-
netic interactions between the collinear spins of chromium ions.
However, the saturation magnetic moment is (tsar =4.5 wg/mole
[1]-5.07 ug/mole [4-6], instead of 6 ug/mole expected for two Cr3*
ions [1,8]. This finding has been rationalized by the presence of
the magnetic moment of about 1 g with an opposite orientation
[10-15]. The metallic conductivity of CuCr,Se4 has been accounted
for delocalised charge carriers [16]. Its p-type character has been
deduced from the positive value of the Seebeck coefficient [4-9].

Numerous experimental and theoretical studies, aimed at
determining the electronic structure and magnetic behaviour of
the parent phase CuCr,Se4 [4,5,10,12,17-19] and of the spinels
admixed with Ga3*[20-23], In3* [24,25] C02*[26,27], Zn?* [28,29]
and V3* [30], have been published. Theoretical studies on mag-
netic phase diagrams for another system of diluted spinels
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(Znq_4Cuy)[Cr,]Se4 with 0 <x <1 were described in [31]. Based on
the mean field approximation those authors have shown for Cu
concentration x>0.2 the essential change in nature of magnetic
interactions from antiferromagnetic to ferromagnetic.

The reported data guide a search for new materials with desired
characteristics. However, the resulting opinions are still a subject
of controversial discussions because the properties of these mate-
rials are very sensitive to even small changes in their chemical
composition and crystal structure [9,12,15].

In the present paper we describe the effect of Sb3* admixture
on the magnetic properties of the CuCr,Se4-based spinel. Three
single crystals with different antimony concentration have been
characterized by energy dispersive X-ray fluorescent spectroscopy
(EDXRF) and X-ray diffraction technique in order to determine the
crystal composition, cation distribution and stability of the cubic
spinel structure. The X-ray photoelectron spectroscopy (XPS) data
have been used to probe the electronic structure of the ions. The
magnetic properties of the system have been investigated by means
of magnetization measurements carried out in wide ranges of tem-
perature and magnetic field strength.

2. Experimental
2.1. Synthesis

Single crystals of the CuCr,Se4 spinel admixed with Sb ions were grown from
the mixture of the binary selenides CdSe and Sb,Se; using a chemical vapour trans-
port method with the anhydrous chromium chloride as a transporting agent. As
the starting materials for the syntheses of the selenides were used high-purity
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elements: cadmium, antimony and selenium, all with the stated purities better than
99.99%. The binary selenides were synthesized by solid state reaction in evacuated
quartz ampoules. In the first step, the elements were heated at 873 K for 7 days. Sub-
sequently, the materials were powderized, again sealed in quartz tubes and heated
at 1073 K for 10 days. Phase analysis of the products was made by means of X-ray
powder diffraction.

The crystal growth was carried out using stoichiometric amounts of the
selenides and CrCls in quartzampoules (length ~200 mm, inner diameter d = 20 mm)
evacuated to about ~10-3 Pa. Temperature of crystallization zone was between 923
and 953 K, while temperature of the melting zone was in the range 1013-1053 K. The
obtained single crystals were of octahedral shape with well-formed regular (111)
faces and edge lengths of about 1-3 mm.

The chemical composition of the crystals was determined using energy-
dispersive X-ray fluorescence spectrometer (EDXRF) described in details in [32].
The results of are given in Table 1.

2.2. X-ray diffraction

Three single crystals of CuCr,Se4 doped with different Sb3* concentrations and
dimensions given in Table 2 were chosen for the X-ray structure determination.
The measurements were performed on a four-circle diffractometer, Xcalibur/CCD
Oxford Diffraction, operating in x geometry and using graphite monochromated
MoKa radiation. The intensity data were collected with w-scan technique and Aw
step of 1.0°. A set of 1200 images was taken in nine runs of exposures with different
crystal orientations in the reciprocal space. The exposure time per one image was
30s. Crystal and instrument stability were controlled by one image, selected as a
standard and measured after each 50 images [33]. The intensity data were integrated
and corrected for Lorentz and polarization effects with the CrysAlis RED software
[34]. Numerical absorption correction based on crystal shape was applied [34]. The
structure refinement was performed using the SHELXL-97 program package [35].
The crystal data and some details on the experimental conditions are summarized
in Table 2, together with general results of the structure refinements.

