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a b s t r a c t

The (Mn1−xCdx)Cr2S4 phases (0 ≤ x ≤ 0.6) have been synthesized from the corresponding elements at
1123 K. These samples were characterized by powder X-ray diffraction (XRD) and magnetic susceptibility.
The (Mn1−xCdx)Cr2S4 compounds crystallize in the space group Fd-3m with cell parameters a = 10.101(6) Å,
10.139(3) Å, 10.165(2) Å, and 10.192(1) Å for x = 0, 0.2, 0.4 and 0.6, respectively. An overall ferrimagnetic
eywords:
errimagnetic perovskites
pin reversal
ooperative phenomena

behavior is observed for all samples. The ferromagnetic component increases rapidly when manganese is
substituted by non-magnetic cadmium, as shown by ZFC/FC measurements. At the same time, the value of
the magnetization M50 at 50 kOe, deduced from M(H) loops, also increases with increasing cadmium con-
tent because the antiferromagnetic alignment between chromium and manganese spins is progressively
lost, leading toward well aligned moments pointing into the same direction. These results are explained

he ch
by a rearrangement of t
by Cd.

. Introduction

The discovery of the colossal magneto-resistance CMR effect
as attracted a renew interest in manganites perovskites LnMnO3
Ln = lanthanide) partially substituted at the A-site by an alkaline
arth metal, Ln1−xAxMnO3, due to their potential technologi-
al applications in the manufacture of electronic devices [1–3].
he essential physical mechanisms of the CMR phenomenon
n these manganites are believed to be the double-exchange
DE) and Jahn–Teller (JT) effects, both intimately related to
he mixed-valence character of the Mn cation [4]. However, in
hromium-based chalcogenide materials of spinel structure ACr2S4
A = transition metal), also identified as CMR materials, there are
either heterovalence nor JT effect [5]. Thus, it becomes very

nteresting to look deeper onto the magnetic ordering and the inter-
ction mechanisms which might exist between the two (or more)
agnetic sublattices coexisting in the spinel structure.
The magnetic and transport properties in chalcogenide spinels

Cr2S4 are strongly influenced by the distribution of the metal ions

n the structure. This is essentially related to (i) the existence of two
ypes of cationic sites, tetrahedral (A) and octahedral (B); and (ii)
he great flexibility of the structure in hosting various metal ions,
ifferently distributed between sites, with a large possibility of sub-
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romium spins when Mn located at the tetrahedral sites, is substituted

© 2009 Elsevier B.V. All rights reserved.

stitution between them. As the cationic distribution can change
when substitution occurs, the physical properties of the spinel
material may strongly differ from those of the non-substituted
compound. Therefore, solid solutions of thiospinels have received
considerable attention for their interesting electrical and magnetic
properties, which can greatly vary as a function of composition
[6,7].

The chalcogenide spinel MnCr2S4 crystallizes in a normal spinel
structure (space group Fd-3m), in which Mn and Cr ions occupy
the tetrahedral A and octahedral B sites, respectively. In this paper,
we report mixed-cation phases (Mn1−xCdx)Cr2S4 (x = 0.2, 0.4 and
0.6) where manganese is partially substituted by cadmium in the
ferrimagnetic compound MnCr2S4. The non-substituted MnCr2S4
compound was prepared under the same synthesis procedure, and
results are reported for comparison. The aim of this work is to study
the influence of the substitution in the A-site by non-magnetic Cd2+

ion onto the magnetic properties of the MnCr2S4 thiospinel.

2. Experimental

To prepare the (Mn1−xCdx)Cr2S4 phases (0 ≤ x ≤ 0.6), high-purity powders of the
corresponding elements (99.99%) were mixed in stoichiometric amounts, sealed in
evacuated quartz tubes using I2 as transport agent. The tubes were slowly heated
from ambient temperature to 1073 K at a rate of 5 K/min and held at maximum

temperature over a period of 1 week. Subsequently, the resultant was reground and
fired again at 1123 K for 3 days.

