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The influence of Co?* intercalation on the properties of InTe monocrystals was investi-
gated. The intercalation of cobalt in InTe are not leading to change of the crystal lattice
parameters, leaving the same structural type of the samples. It is established that in
investigated intercalates on the Van der Waals surfaces of InTe layers there is formation
clusters impurity, which consist from cobalt nanoparticles of the pyramidal form. Cobalt
intercalated InTe possesses ferromagnetic properties: the dependence of its magnetic mo-
ment from magnetic field has the form of hysteresis loop that is characteristic for
ferromagnets.
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WcciemoBaHo BIHSAHFE HHTEPKAINPOBAHMA MOHOB CO02* Ha CBOMCTBA MOHOKDHCTAJLIOB
InTe. Buegpenme KoGanbra B InTe He TPMBOAUT K UBMEHEHUAM KPUCTANIOTPA(DUUECKUX
mapaMeTpoB KPUCTAJIJIOB, OCTABAAA HEU3MEHHBIM CTPYKTYPHBIH THUI MCCIEAYEeMBIX 00pa3IlOB.
YcTaHoBIE€HO, UTO B UCCHeLYyEMBIX WHTEPKAjJaTaxX Ha BaH-eP-BaalbCOBCKUX TIIOCKOCTAX
MEKCJI0EBOTO TTPOCTPAHCTBA MPOUCXOAUT (DOPMUPOBAHUE KJIACTEPOB MPUMECHU, KOTOPHIE CO-
CTOAT W3 HAHOUACTUI[ K00anbTa OUpPaMHUAAAbLHON (opMBl. B K0GanbTOBRIX WHTEpPKAaIaTaX
InNTe obuapysxeno mposiBienne (QeppoMarHeTM3Ma: 3aBUCUMOCTh MArHUTHOTO MOMEHTa OT
HATTPAKEHHOCTY MATHUTHOTO TIOJI MMeeT BUJ TeTeNh TUCTEepesuca, XapaKTepPHBIX AJsa (ep-
POMATHETUKOB.

Mopdonoriss BaH-gep-BaaidbCiBCbKUX IIOBEPXOHb Ta MArHITHMH ricrepesuc Ko0aJbToO-
Bux inrepkanaris InTe. B.5.Boxedswk, 3,J.Kosarwr, 3.P.Kydpuncoruil, AJ].Illesuenro.

Hocnigsxkeno BOJAMB iHTepKaNIOBaHHS iOHIB Co?* ma BnactuBocti Momokpmeranis InTe.
Brposamkenns xobaabTy B INT€ He TPM3BOAUTHL A0 3MiHM KpucrajorpadiuHux mapaMmeTrpis
KPUCTANiB, 3aJUIMIAI0YN TUM CAMUM HEe3MiHHUM CTPYKTYPHUH TUT AOCTIIKYyBaHWUX 3PasKiB.
BeranoBieno, 1m0 y AOCTiKYBAHUX IHTEPKAJIATAX HA BaH-IeP-BaalbCiBCLKMX TTOBEPXHAX
MiKIIIapoBOTO TPOCTOPY BifOyBaeThess POPMYBAHHA KJIACTEPiB JOMIMIKY, AKi CKAAAOTHCA i3
HAHOYACTOK KOOaJbTy HipaMimanbHol popmu. ¥ KobGanbroBux iHTepKasarax InTe BcraHoBie-
HO IIPOAB (JepOMArHEeTH3MY: 3aJeKHIiCTh MarfiTHOro MOMEHTY Bij Halpy:KeHocTi Mar"iTaoro
IIOJI Ma€e BUIVIAJ ricTepe3HCHUX IeTelb, XapaKTePHUX LA (hepoMarHeTUKiB.
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1. Introduction

Modern materials science needs the de-
velopment of methods for controlled synthe-
sis of binary semiconductor compounds with
required composition, structure and, as a re-
sult, predetermined electrical parameters. Lay-
ered compounds A3B® (A = In, Ga; B = Se, Te)
find a use for semiconductor engineering as
detectors of IR and high-energy radiation,
piezoelectric sensors, solid-state accumula-
tors of hydrogen, etec. [1-4]. Such com-
pounds, when subjected to intercalation, are
able to absorb and localize in their inter-
layer spaces atoms and ions of various ele-
ments [5, 6] keeping the initial lattice
structure. Investigation of layered semicon-
ductors intercalated with magnetic elements
from the iron group (Fe, Co, and Ni) is a
matter of the topical interest. Obtained in-
tercalates combine in themselves both the
semiconductor properties inherent to the in-
itial compounds and the magnetic properties
of intercalated impurities.

Investigations of InTe single crystals are
preferably concentrated on studies of the struc-
ture [7, 8] and electrical properties [9, 10]. At
present there are no data about investiga-
tion of intercalates based on indium tellu-
ride.

