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Ferromagnetic states in the In_,Mn,Se layered crystal
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Electron paramagnetic resonance, magnetization, and dynamic magnetic susceptibility have been investi-
gated in the new member of the semimagnetic semiconductors familyMn,Se 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 bution along the ingot is nonuniform as determined from

A common feature of layered I1I-VI semimagnetic semi- €nNergy dispersive x-ray fluorescence analysee Fig. 1
conductors(SMSQ is their quasi-two-dimensional crystal [N the initial part of the ingotup to 0.6 of its lengththe
structure. The crystals are comprised of four-atom thick twoMn content does not exceed a value of 0.15 at. %, while
dimensional layers: a top anion layer, two middle cation lay-at the end of the ingot Mn concentration values are as high
ers, and a bottom anion layer. Those four-atom thick layer&s 3.57 at. %. The samples cut from the ingot had the
are bonded with the weak van der Waals interaction, whildorm of a rectangular plate with typical dimensions of
inside them bonds are covalent. The same as in the II-V#X2x0.5 mn?. The surface of the samples was identical
SMSC, substitutional magnetic ions in the layered IlI-VI with the cleavage planéa) perpendicular to the crystal
SMSC are in a tetrahedral environment. However, due to thexis.
crystal structure in the 1lI-VI mixed crystals, each magnetic EPR spectra measurements were carried out at a
ion has only three neighboring anions and the fourth nearegtequency of 10 GHz using an EPR radiospectrometer
neighbor is another cation, either a magnetic or nonmagnetig;th the digital accumulation of a signal. The first derivative
one. As a result, more complicated exchange channels may the resonance signal was recorded over the temperature
be realized in the Iayergd -Vl SMSC than in the case Ofrange 77-300 K. The maximum magnetic field reached
I-vi SMSC (see, e.g., Fig. 1 in Ref)1 . . . 5000 Oe. The magnetic field was determined by an NMR
crponeond ol Somorinean o e mian! obe Wi ahcEeUacy of -1 O A DPFEZ dpreny -
res pectivel Ga.Mn.Se ?X:O 012 and g MN.S icrylhydrazy) reference sample with the total number of

P O ik ' A M spins 5.0< 10" and g-factor equal to 2.0036 was used to

(x:Q.011,0.066 layered crystals are mves_tlgated. l.t Was €S-ostimate the spectrometer sensitivity. Separation of the spec-
tablished that a short-range two-dimensional antiferromag

netic order exists in Ga,Mn,Se in the temperature range tr'um components was carried out with the help of the.s.pe-
120-195 K. It is supposed that at a temperature of 119 K th |alty_computer program f_or spectral curve decomposition.
transition to three-dimensional order takes place in tha he_ line mtegrgted intensity, was Qete_rmlned by _the nu-
crystal as evidenced by a sharp change in magnetizatiomer'cal double integration of the derivative absorption curve.
For the other system, GaMn,S, in the temperature range The peak-to-peak linewidtiAH, was defined as the distance
from 75K to 300 K the magnetization follows the

Curie-Weiss law with a negative Curie-Weiss temperature 4
Jesi/ Kg=—50 K that indicates an antiferromagnetic interac- e *
tion between the Mn ions. kA 3

In view of reported differences in the magnetic behavior 5 5l 2
of the gallium compounds owing apparently to a change of B 7
anion type, it is of interest to study the influence of cation a 1l L
type on the magnetic properties of layered semimagnetic 5 1 6
semiconductors. This paper presents measurements of mag- Sofle e e, ., o
netic properties of In,Mn,Se single crystals, namely, elec-
tron paramagnetic resonan@PR), magnetizatior{M), and -1 L . L . .
dynamic magnetic susceptibilityy,o)- 00 02 04 06 08 10

Distance (arb. units)

Il. EXPERIMENT FIG. 1. The Mn distribution along the growth axis of the
In,_,Mn,Se single crystals were grown using the Bridg- In;_Mn,Se ingot with nominal valug=0.01. Labels 1-9 mark the

man method at the initial composition ®£0.01. Mn distri-  samples described in the text.
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FIG. 2. The EPR spectra of JnMn,Se samples withx obt_ained for the as-grown sample B+300 K: 1=in plane(aa),
=0.0125 aff=300 K: a=as grownp=annealedfor magnetic field 2N plane(ac).
H oriented at an angle of 55° to the crystal akis The arrow

) . . An essential difference between thendL lines is also
labeled DPPH corresponds to the reference line with the eﬁecnv%bserved in the temperature dependence of their wikith,
g-factor value 2.0036.

