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Electron paramagnetic resonance, magnetization, and dynamic magnetic susceptibility have been investi-
gated in the new member of the semimagnetic semiconductors family, In1−xMnxSe layered crystal with com-
positionx=0.0125. The obtained results indicate that two subsystems of impurity manganese ions exist in the
examined crystal: the first one inside the crystal layer and the second one in the interlayer space. It is found that
at low temperatures, below 77 K, three-dimensional ferromagnetic order arises in the as-grown sample. In the
annealed sample, two-dimensional ferromagnetism is observed in the interlayer space.
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I. INTRODUCTION

A common feature of layered III-VI semimagnetic semi-
conductorssSMSCd is their quasi-two-dimensional crystal
structure. The crystals are comprised of four-atom thick two-
dimensional layers: a top anion layer, two middle cation lay-
ers, and a bottom anion layer. Those four-atom thick layers
are bonded with the weak van der Waals interaction, while
inside them bonds are covalent. The same as in the II-VI
SMSC, substitutional magnetic ions in the layered III-VI
SMSC are in a tetrahedral environment. However, due to the
crystal structure in the III-VI mixed crystals, each magnetic
ion has only three neighboring anions and the fourth nearest
neighbor is another cation, either a magnetic or nonmagnetic
one. As a result, more complicated exchange channels may
be realized in the layered III-VI SMSC than in the case of
II-VI SMSC ssee, e.g., Fig. 1 in Ref. 1d.

In this respect Refs. 1 and 2 are of interest, in which the
temperature and field dependences of magnetization of,
respectively, Ga1−xMnxSe sx=0.012d and Ga1−xMnxS
sx=0.011,0.066d layered crystals are investigated. It was es-
tablished that a short-range two-dimensional antiferromag-
netic order exists in Ga1−xMnxSe in the temperature range
120–195 K. It is supposed that at a temperature of 119 K the
transition to three-dimensional order takes place in that
crystal as evidenced by a sharp change in magnetization.
For the other system, Ga1−xMnxS, in the temperature range
from 75 K to 300 K the magnetization follows the
Curie-Weiss law with a negative Curie-Weiss temperature
Jeff /kB=−50 K that indicates an antiferromagnetic interac-
tion between the Mn ions.

In view of reported differences in the magnetic behavior
of the gallium compounds owing apparently to a change of
anion type, it is of interest to study the influence of cation
type on the magnetic properties of layered semimagnetic
semiconductors. This paper presents measurements of mag-
netic properties of In1−xMnxSe single crystals, namely, elec-
tron paramagnetic resonancesEPRd, magnetizationsMd, and
dynamic magnetic susceptibilitysxacd.

II. EXPERIMENT

In1−xMnxSe single crystals were grown using the Bridg-
man method at the initial composition ofx=0.01. Mn distri-

bution along the ingot is nonuniform as determined from
energy dispersive x-ray fluorescence analysisssee Fig. 1d.

In the initial part of the ingotsup to 0.6 of its lengthd the
Mn content does not exceed a value of 0.15 at. %, while
at the end of the ingot Mn concentration values are as high
as 3.57 at. %. The samples cut from the ingot had the
form of a rectangular plate with typical dimensions of
43230.5 mm3. The surface of the samples was identical
with the cleavage planesaad perpendicular to the crystalc
axis.

EPR spectra measurements were carried out at a
frequency of 10 GHz using an EPR radiospectrometer
with the digital accumulation of a signal. The first derivative
of the resonance signal was recorded over the temperature
range 77–300 K. The maximum magnetic field reached
5000 Oe. The magnetic field was determined by an NMR
probe with an accuracy of ±1 Oe. A DPPHs2,2-diphenyl-1-
picrylhydrazyld reference sample with the total number of
spins 5.031017 and g-factor equal to 2.0036 was used to
estimate the spectrometer sensitivity. Separation of the spec-
trum components was carried out with the help of the spe-
cialty computer program for spectral curve decomposition.
The line integrated intensity,S, was determined by the nu-
merical double integration of the derivative absorption curve.
The peak-to-peak linewidth,DH, was defined as the distance

FIG. 1. The Mn distribution along the growth axis of the
In1−xMnxSe ingot with nominal valuex=0.01. Labels 1–9 mark the
samples described in the text.
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between the minimum and maximum of the first derivative.
Two-function experimental equipment, Lake Shore 7229

AC Susceptometer/DC Magnetometerswith the sensitivity
10−7 emud, was used for magnetization and magnetic suscep-
tibility investigations.3,4 The temperature dependence of dy-
namic magnetic susceptibility,xacsTd, was measured using an
ac magnetic field with amplitude of 20 Oe and frequency of
800 Hz over the temperature range 4.2–300 K. Measure-
ments of magnetizationMsHd were carried out using magne-
tizing field H=40 Oe for various temperaturess20, 50, and
100 Kd.

