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ABSTRACT

CuFeCr,Se nanoparticles with x=0, 0.2, and 0.4 were synt#tegbivia thermal decomposition
of metal nitrate or chloride salts and selenium gemusing different precursor compositions and
processing details. Single crystalline nano-belteano-rods coexist in the synthesized powder
samples with hexagon-shaped plates in dependenddeoprecursor composition. The belts
gathered into conglomerates forming “hierarchicglarticles. Visible magnetic circular
dichroism (MCD) of Cu,FeCr,Se, nanoparticles embedded into a transparent matag w
investigated for the first time. The similarity tie MCD spectra of all samples showed the
similarity of the nanoparticles electronic struetundependent of their morphology. Basing on
the MCD spectral maxima characteristics, electramditions from the ground to the excited
states were identified with the help of the conimrdl band theory and the multi-electron
approach.

Keywords:Copper selenide, magnetic nanopatrticles, visiblgmatc circular dichroism

1. Introduction

Chromium chalcogenide spinel CySe, is a unique compound: high
temperature ferromagnetism in combination with medaductivity [1] provides a
wide field of its applications. Cu&3e, characterized by the Curie temperaturg, T
near 430 K [2-5] and magnetic momen{ & 5.07ug/mole at 0 K [6], displays a
large magneto-optical Kerr effect (KE) in the nadrared spectral region [7-9]
and has highly spin-polarized characteristics [8, %0, it can be considered as a
perspective material for spintronics. Several agh@ve undertaken attempts to
modify CuCsSe, properties using the ion substitution methods. STHDU ion
substitution by Li ions in the polycrystalline GuliCr,Se, (x = 0-0.7) samples

resulted in the changes of the substance groutelfsten a ferromagnetic metal to
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a ferromagnetic insulator [11] and to a decreadd 0fSée ions substitution by Br
ions in CuCsSe /Brg 3 led to the shift of the KE maximum energy near 1eVhe
higher energy region. Interesting results were inbth when substituting Cu by
other transition metals: Co [12, 13], Ni [14], aRd [15]. In the last case, the
extreme members of the series;GltgCr,Se, possess different structure and
physical properties. In particular, CySe, has a normal spinel structure [16] and
is characterized by the ferromagnetic order bel@& K, while FeCsSe, has the
monoclinic structure of the NiAs type [1@&hd possesses antiferromagnetic order
below 218 K [18,19]. The authors of Ref. [15] shawkat Cy_FeCr,Se, bulk
compounds crystallize with a spinel structure fek€D.6 and with a monoclinic
structure for 0.9x<1. For 0.6<x<0.9, the two phases coexist. They gdoalso
that the charge states of the iron ions were f€&i¢ and ferrous (2+) in the spinel
and monoclinic structures, respectively, and thatferromagnetic super-exchange
interactions dominated in the spinel phase, whie antiferromagnetic super-
exchange interactions dominated in the monoclimiase. Since that, only a few
papers appeared in literature devoted to the imatgin of Cy_FeCr,Se
compounds. One of them was devoted to the elactl@nd structure calculation
of CuwsFeCr,Se using the full-potential augmented plane wave (PMA
method both in the generalized gradient approxonaiGGA) and in the GGA+U
(GGA incorporating the on-site Coulomb interacti()].

Several of methods are known to modify the substgmoperties including
the production of materials in the nanostructuianfof various morphologies. In
the case of CuG®e, a number of works are available in literatureated to the
nanoparticle synthesis by solution-based solveatakerf21-25] and microwave
[26] methods. Transition from the bulk to the named samples in the case of
mixed compounds, for example MM2,Cr,Se, (M1 and M2 are the transition
metals), could provide interesting effects suchtrees dependence of the phase
transformation concentration on the nanoparticiee and morphology; strong
dependence of the nanoparticle properties on thibads of their synthesis, and so

on.



The present paper is devoted to the synthesis afFeiICr,Se, nanoparticles
with x=0, 0.2, and 0.4 using different precursompositions and processing
details. The nanoparticle morphology and structasewell as their magnetic
properties are studied in connection with the pseirg peculiarities. Besides,
the nanocomposite samples based on the particlegedeied into a transparent
matrix are fabricated to study the magneto-optmalperties of Cu,FeCr,Se
nanoparticles in the transmitted light. Magnetiacaiar dichroism (MCD)
spectroscopy was chosen for this purpose since tdubniqgue makes the
information easier for interpretation as comparedite methods based on the
Faraday Effect (FE) and KE; it possesses high seitgiand resolution power and
can serve as a proper tool for the identificatibrelectron transitions from the

ground to the excited bands or levels in a matter.

