
PHYSICAL REVIEW B 68, 134434 ~2003!
Magnetic, heat capacity, and conductivity studies of ferrimagnetic MnCr2S4 single crystals
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Magnetization, ferromagnetic resonance~FMR!, heat capacity, and electrical conductivity of MnCr2S4 spinel
single crystals were investigated as a function of temperature and magnetic field. Twol anomalies observed in
the heat capacity correlate with magnetic phase transformations and their field dependence found in magneti-
zation measurements. The upperl anomaly at a temperature of;65 K marks the onset of ferrimagnetic
ordering, while the lower one at;4.8 K indicates an additional antiferromagnetic ordering of theA(Mn)
sublattice. Below the Curie temperature, magnetization, and FMR measurements revealed a positive magne-
tocrystalline anisotropy. The dominating role of theB(Cr) sublattice in generating this anisotropy is shown.
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I. INTRODUCTION

Recent reports on the colossal magnetoresistance1 ~CMR!
and half-metallic ~HM! ferromagnetic properties2 of the
semiconductor FeCr2S4 have renewed the interest in ma
netic ternary chalcogenides. Among this group of materi
MnCr2S4 is of particular importance for designing HM ant
ferromagnets, which may, e.g., be used for spin-polari
scanning tunneling microscopy.3 MnCr2S4 crystallizes in a
normal spinel structure~space groupFd3m), in which Mn
and Cr ions occupy tetrahedralA and octahedralB sites,
respectively. It exhibits a complicated magnetic behavior
the ferrimagnetic state, which evolves at low temperature4,5

Contradictory data were published previously on the m
netic properties of polycrystalline MnCr2S4 . The Curie tem-
perature of nominally stoichiometric samples varies from
K to 95 K.4–6 Neutron-diffraction experiments on polycrys
talline MnCr2S4 yield a magnetic moment of 3mB for the
chromium ion in accordance with a 3d3 state.6 But the mea-
sured magnetic moment of 4.7mB for the manganese ion
deviates from 5mB expected for a 3d5 configuration. This
indicates a deviation from the pureS state of the Mn ion
according to Ref. 6. Recent x-ray photoelectro
spectroscopy studies of MnCr2S4 single crystals7 were inter-
preted in terms of a local moment of Cr31 ions close to 3mB
in agreement with the neutron-diffraction data. A reduc
splitting of the 3s core-level spectra of the Mn21 ion as
compared to that of manganese oxides was obtained an
tributed to an increase in covalency.7

Based on the saturation behavior of the magnetization
served in magnetic fields above 20 kOe and on the abs
of a ~200! peak in the neutron-diffraction pattern at 4.2 K,
collinear arrangement of the magnetic moments of Mn a
Cr ions was suggested.6 But from other magnetization5,8–10

and neutron-diffraction11 investigations a change of the ma
netic structure below 5.5 K was inferred. This change w
interpreted as a first-order phase transition from a collin
Néel-type structure12 with antiparallel alignment of the mag
netic moments of the Mn and Cr sublattices to the Yaf
Kittel-type two-dimensional noncollinear structure13 with a
0163-1829/2003/68~13!/134434~9!/$20.00 68 1344
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canted spin structure of the Mn ions. The canting was
signed to strong antiferromagneticA-A interactions. For
magnetic fields larger than 100 kOe a more complica
three-dimensional spin configuration was proposed.14,15 It
was shown that higher order contributions to the excha
interactions, especially biquadraticA-A exchange, are im-
portant for the realization of this spin structure.14–17 How-
ever, the framework of the interactions considered was
sufficient to completely explain the magnetic structure
MnCr2S4 . This suggests the presence of additional, e.g.,
isotropic interactions. Recently, a strong magnetocrystal
anisotropy has indeed been found in MnCr2S4 single
crystals.18 The anisotropy field (HA52K1 /M s, whereK1 is
the first anisotropy constant andM s the spontaneous magne
tization! reaches a value of about 1 kOe at 4.2 K, unexpe
edly large for octahedrally coordinated Cr31 ions with a
quenched orbital moment, or tetrahedrally coordinated Mn21

ions in a pureS state.
To clarify the origin of the above described discrepanc

in the magnetic data published on polycrystalline samp
and to reveal the intrinsic properties of this compound
performed detailed magnetization, ferromagnetic resona
~FMR!, heat capacity, and conductivity studies of MnCr2S4
single crystals.

