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Single crystals of Feln,Se, having a hexagonal structure and mirror-like cleaved sur-
faces were grown by the Bridgman method. X-ray spectroscopic analysis of the grown
crystals was carried out. The morphology of their surface Feln,Se, was investigated by
means of atomic-force microscopy. Temperature dependence of conductivity was measured
in the range of 80 - 385 K. It was established the existence of the hysteresis loop of the
layered crystals Feln,Se, at the room temperature.
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Merogom BpummeHa BeIpamieHsl MOHOKpucTauwnsl Feln,Se, ¢ rexcaronaiapHOl cTPYKTY-
poli 1 3epKAaJbHOU MOBEPXHOCTHIO. IIpOBeseH PEHTreHOCIEKTPAJbHBIN aHaaus. IIpu momoru
aTOMHO-CHJIOBOY MHKDPOCKOIIMM MCCJIeJoBaHA Mopdosorus moeepxHocTH obpasimos Feln,Se,.
IlocTpoena TemmepaTypHas 3aBUCHUMOCTL DJIEKTPOIPOBOIMMOCTHA. ¥ CTAHOBJIECHO HAJIHUHE
IeTJM T'UCTepesuca B CAOUCTHIX Kpucrairax Feln,Se, mpu xomuaTHOI TeMmepaType.

®iznuni Bracrupocri mapysatoro momokpucrana Feln,Se,. B.5E.Boaedswor, 3] .Kosa-
a0k, 3.P.RKydpuncvruii, B.I.Ieanos, AJl.Illeguenko.

Merogom Bpimxmena orpumano moHokpucraimu Feln,Se, s rexcaroHanbHOI0 CTPYKTYPOIO
Ta [O3€ePKAJbHOIO II0BepxHelo. IIpoBegeHO peHTreHOCHEeKTPaNbHUII aHAi3. 3a TOIIOMOIOI0
aTOMHO-CHJIOBOI Mikpockomii gocrimxeno mopdororio mosepxui spaskis Feln,Se,. Ilo6ymo-
BAHO TeMIIePaTypHY 3aJe;KHICTh eleKTpoIrpoBifHocTi. BeTanoBieHo HaaBHicTh neTsi ricrepe-

© 2016 — STC "Institute for Single Crystals”

sucy y mapysaTux Kpucranax Feln,Se, mpu ximmarmiit Temmeparypi.

1. Introduction

Semimagnetic semiconductor compounds
II-111,-VI, (II = Mn, Fe, Co, NI; III = Ga,
In; IV =S, Se, Te) having layered crystal
structure are promising materials for mod-
ern electronics. The components of the tran-
sition metals enable to receive desirable
magnetic properties. These compounds are
also interesting because of their optical
properties. They have high photosensitivity,
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strong photoluminescence, and a very wide
range of optical transmission [1].

Earlier Feln,Se, crystals were studied in
the papers [2—8]. It was found that in the
high-temperature range the magnetic sus-
ceptibility x of Feln,Se, obeyed to the
Curie-Weiss law y = C/(1 — 0) that indicated
on dominant antiferromagnetic interaction.
The asymptotic Neel temperature found in
[2] is 6 = —183 K. At the same time in [7]
the values of 0 established at two different
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orientation of magnetic field H with respect
to the crystallographic ¢ axis are 6 = —
195 K for H|c and 6 = -220 K for Hlec. The
latter value was explained as to be due to
the anisotropy of exchange interaction that
is stronger in the magnetic field direction
Hle. It was also detected that Feln,Se,
crystals demonstrated properties typical for
spin glass [2, 7].

2. Experimental

Single crystals of Feln,Se, were grown
by the Bridgman method in double quartz
ampoules. Temperature gradient at the melt
— crystal interface was 20 deg/cm at a rate
of the crystal growth about of 1.2 mm/h.
The grown ingots were 14 mm in diameter
and 35—40 mm long.

The structure and lattice parameters of
the crystals were established from X-ray
diffraction measurements in CuKo radiation
by means of DRON-2.0 installation assem-
bled according to the Bragg-Bertano
scheme. The obtained X-ray diffraction pat-
terns were processed by using LATTIK-
KARTA software. The morphology of the
samples cleaved surface of was investigated
by means of atomic-force microscope
Nanoscope IIla Dimension 300SPM micro-
scope” (Digital Instrument, USA) in the
tapping mode.

Conductivity of the crystals was meas-
ured in the temperature range of T = 80-
385 K by using the four-probe method.
Magnetization of the samples was measured
by means of Vibrating Magnetometer 7404
VSM in magnetic field H with strength up
to 3000 Oe. Its sensitivity being of the
order of 1077 emu makes it possible to
measure the magnetic moment for the sam-
ples with the mass of several milligrams.
The mass of the Feln,Se, samples under in-
vestigation was established by means of
electronic balance AB135-S/FAST (sensitiv-
ity 107° g). Measurements of the magnetic
moment were carried out at the temperature
T = 300 K at the directions of H along and
across the crystallographic ¢ axis.