2. E>'<per imental

CuCnrSe, nanoparticles were synthesized via the thermabrdposition of
metal nitrates (samples 1 and 2) or chloride (ses@-5) salts and selenium
powder in a high-temperature organic solvent. typacal process, we used 150.9
mg of copper nitrate, Cu(NR-3H,O, and 500 mg of chromium nitrate, Cr
(NOs)39H,0, together with 246.7 mg of Se powder to syntleesamples 1 and 2.
The mixtures together with 20 ml of oleylamine (OlL.And 5 ml of oleic acid
(OA) were put into a three-neck flask equipped wath inlet of argon gas,
condenser, magnetic stirrer, thermocouple, andrigeatantle. After the argon gas
had been filled into the system during 10 min, tfigture was heated to 120 °C
and maintained at this temperature for 0.5 h. Tthentemperature rose to 200 °C
and the mixture was aged for 0.5 h. Finally, thegerature of the reaction mixture
rose to up to 340 °C and the mixture was aged tor After the mixture had been
cooled down to room temperature, the obtained remiofes were separated from
the suspension with a magnetic field. To removeetkeess of the organic solvent
and by-products completely, the products were wasleeeral times with hexane

by the magnetic decantation. The precursor comgerseg listed in Table 1.



To synthesize samples 3-5 we used the same equipmenthe thermal
decomposition of the mixture of the metal-oleylaenifCu-Fe-Cr-OLA) and
selenium-oleylamine (Se-OLA) complexes. All theatgans were performed in a
fume hood, under argon atmosphere conditions. Tind-&Cr-OLA complexes
were prepared by dissolving an appropriate amo@in€wCIl, FeC}-4H,O and
CrCl;'6H,0 in 10 mL of oleylamine (OLA) at 150 °C for 10 rates, and then the
mixture was cooled down to room temperature. TheOB& complexes were
obtained by dissolving Se powder in 16.6 mL of CGatA330 °C for 1 h. After the
synthesized Se-OLA complexes had been cooled downam temperature, the
Cu-Fe-Cr-OLA complexes were poured into Se-OLA claxgs. The resulting
mixture was heated up to 200 °C and maintainedhiat temperature for 2 h.
Subsequently, the reaction mixture was heated u@B50 °C, and then the
temperature of the reaction mixture was decrease®B0 °C and aged for 1 h.
After the mixture had been cooled down to room terafure, a mixture of hexane
and ethanol was added to the solution, and theugtsdcould be separated via
centrifugation. To remove the excess of the orgaulvent and by-products
completely, the products were washed several twids the mixture of hexane
and ethanol. The details of the composition ofrdve materials for preparing Gu
«FeCr,Se nanoparticles are summarized in Table 2.

Tablel

Precursor compositions of CySe, powder samples No’s 1 and 2.

Sample No Precursor components
1 Cu(NQ)2- 3H,O+Cr(NGs)3- 9H,O+Se powders
2 Cu(NQ)3- 6HO+Cr(NGs)3- 9H,0O+Se powders
Table 2
Precursor compositions (g) of Cire,Cr,Se, powder samples No’s 3-5.
Sample No  x Cucl FeCb4H,0 CrCkBH,0 Se
3 0.0 0.0662 0.0000 0.3560 0.5274
4 0.2 0.0530 0.0266 0.3560 0.5274

5 0.4 0.0396 0.0531 0.3560 0.5274




The morphology and structure of nanoparticles wietermined with the
high-resolution transmission electron microscopRTHM) EOL JEM-2100
(LaBs) with the accelerating voltage 200 kV equippecwiite energy dispersive
X-ray spectrometer Oxford Inca x-sight and a compbe sample preparation
including Gatan Precision lon Polishing SystenP@I| Selected-area electron
diffraction (SAED) was used to determine the suiteof the nanoparticles.
Magnetization temperature dependences were studidd the SQUID

magnetometer at temperatures 4.2 — 450 K in thenataxfield 0.02 T both for the
nanoparticles powder and for the composite samplaposely prepared for
magnetooptical measurements (see below). For aewamples magnetic
measurements were carried out also with the vigasample magnetometer
(VSM) at temperatures 77-300 K in magnetic fieldto®.6 T. The magnetization
was measured in the course of sample heating@itding them in one of the two
different regimes: in the presence of an exterregmetic field (FC) and without a
magnetic field (ZFC). The magnetization curves wezgeorded also with the
vibrating sample magnetometer at several temp&stur