2. Experimental

Similarly to TISe crystals, indium
monotelluride InTe crystallizes into a lattice
structure with the space group 14/mcm
[11]. Among layered A3B® compounds, it is
distinguished by more complex lattice struc-
ture in comparison to other A3B® com-
pounds. In its lattice In3* ions are tetrahe-
dral coordinated with respect to TeZ* ions
forming InTe,, chains. At the same time In*
ions form the eightfold tetragonal antipris-
matic coordination with respect to Te?~
ions. Different in charge In3* and In* ions
occupy two different crystallographic posi-
tions (Fig. 1) and prevent free transfer of
electrons from In* to In3* ions. It is known
[11] that indium monotelluride crystallizes
at the temperature of 969 K in structure
belonging to the tetragonal syngony, which
at increasing temperature and pressure
transforms into the cubic one of NaCl type.
InTe single crystals were grown by the
Bridgman method from stoichiometric melt.
The stoichiometry of the obtained crystals,
their homogeneity and phase composition
have been analyzed by X-ray methods. The
lattice parameters of the grown crystals are
a=8.455 and ¢ ="7.136 A (space group
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Fig. 1. Crystal structure of InTe. In®" and In*
ions in two different crystallographic posi-
tions are in green (1) and blue (2) colors, respec-
tively. Te atoms are shown in yellow (3) color.

I4/mcm) and agree to the literature data
[12]. In our experiments we used samples
with dimensions of 5x5x1 mma3.

The intercalation of Co2* ions into the
interlayer spaces of the InTe samples was
carried out by applying electrochemical
method under galvanostatic conditions. The
details for the intercalation of 3d transition
metals into layered A3B® semiconductors are
described in [13, 14]. The structure of ob-
tained intercalate Co,InTe (x = 0.1) was in-
vestigated by an ex situ method of atomic-
force microscopy (AFM) by means of
Nanoscope IIla Dimension 300SPM micro-
scope in tapping mode. The radius of a
probe spike was not more than 10 nm. The
magnetization of Co,InTe intercalates was
measured by using Vibrating Magnetometer
7404 VSM in magnetic fields with a
strength up to 3000 Oe.

3. Results and discussion

Carried out X-ray analysis of the ob-
tained Cog4InTe intercalates showed that
the lattice structure and its parameters re-
mained unchanged after the intercalation.
This fact is typical for layered A3B® semi-
conductors and titanium dichalcogenides
TiXo, (X=S, Se, Te) intercalated with the
magnetic impurities [15-17]. Such behavior
of the lattice parameters is explained as a
result of competition between hybridization
of the 3d orbitals of Co atoms with p-states
of Te atoms (formation of “constricting”
Te—Co-Te bondings) and repulsion of the Te
atoms.

Layered InTe crystals because of their
structure are characterized by higher den-
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sity of defects at Van der Waals planes in
the interlayer space as compared to other
layered compounds, in particular InSe and
GaSe. During electrochemical intercalation
there is a possibility for atoms or molecules
of the intercalant to be adsorbed at such
surfaces and appearance of the impurity’s
islands is also possible. Because of such ex-
tended defects the creation of intercalant
nanostructures is possible which, by turn,
will affect properties of the initial crystals.
Fig. 2 shows an AFM pattern of the inner
surfaces of the Cog 4InTe intercalates. These
compounds were obtained by electrochemical
intercalation in the constant magnetic field
of 4 kOe. In this pattern one can see high
amount of small nanoformations 10—-20 nm
high, which are aggregated into clusters
with lateral dimensions of 1-2 um. Besides,
there are single nanoformations of pyrami-
dal form, too (Fig. 2b). Their height is pref-
erably 50 to 100 nm though there are sepa-
rate nanoformations with height above
100 nm. As a reason for the appearance of
such different nanoformations one can con-
sider the quality of the Van der Waals sur-
faces of the layered crystal. Probably the
intercalant aggregates appear at those
places of the Van der Waals planes where
defects are localized whereas the separate
nanoformations arise in the nanocavities on
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Fig. 2. 2D (a) and 3D (b) AFM patterns of the
Van der Waals surface of Cog5lnTe interca-
lated in magnetic field: I — Co cluster, 2 —
nanocavity, 3 — separate nanoformation of Co.

the layer surfaces. In our opinion, the nu-
cleation and formation of Co clusters occurs
because of self-organization of the interca-
lant atoms. The exchange magnetic interac-
tion between the Co atoms is the determi-
nant in this process. The presence of an
external magnetic field in the intercalation
process should also be taken into account as
this field promotes the formation of both
cobalt clusters and its pyramidal nanofor-
mations.