III. RESULTS

At first EPR spectra have been measured on In1−xMnxSe
as-grown samples cut across to the growth axis of the ingot
sFig. 1d. The samples labeled 1–6 with Mn concentrations as
low as 0.15 at. % show a very weak EPR signal without any
manifestation of a hyperfine structure. The intense resonant
absorption is observed for Mn content of the order of
1–2 at. % in the samples 7–9. A two-component EPR spec-
trum is characteristic of these samples: on a background of a
wide line an additional weaker line is registered.

The pronounced two-component EPR spectrum was ob-
served for the as-grown sample 7 withx=0.0125 for mag-
netic fieldH oriented at an angle of 55° to the crystal axisc.
It consists of two resonant lines, labeledI andL, as shown in
Fig. 2 scurvead. The lines are of different widths and reveal
different temperature dependences. The further researches of
dependencesDHsTd, xacsTd andMsHd were performed both
for the as-grown and annealed samples withx=0.0125.

The I linewidth for the as-grown sample is about 370 Oe,
and theg-factor is equal to 1.996. Both the parameters do not
depend on orientation of magnetic fieldH. At the same time,
both in-planesaad and out-of-planesacd measurements show
the strong orientational dependence of theL line at T
=300 K sFig. 3, curves 1 and 2, accordinglyd. The L line-
width changes in the range from about 160 to 200 Oe, and
the g-factors at H ic and H 'c are equal to 2.189 and
2.0998, respectively.

An essential difference between theI andL lines is also
observed in the temperature dependence of their width,DH
ssee Fig. 4d. While the line I broadens monotonically with
lowering temperature over the whole interval 300–77 K
scurve 1d, for the L line the dependenceDHsTd is a non-
monotonic onescurve 2d. When the temperature decreases
from 300 K, the L line narrows and reaches its minimal
width atT<140 K, then it abruptly broadens as the tempera-
ture decreases from 140 to 77 K. The integrated intensities,
SI and SL, also change nonmonotonically as a function of
temperature with maxima at about 140 KsFig. 5, curves 1
and 3d.

Sample annealing in vacuum atT=593 K during 28 h
substantially changes the EPR spectrum: theL line almost
disappears, whereas theI line remainssFig. 2, curvebd. With
T decreasing from 300 to 140 K, theI linewidth sFig. 4,
curve 3d and intensity of theI line sFig. 5, curve 2d grow and,
finally, for T,140 K, the resonance becomes not visible.

The temperature dependences of both components of dy-
namic magnetic susceptibility,xac=x1− ix2, have compli-
cated charactersFig. 6d. For the as-grown sample the real
componentx1 reveals a huge peak atT=28 K, and another
two, much smaller but distinct, at 190.5 K and 267 Kscurve
1d. On the temperature dependence of the imaginary compo-
nent, x2, three peaks are also observed: a major one atT
<34 K, a minor one at 184 K, and a minute peak at 269 K
scurve 2d.

FIG. 2. The EPR spectra of In1−xMnxSe samples withx
=0.0125 atT=300 K: a=as grown,b=annealedsfor magnetic field
H oriented at an angle of 55° to the crystal axiscd. The arrow
labeled DPPH corresponds to the reference line with the effective
g-factor value 2.0036.

FIG. 3. The angular dependence of theL-resonance position
obtained for the as-grown sample atT=300 K: 1=in planesaad,
2= in planesacd.

FIG. 4. The temperature dependence of theI andL lines width
in In1−xMnxSe samples withx=0.0125: curves 1 and 2 are theI and
L lines for the as-grown sample, accordingly; curve 3 is theI line
for the annealed sample.
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The ac susceptibility of the annealed sample contains
only the real componentx1 swhich is in phase with the ap-
plied ac fieldd. The character of the dependence ofx1sTd did
not substantially change after annealing, i.e., the nonmono-
tonical temperature dependence with three peaks is as before
observedssee Fig. 6, curve 3d. However, we found that the
huge, low-temperature, peak moves into higher temperatures
s43 Kd as compared to the one observed in the as-grown
samplescurve 1d.

Rayleigh hysteresis loops were observed atT=20 and
50 K in the as-grown samplesFig. 7d.