2.3. X-ray photoelectron spectroscopy (XPS)

The XPS spectra of the spinels and of reference Sb,Se; were obtained with a
monochromated AlKa radiation using PHI 5700/660 Physical Electronic spectrome-
ter. The spectrometer was equipped with a hemispherical mirror analyser providing
an energy resolution of about 0.3 eV. The scale of binding energy was calibrated using
the Fermi level of Ag (0eV), peaks 4f;, of Au (84.0eV), 3dsp, of Ag (368.3eV) and
2p3); of Cu (932.7eV). The samples were scarped in situ in 10-1° hPa vacuum in
order to obtain free of contamination fresh surface. The following spectra have been
measured: (1) an overview of the binding energy in the range -2 to 1400eV; (2)
the valence band in the region —2 to 20 eV, and (3) the core-level 107 characteristic
peaks for Se: 3d, Cr and Cu: 2p; and Sb: 4d. The background was subtracted using
the Tougaard's approximation. The intensities of the valence band and core-level
characteristic peaks were normalized to the intensities of Se 4d peaks.

2.4. Magnetic measurements

Measurements of the magnetization were carried out on the samples freely
placed in a sample holder. They were performed in the temperature range
1.71-500K in applied magnetic fields of up to 5T using a Quantum Design MPMS-5
superconducting quantum interference device (SQUID) magnetometer.

3. Results and discussion
3.1. Crystal structure and cation distribution

In the X-ray crystal structure calculations the origin of the unit
cell was taken at the point 3m of the space group Fd3m (no. 227).
Assuming normal spinel structure, the Cu ions were placed in the
tetrahedral (A) site 8a: (1/8, 1/8, 1/8), and the Cr3* ions in the octa-
hedral [B] site 16d: (1/2, 1/2, 1/2). The Sb admixture was located
in [B] sharing it with the Cr ions. The coupled site occupancy fac-
tors (SOF) and constrained atomic thermal displacements U of the
two ions were treated as free variables. Because of strong correla-
tion, the SOFs for Sb and Cr were refined separately in alternative
runs of calculations. The convergence led to the acceptable atomic
displacement parameters and SOFs, which allowed writing the
chemical formula as given in Table 3. Similar procedure applied
to Sb located in the (A) sites resulted in rejection of Sb from these
positions. The refinement of SOF for Se in the site 32e: (u,u,u) gave
the variability from the anion stoichiometry within the range of one
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Fig. 1. XPS valence band spectra of the (Cu)[Cr,_x_,Sbx(y|Sey4 single crystals.

standard deviation in determination of this parameter. We assume
however that some anion deficit cannot be excluded.

The obtained Sb concentration (x <0.20) does not exceed a crit-
ical quantity for isomorphous substitution preserving the spinel
structure. The attempts to grow single crystals with higher Sb con-
centration have not been successful. The dilution of the Cr-subarray
in the present samples brings in a minor expansion of the unit cell
that results from difference in the ionic radii of Cr3* (0.615A) and
Sb3*(0.76 A)ions (Table 4b). The Se positional parameter u (Table 3)
points to the slightly distorted BSeg octahedra (Table 4a). How-
ever, this parameter which is a measure of the anion sublattice
distortion and controls the Cr-Se—Cr superexchange interactions,
does not show any clear tendency in the three samples when com-
pared to u=0.25756 [2] in the parent CuCrySey. It is interesting
that in the crystals with x=0.12 and 0.16 a noticeable number of
cationic vacancies at the octahedral sites have been observed. Thus,
the chemical formula should be written as (Cu)[Crp_x_,Sbyxy[Sey,
where O denotes the vacancy. In the crystal with x=0.06 the
vacancy concentration y =0, while in the crystals with x=0.12 and
0.16 the respective vacancies are y =0.05 and 0.08.

The bond distances and the bond angles are listed in Table 4a.
Apparently, the Cu-Se distances are significantly shorter than the
theoretical covalent and ionic bonds of 2.450 and 2.550 A, respec-
tively [35,36]. This suggests a deviation from the formal valences of
Cu cations. Based on the relationship between the bond length and
its strength (valence) one may calculate the Cu valences [37-39].
The calculations with the program described in [40] indicate a
fractional valence v=+1.612, 1.648, 1.60 in the (A) sites of the
three crystals, respectively. Then, it can be assumed that the Cu
states are strongly hybridised with the Se 4p states. The fractional
valence of Cu induces a corresponding number of holes in the con-
duction band that explains the p-type electric conductivity in the
(Cu)[Crp_x_ySbxy]Se4 spinels studied.