II. EXPERIMENTAL TECHNIQUES

MnCr2S4 single crystals were grown by the chemic
transport-reaction method19 from the ternary polycrystalline
material prepared by solid-state reactions. Chromium ch
rine was used as a transport agent. X-ray diffraction anal
confirmed the single-phase spinel structure of powde
single-crystalline samples. The lattice parameters,a0 , for
single crystals from different batches varied from 10.116~2!
Å to 10.119~2! Å, and are within the range reported for poly
crystalline samples~10.107–10.129 Å!.4,20,21In addition, the
sample composition was checked by~EDX! analysis. Within
the accuracy of this method (;5% for cations and;10%
for sulfur! no deviations from the nominal stoichiometry wa
found for single-crystalline samples from different batche

Quantum Design MPMS-7 and MPMS-5 SQUID magn
©2003 The American Physical Society34-1
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tometers operating in the temperature range 2 K,T
,400 K and magnetic fields up to 70 kOe were used
static magnetization measurements. Ferromagnetic reson
studies were performed in a cwX-band spectrometer~Bruker
ELEXSYS E500! equipped with a continuous He gas-flo
cryostat ~Oxford Instruments! working in the temperature
range 4.2 K,T,300 K. The heat capacity was studied byt
relaxation and adiabatic methods22,23 in the temperature
range 1.5 K,T,20 K and by an ac method24 for tempera-
tures 7 K,T,200 K in magnetic fields up to 100 kOe. Fo
conductivity studies a dc two-probe method was used ow
to the high sample resistivity~of order of 1012 V at room
temperature!. Resistivity measurements in the temperatu
range from 350 K down to 90 K were performed using
commercial cryostat~Oxford Instruments!. Below 90 K the
resistivity exceeds the limit of the electrometer.

III. EXPERIMENTAL RESULTS

A. Magnetization

Figure 1 presents the temperature dependences of
magnetization for one of the single-crystalline samples
various magnetic fields below 2.5 kOe. The field was app
in the ^001& direction. For temperatures below 65 K an
fields lower than 100 Oe the Curie temperatureTC is marked
by a kink in the magnetization. In the range 30 K,T,TC, a
nearly temperature independent plateau develops, due to
magnetization effects.25 The value of TC is found to be
(64.360.2) K for samples from different batches. This is
about 1 K lower than for polycrystalline MnCr2S4 ~see inset
in Fig. 1!. The demagnetizing field is of the order of th
magnetization and depends on the shape of the sample

FIG. 1. Temperature dependence of the magnetization,M , in
Bohr magnetonmB per formula unit, in different magnetic field
applied in thê 001& direction for a MnCr2S4 single crystal~sample
16-13!. Inset: Magnetization in the region of the paraferrimagne
transition for samples 16-1, 14-1, and the polycrystal 7-8 in a fi
of 50 Oe. Arrows indicate the temperatures of the magnetiza
anomalies at the Curie temperature,TC , and atTYK ~see the text!.
Solid lines are guides to the eye.
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sulting in a shape-dependent magnetization for low fields,
which the sample is in a multidomain state. For high fiel
the sample is in a single-domain state. Here the magne
tion shows a nonmonotonic temperature dependence be
TC with a maximum at around 42 K. For low temperatur
the magnetization approaches a value of 1mB ~dashed line in
Fig. 1!, which corresponds to the expected resulting m
netic moment, if the moments of the Cr and Mn ions a
assumed to be in an antiparallel collinear arrangement. H
ever, below 5 K the magnetization levels of to a nearly co
stant value~about 1.23mB) down to the lowest temperatur
measured~1.8 K!.

In Fig. 2~a! the temperature dependence of the magn
zation in the temperature range 1.8 K,T,20 K is presented
for magnetic fields up to 70 kOe. The behavior of the ma
netization is similar to that observed earlier in polycrystalli
samples of MnCr2S4 in fields up to 30 kOe. A change of th
slope ofM (T) is attributed to a transition from a collinear t
a noncollinear magnetic structure of the Yafet-Kittel typ
The associated transition temperature is determined to
TYK;5.5 K.5 The transition temperatureTYK of our single

d
n

FIG. 2. ~a! Temperature dependences of the magnetization
different magnetic fields applied in thê001& direction for a
MnCr2S4 single crystal~sample 14-7! in the temperature range be
low 20 K. Inset:M (T) for a field of 70 kOe.~b! Field dependence
of the temperatureTYK of the anomaly in magnetization and he
capacity for different samples. Solid and dotted lines are guide
the eye.
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MAGNETIC, HEAT CAPACITY, AND CONDUCTIVITY . . . PHYSICAL REVIEW B 68, 134434 ~2003!
crystals varies slightly for samples from different batches
does not depend on the orientation of the magnetic field w
respect to the crystallographic axes@see Fig. 2~b!#. Data
taken from our poly- and single-crystalline samples are
excellent agreement@also presented in Fig. 2~b!#. The ob-
served field dependence of the characteristic tempera
TYK @Fig. 2~a!#, is nearly two times weaker than reporte
previously for polycrystalline samples14,26and, in contrast to
earlier results, shows a saturation in high magnetic fields
addition to the abrupt change of slope atTYK , the M (T)
curves for the highest fields exhibit another less pronoun
one before a plateau for temperatures below 4 K, as show
the inset in Fig. 2~a!.