MCD was measured in the normal geometry: the magmettor and the light
beam were directed normal to the sample plane.mdaulation of the light wave
polarization state from the right-hand to the ledid circular polarization
relatively to the magnetic field direction was usedthe MCD measurements. The
modulator was made of a fused silica prism withl@ed piezoelectric ceramic
element. In the absence of an acoustic excitatfe prism is optically isotropic.
When the ac voltage of frequenoycorresponding to the eigen-frequency of the
system is supplied to the piezoelectric ceramioslastic stationary wave will be
excited in the quartz prism. Linearly polarizednligvith the polarization plane
turned to an angle of 45° relatively the horizoqmasm axis falls on the prism. At
the exit of the prism, the light wave will acquicgcular polarization when a
stationary acoustic wave is excited in it. Thisgi@ation changes from the right-
to the left-hand circle during one period of acausgtbration of the prism. The AC
voltage on the modulator was set taking into acttum light wave length. In the

case of a sample possessing MCD, its absorptiofficdeats are different for the



right- and left-hand circular polarized light wavesth respect to the magnetic
moment direction of a sample. As a result, thetlfiahx having passed through the
sample and reaching a photomultiplier has a moedlattensity. The MCD value
was measured as the difference between the phdipheul voltages for two
opposite directions of an applied magnetic fieldhe spectral range 1.2-3.6 eV in
a magnetic field up to 1.2 T in the temperaturegea®5-300 K. The measurement
accuracy was about TDand the spectral resolution was 20-50"aepending on
the wavelength. Conventional phase-sensitive deted¢echnique of the electric
signal was used to get rid of electrical and meidamoises.

To realize magneto-optical measurements, transpa@@nposite samples
containing the nanoparticles were prepared: th@pamicles powder was mixed
with dielectric transparent silicon-based glue {Rax” art. nr. 3338100 80 ml) in
the weight proportion 0.5/100 and measures wereertizken to obtain the
homogeneous particle distribution in the matrixhbsas the mixture treatment in
the ultrasonic bath. The low magnetic powder cotrasion allows excluding the
interaction between the nanoparticles. The mixtuas placed between two thin

glass plates spaced by wires of 0.15 mm in dianagtdrsolidified.

3. Results and discussion
3.1. Nanoparticles morphology and structure

Two types of nanoparticles were observed in all pbevdered samples: thin
plates of approximately hexagonal shape and eledgarticles, like belts or rods.
In the case when metal nitrates were used as p@su(samples No’'s 1 and 2),
belts of 20-30 nm in length and ~5 nm in width sa&rent for electron flow were
observed (Figs. 1 b, 2 b). They gathered in mordess large conglomerates
similar to hierarchical nanoparticles consisting ohany sub-nanometer
components. In spite of small lateral dimensionghef belts, they demonstrated
distinct atomic planes (Fig. 1 b) with the samecspgp 0.60 nm, characteristic of
the CuCsSe, (111) plane as in the relatively large plate-igaaticles (Fig. 1 c). In
the case when metal chlorides were used as presyssmomples No 3), rods of 30-



d
Fig. 1. TEM (a) and HRTEM images of the belts and pldte-particles (b and c,

correspondingly) and SAED patterns (d) of powere€&Se, sample No 1.

b

Fig. 2. TEM (a) and HRTEM (b) images of powered Ciffgg samples No 2



f
Fig. 3. TEM (a, ¢, €) and HRTEM (b, d, f) images of poveesamples No 3 (a, b),

No 4 (c, d), and No 5 (e, f).