IV. DISCUSSION

While doping III-VI layered semiconductors two cases
are possible:sid impurity atoms may replace host cations in
the crystal layer orsii d they may be located in the interlayer
space. Of the two, the latter mechanism obviously dominates
since to realize it a considerably smaller energy is needed. It
is known that an intercalation process in layered crystals
si.e., introducing impurity atoms into the interlayer spaced
may be realized even at room temperature.5

The presence of two lines in the EPR spectrumsFig. 2,
curvead indicates the existence of two various impurity sub-

systems in the as-grown crystals. It seems natural to assume
that theI resonant linesthe one of higher intensityd is con-
nected with those Mn atoms that are located in the interlayer
space while theL line is connected with the Mn atoms sub-
stituting indium atoms inside the crystal layer. An influence
of sample annealing on the EPR spectra may be fully under-
stood in consistence with the proposed model. During the
annealing process, the Mn ions diffuse from their lattice po-
sition into the interlayer space. As a result, theL resonance
almost disappearssFig. 2, curvebd and, at the same time, the
intensity of theI line increasessFig. 5, curve 2d.

The observed directional dependences of theL line and
the lack of such dependence for theI line shows that the
local fields acting on the Mn ion in the crystal layer and in
the interlayer space have different symmetries.

In a crystal, theg-factor depends on the orientation of an
external magnetic field relative to the axes of intracrystalline
field symmetry.6 The symmetry of the last one depends on a
local arrangement of the nearest diamagnetic ions. The
g-factor is a tensor; the number of its components indicates
the symmetry of the local field in a crystal. The symmetry is
axial if two components are observed,gi andg' salong the
crystal axisc and perpendicularly to itd and in planesaad
spectrum has axial symmetry. Hence, the presence of the
angular dependence of theL resonance in both crystal planes
sacd and saad indicates that the symmetry of a local field in
the crystal layer is lower than axial. To conclude, the lack of
angular dependence in theI line case may be explained by
the cubic symmetry of a local field in the In1−xMnxSe inter-
layer space.

The observation of the broadenedI andL lines evidences
by itself that numerous groups of magnetic ions are coupled
by exchange interaction.7,8 The EPR spectrum of isolated
Mn2+ ions snuclear spinI =5/2d has a hyperfine structure
consisting of six lines. Clusters of interacting Mn ions show
a hyperfine spectrum with a number of lines directly propor-
tional and a distance between them inversely proportional to
the cluster size. At a small number of interacting Mn ions
swhere Mn singles and pairs dominated an absorption curve
can still have some structure, but for Mn concentrations large
enoughslarger clusters presentd the hyperfine structure dis-
appears and the wide curve of absorption is observed.

The character of temperature dependences of the line-
widths,DHIsTd andDHLsTd, and integrated intensities,SIsTd

FIG. 5. The temperature dependence of EPR lines integrated
intensity for In1−xMnxSe sx=0.0125d: 1 is the I line for the as-
grown sample, 2 is theI line for the annealed sample, and 3 is the
L line for the as-grown sample.

FIG. 6. The temperature dependence ofxac dynamic magnetic
susceptibility for In1−xMnxSe sx=0.0125d: 1 and 2 are the real and
imaginary components for the as-grown sample, respectively; 3 is
the real component for the annealed sample. The inset shows real
component ofxac vs. T for the as-grown sample withx=0.037.

FIG. 7. The Rayleigh hysteresis loops at different temperatures
for In1−xMnxSe withx=0.0125.
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and SLsTd, is determined mainly by the type of exchange
pairs existing in the interlayer space and inside the crystal
layer. In the interlayer space, where the Mn ions are located
in slightly distorted tetrahedral hollows formed by the adja-
cent selenium monolayers,9 the indirect exchange is possible
only via Se ionssMn-Se-Mnd. In the crystal layer, apart from
the superexchange in the Mn-Se-Mn pairssand presumably
in Mn-In-Se-Mn pairsd, a direct exchange in the Mn-Mn
pairs is also possiblessee, e.g., Fig. 1 in Ref. 1d.

The abrupt decrease of theSI andSL sFig. 5d at simulta-
neous broadening of theI andL lines withT decreasing from
140 to 77 K sFig. 4d most probably results from an antifer-
romagnetic superexchange in the pairs Mn-Se-Mnsand,
probably, also in the Mn-In-Se-Mn pairs—in the layerd. In
turn, the increase ofSI andSL as temperature decreases from
300 to 140 K indicates the ferromagnetic character of ex-
change interaction between the Mn ions both in the layer and
in the interlayer space.

The observed narrowing of theL line in the range
300–140 KsFig. 4, curve 2d, contrary to the broadening of
the I line scurve 1d, can be explained by the direct exchange
in the nearest-neigbor Mn-Mn pairs, which are present only
within the crystal layer. The very fast direct exchange in the
Mn-Mn pairs results in averaging of the local fields, acting
on a paramagnetic ion, thus leading to the narrowing of theL
line.10

In Ref. 2 it is supposed that in Ga1−xMnxS atT=10.9 K a
magnetic phase transition to a spin glass statesor cluster
lockingd may take place that is an unusual phenomenon in
quasi-two-dimensional structures. We believe that in the lay-
ered crystalssGa1−xMnxS as well as In1−xMnxSed, at low tem-
peratures, Mn-S/Se-Mn pairs can also be formed with one of
the Mn ions located in the interlayer space and the other
located inside the crystal layer. The indirect exchange inter-
action with the participation of such pairs connects neighbor-
ing crystal layers and as a consequence the three-dimensional
magnetic order occurs.