Figure 3 shows the magnetization versus field for sev
temperatures belowTC. The most striking features of th
magnetization curves are the steep slope in high fields
the absence of a saturation for all temperatures belowTC,
including T,TYK . For temperatures above 5 K, the magn
tization changes slope at a characteristic fieldHYK . Below 7
K the characteristic fieldHYK increases with increasing tem
perature~see the inset in Fig. 3!. A similar behavior was
observed previously on polycrystalline samples and was
tributed to the transition from the collinear to the nonc
linear structure.9,10 Above 8 K, the transition from the low
field to high-field magnetic structure is considerab
broadened and does not allow us to determine the trans
temperature accurately. This may explain the difference
tween our and earlier data concerning the field depende
of TYK .

Another important finding is a pronounced dependence
the magnetization on the crystallographic direction, i.e.,
magnetocrystalline anisotropy~Fig. 4!. Below the Curie tem-
perature, the easy axis of magnetization is the^001& direc-
tion, while the^110& and ^111& directions correspond to th
intermediate and hard axes, respectively. The presence
strong magnetocrystalline anisotropy was confirmed by
cent ferromagnetic resonance studies presented in deta

FIG. 3. Field dependence of the magnetization at different te
peratures for a MnCr2S4 single crystal~sample 14-5!. The fieldH is
applied in thê 111& direction. Inset: Temperature dependence of
field corresponding to the change of the slope of the magnetiza
curve for 5 K,T,7 K. Solid lines are guides to the eye.
13443
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Ref. 18. A typical angular dependence of the resonance fi
is shown in the inset of Fig. 4. Here the static magnetic fi
is applied within the~110! plane of a disk-shaped singl
crystal. The resonance field exhibits a maximum in the^111&
and a minimum in thê001& directions, respectively. This is
characteristic for a positive cubic magnetocrystalli
anisotropy.27

The values of the first (K1) and second (K2) anisotropy
constants, as calculated from the angular dependences o
resonance field at 7 K, are approximately 4.23104 and
105 erg/cm3, respectively.18 Both constants increase monot
nously with decreasing temperature. Figure 5~a! presents the
temperature dependence of the first anisotropy constanK1
normalized to its value at 7 K.28 In this figure we also plotted
the temperature dependences of the spontaneous magn
tion in M s

10 representation for the Cr and Mn sublattice
normalized to their values at 4 K. To obtain the values of
spontaneous magnetization of the sublattices, the magne
tion of CdCr2S4 was measured and then its spontaneous
was subtracted from the net spontaneous magnetizatio
MnCr2S4 . Results are shown in Fig. 5~b!. For the above
procedure to yield the correct result, the Cr sublattice ha
show similar behavior in both compounds. The assumpt
of such a similar behavior is based on the following fac
The two compounds are isostructural and the lattice cons
of ferromagnetic CdCr2S4 ~10.23 Å! is close to that of
MnCr2S4 .21 The Curie temperature of CdCr2S4 , TC
584.5 K, is also close that of MnCr2S4 . In both compounds
the exchange interactions in theB sublattice mainly domi-
nate their magnetic properties.5 The interactions depend o
the electronic configuration of theB ions, i.e., Cr31 (3d3)
with a half filled t2g level, and their mutual nearest neighb
distance. In the chromium oxide spinels the dominant in
action is the direct antiferromagnetic Cr-Cr-exchange, for

-

e
n

FIG. 4. Magnetization versus internal magnetic fieldHeff5H
2NM ~hereN is the demagnetizing coefficient, determined from t
M (T) curves in low fields close toTC) for different crystallo-
graphic directions in a MnCr2S4 single crystal~sample 16-13! at 5
K. Inset: Angular dependence of the ferromagnetic resonance
for a disklike single-crystalline MnCr2S4 sample~16-13d3! within
the ~110! plane at 7 K. Solid lines are guides to the eye.
4-3
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ample as in ZnCr2O4,
29 while in the chromium sulfide

spinels, where the Cr-Cr distance is larger due to the la
radius of the sulfur ions as compared to the oxygen ions,
ferromagnetic superexchange via the sulfur ions is m
important.30