The X-ray diffraction (XRD) powder data were collected at room temperature on
a Siemens D 5000 diffractometer, with Cu K� radiation, in the range 5◦ ≤ 2� ≤ 80◦ . The
lattice parameters were calculated from least-square fits using the powder diffrac-
tion package (PDP) [8] and powder pattern lattice parameter (PPLP) refinement

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:pbaraho@ucm.cl
dx.doi.org/10.1016/j.jallcom.2009.02.108
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Fig. 1. XRD patterns of Mn0.8Cd0.2Cr2S4, Mn0.6Cd0.4Cr2S4 and Mn0.4Cd0.6Cr2S4.

outine of the NRCVAX program [9]. EDX analyses, performed on a JEOL 6400 Scan-
ing electron microscope equipped with Oxford Link Isis energy dispersive X-ray
EDX) detector, showed a good agreement (within 5%) with the expected composi-
ions.

Magnetic measurements were performed using a Quantum Design MPMS-XL5
QUID magnetometer between 2 and 400 K, under different applied fields (10 kOe
or measurements above Tc and 100 Oe for ZFC/FC cycles). Magnetization loops M(H)
etween −50 and +50 kOe were measured at 2 K. Powder samples were pelletized,
laced inside a gelatin capsule and held tightly in order to avoid any re-orientation
ith respect to the external field; a small drop of vacuum grease, of negligible
iamagnetic contribution compared to the specimens’ signal, helped to freeze the
rystallites into random positions when in the low temperature ordered state.

. Results and discussion

.1. X-ray diffraction results

The XRD measurements of the (Mn1−xCdx)Cr2S4 phases (x = 0.2,
.4 and 0.6) show sharp lines that reflect the good crystallinity
nd homogeneity of the prepared samples (Fig. 1). The substitution

f manganese by cadmium in (Mn,Cd)Cr2S4 results in crystalline
hases with structures identical to the one of MnCr2S4 [10]. No
econdary phases were observed, in the limit of the experimental
etection of both SEM–EDX and XRD analyses (less than 5% for both
echniques).

able 1
owder diffraction data of Mn1−xCdxCr2S4 (x = 0.2, 0.4, 0.6).

n0.8Cd0.2Cr2S4 Mn0.6Cd0.4Cr2S4

k l dobs dcalc Irel h k l dobs

1 1 5.853 5.850 13 1 1 1 5.860
2 0 3.580 3.585 41 2 2 0 3.590
1 1 3.049 3.057 100 3 1 1 3.061
2 2 2.922 2.927 4 2 2 2 2.924
0 0 2.530 2.535 41 4 0 0 2.538
3 1 2.323 2.326 3 3 3 1 2.326
2 2 2.067 2.070 12 4 2 2 2.073
1 1 1.948 1.951 43 5 1 1 1.954
4 0 1.791 1.792 60 4 4 0 1.795
2 0 1.601 1.603 4 6 2 0 1.605
3 3 1.545 1.546 11 5 3 3 1.549
4 4 1.462 1.464 8 4 4 4 1.465
1 1 1.416 1.420 3 7 1 1 1.421
4 2 1.354 1.355 7 6 4 2 1.357
3 1 1.320 1.320 11 7 3 1 1.322
0 0 1.266 1.267 11 8 0 0 1.269
Compounds 480 (2009) 291–294

The XRD patterns of the substituted compounds were fully
indexed in the space group Fd-3m. The Miller’s indices, the d spac-
ing, and the intensities of the substituted compounds are listed in
Table 1. The values of the cell parameter a are given in Table 2. The
a parameter, related to the non-substituted compound MnCr2S4
(a = 10.129 Å for polycrystalline specimens [10], 10.116 Å for single
crystals [11], 10.101 Å in this work), increases linearly when cad-
mium replaces part of manganese in Mn1−xCdxCr2S4, as expected
from the larger ionic radius of cadmium compared to the one of
divalent manganese (Cd2+: 0.92 Å; Mn2+: 0.80 Å) [12].