3.2. X-ray photoelectron spectra

The XPS valence band spectra (VB) of the (Cu)[Crp_x_Sbx[y]Se4
spinels are shown in Fig. 1. All three spectra are similar in character,
i.e. an increase in the Sb concentration causes no apparent change
in the valence band. In the energy range from 0 to 8eV, VB’s are
predominantly formed by the Cr 3d and Se 4p levels. In accordance
with the literature data [41], close to the maximum at 2.8 eV appear
also the Cu 3d states. Due to these states the VB peak occurs at a
little lower energy if compared to that in Zn;_4SbxCr;,_y35Se4 spinel
system [42]. A shallow local minimum observed in the region 2.7 to
3.7eVis due to the Se 4p levels. As may be inferred from Fig. 1, this
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Table 1
The chemical composition of the single crystals of (Cu)[Cr;_x_,Sby(y[Se4 in % (m/m).
Compounds Cu Cr Sb Se
(Cu)[Cry.94Sboos]Sea 13.1+03 20.7 £ 04 1.5+ 0.1 64.7 + 0.8
(Cu)[Cry.83Sbo.12000.05]Se4 13.1+03 19.4 £ 05 3.0+ 0.1 64.5 + 0.9
(Cu)[Cry.76Sbo.1600.08 S 132+ 03 18.6 + 0.5 4.0 + 0.1 64.2 + 0.9

Table 2

Crystal data, experimental details and structure refinements results for the single crystals of (Cu)[Crz_x_,Sbx(y|Ses.

Crystal data (Cu)[Cr1.94Sbo.061Se4 (Cu)[Cr1.835bo.1200.051Se4 (Cu)[Cr1.76Sbo.1600.08 1Se4
Crystal system, space group Cubic, Fd3m Cubic, Fd3m Cubic, Fd3m
Unit cell dimensions (A)
a 10.335(1) 10.339(1) 10.343(1)
Volume (A3) 1104.00(3) 1105.12(3) 1106.37(3)
V4 8 8 8
Calculated density (Mg/m3) 5.867 5.885 5.886
Crystal size (mm) 0.10x0.10 x 0.10 0.08 x 0.08 x 0.10 0.12x0.10 x 0.10
Data collection
Wavelength (A) 0.71073 0.71073 0.71073
26 max for data collection 80.35 80.31 80.28
Limiting indices: h -18,12 -18,13 -17,17
k -18,18 -13,17 -18,18
1 -13,18 -18,17 -18,13
Reflections collected 5427 5048 5336
Reflections unique 198 198 198
Reflections >20 (I) 169 170 179
Absorption coefficient (mm~1) 34.07 34.13 34.14
R(int) 0.05(2) 0.07(2) 0.05(1)
Refinement
Refinement method Full-matrix least-squares on F?
Number of refined parameters 10 10 10
Goodness-of-fit on F? 1.001 1.003 1.008
Final R indices [I>2 o(I)] Ry 0.018 0.024 0.019
WR, 0.049 0.071 0.048
Extinction coefficient 0.0015(1) 0.0011(1) 0.00077(6)
Largest diff. peak and hole (eA-3) 0.91 and —0.094 1.22 and —0.89 0.97and —0.93
Table 3
Atomic coordinates and equivalent isotropic displacement parameters for the single crystals of (Cu)[Crz_x_,Sby(ly|Ses.
Compound Anion positional parameter: u SOF in [B]site Uiso (x103 A2)
Sb Cu Cr/Sb Se
(Cu)[Cry.94Sboos]Sea 0.25741(2) 0.970(4) 0.031(2) 10.5(2) 7.2(2) 7.0(1)
(Cu)[Cry.83Sbo.1200.05]Se4 0.25697(3) 0.915(6) 0.058(3) 10.6(2) 7.6(3) 7.5(2)
(Cu)[Cr1.76Sbo.1600.08 1Se4 0.25750(2) 0.880(6) 0.079(2) 11.5(2) 9.3(2) 8.9(1)

Note. The atomic positions are as follows: Cu in (A) site: 8 a (1/8, 1/8, 1/8), Cr/Sb in [B] site:16 d (1/2, 1/2, 1/2) and Se anion site: 32e (u, u, u).

Table 4

(a) Selected interatomic distances [A] and angles [°] for the single crystals of (Cu)[Crz_x-ySby[y]Sey. (b) Ionic and covalent atomic radii [35,36].