All values of the spontaneous magnetization were
tained from the extrapolation of theM (H) curves toH→0.
The spontaneous magnetization of Cr was determined in
ways: by extrapolation of the high field data above 30 kO
used for comparison with the local magnetic moment, and
extrapolation of the data below 10 kOe for comparison w
the anisotropy constant, determined by the ferromagn
resonance in fields below 10 kOe as well. The spontane
magnetization of the Cr sublattice, which exhibits an expe
mental value of (5.860.05)mB at T54 K, was adjusted to
the low temperature value of 5.95mB obtained by neutron
diffraction.17 The spontaneous magnetization of the Cr io
of CdCr2S4 single crystals correlates well with the local m
ment of the Cr sublattice of MnCr2S4 measured by neutron

FIG. 5. ~a! Temperature dependences of the normalized fi

anisotropy constantK̃15K1(T)/K1(7 K) and the tenth power of the

spontaneous magnetizationM̃ s5@M s(T)/M s(4 K)#10 of the Cr and
Mn sublattices.~b! Temperature dependences of the macrosco
~closed symbols! and local~open symbols! magnetic moments o
the Cr and Mn sublattices, obtained from the magnetization d
~present paper! and neutron-diffraction data~Ref. 17!. Closed
squares and diamonds represent the data obtained by extrapol
of M (H) curves from fields above 30 kOe and below 10 kO
respectively. Solid and dotted lines are guides to the eye.
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diffraction @see Fig. 5~b!#. This further justifies the assump
tion used above. The temperature dependence of the
sublattice magnetization is typical for a ferromagnet bel
TC. The data nearTC shown by dashed lines are not used f
the evaluation because of the large uncertainty in the h
field extrapolation procedure on approaching the critical
gion.

The results of the calculations of the Mn-sublattice ma
netization, obtained from the high-field extrapolation, a
also shown in Fig. 5~b!. We note that our calculations corre
late well with the temperature dependence of the local m
netic moments of the Mn ions obtained by neutr
diffraction.17 For the Mn sublattice a Curie-Weiss-lik
change is seen in the range 0.1,T/TC,0.8, probably indi-
cating a nonsaturated state. The fact that all calculated va
are located below the neutron diffraction data may be c
nected to the canting of the Mn moments with respect to
Cr moments. This effect increases at temperatures be
TYK .

An additional important result presented in Fig. 5~a! is
related to the rather good scaling of the temperature dep
dence of the first anisotropy constantK1 with the tenth
power law of the normalized saturation magnetizati
@M s(T)/M s(4 K)#10 of the Cr sublattice, obtained by ex
trapolation from the fields below 10 kOe, as expected from
single ion model.27 In contrast, theK1(T) dependence
strongly differs from that of@M s/M s(4 K)#10 for the Mn
sublattice.

B. Heat capacity

In Fig. 6~a! the molar heat capacity,Cp , divided byT, of
a MnCr2S4 single crystal is plotted versus a logarithmic tem
perature scale forH50 andH5100 kOe. Two pronounced
l-type anomalies are observed, which correlate with
magnetic phase transitions shown in Fig. 6~b!.

The onset of magnetic order atTC is signaled by thel
anomaly at high temperatures. A strong magnetic field s
presses this anomaly considerably, yielding a broadenin
the transition and a shift to higher temperatures. This beh
ior is characteristic for a ferromagnetic transition~see, e.g.,
Refs. 31 and 32!.

The low-temperature anomaly of the heat capacity in z
field perfectly coincides with the low-temperature magne
zation anomaly atTYK . No noticeable hysteresis is found i
the heat-capacity data for this phase transition. An app
magnetic field shifts thel anomaly to higher temperature
However, even at 100 kOe the anomaly remains well
fined, in contrast to the anomaly atTC.

The evolution ofCp under an applied magnetic field i
shown in Fig. 7. The field dependence ofTYK as observed in
the heat capacity measurements coincides with that de
mined for the low-temperature magnetization anomaly a
has already been included in Fig. 2~b!. In nonmetallic ferri-
magnets the specific heat is expected to vary asCp5bT3

1dT3/2 for temperatures much lower than the Debye te
peratureQD . The first term represents the contribution of t
lattice and the second one that of the spin waves.33 There-
fore, a plot CpT23/25 f (T3/2) should reveal a straight line
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with slopeb and interceptd. Such a behavior was found in
number of ferrimagnets~see, e.g., Refs. 34–37!. However,
for MnCr2S4 , a fit to the lower temperature part~1.5 K–2.3
K! of the data for zero field~dotted line in Fig. 7! gives an
unrealistic value of about 33 K for the Debye temperat
QD , calculated using the standard expression for the co
cientb512p4nNAkB/5QD .3 Heren is the number of atoms
per formula unit,NA is Avogadro‘s number, andkB is the
Boltzmann constant. Similarly, the value ofd is more than
two orders of magnitude higher than that observed in
referred ferrimagnets.34–37