60 nm in length and ~5x5 rinn cross-section were observed (Fig. 3 a, b). The
replacement of Cu for Fe at relatively low concatns (sample No 4) leads to a
marked increase of rods fraction with respect éohexagonal nanoparticles (Fig. 3
c). One can note that the rods seemed to be adaagallel and very close to each
other. The thin flat nanoparticles in samples N®'and 4 have an almost ideal
hexagonal shape and approximately the same dimensioabout 50 nm (Fig. 3
a). According to SAED data (an example is shownFig. 1 d), all the
nanoparticles described above have the CuCr2Sestatrstructure, space group
Fd3m, a=10.337(6) A (PDF Card #04-007-5505). A bighe concentration leads
to the appearance of a different shape and dimemdithe nanoparticles (Fig 3 e,
f) and to the appearance of additional reflexeshan SAED picture that can be
associated, more probably, with the phasgsEa Cr.Se, (Fd3m, a=9.91 A), PDF
#04-002-6588. Nevertheless, most of the nanopestigteserve the same structure
as observed in samples No’s 1-4.

Finalizing this part, we can assert that the pmucomposition strongly
affects the nanoparticle morphology and arrangententthe same basic precursor
composition, the nanoparticle morphology and areamgnts depend on the degree
of the Cu substitution by Fe. In all the cases néweoparticles are crystalline.

It should be noted that in the case of the nitpageursors (samples No’s 1 and 2),
the nanoparticles arising could be referred to #weecalled hierarchical
nanoparticles. This new type of nanoparticles &timg of many sub-nanometer
components of different morphology has attractetsicterable attention during the
two last decades [27-32]. Materials constructedhadrarchical nanoparticles
exhibit distinctive properties different from thosé uniform nanoparticles and
bulk materials. It makes them promising for patdrdpplications in a variety of
fields such as lithium batteries, catalysts, magneiaterials, drug delivery, etc.
Among them, transition metal chalcogenides (dosklenides and sulfides) with
hierarchical three-dimensional nanostructures amesidered as the perspective
electrode materials for rechargeable lithium iotdyees [27, 31]. Hierarchical
nanostructures of tertiary chalcogenides could bénterest for this field also

because of their poly-functionality. At any ratéetinsertion of Li into the



CuCrSe spinel structure was considered in Ref. [33] Herecal nanoparticle

morphology could intensify this process.

3.2. Magnetic properties of the nanoparticles

The ZFC and FC magnetization temperature dependimcéve powdered
samples measured in the magnetic field H=0.02 Tshosvn in Fig. 4. The Curie
temperatures () of all the samples estimated from the maximumitposof the
M (T) derivative with respect to temperature arected in Table 3. For samples
No's 1 and 2, Tis close to the literature data for the bulk G8@y[2-4].
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Fig. 4. The FC (curves 1-5) and ZFC (curves 1'-5’) magadion temperature
dependences for the samples No’s 1-2 (a) and 3-£(love numbers
correspond to the sample numbers (Tables 1 ard=2).02 T.
Table3
Curie temperatures,Tof the powdered samples

Sample No 1 2 3 4 5
Te, K 416 410 385 374 300

For sample No 3, Jis lower which can be associated with the nanapest
morphology or, most likely, with uncontrolled inslons changing distances
between the interacting magnetic ions. Thevadlue decreases further with the
increase of the Fe concentration (samples No’'sd45anThe decrease, particularly
strong for sample No 5, may be due to the appearaoic the local
antiferromagnetic super exchange interactions, ihato the appearance of an

intermediate state between ferromagnetic GB&r and antiferromagnetic



FeCrSe, phases. In the case of the bulk compounds, teemetdiate states appear
for 0.6<x<0.9 [15]. In the case of the nanoparsictbe phase boundaries may shift

to the lower Fe concentrations.

G, a)| @

240} 36

3 1 §

& G 4

T30 5

N N

o 22

& 20} & [

E i 1 i 1 M 1 " 1 n 1 §0 N 1 N 1 N 1 N 1 N 1 N
50 100 150 200 250 300 0 50 100 150 200 250

Temperature (K) Temperature (K)

Fig. 5. a - FC magnetization temperature dependencesmgiea No’s 1 and 3
recorded with VSM at H=0.35 T. b — Comparison & BEC and ZFC
magnetization temperature dependences for powdéraxad 1’ curves) and

nano-composite (2 and 2’ curves) samples No 1.