3. Results and discussion

Fig. 1 shows a photograph of grown
Feln,Se, ingot. Because of its layered struec-
ture the surfaces obtained after cleaving
normally to the ¢ axis are mirror-like nearly
ideal. It is seen from the figure that such
surfaces cover a whole cross-section of the
ingot what indicates the homogeneity of the
obtained material.
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Fig. 1. Photograph of grown Feln,Se, ingot.
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Fig. 2. X-ray diffraction pattern of Feln,Se,
crystal.

X-ray spectrum analysis has shown that
the Feln,Se, crystals have hexagonal strue-
ture with the lattice parameters a = 4.0185
and ¢ = 39.0594 A. These data are in a good
agreement to those in [3]. The X-ray dif-
fraction pattern of the Feln,Se, crystals
registered from the cleaved surface is
shown in Fig. 2 and demonstrates the 00!
reflections (! = 6, 9, 12, 18, 21, 24, 30,
33). The absence of additional peaks is evi-
dence that composition of the grown
Feln,Se, crystals corresponds to its for-
mula.

Fig. 38 represents an AFM pattern of the
Feln,Se, crystal surface (a) and redistribu-
tion of the deviation in height of this sur-
face (b). From analysis of the obtained pat-
terns the root-mean-square roughness Rms
of the surface was established to be 0.046 nm.
The radius r and the height & for rough-
nesses I and 2 shown in Fig. 38b are r = 9.766,
h=0.127 nm and r=13.672, h = 0.155 nm,
respectively. It is seen that the crystal has
enough smooth surface without the presence
of foreign phases or inclusions of other ma-
terials.

Temperature dependence of conductivity
for the Feln,Se, crystals is shown in Fig. 4.
In the high-temperature range (T > 300 K)
the conductivity is due to activation process
and the dependence obeys the law [9]

6 = 6yexp(—0E/kT), 1)
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Fig. 8. AFM pattern of Feln,Se, crystal surface (a) and redistribution of deviation in height of this

surface (b).

where OE is the activation energy and k is
the Boltzmann constant. The dependence
plotted as In(cLle) vs 103/T enables to deter-
mine the activation energy of donor levels
from its slope. The found value of OE is
equal 0.09 eV at the temperatures above
300 K. The decreased slope of the curve
below 300 K indicates the presence of the

shallower donors with 8E = 0.04 eV.

Dependences of the specific magnetic mo-
ment m on magnetic field strength H meas-
ured at T = 300 K are shown in Fig. 5. The
measurements of the magnetic moment for
the anisotropic Feln,Se, crystals were car-
ried out at the magnetic field directions
along (HLC) and normally (H|e) to the ¢
axis. It is seen from the figure that m =
f(H) curves are different for the different
orientations of magnetic field. For the m =
f(H) dependence measured in the configura-
tion Hlc the saturated value mg of the spe-
cific magnetic moment at magnetic field
strength H = 3000 Oe we have established
to be 0.0386 emu/g. At m = f(H) measure-
ments in the configuration Hlle it is found
that mg = 0.0384 emu/g. The values of the
coercive force are 190.07 and 133.33 Oe in
the configurations Hlc and Hle, respec-
tively, that is typical for hard-magnetic ma-
terials.

The structure features of the layered
semiconductor crystals (the presence of two
different types of bonding) result in the im-
purity atoms could both replace cations in a
crystalline layer and be localized in the in-
terlayer spacing during doping. The last
mechanism is predominant owing to signifi-
cantly lesser expenditure of energy. In addi-
tion, the layered crystals are characterized
by different defects. These defects initiate
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Fig. 4. Temperature dependence of conductiv-
ity of Feln,Se, sample.
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Fig. 5. Hysteresis loops for magnetization of
Feln,Se, samples in configuration Hle (curve 1)
and Hle (curve 2).

redistribution of the impurity atoms and its
localization in these defects with formation
of the collective impurity atoms (clusters).
The presence of the magnetic hysteresis in
the Feln,Se, crystals (Fig. 5) is evidence of
occurrence of three-dimensional ferromag-
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netic order in these clusters similarly to in
In;_,Mn,Se crystals [10]. This ferromagnetic
ordering does not involve all crystal but it
is formed in the isolated regions of the
bulk, i.e., in the impurity atoms clusters.
The presence of the magnetic hysteresis indi-
cates the domain structure of these clusters.

4. Conclusions

Single crystals of Feln,Se, were grown
by the Bridgman method. Their cleaved sur-
faces are enough smooth with the low root-
mean-square roughness R, = 0.046 nm. It
is found the presence of the shallow donor
levels with activation energy <0.09 eV. The
measured dependences of magnetization
demonstrate hysteresis loops in the layered
crystals of FelnSe at the room temperature.
It is assumed that this fact is caused by
formation of the clusters of ferromagnetic
Fe and ferromagnetic exchange interaction
of the impurity atoms.
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