For the whole temperature range the lattice contribution
the specific heat,Cl @dotted line in Fig. 6~a!# was calculated
numerically using a Debye model. The lattice contributi
was adjusted to the high-temperature part (T.100 K) of the
experimental data, since the critical spin fluctuations can
neglected at high temperatures, as was shown for MnC2S4
polycrystals.38 From this simulation a Debye temperature
about 410630 K was estimated. This value is compared w
to the typical Debye temperature (;600 K) in oxide

FIG. 6. ~a! Temperature dependence of the molar heat capa
Cp , divided by the temperatureT for a MnCr2S4 single crystal
~sample 14-s! measured byt relaxation ~open circles!, adiabatic
~open squares!, and ac~closed symbols! methods, respectively, fo
zero and 100 kOe. Dotted line shows the lattice contribution.~b!
Temperature dependence of the magnetization of the same sa
measured in low field. Dashed lines indicate the temperaturesTC

and TYK . The proposed magnetic structure is indicated schem
cally. Solid lines are guides to the eye.
13443
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spinels,37 if one take into account the higher mass and
weaker bonding in thiospinels compared to oxyspinels. T
lattice contribution to the specific heat at temperatures be
10 K does not exceed 5% of the overall value ofCp . Con-
ductivity studies of our single crystals~see Sec. III C! sug-
gest a very low number of charge carriers and, therefor
negligible electronic contribution toCp . Thus, the variation
of the heat capacityCp below 10 K appears to originat
mainly from magnetic degrees of freedom.

In Fig. 8~a! we plotted the temperature dependent mo
entropy,Sm , associated with the magnetic degrees of fre
dom, inferred from the magnetic heat capacityCm5Cp
2Cl by integration. UsingSm5R ln(2S11), and taking into
account both Mn and Cr ions, the entropy in the param
netic state must correspond to 2R ln 41R ln 6 per mole of
MnCr2S4 . Here we assume Cr31 ions with S53/2 and
Mn21 ions with S55/2. However, only 77% of this value i
reached at the Curie temperatureTC. This indicates a reduc
tion of the magnetic entropy already in the paramagne
region due to critical fluctuations. An external magnetic fie
results in a further reduction, which supports the interpre
tion of a short-range order aboveTC @see Fig. 8~a!#. At tem-
peratures above 2TC the magnetic entropy approaches t
expected theoretical limit and hence justifies our assump
concerning the lattice contribution.

The application of a magnetic field yields a considera
increase of the entropy at low temperatures@Fig. 8~b!#. As
can be inferred from Fig. 5~b!, the Cr sublattice is nearly
completely ordered below 12 K. Therefore, entropy chan
below this temperature can mainly be attributed to the
namics of the ordering of the Mn sublattice. In zero field, t
entropy at the transition temperatureTYK reaches only abou
12% of the expectedR ln 6 for the complete disorder in th
Mn sublattice, whereas in a field of 100 kOe,Sm(TYK) in-
creases up to 52% of the expected value@see inset in Fig.
8~b!#. This indicates an increasing disorder of the Mn subl
tice atT5TYK with increasing field.

For temperatures below 15 K, theCp /T curve for zero
field in Fig. 6~a! shows an increase with decreasing tempe

FIG. 7. Molar heat capacityCpT23/2 vs. T3/2 at different mag-
netic fields for a MnCr2S4 single crystal~sample 14-s!. The dotted
line shows the linear fit to the low temperature data for the z
field curve. Solid lines are guides to the eye.
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ture due to an additional broad anomaly on which thel
anomaly at 5 K seems to be superimposed. For high fie
this additional anomaly is clearly separated from thel
anomaly atTYK @see, Figs. 6~a! and 7# and becomes more
pronounced. It seems to be correlated to the magnetiza
changes belowTYK , as shown in the inset of Fig. 2~a!.

C. Resistivity

In Fig. 9 the temperature dependence of the resistivity
poly- and single-crystalline MnCr2S4 samples is shown. In
the temperature range 230–350 K, the resistivity of
single crystals strongly decreases with increasing temp
ture. The resistivity data follow a simple Arrhenius lawr
5r0 exp(DE/kBT) with an activation energyDE of about 0.6
eV.