The shape of the magnetization temperature depeadersembles
superparamagnetic relaxation when considering tha ZFC and FC
magnetization bifurcate, and the ZFC curve dematedra broad peak. The broad
peak is observed also in the FC curves 1-4. Thak ps seen even for the
significantly higher measurements field (Fig. 5Bigure 5 b demonstrates the
identity of the temperature magnetization behafoorboth types of the samples:
the nanoparticles powder and nanoparticles comigiodomposite that was used for
the magnetooptical experiments. The irreversibiEgperatures corresponding to
the bifurcation points are higher than the roomperature. Thus, at least, some
portions of the nanoparticles are in the “frozetaites already at room temperature.
The peaks in the FC curves may evidence that soamdparticles possess
anisotropy strong enough to stay oriented randaaftgr cooling in the magnetic
field (here 0.02 T).



Typical hysteresis loops of the

=)

"g ) nanoparticle powder samples recorded
20} K . .
L 300 with  VSM and of a nanocomposite

c
% 0 sample recorded with the use of MCD
N . .
'@_20 e are shown in Fig. 6. Analogously to the
2 I magnetization temperature dependences,
= — — : .
0.5 0.0 0.5 the hysteresis loops shape is the same for
Magnetic field (T)
5 both types of the samples. The room
= 40}k b .
2 401 ) o temperature loops allow considering
@ L
= 20_ most of the nanoparticles to be in the
2 0 .
‘§ . super paramagnetic state, but some
=20} . . .
[T ! LK nanoparticles are frozen, coercive field
2-40 | ,
= . . equals to 0.02 T. The saturation
05 00 05 L : .
Magnetic field (T) magnetization, saturation field, and
coercivity increase strongly with the
~ 3
% f temperature decrease.
§ 1k Summarizing the magnetization
% Of behavior of the nanoparticles under an
5"1. action of the temperature and magnetic
Q-2 : : —
= 2lomems field, one can ascribe the peculiarities of

02 00 02 this behavior to the complex particle
Magnetic field (T) morphology, in particular, to the prolong
Fig. 6. Magnetization hysteresis loopshape of some portion of the
of samples No’'s 1 and 3 (aand b, nanopatrticles.

correspondingly) recorded with VSM

and (c) of a nano-composite sample

with nanoparticles No 1 obtained wi

MCD measurements at 1.28 eV.



3.3.Magnetic circular dichroism
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Fig. 7. MCD spectra of nano-
composite samples containing
nanoparticles No’'s 1 (a), 2 (b),and
3 (c) recorded at 90 and 295 K,
H=0.35T.

Typical MCD spectra recorded at
H=0.3 T directed normal to the sample plane
and two temperatures 90 and 295 K for the
composite samples are shown in Fig.
Several extremes of the opposite sign are
observed in the spectra. The extreme
positions in the energy interval 1.2 — 3.5 eV
are almost the same for all the samples, but
their intensity distribution changes from
The MCD spectra of

sample No 1 resemble the Kerr rotation (KR)

sample to sample.

spectrum of the bulk Cug3e, single crystals
presented in Refs. [7, 9Especially close
these MCD spectra are to the imaginary part
of the off-diagonal conductivity shown in Fig.
3 in Ref. [9]. Generally, the coincidence of
the KR and MCD spectra seems to be quite
natural because both effects: MCB)(and
KR (0x) are described by the similar
equations [34]:

Or =Tl —mely) @)
and

Ok = ooz £y — mos Sy 2)
where &, and e;,are the real and

imaginary parts of the off-diagonal

component of the dielectric tensgm andk

are the refractive index and absorption coeffigiestpectivelyj is the light wave



length, A= (n*-3nk*n) and B=(3"-k°). However, as compared to the Kerr spectra
[9], the MCD spectra in the visible region seem to beemiistinct and containing
more features. In order to extract meaningful infation from the MCD data and
make adequate comparison between the samples,medoaut the MCD spectra
decomposition to several Gaussian components. rBifteapproaches are possible
to the MCD spectra decomposition. We supposedhallvisible extremes, both
positive and negative, to be of the paramagnetie Bhape based on different
behavior of their amplitudes when coming from samfd sample and at the
temperature change. To obtain the best fittingh® ¢xperimental spectra, we
should introduce a peak near E = 1.0 eV which igphbd our available spectral
region. The validity of including this peak into ngideration is proved by its
complete coincidence with the strongest KR peak tieaenergy 1.2 eV observed
by all the authors dealing with KR and ascribedht® plasmon excitations [7-9].
We denote this peak as.H-or the best fitting, we include also the higlergy
peak situated out-of the limits of the investigagpectral interval. Examples of
the fitting are shown in Fig. 8. The parametershef decomposition components

best fitted to experimental data are collectedabl&s 4-6.
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Fig. 8. Decomposition of the sample No 3 MCD spectruntliertemperatures 295
(a) and 90 K (b).