The character ofxacsTd dependencesFig. 6d as well as the
existence of Rayleigh magnetic hysteresesFig. 7d are direct
evidence that a three-dimensional ferromagnetic order exists
in some ranges of the as-grown samplesimpurity ions clus-
tersd in the rangeT,77 K. The Rayleigh hysteresis loop is
an effect of the irreversible process of magnetization in a
weak magnetic fieldsas well as in a case of usual hysteresisd.
In this case the field dependence of magnetizationM for the
initial part of the magnetization curve is expressed by the
Rayleigh formula:10,11

M = xaH ± bH2, s1d

wherexa is the initial magnetic susceptibility,b is Rayleigh’s
constant, and the sign1 or 2 corresponds to the magnetic
field direction. The constantb is connected with the residual
magnetizationMR and saturation fieldHm of a hysteresis
curve by the relation10

b =
2MR

Hm
2 . s2d

Using experimental values ofMR andHm sFig. 7d one is
able to find the hysteresis loss for the Rayleigh loop:10

Wh =
1

4p
R HdM =

bHm
3

3p
=

2MRHm

3p
. s3d

The observed increase of theMR andHm values with re-
duction of temperature in the In1−xMnxSe as-grown sample
sFig. 7d corresponds to the increase of hysteresis loss, which
is characteristic of typical ferromagnets.

An appearance of imaginary component,x2, in the as-
grown sample is also caused with the hysteresis loss as a
result of irreversible displacement of domain walls since the
measurements ofxacsTd were carried out at low frequency
field.11 It follows that the absence of an imaginary compo-
nent,x2, in the annealed samples testifies to the absence of
domain structure in two-dimensional ferromagnetic clusters,
formed in the interlayer space of investigated crystals. It will
be noted that eddy-current loss can be neglected because of
low concentration of free carriers in In1−xMnxSe, which at
T=77 K is below 1013 cm−3.

In order to find out what is the possible origin of the high
temperatureac susceptibility peaks, we shall analyze first the
dependenciesxacsTd and SsTd for the as-grown sample in
distinct temperature intervals. As one can see, two small
peaks are observed in the range 300–140 KsFig. 6d, where,
according to EPR datasFig. 5d, exchange interaction has
ferromagnetic character both in the layer and in the interlayer
space. At the same time, in the interval 140–77 K, where
antiferromagnetic superexchange occurs, peaks are not ob-
served. Therefore, we suppose that those peaks may be
caused only by an existence of a very weak ferromagnetism
in the impurity ions clusters. The observed increase of the
high-temperaturexac peaks amplitude with Mn content in-
creasingsx=0.037d confirms this hypothesisssee the inset in
Fig. 6d. The magnetic susceptibilityxac is overall character-
istic of a crystal and thus takes into account the total expo-
sure of all the exchange Mn pairs, existing in the as-grown
sample.

The above considerations may be applied, in some mea-
sure, to the annealed sample. The distinction is only that all
observed peaks on the dependence ofx1sTd are due to a
formation of the ferromagnetic clusters in the interlayer
space, i.e., two-dimensional ferromagnetism arises. During
the annealing process, in fact, all the Mn ions diffuse from
the crystal layer into the interlayer space. The increase of the
Mn ion’s quantity in the interlayer space reduces the number
of breaks in a chain of interacting Mn ions and, as a conse-
quence, the Curie temperature increases to 43 KsFig. 6,
curve 3d as compared with 28 K found for the as-grown
samplesFig. 6, curve 1d. As well as in the as-grown sample,
the high temperature peaks are observed in the interval
300–140 KsFig. 6, curve 3d where ferromagnetic exchange
interaction is activesFig. 5, curve 2d.

V. CONCLUSIONS

The results of EPR investigation indicate the existence of
two separate quasi-two-dimensional magnetic impurity sub-
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systems in the In1−xMnxSesx=0.0125d as-grown crystals: the
first one is inside the crystal layer and the second one is in
the interlayer space. In the temperature range from
300 to 140 K ferromagnetic exchange interaction takes place
both in a layer and in an interlayer space. In contrast, anti-
ferromagnetic superexchange happens over the range
140–77 K. At the lowest temperaturessbelow 77 Kd, the
three-dimensional ferromagnetic ordering of Mn ions ap-
pears in the as-grown sample as evidenced by the observa-

tion of Rayleigh hysteresis loops and by the character of
temperature dependence of dynamic magnetic susceptibility.
In the annealed sample two-dimensional ferromagnetism is
observed in the interlayer space.
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