In comparison, the resistivity of polycrystals measured
the temperature range 70–300 K is about four orders of m
nitude lower. The Arrhenius law describes only the hig
temperature part of ther(T) curve, yielding an activation
energy nearly three times smaller~about 0.2 eV! than that of

FIG. 8. Temperature dependence of the magnetic entropySm at
different magnetic fields:~a! for the temperature range 1.5 K,T
,140 K. Horizontal dotted lines indicate the valuesR ln 6 and
R ln 612R ln 4. Vertical dotted lines mark the temperature of tra
sitions atTC and TYK . ~b! low-temperature behavior. Inset: Fiel
dependence of the magnetic entropy reached at the transition
peratureTYK . Solid lines are guides to the eye.
13443
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single crystals. We attribute this difference in the activati
energies to a contribution of impurity-induced conduction
the polycrystalline sample, while the single crystal proba
reflects the intrinsic gap of this compound. The low
temperature data for the resistivity of the polycrystalli
sample can be described rather with Mott’s variable-ran
hopping~VRH! modelr5r0 exp(T0 /T)1/4. This suggests tha
charge transport takes place by VRH similar to the case
CMR perovskite manganites atT.TC.39–41 Although a
charge compensation due to the possible presence of c
and anion vacancies cannot be excluded, the pronounce
sulating behavior observed for single-crystalline MnCr2S4
samples most probably indicates a rather low concentra
of charge carriers.

IV. DISCUSSION

Summarizing the experimental findings given above,
anomalies exhibited by the specific heat and the magne
tion of MnCr2S4 , can be attributed to a common origin
Starting at high temperatures, thel anomaly in the specific
heat atTC'65 K, indicates the onset of magnetic order. B
low TC, the magnetization increases as in a ferromag
down to 42 K. The increase is mainly caused by the order
of the Cr sublattice~see Fig. 5!. Cooling below 42 K, the
magnetization decreases again, due to an antiferromag
aligning of the Mn with respect to the Cr sublattice~Fig. 5!.
This decrease of the magnetization corresponds a broad
in Cp /T with a maximum at around 5 K. In addition, th
specific heat shows anotherl anomaly atTYK'4.8 K. At
this temperature the magnetization exhibits a distinct k
and changes only weakly forT,TYK . In an external mag-
netic field, bothl anomalies are shifted to higher temper
tures: thel anomaly atTC broadens, whereas the anomaly
TYK remains sharp. In contrast, the maximum of the bro
anomaly inCp /T remains near 5 K but the weight is redi

m-

FIG. 9. Temperature dependence of the resistivity of MnCr2S4

polycrystals~sample 7-8! and single crystals~sample 16-R! plotted
in a semilogarithmic scale versus the inverse temperature. S
lines present fits by the Arrhenius and variable-range-hopp
~VRH! law to the experimental data for the single- and polycryst
line samples, respectively.
4-6
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tributed with increasing field from the high-temperature
the low-temperature wing.

Based on these findings, we suggest the following s
nario of magnetic ordering in MnCr2S4 . At TC the Cr sub-
lattice orders ferromagnetically, whereas the Mn sublat
still remains quasiparamagnetic. In the quasiparamagn
state the longitudinal component of the magnetic momen
the Mn sublattice is ordered antiparallel to the moment of
Cr sublattice, whereas the transverse component of the
ment of the Mn sublattice is fully disordered. On decreas
temperature the Mn ions gradually align in the exchan
field of the Cr sublattice with an effective antiferromagne
orientation with respect to the Cr magnetization. This
duces the net magnetization and results in the broad l
temperature peak inCp /T. Finally, at TYK the onset of a
canted antiferromagnetic order~of the transverse componen
of the moment of the Mn sublattice! within the Mn sublattice
results in an effective triangular or more complicated str
ture. In the following we give the experimental evidence a
discuss it in the light of corresponding results in the lite
ture.

The transition atTC'65 K is an order-disorder phas
transition between a ferrimagnetic and a paramagnetic s
A detailed analysis of the critical exponents that describe
thermodynamical behavior of magnetization and suscept
ity of MnCr2S4 in the asymptotical temperature range h
shown that this transformation is of second-order type.38 An
analysis of the behavior of the heat capacity singularity
served in the critical region is outside the scope of
present paper and will be presented elsewhere.

In the temperature rangeTYK,T,TC the Cr sublattice, or
theB-B interaction, is mainly responsible for the long-ran
magnetic properties of MnCr2S4 . This we conclude from the
fact that the ferrimagnetic state can be destroyed comple
by a substitution of only;12% of Cr by nonmagnetic In
ions.42 Substitutions on the Mn site does not affect t
ferrimagnetism.21 This conclusion is supported by similar re
sults obtained by a substitution on the Cr sublattice in
isomorphous CdCr2S4 ferromagnet,43 which contains only
one type of magnetic ions on theB places. In that case th
percolation threshold for the suppression of ferromagn
order is also about 10%. Since theA-B interaction in
MnCr2S4 is much weaker than theB-B interaction~see Refs.
5, 6!, the antiferromagnetic arrangement of the Mn and
ions may be easily influenced by a magnetic field, yieldin
strong increase of the magnetization in high fields.