3.2. Magnetic results

Previous to the discussion of the magnetic behavior of the
Mn1−xCdxCr2S4 (x = 0.2, 0.4, 0.6) phases, it is worth to comment on
the results reported on single crystals of non-substituted MnCr2S4
[11]. Two magnetic transitions were reported for this compound
[11,13]: at Tc ∼ 65 K, a transition from a paramagnetic to a ferrimag-
netic state (Néel collinear structure), followed by a second one at
TY–K ∼ 5 K to a triangular configuration (non-collinear Yafet–Kittel
type). A non-monotonic variation of the field-cooled magnetization
MFC showed an increase of MFC when cooling the collinear structure
down to Tmax = 42 K, followed by a decrease of MFC below Tmax. This
apparent maximum is due to an antiferromagnetic alignment of the
Mn moments with respect to the Cr sublattice [11,14]. Concomitant
to this, such spin re-arrangement results into a non-monotonous
increase of the slope of the magnetization M(H) when increasing the
applied field, reaching a saturation of about 6 �B at extremely high
fields (∼300 kOe) when the Cr moments are fully aligned, while the
Mn spins are oriented perpendicular [15,16].

3.3. Paramagnetic state of the (Mn,Cd)Cr2S4 series

The paramagnetic regime was measured at high fields (10 kOe),
well above the magnetic transition temperature. The inverse
susceptibility was fitted by a classical Curie–Weiss relation
� = C/(T − �) in the range 1.5 × Tc ≤ T ≤ 400 K, from which the
effective moment �eff and the Curie-Weiss temperature � were
obtained (Table 2). The effective moment agrees with what can be
expected for Mn2+ and Cr3+ free-spin values, taking as an average
moment for the Mn ion a value of 5.7 �B, as we have shown in Ref.

[17]. This assumption is also in agreement with values reported
(7.75 �B) for polycrystalline samples of MnCr2S4 in the high tem-
perature regime (T > 400 K) [13]. This result shows a progressive
evolution of the magnetic moment in the paramagnetic state when
substituting magnetic manganese by non-magnetic cadmium.

Mn0.4Cd0.6Cr2S4

dcalc Irel h k l dobs dcalc Irel

5.870 8 1 1 1 5.860 5.880 4
3.594 56 2 2 0 3.594 3.603 62
3.065 100 3 1 1 3.067 3.073 100
2.934 3 2 2 2 2.939 2.942 3
2.541 34 4 0 0 2.544 2.548 22
2.332 5 3 3 1 2.333 2.338 6
2.075 20 4 2 2 2.078 2.080 17
1.956 50 5 1 1 1.959 1.961 44
1.797 82 4 4 0 1.799 1.802 63
1.607 6 6 2 0 1.611 1.611 7
1.550 13 5 3 3 1.553 1.554 12
1.467 7 4 4 4 1.469 1.471 5
1.423 5 7 1 1 1.426 1.427 2
1.358 11 6 4 2 1.360 1.362 11
1.323 15 7 3 1 1.325 1.327 13
1.271 9 8 0 0 1.272 1.274 7
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Table 2
Crystallographic and magnetic data for the solid solution Mn1−xCdxCr2S4. Space group Fd-3m.