(see Fig. 4. While the linel broadens monotonically with
o ) . ~ lowering temperature over the whole interval 300-77 K
between the minimum and maximum of the first derlvat|ve.(curve 1, for the L line the dependencAH(T) is a non-

Two-function experimental equipment, Lake Shore 7229yqnt0nic one(curve 2. When the temperature decreases
AC_Susceptometer/DC Magnetometevith the sensitivity  ¢om 300 K, theL line narrows and reaches its minimal

7 B . .
10" emu, was used f?r magnetization and magnetic SUSCeRy,igih at T~ 140 K, then it abruptly broadens as the tempera-
tibility investigations®# The temperature dependence of dy-y,re decreases from 140 to 77 K. The integrated intensities,
namic magnetic susceptibility{(T), was measured using an s and's . also change nonmonotonically as a function of

ac magnetic field with amplitude of 20 Oe and frequency Oftemperature with maxima at about 140(Kig. 5, curves 1
800 Hz over the temperature range 4.2-300 K. Measuregng 3.

ments pf magnetizatiol!(H) were carried out using magne-  gample annealing in vacuum @t=593 K during 28 h
tizing field H=40 Oe for various temperaturé20, 50, and  gypstantially changes the EPR spectrum: lthéne almost

100 K). disappears, whereas théine remaingFig. 2, curveb). With
T decreasing from 300 to 140 K, thie linewidth (Fig. 4,
Il RESULTS curve 3 and intensity of the line (Fig. 5, curve 2grow_a_nd,
finally, for T<140 K, the resonance becomes not visible.
At first EPR spectra have been measured gn,Mn,Se The temperature dependences of both components of dy-

as-grown samples cut across to the growth axis of the ingatamic magnetic susceptibilityy..=x1—ix2, have compli-
(Fig. 1). The samples labeled 1-6 with Mn concentrations asated charactetFig. 6). For the as-grown sample the real
low as 0.15 at. % show a very weak EPR signal without anycomponenty; reveals a huge peak at28 K, and another
manifestation of a hyperfine structure. The intense resonartwo, much smaller but distinct, at 190.5 K and 2674 dtrve
absorption is observed for Mn content of the order ofl). On the temperature dependence of the imaginary compo-
1-2 at. % in the samples 7-9. A two-component EPR speaient, x,, three peaks are also observed: a major on& at
trum is characteristic of these samples: on a background of &34 K, a minor one at 184 K, and a minute peak at 269 K
wide line an additional weaker line is registered. (curve 2.

The pronounced two-component EPR spectrum was ob-
served for the as-grown sample 7 witkr0.0125 for mag-
netic fieldH oriented at an angle of 55° to the crystal agis
It consists of two resonant lines, labeledndL, as shown in
Fig. 2 (curvea). The lines are of different widths and reveal s
different temperature dependences. The further researches of 400; A
dependencedH(T), xadT) andM(H) were performed both 200 2
for the as-grown and annealed samples wi#0.0125. 1501 \\

Thel linewidth for the as-grown sample is about 370 Oe, \. ——"
and theg-factor is equal to 1.996. Both the parameters do not 100+ -
depend on orientation of magnetic figtd At the same time,
both in-plangaa) and out-of-planéac) measurements show
the strong orientational dependence of theline at T
=300 K (Fig. 3, curves 1 and 2, accordinglyThe L line- FIG. 4. The temperature dependence of ltead L lines width
width changes in the range from about 160 to 200 Oe, anh In,_,Mn,Se samples witk=0.0125: curves 1 and 2 are thand
the g-factors atHlc and H Lc are equal to 2.189 and L lines for the as-grown sample, accordingly; curve 3 isltiee
2.0998, respectively. for the annealed sample.
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FIG. 5. The temperature dependence of EPR lines integrated Magnetic field H (Ge)
intensity for In_Mn,Se (x=0.0123: 1 is thel line for the as- FIG. 7. The Rayleigh hysteresis loops at different temperatures
grown sample, 2 is theline for the annealed sample, and 3 is the for In,_,Mn,Se withx=0.0125.
L line for the as-grown sample. e
systems in the as-grown crystals. It seems natural to assume

The ac susceptibility of the annealed sample containsthat thel resonant ling(the one of higher intensilyis con-
only the real componeng, (which is in phase with the ap- nected with those Mn atoms that are located in the interlayer

plied ac field. The character of the dependenceygfT) did space while thé. line is connected with the Mn atoms sub-
not substantially change after annealing, i.e., the nonmonceituting indium atoms inside the crystal layer. An influence

: . . of sample annealing on the EPR spectra may be fully under-
tonical temperature dependence with three peaks is as befoé?ood irrj1 consisten(?e with the pron))osed mo)(/jel. Du}r/ing the

observedssee Fig. 6, curve )3 Howevgr, we found that the annealing process, the Mn ions diffuse from their lattice po-
huge, low-temperature, peak moves into higher temperaturegyion into the interlayer space. As a result, theesonance
(43 K) as compared to the one observed in the as-growmost disappearig. 2, curveb) and, at the same time, the

sample(curve 1. . intensity of thel line increasegFig. 5, curve 2.
Rayleigh hysteresis loops were observedTat20 and The observed directional dependences of lthéne and
50 K in the as-grown samplé-ig. 7). the lack of such dependence for thdine shows that the
local fields acting on the Mn ion in the crystal layer and in
IV. DISCUSSION the interlayer space have different symmetries.