The observed decrease of the net magnetization below
K can be ascribed to the quasiparamagnetic behavior of
Mn ions in the exchange field of the Cr sublattice. Our
sults demonstrate that the entropy change, associated
this effect, is shifted to low temperatures with increasi
magnetic field@see Figs. 6~a! and 8~b!# yielding the broad
anomaly in Cp /T. In addition, the net magnetization in
creases with increasing field, showing that the Cr mome
become less compensated. This effect can probably be
cribed to a compensation of the exchange field of the Cr i
acting on the Mn sublattice by the external magnetic fie
which results in a reduced antiferromagnetically alignm
of the Mn ions with respect to the Cr ions.
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The nature of the magnetic transformation atT;5 K is
apparently more complex. Attributing the magnetic and he
capacity anomalies atTYK to the transition from a collinea
Néel magnetic structure to a triangular Yafet-Kittel-type co
figuration as suggested previously~see Ref. 5!, we note the
following. The absence of any hysteretic behavior of the h
capacity atTYK seems to disagree with the proposed fir
order type of this transition~Ref. 11!. Moreover, the steep
slope of the magnetization curves, observed in high fie
indicates that a noncollinear structure is realized at all te
peratures. We suggest a second-order transition from a
siparamagnetic into an antiferromagnetic state of the
sublattice due to theA-A interactions, with correlated trans
verse components of the magnetic moments of the Mn io
This results in a canted antiferromagnetic magnetization
the Mn ions due to the influence of the Cr sublattice, orA-B
interactions.

The possibility of an additional antiferromagnetic orde
ing of the Mn sublattice in MnCr2S4 crystals is in genera
agreement with the antiferromagnetic arrangement of the
ions observed in the related sulfide spinel MnIn2S4 @TN
54.9 K ~Ref. 44!#. An antiferromagnetic ordering also oc
curs in the oxide spinel MnGa2O4. It is realized at much
higher temperature45 (TN533 K) because of a strongerA-A
interaction in the oxide compared to the sulfide compound
is noteworthy here that in the case of MnGa2O4, the antifer-
romagnetic ordering is accompanied by an appearance
~200! reflection in the neutron-diffraction pattern similar
that observed in MnCr2S4 crystals.11 The suggestion of an
antiferromagnetic order in the Mn sublattice in MnCr2S4
may then explain the observed value of saturation magn
zation of about 6mB found in high fields (;300 kOe),9 when
the magnetic moment of the Mn ions becomes perpendic
to the Cr moment. In this case the longitudinal componen
the moment of the Mn ions becomes zero and only the
moment remains visible. From the entropy curve presen
in the inset of Fig. 8~b! we can estimate the magnetic fie
which is necessary to result in a completely disordered
sublattice, i.e., the external field fully compensates the
change field of the Cr sublattice. Extrapolation by the e
pirically found relationS(TYK);H3/4 to a valueR ln 6 gives
a value of a magnetic field of about 290 kOe. This value is
good agreement with the above mentioned saturation m
netic field and additionally supports the idea of antiferroma
netic ordering within the Mn sublattice.

With respect to the shift of the low-temperaturel
anomaly~at TYK) by an external magnetic field, we note th
in pure antiferromagnets the application of a magnetic fi
usually shifts the transition temperature to low
temperatures.46–48 In our case, due to the effect of the com
pensation of the exchange field of the Cr sublattice by
external magnetic field as discussed above, the Mn-Mn in
actions result in an ordered state at higher temperatures
the magnetic field; thus, it has an opposite effect.

The role of the magnetocrystalline anisotropy is not cle
yet. It may stabilize the low-temperature canted structure
the case of LaMnO3, e.g., the canting of the antiferromag
netic structure can only be understood by additional an
tropic interactions.49 Considering the rather high value of th
4-7
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anisotropy fieldHA observed by us in MnCr2S4 single crys-
tals @which is about one order of magnitude higher than t
in the related spinel CdCr2S4 ~Ref. 50!#, it should be noted
that the anisotropy cannot originate from the tetrahedr
coordinated Mn21 ions or octahedrally coordinated Cr31

ions because of the zero orbital momentum of the former
quenched orbital momentum of the latter ion in a cubic cr
tal field. The scaling between the first anisotropy constantK1
and the normalized magnetization of the Cr sublatt
M s/M s(4 K) asK1;@M s/M s(4 K)#10 agrees well with what
is expected in the framework of a single-ion model.27 This
result indicates that theB sublattice is responsible for th
anisotropic properties of MnCr2S4 . The presence of a sma
amount of Mn31 or Cr21 ions onB sites caused by possibl
deviations from the stoichiometry could also be the reaso
such an anisotropy. The relevance of the anisotropy for
low-temperature phase needs further experimental and t
retical investigation.