Energy positions of the definite peaks (Table 4)dose with each other for all the
samples. The peak energy shift at the temperatecesdse from 295 to 90 K is
very small. Some peaks demonstrate the shift todnignergies (EE,, and E) for
all the samples, while other peaksy,(Es Es) shifts are of different sign for
different samples. The peak intensity changes nsageificantly while coming
from sample to sample, as it is seen from TableHgre the relative values of the
peak intensity in each sample are collected. Tlettive peak intensities were
determined in such a way: for each sample, the mxpeak intensity was taken
as a unit; the intensities of all other peaks watermined relatively to this one.
The peak & was excluded from this consideration as it was observed
experimentally and, on the other hand, we wantedhtmw clearly the intensity
distribution between £E5 peaks.

Table4

Energies of the MCD peaks in the nano-compositekzsn

SampleNo1l SampleNo2  Sample No3 Sample No4 mp&aNo 5

Peak E, eV E, eV E, eV E, eV E, eV
No

205K 90K 295K 90K 295K 90K 295K 90K 295K 90K

Eo 1.19 118 117 114 120 117 120 119 120 1.20
= 153 156 135 138 144 148 148 151 147 1.49
= 194 196 181 188 183 191 184 190 180 1.91
Es 230 228 218 219 223 223 225 224 233 232
E, 274 280 271 280 268 274 265 281 277 285
Es 313 325 310 311 312 316 316 321 3.27 3.23

Table5
Relative MCD peak amplitudes of the nano-compasataples at 295 K.

Sample No E E Es E4 Es
Relative values of the peak amplitudes
1 0.296 0.258 1.00 0.565 0.636
2 1.00 0.140 0.517 0.782 0.460
3 1.00 0.330 1.00 0.246 0.660
4 1.00 0.424 1.00 0.600 1.00
5 1.00 0.098 0.831 0.758 0.253




Table6
The ratios of the peak’s intensities at 90 K td #te?95 K.

Sample No E E: E> Es Eq Es
loo/ I295
1 3.13 3.156 5.03 4.15 0.61 15
2 3.85 2.389 1.67 2.12 0.66 1.8
3 4 2.61 1.33 15 1.08 0.87
4 2.88 2.92 2.50 3.61 0.60 1.75
5 3.96 4.3 4.6 2.59 2.89 10

The close coincidence of the MCD peak energies albrthe samples
testifies the identity of their electron energyusture. At the same time, different
intensities of the same peaks in different sampéasbe associated with different
probabilities of the electron transitions betwed® tenergy bands or levels.
Comparing the peak energy positions with the dgneit the states (DOS)
calculated for CuG6Ee, in several works [1, 8, 9], we can ascribe thersgr
negative peak f£to the transition Se4p-»Cr3d] (Fig. 4 in Ref. [8]) and the
positive peak Eto the transition Se4p-Cr3df (Fig. 4 in Ref. [8]). The weaker
peaks E and E can be assigned to the on-site d—d transitionshodmium ions
Ay(t3) —*Tot2e) and “Ay(td) —*Ti(tZe), correspondingly. Note that the
maximum near 1.9 eV observed in the KR spectruRRah [9] was assigned to the
Cr d-d transition too. The question on the origintlee peak E observed so
distinct only with the MCD technique, stays opendthin the band theory. The
band structure of chromium spinel was studied eaxkithin the multi-electron
approach with account for strong electron corretetiof 3d (Cr) electrons [35,
36]. According to this approach, the energies of tdansitions of chromium ions
are very close to the measuredadad E peaks. The peak;HEnay result from the

too(Cr) —p(Se) excitations from th3é'1(*.:;‘22 g) filled state of Ct* to the empty states