Compound a (Å) �eff ± 0.07 (�B) � ± 5 K (K) Tc ± 1 K (K) M(50 kOe, 2 K) (�B)

MnCr2S4 10.101 (6) 7.41 +30 65 1.72
M
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the data obtained at T = 2 K. A strong ferromagnetic component is
n0.8Cd0.2Cr2S4 10.139 (3) 7.07
n0.6Cd0.4Cr2S4 10.165 (2) 6.58
n0.4Cd0.6Cr2S4 10.192 (1) 5.96

.4. Ordered state of the (Mn,Cd)Cr2S4 series

The ordered regime was investigated through ZFC/FC magneti-
ation cycles performed under low applied fields Happ (50–100 Oe).
amples were first cooled under no magnetic field and then warmed
rom 2 up to 300 K under the applied field Happ (ZFC mode).
nce at the paramagnetic state, samples were then cooled under
app down to the lowest temperature of 2 K (FC mode). Exper-

mental results obtained in polycrystalline samples of MnCr2S4
repared in this work (shown in Fig. 2 for completeness) com-
are well with reported data (Tc = 65 K, Tmax ∼ 42 K and TY–K ∼ 5 K)
or a single crystal specimen [11]. In our case, we define the
aramagnetic-to-ferrimagnetic transition Tc at the temperature of

rreversibility between the ZFC and FC modes, that is Tc = 65 (±1) K,
hile Tmax ∼ 32 (±5) K relates to the maximum value of the MFC

agnetization. According to Ref. [11], Tmax corresponds to a reori-
ntation of the manganese spins in the presence of the internal field
et up by the ferromagnetic chromium sublattice. At lower temper-
ture, at about 5 K, a marked anomaly is seen in both the ZFC and
C magnetizations which corresponds to the Yafet-Kittel type tran-
ition from the collinear (above TY–K) to the non-collinear (below
Y–K) magnetic structure. Thus our data in a polycrystalline sample
f MnCr2S4 agrees perfectly well with the data obtained in single-
rystal specimens, except for the value of Tmax. A precise evaluation
f Tmax is however, subjected to caution since the thermal variation
f MFC is relatively flat in the range (20 K < T < 40 K).

All solid solutions of the (Mn1−xCdx)Cr2S4 substituted series
x = 0.2, 0.4 and 0.6) show a reversible pathway in the paramag-
etic state (Fig. 2), with a pronounced upturn at the approach of
he magnetic transition temperature Tc (Tc defined as the tempera-
ure of irreversibility Trev; see above). The transition temperatures
c are given in Table 2, and show a slow but definite evolution

ith the cadmium content x(Cd), following the same trend as the

erromagnetic interaction parameter �.
The zero-field-cooled magnetizations MZFC (open symbols in

ig. 2) are quite similar in all substituted samples, showing a slight
ncrease with increasing temperature. It is also to be noticed that

ig. 2. ZFC/FC magnetization cycles for given solid solutions (ZFC: open symbols;
C: filled symbols).
+53 68 2.06
+69 72 2.82
+91 79 3.45

the field-cooled magnetization MFC (filled symbols) for x(Cd) = 0.2
shows a slight temperature dependence in the ordered state, as seen
by the small decrease with decreasing temperature, which becomes
negligible (i.e. MFC becomes flat) for x(Cd) = 0.4 and 0.6. At the same
time, the extrapolation at T = 0 of both MZFC and MFC increases
with increasing content of cadmium. All these features indicate
stronger ferromagnetism when manganese is being substituted by
cadmium and, since cadmium is a diamagnetic component, it sug-
gests that the antiferromagnetic interactions between the Mn and
Cr sublattices become weaker, leading toward well aligned spins
pointing into the same direction. This argument allows explaining
the fact that Tmax becomes less visible and that the TY–K transition
is not noticed in the substituted samples, within our experimental
range of temperatures. Indeed, the antiferromagnetic non-collinear
alignment of Mn moments disappears progressively, favoring the
ferromagnetic orientation in a collinear configuration. Following
the idea of Refs. [11,13,18], we believe that the FC magnetization
is due mainly to the ferromagnetic alignment of the Cr moments
while the antiferromagnetic contribution of the manganese sub-
lattice gets weaker because, from one side, there are less Mn atoms
in the sample and, on the other side, the internal field due to the
Cr network imposes a predominant orientation in the direction of
the applied field. It is to be noticed that the MFC behavior of the
substituted samples is quite different from the one observed in the
undoped compound MnCr2S4 meaning that the internal field of the
Cr sublattice is already very strong when 20 at.% (or more) of the
manganese network is being substituted by cadmium, so that the
antiferromagnetic alignment between Mn and Cr spins is rapidly
lost.