As follows from our previous studies
[183—-15], intercalation of the layered semi-
conductors with magnetic elements in the
constant magnetic field varies properties of
the initial samples. After such intercalation
in paramagnetic layered crystals, one can
observe so-called "ferromagnetic response”
— intercalated samples demonstrate ferro-
magnetic properties. They consist in the ap-
pearance of hysteresis characteristics for
magnetization that is typical for ferromag-
netic materials. Fig. 3 shows dependences of
specific magnetic moment m on magnetic
field strength for Co,InTe intercalates with
the different concentrations of inserted co-
balt (x = 0.1 and 0.15). At once, it is worth
to note that similar properties have not
been observed for Co,InTe intercalates ob-
tained without applying magnetic field.
This fact means that magnetic field deci-
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Fig. 8. Dependences of specific magnetic moment on magnetic field strength for Coy,InTe (a) and
Coyq 5InTe (b) insertion compounds intercalated in magnetic field. Orientation of the magnetic field:

1 — along the layers and 2 — across to them.

sively effects on the formation and proper-
ties of the 3d transition metal intercalates
based on the layered semiconductors.

Strong anisotropy of the structure and
electrical characteristies, in the directions
along and across the layers, is inherent to
the layered crystals. As one can see from
the represented m = f(H) dependences, these
curves for both the samples depend on mag-
netic field orientation with respect to the
layers and concentration of the inserted co-
balt. The values of the coercive force Hg,
established from Fig. 3 are 205.66 and
177.57 G for Cog4InTe and 144.13 and
145.26 G for Cog ¢5lnTe at the directions of
H along and across the layers, respectively,
what is typical for hard-magnetic ferromag-
nets. The values of the specific saturated
magnetic moment mg in H|lc configuration
for the Cogp 4InTe and Cog ¢5InTe samples dif-
fer slightly — 38.45-1073 and 8.396-10 3 emu/g,
respectively, in comparison to the values of
mg in He configuration, which are equal to
2.79-10°3 and 11.04.1073 emu/g, respec-
tively. The view of the hysteresis loops in
m = f(H) dependences with the magnetic field
directed along the layers indicates on ferro-
magnetic interaction between the Co atoms.
As regards the m = f(H) dependences when
the field is across the layers, in this case
their form is typical for ferromagnetic in-
teraction between the layers of the interca-
lant.

The difference in the m = f(H) depend-
ences measured at the two different mag-
netic field directions for the Co,InTe inter-
calates can be explained taking into account
the crystal structure of the layered A3B®
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compounds and shown above the AFM pat-
tern. Being intercalated into the layered
crystals the intercalant becomes localized in
the Van der Waals gaps between adjacent
planes of the chalcogen atoms whereas the
structure of separate B-A-A-B covalent lay-
ers remains unchanged. In dependence on
concentration of the intercalated cobalt that
results in size and amount of the created
clusters, there is possibility for interaction
of the clusters between themselves in a
layer plane as well as the exchange interac-
tion between the intercalant layers through
Se atoms. About the existence of similar
interaction through chalcogen atoms for
layered compounds MnA3B® it was reported,
for instance, in [18]. As it is seen from the
m = f(H) dependence at the magnetic field
directed across the layers (curves 1 in Figs.
3a, b), for the Cog 4InTe and Coq ¢5InTe sam-
ples the specific magnetic moment wvalues
are practically the same. When the mag-
netic field is directed along the layers, the
value of the specific magnetic moment for
Cog 15InTe is higher as compared to that for
Cog 1InTe. It indicates on increased interac-
tion of the clusters in the layers’ plane be-
cause of the higher concentration of interca-
lated cobalt.

When external magnetic field is applied,
magnetic charges appear in the Co clusters
created during the intercalation. Their ap-
pearance induces demagnetizing field di-
rected against the real magnetic field in the
ferromagnetic cluster. This field is charac-
terized by demagnetizing factor the value of
which depends on the direction of the exter-
nal magnetic field. According to [19], dis-
tance between the magnetic charges is the
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higher the less the demagnetizing factor is
and thus its counteraction to the real mag-
netic field is smaller. In our case, when the
external magnetic field is directed across
the layers, the demagnetizing field will be
stronger affect the m = f(H) dependence as
the interaction between the Co clusters is
restricted by the covalent layers of the in-
itial InTe crystal. In our opinion just this
factor is the main reason for the difference
in the m = f(H) behavior at the two differ-
ent magnetic field directions for the Co,InTe
intercalates.

Conclusions

Applying the constant magnetic field at
electrochemical intercalation of layered InTe
crystals with Co2* ions leads to formation
of the nanodimensional inclusions (clusters)
on the Van der Waals surfaces in the inter-
layer gaps. This results in the variation of
magnetic properties of the Co,InTe interca-
lates (x = 0.1 and 0.15) in comparison to
the initial samples. At the room tempera-
ture the obtained Co,InTe compounds have
magnetic properties typical for ferromag-
netic materials — the dependences of the
specific magnetic moment on magnetic field
strength have the form of hysteresis loops.
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