In a crystal, theg-factor depends on the orientation of an
While doping IlI-VI layered semiconductors two cases external magnetic field relative to the axes of intracrystalline
are possible(i) impurity atoms may replace host cations in field symmetry The symmetry of the last one depends on a
the crystal layer ofii) they may be located in the interlayer local arrangement of the nearest diamagnetic ions. The
space. Of the two, the latter mechanism obviously dominateg-factor is a tensor; the number of its components indicates
since to realize it a considerably smaller energy is needed. the symmetry of the local field in a crystal. The symmetry is
is known that an intercalation process in layered crystalgxial if two components are observegj,andg, (along the
(i.e., introducing impurity atoms into the interlayer space crystal axisc and perpendicularly to)itand in plane(aa)
may be realized even at room temperafure. spectrum has axial symmetry. Hence, the presence of the
The presence of two lines in the EPR spectr(fig. 2,  angular dependence of theresonance in both crystal planes

curvea) indicates the existence of two various impurity sub-(ac) and(aa) indicates that the symmetry of a local field in
the crystal layer is lower than axial. To conclude, the lack of

angular dependence in thdine case may be explained by
the cubic symmetry of a local field in thelgMn,Se inter-
layer space.
The observation of the broadenkdndL lines evidences
by itself that numerous groups of magnetic ions are coupled
by exchange interactiof® The EPR spectrum of isolated
Mn?* ions (nuclear spinl=5/2) 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
(where Mn singles and pairs dominatn absorption curve
FIG. 6. The temperature dependenceygf dynamic magnetic ~ €an still have some structure, but for Mn concentrations large
susceptibility for In_Mn,Se (x=0.0125: 1 and 2 are the real and €enough(larger clusters presenthe hyperfine structure dis-
imaginary components for the as-grown sample, respectively; 3 igppears and the wide curve of absorption is observed.
the real component for the annealed sample. The inset shows real The character of temperature dependences of the line-
component ofy,. vs. T for the as-grown sample witk=0.037. widths, AH,(T) andAH| (T), and integrated intensitie§,(T)
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and § (T), is determined mainly by the type of exchange Using experimental values &flgx andH,, (Fig. 7) one is
pairs existing in the interlayer space and inside the crystahble to find the hysteresis loss for the Rayleigh 1&%p:
layer. In the interlayer space, where the Mn ions are located 1 bH2  9MoH
in slightly distorted tetrahedral hollows formed by the adja- W, = _§ HdM = —m = Z7Rm
cent selenium monolaye?ghe indirect exchange is possible 4 37 3
only via Se iongMn-Se-Mn). In the crystal layer, apart from
the superexchange in the Mn-Se-Mn pdasd presumably
in Mn-In-Se-Mn pairg, a direct exchange in the Mn-Mn
pairs is also possiblésee, e.g., Fig. 1 in Ref.)1

The abrupt decrease of ttg&2 and§ (Fig. 5) at simulta-
neous broadening of tHeandL lines with T decreasing from
140 to 77 K(Fig. 4 most probably results from an antifer-
romagnetic superexchange in the pairs Mn-Se-fand,
probably, also in the Mn-In-Se-Mn pairs—in the layein
turn, the increase db andS_ as temperature decreases from

3

The observed increase of tivg andH,, values with re-
duction of temperature in the {gMn,Se as-grown sample
(Fig. 7) corresponds to the increase of hysteresis loss, which
is characteristic of typical ferromagnets.

An appearance of imaginary componegs, in the as-
grown sample is also caused with the hysteresis loss as a
result of irreversible displacement of domain walls since the
measurements af,{T) were carried out at low frequency
field.1* It follows that the absence of an imaginary compo-

o . nent, x,, in the annealed samples testifies to the absence of
300 to 140 K indicates the ferromagnetic character of ex; omain structure in two-dimensional ferromagnetic clusters,

phangg interaction between the Mn ions both in the layer anaormed in the interlayer space of investigated crystals. It will
in the interlayer space.