Another way to characterize the ordered state is through mag-
netization cycles M(H) as a function of the applied field. Fig. 3 shows
observed for all samples, characterized by a fast increase of the mag-
netization for applied fields lower than 2 kOe. At higher fields, the
magnetization tends to stabilize or it increases very slowly up to our
maximum applied field of +50 kOe. One way to compare all samples

Fig. 3. Magnetization loops measured at T = 2 K. Notice the slight upturn at approx-
imately 20 kOe for the Mn0.8Cd0.2Cr2S4 sample.
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ig. 4. Magnetic parameters for the solid solution Mn1−xCdxCr2S4, obtained: (a) in
he paramagnetic state (�eff and �); (b) in the ordered state (Tc and M50 kOe).

s to plot the value of the magnetization, M(50 kOe), at the highest
xperimental field, as a function of the cadmium content, as shown
n Fig. 4. The value M(50 kOe) rapidly increases with increasing
ontent of cadmium, indicating again that the antiferromagnetic
lignment is progressively lost leading toward well aligned spins
ointing into the same direction. This interpretation is confirmed by
he field dependence of the magnetization for the Mn0.8Cd0.2Cr2S4
ample, where a slight upturn of the magnetization is observed in
ig. 3 at approximately 20 kOe, indicating a spin reorientation from
non-collinear toward a collinear magnetic structure. Indeed, as

iscussed above, an abrupt change in the magnetization slope was
bserved at a threshold field of 100 kOe in polycrystalline samples
f MnCr2S4 [15] and at lower fields (10–30 kOe) in single crystals
oriented along the 〈1 1 1〉 direction) [11]. In our case, the spin reori-
ntation occurs at about 20 kOe in polycrystalline Mn0.8Cd0.2Cr2S4,
onfirming that the internal field of the chromium network gets
ery strong as soon as a small portion of the Mn ions is being sub-
tituted. Additional experiments are in progress at much higher
pplied fields in order to investigate the dependence of the thresh-
ld value with the cadmium content and with temperature.
Finally, Fig. 4 summarizes all magnetic data obtained in this
ork, for both the paramagnetic state (�eff and �, Fig. 4a) and

rdered state (Tc and M50 kOe, Fig. 4b). Quite linear variations are
bserved in all cases, confirming that the substitution of man-
anese by cadmium takes place at the same crystallographic site

[
[
[
[
[
[
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(tetrahedral A-site) of the normal spinel structure, and that the
spin re-arrangement is produced by the progressive substitution of
magnetic manganese, antiferromagnetically oriented with respect
to the ferromagnetic chromium sublattice, by non-magnetic cad-
mium.

4. Conclusions

We have investigated the effects of the partial substitution of
manganese by cadmium on the structural and magnetic prop-
erties of MnCr2S4. We found that the synthesized compounds
Mn1−xCdxCr2S4 (x = 0, 0.2, 0.4, 0.6) are perfectly homogeneous and
they all index in the space group Fd-3m. The variation of the lat-
tice parameter is in perfect agreement with the ionic radius of the
substituting element.

The ZFC/FC and M(H) magnetization cycles on Mn1−xCdxCr2S4
(x = 0.2, 0.4, 0.6) show an increase of the ferromagnetic interac-
tion with respect to the ferrimagnetic compound MnCr2S4, when
the cadmium content increases. The antiferromagnetic alignment
between Mn and Cr spins is rapidly lost due to the magnetic dilution
of the Mn sublattice. In addition, the Cr network imposes a predom-
inant orientation in the direction of the applied field even when a
small percentage of Mn (20 at.% or less) is substituted, leading to an
important increase of the overall ferromagnetic alignment.
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