Although within our model it is possible to describe th
observed peculiarities of magnetization and specific hea
more complicated spin arrangement, e.g., a spiral config
tion cannot be excluded for MnCr2S4 . The Mn ions are ar-
ranged in two fcc sublattices, shifted against each other
~1/4, 1/4, 1/4! along the^111& direction. It is interesting to
note that within the ideal cubic spinel structure the Mn-M
exchange path, which consists of Mn-S-S-Mn chains, is
same within and between the respective Mn sublattices. T
might prevent the formation of a simple collinear antiferr
magnetic structure. The stability of a spiral arrangemen
the spinels was theoretically established by Kaplan
others.51,52Experimentally, the helimagnetic type of orderin
was found, for example, in the related HgCr2S4 and
MnCr2O4 spinels.53,54 It should be mentioned that recent e
periments with triangular-lattice antiferromagnets ha
found strong variations of the temperature of thel anomaly
in the specific heat under application of a magnetic field.55,56

For the helimagnetic configuration, an additional frustrati
B

eu

Se

ys
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which appears in the triangular lattice, leads to a chiral
generacy below the antiferromagnetic transition.57 This ques-
tion also needs further experimental study.

V. CONCLUSION

We have investigated the magnetization, ferromagn
resonance, heat capacity, and conductivity in single crys
of the MnCr2S4 ferrimagnet. Pronouncedl anomalies in the
heat capacity that accompany the magnetic phase tran
mations at the Curie temperatureTC ;65 K and atTYK
;4.8 K were found. Both heat capacity anomalies are shif
to higher temperatures by the application of a magnetic fi
and correlate well with the behavior of the anomalies in
magnetization. The reduction of the magnetization below
K is accompanied by an entropy loss comparable to the
entropy change due to the ordering of the Mn sublatti
Ferromagnetic ordering of the Cr sublattice belowTC fol-
lowed by quasiparamagnetic alignment of the Mn spins a
final antiferromagnetic ordering within the Mn sublattice
TYK is suggested to explain these observations. Magnet
tion and ferromagnetic resonance measurements revea
strong magnetocrystalline anisotropy at low temperatures
scaling of the first anisotropy constantK1 with that of the
tenth power of the magnetization of theB sublattice is found
that indicates its dominating role in generating the magne
crystalline anisotropy.

ACKNOWLEDGMENTS

This work was supported by Bundesministerium fu¨r Bil-
dung und Forschung~BMBF! under Contract No. VDI/EKM
13N6917, Deutsche Forschungsgemeinschaft~DFG! via
Contract No. SFB 484, and by U.S. Civilian Research
Development Foundation~CRDF! and Moldavian Research
& Development Association~MRDA! via Grant No. MP2-
3047.
ids

r,
m-
1A. P. Ramirez, R. J. Cava, and J. Krajewski, Nature~London!
386, 156 ~1997!.

2M. S. Park, S. K. Kwon, S. J. Youn, and B. I. Min, Phys. Rev.
59, 10 018~1999!.

3M. S. Park, S. K. Kwon, and B. I. Min, Phys. Rev. B64, 100403
~2001!.

4F. K. Lotgering, Philips Res. Rep.11, 190 ~1956!.
5F. K. Lotgering, J. Phys. Chem. Solids29, 2193~1968!.
6N. Menyuk, K. Dwight, and A. Wold, J. Appl. Phys.36, 1088

~1965!.
7V. Tsurkan, M. Demeter, B. Schneider, D. Hartmann, and M. N

mann, Solid State Commun.114, 149 ~2000!.
8J. Denis, Y. Allain, and R. Plumier, C. R. Seances Acad. Sci.,

B 269, 740 ~1969!.
9J. Denis, Y. Allain, and R. Plumier, J. Appl. Phys.41, 1091

~1970!.
10R. Plumier, R. Conte, J. Denis, and M. Nauciel-Bloch, J. Ph

~Paris!, Colloq. 32, C1-55~1971!.
-

r.

.

11R. Plumier and M. Sougi, C. R. Seances Acad. Sci., Ser. B268,
1549 ~1969!.
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