The observed narfowing of the line in the range be noted that eddy-current loss can be neglected because of

300-140 K(Fig. 4, curve 2, contrary to the broadening of 2937302(??;;?3\?\,”182 gﬁi carriers in JaMn,Se, which at
f[hel line (curve ]).’ can be explaln_ed by t_he direct exchange In order to find out whai is the possible origin of the high
l/r\;i tthhi(ra] ?ﬁ:ﬁi{;'g@g Mrﬂ;eMvr:er[;/a;;ss'tV(\jlihrg::t 2:(%?;?};2”%0&2&mperatureac susceptibility peaks, we shall analyze first the
Mn-Mn pairs results in averaging of the local fields, actinggependenmes(ac(T) and S(T) for the as-grown sample in

. . . istinct temperature intervals. As one can see, two small
;i):ealgaramagnetlc ion, thus leading to the narrowing ot.the peaks are observed in the range 300—14(Fk. 6), where,

In et 2t supposed that in Gahin,S arT=109 K a  20001IN0 10 EPR deieio, 9, oxchange ieracton hos
magnetic phase transition to a spin glass statecluster 9 y y

ocking mey ake place hal s an Unisualphenomeon (0565, M 1 Same e, 1 e erva) 19027 wiete
guasi-two-dimensional structures. We believe that in the lay- 9 P 9 P

ered crystal$Ga,_Mn,S as well as Ip,Mn,Se, at low tem- served. Therefore, we suppose that those peaks may be

peratures, Mn-S/Se-Mn pairs can also be formed with one Otfaused only by an existence of a very weak ferromagnetism

the Mn ions located in the interlayer space and the othel the impurity ions clusters. The observed increase of the

located inside the crystal layer. The indirect exchange inter- Igh-t_empe;rature(ac peaks amplitude with Mn content in-
action with the participation of such pairs connects neighbor-C Feas'”g(x‘o-(’?’?) confirms this hypothe3|§§see the inset in
ing crystal layers and as a consequence the three-dimensiongp: 6. The magnetic susceptibility,; is overall character-
magnetic order occurs. Istic of a crystal and thus takes_mto account the total expo-

The character of,{T) dependencéFig. 6) as well as the sure of all the exchange Mn pairs, existing in the as-grown
existence of Rayleigh magnetic hysterégey. 7) are direct sample.

evidence that a three-dimensional ferromagnetic order eXiStSSUILh?Oat?WZVEem%OGr:;S derszztlrrcinfe mTar?/eboﬁs?iE\EItliiﬂ, ifsnosnolmtehg?iﬁ'
in some ranges of the as-grown samftapurity ions clus- ’ pie. y

ters) in the rangel <77 K. The Rayleigh hysteresis loop is observed peaks on the dependenceydfl) are due to a

an effect of the irreversible process of magnetization in e{ormatio_n of the _ferromagnetic clusters_in the_ interlay(_ar
weak magnetic fieldas well as in a case of usual hystersis space, i.e., two-dimensional ferromagnetism arises. During

In this case the field dependence of magnetizalibfor the tﬂe ann(tae}lllng prp?estﬁ, n tfaft' all the MnT|r(])n§ diffuse fr;)g]]
initial part of the magnetization curve is expressed by th € crystal layer Into the nterlayer space. The increase ot the

Rayleigh formulai01t nion’s q_uantity in the .interlay'er space reduces the number
of breaks in a chain of interacting Mn ions and, as a conse-

quence, the Curie temperature increases to 431l. 6,

curve 3 as compared with 28 K found for the as-grown

. o ) o ) sample(Fig. 6, curve 1. As well as in the as-grown sample,

wherey, is the initial magnetic susceptibility is Rayleigh’s  the high temperature peaks are observed in the interval

constant, and the sigst or — corresponds to the magnetic 300-140 K(Fig. 6, curve 3 where ferromagnetic exchange
field direction. The constaritis connected with the residual jnteraction is activeFig. 5, curve 2.

magnetizationMg and saturation fieldH,, of a hysteresis
curve by the relatiol

M = y,H £ bH?, (1)

V. CONCLUSIONS

_ 2Mg

b= (2) The results of EPR investigation indicate the existence of

H two separate quasi-two-dimensional magnetic impurity sub-
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systems in the In,Mn,Se(x=0.0125 as-grown crystals: the tion of Rayleigh hysteresis loops and by the character of
first one is inside the crystal layer and the second one is itemperature dependence of dynamic magnetic susceptibility.
the interlayer space. In the temperature range fromn the annealed sample two-dimensional ferromagnetism is
300 to 140 K ferromagnetic exchange interaction takes placebserved in the interlayer space.

both in a layer and in an interlayer space. In contrast, anti-

ferromagnetic superexchange happens over the range

140-77 K. At the lowest temperaturébelow 77 K), the ACKNOWLEDGMENT
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