(Cu)[Cr1.94Sbo.os]Sea (Cu)[Cr1.83Sbo.12000.05]Sea (Cu)[Cr1.76Sbo.1600.08 ]Sea

A-Se 2.3704(5) x4 2.3632(6) x4 2.3737(5) x4
B-Se 2.5095(4) x6 2.5147(4) x6 2.5105(4) x6
Se-B-Se 180.00(1) x3 180.00(1) x3 180.00(1) x3
Se-B-Se' 93.44(1) x6 93.23(1) x6 93.60(1) x6
Se-A-Se 109.47(0) x6 109.47(0) x6 109.47(0) %6
A-Se-B 122.79(1) x6 122.94(1) x6 122.76(1) x6

Atomic radii [A]

Tonic Covalent
Cu?* 0.57 1.28
Cu'* 0.60
Cr3* 0.615 1.24
Sb3* 0.76 1.41
Se?~ 1.98 117

Note.i: 1/4+x,y+1/4,1—2z.
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Fig. 2. XPS spectra of Cr 2p core-levels in the (Cu)[Cra_x_ySbx[],]Se4 single crystals.
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dip becomes filled up with the Sb 5s levels when the Sb concentra-
tion increases. Far off the Fermi level, at the energy of 13.5eV, are
located the Se 4s states that seem to be affected by the increase of
Sb admixture.
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Fig. 4. XPS spectra of Sb 4d core-levels for (Cu)[Cry.76Sbo.16(J0.0s]Ses single crystal
and binary selenide Sb,Ses.
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Figs. 2-5 display the core levels in the (Cu)[Cry_x_,Sbx[]y]Sey4
compounds. The Cr 2p spectra consisting of the Cr 2p3, doublet and
the Cr2p,, peakare shown in Fig. 2. The binding energy of the peaks
is about 1 eV below the energy observed for the Zn;_,SbxCr,_,/35€e4
system. The peaks of the Cr 2p;, doublet are at 573.3eV and
574.3 eV, and the splitting originates from a coupling of the Cr 2p3,
states and 3d Cr valence electrons [41]. Similar data were reported
for the Zny_,SbxCr,_y;3Se4 system [42], CuCr,Se4 [41] and for a
number of other chalcogenide spinels [43]. From ab initio calcu-
lations made for Cr, 03 it has been stated that the observed feature
corresponds to the 3d elements with localized magnetic moment of
3 up [44]. The experimental data indicated that the splitting of the
2p3), states can only be detected if the magnetic moments of the
3d elements are larger than 2 g, and the splitting is not observed
for delocalised Cr states [43]. Besides, it was shown that the magni-
tude of the splitting is proportional to the local magnetic moment
at the Cr site. Based on these observations we may conclude that
in the (Cu)[Crz_x_,SbxOy]Sey series the Cr ions have the 3d3 elec-
tronic configuration. Though the positions of the two peaks seem
insensitive to the Sb concentration, the dip between them becomes
less pronounced when the amount of the Sb admixture increases.
This effect is consistent with the results of structure determination,
which locates the Sb3* ions at the octahedral positions of the cubic
spinel, where they cause a perturbation in the periodicity of the
chromium sublattices.

The Cu 2p core levels spectra are shown in Fig. 3. They display
the spin-orbit components of the Cu 2p3;; and Cu 2p;;; doublet.
Similar binding energy of the Cu 2p;, level was reported for CuSe
and CupSe [45], and for Cup SnSe4 [46]. The Cu 2ps3 ), peaks are shifted
by about 0.7 eV toward lower energy in relation to elemental copper
(932.7 eV), that is consistent with chemical shift in the mentioned
compounds. The energy difference between the Cu 2p3j; and Cu
2pq) peaks is 20 eV, i.e. the same as for elemental copper.

Fig. 4 shows the Sb 4d spectra recorded for
(Cu)[Crq.76Sbg.1600.081Se4 (the relevant spectra of the two other
(Cu)[Crp_x_ySbxy]Ses compounds are very much alike). For
comparison, there are shown the Sb 4ds, and 4ds, doublets of the
binary selenide Sb,Ses. Apparently, for all these compounds the
spectra of the Sb 4d states are nearly same.

The characteristic Se 3d spectra of the (Cu)[Cry_x_y,Sbxy]Se4
spinels are shown in Fig. 5. The splitting of the 3ds;, and 3ds);
doublets diminishes with increasing the Sb content. Moreover, the
peaks move toward higher binding energy. The observed difference
in their positions is about 0.6 eV, if the samples with the lowest and
highest Sb concentration are compared.
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Fig. 6. Magnetic field variations of the magnetization in the (Cu)[Cry_x_,Sbx[y]Se4
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and decreasing (open symbols) magnetic field strength.