of p (Se) electrons at the top of the valence Han@rSe, [35]. This peak is the

most sample dependent. Different sample processiag result in particular



impurity states above the top of the valence bahat is why, the energy;Eand
the peak intensity varies stronger from sampleamEe as compared to other
peaks. Thus, the characteristic energies of thksplgaEs forming the MCD signal
correlate satisfactory with the electron transitemergies in CuGHe, obtained
from both the conventional band theory and the irléictron approach. The last

one allows identifying also the peak E

4. Conclusion

We have studied the morphology and magnetic pr@senncluding magneto-
optics, of Cuy,FeCr,Se, nanoparticles synthesized via thermal decompaosiio
metal nitrate or chloride salts and selenium powd#r different ratios of the raw
material components in the high-temperature orgsoivent. Correlations between
technological conditions and nanoparticles morpiyl@n one hand, and between
the morphology and magnetic properties of nanogasgi on the other hand, are
obtained. According to the high-resolution trarssian electron microscopy data,
nanoparticles of two types coexist for all raw mialecompositions: thin hexagon
plates and thin belts (for nitrate salts) or rofts Chloride salts). Moreover, all
types of the nanopatrticles are single crystallinesowith the CuG8e, structure,
besides the particles witk=0.4 demonstrated a more complicated structure. For
some compositions, the belts gather into large loomgrates forming hierarchical
particles. The magnetization temperature dependerafe the nanoparticles
demonstrate different shapes for FC and ZFC modearacteristic for
heterogeneous systems such as super paramagnétiepaHowever, contrary to
usual situations, the magnetization maximum is esknot only in ZFC but also
in the FC curve. The maxima positions and widthpede on the nanoparticle
morphology. The Curie temperature for all the samplithx=0 is about 400 K; it
decreases with the value increase. Magnetic circular dichroism (MCPpgstra
demonstrate several extremes of different signshen region 1.2-3.5 eV. The
similarity of the MCD spectra for all the samplesdences the same nanoparticle

electronic structure depending weakly on their rhotpgy. Using the spectra



decomposition into Gaussian components, we presdhEm as a sum of two
positive and three negative peaks and determinedeaks characteristics. The
characteristic energies of the peak gravity centdi@nge insignificantly when
coming from sample to sample contrary to theirnsiges, which can change at
that in several times. Explanation of most of tkaks from the conventional band
theory and the multi-electron approach are in thaitative agreement. The lower
energy peak (B, most sensitive to the sample, found its explanan the frame

of the multi-electron approach only.
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Figure captions

Fig. 1. TEM (a) and HRTEM images of the belts and pldte-particles (b and c,
correspondingly) and SAED patterns (d) of powere€&Se, sample No 1.

Fig. 2. TEM (a) and HRTEM (b) images of powered Cyffgg samples No 2

Fig. 3. TEM (a, c, e) and HRTEM (b, d, f) images of poveesamples No 3 (a, b),
No 4 (c, d), and No 5 (e, f).

Fig. 4. The FC (curves 1-5) and ZFC (curves 1'-5’) magadion temperature
dependences for samples No’s 1-2 (a) and 3-5 (mvehumbers correspond to
the sample numbers (Tables 1 and 2). H=0.02 T.

Fig. 5. a - FC magnetization temperature dependencesmgiiea No’s 1 and 3
recorded with VSM at H=0.35 T. b — Comparison & BC and ZEC
magnetization temperature dependences for powdé&raad 1’ curves) and nano-
composite (2 and 2’ curves) samples No 1.

Fig. 6. Magnetization hysteresis loops of samples No’'ed &(a and b,
correspondingly) recorded with VSM and (c) of ao@omposite sample with
nanoparticles No 1 obtained with  MCD measuremanis28 eV.



Fig. 7. MCD spectra of nano-composite samples containampparticles No’s 1
(@), 3 (b), and 2 (c) recorded at 90 and 295 K, .B&(.

Fig. 8. Decomposition of the sample No 1 MCD spectruntliertemperatures 295
(a) and 90 K (b).



Single crystaline Cu.,Fe,Cr,Se, nanoparticles with x=0, 0.2, 0.4 were
synthesized.

Correlation between synthesis conditions and nanoparticles morphology were
obtained.

The nanoparti cles magnetization behavior was studied.

Visible MCD of the Cu,_.Fe,Cr,Se, nanoparticles were studied for the first time.