3.3. Magnetic properties

Fig. 6 presents the magnetization measured as a function
of the magnetic field strength. For each compound, the o(H)
variation shows a behaviour characteristic of soft ferromagnets,
namely a rapid rise in the magnetization magnitude in weak
fields is followed by a saturation in fields stronger than about
0.3T. Apparently, the saturation magnetization o in the system
distinctly decreases with increasing the Sb content. While o5 is
equal to 62.7 emu/g for (Cu)[Cry 94Sbg o ]Ses, it drops to 37.8 emu/g
for (Cu)[Crq.83Sbg 1200.05]Se4, and eventually it decreases to only
27.0emu/g in (Cu)[Crq.76Sbg.1600.08]1Se4. The corresponding satu-
ration magnetic moment, calculated per single Cr ion, amounts to
2.82,1.81and 1.35 g, respectively. The former value is nearly iden-
tical with the chromium ordered magnetic moment in CuCr,Sey
determined from the neutron diffraction data [2,8]. The latter stud-
ies revealed a simple collinear ferromagnetic alignment of the
magnetic moments localized on the trivalent Cr ions sites. Tak-
ing into account our XPS results, which definitively rule out any
significant change in the valence state of chromium along the
(Cu)[Crp_x_ySbx[y]Se4 series, the observed distinct reduction in the
magnitude of the saturation magnetic moment with increasing the
Sb content might be attributed to the emergence and then gradual
rise of the magnetic moment with the opposite orientation. Sim-
ilar scenario was invoked before to rationalize the magnitude of
the saturation magnetic moment in CuCr,Se4 which was smaller
by about 1up per formula unit than 6 wg expected for two Cr3*
ions [10-15]. In the case of (Cu)[Cry_x_,Sby(y]|Ses the appear-
ance of such antiparallel moments may naturally come up because
of anticipated perturbations in the Cr3*-Se-Cr3* superexchange
interactions caused by disturbances in the lattice periodicity
related not only to the presence of dopant Sb atoms yet also to
the increasing number of vacancies.

As demonstrated in Fig. 7, the pronounced systematic variation
in the magnitude of the saturation magnetic moment along the
series (Cu)[Cry_x_,Sbx[Jy|Se4 are not accompanied by any distinct
change in the value of the Curie temperature. For all three spinels
the onset of the ferromagnetically ordered state is found slightly
below 400K, i.e. at a lower temperature than T, reported for the
parent compound CuCr,Se4 [1]. The observed differences in the
exact value of T, (defined as an inflection point on the o(T) curve)
between the crystals studied do not exhibit any regular trend and
therefore we do not attempt to drive any firm conclusion from this
scatter. Here it seems worthwhile recalling a large spread in the T
value of nominally pure CuCr,Se, (from 414.5 to 460K [1,4-6]).
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Fig. 7. Temperature dependencies of the magnetization in the
(Cu)[Crz_x-ySbyOy]Se4 single crystals, measured in an applied magnetic field
of 0.1T.

4. Conclusions

The single crystals of (Cu)[Cry_x_,Sbxy]Se4 have been grown
successfully for x<0.20. This concentration of Sb3* does not affect
the cubic close packed Se anionic sublattice. Although the Sb3*
ions introduce a certain site disorder in the Cr3* subarray, they
are not changing the electronic configuration 3d? of the Cr ions,
as evidenced by the magnitude of splitting of the Cr 2p3, core
levels in XPS spectra. In consequence, no change in the magni-
tude of the chromium magnetic moment is expected. Therefore,
the distinct reduction in the value of the saturation magnetization,
revealed in the bulk magnetic measurements, should be attributed
to a change in the magnetic structure of the compounds stud-
ied. A probable scenario seems the appearance of an antiparallel
magnetic moment, whose amplitude scales with the number of
defects (doped atoms, vacancies) in the crystal lattice. The ferri-
magnetic component would thus be directly related to the expected
perturbations in the Cr3*-Se-Cr3* superexchange interactions.
Obviously, to verify the latter hypothesis further experimental
studies are indispensable, especially determination of the mag-
netic structures by neutron diffraction. Nevertheless, in the present
context it is worth to recall that according to Refs. [47,48], fur-
ther dilution of the Cr sublattice with Sb atoms results in a total
frustration in the orientations of the localized magnetic moments,
observed as spin-glass-like behaviour in the series of nonstoichio-
metric compounds Cuy4+xCry 5+ySbg 5+,S€4+¢, Where —0.02 <x < 0.01,
0.03<y<0.35,-0.2<z<-0.02 and 0.01 <t<0.08.
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