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Prime novelty statement: Electron spin
resonance (ESR) in ensembles of the
Cu1�xFexCr2Se4 nanoparticles (x = 0, 0.2, and
0.4) synthesized via thermal decomposition
method is studied in comparison with
nanoparticles structure and morphology.
For x = 0 and 0.2, single crystalline nearly
hexagonal thin plates demonstrate the
tendency to form long stacks consisted of
plates attached to each other ‘‘face to face. A
number of features in the ESR temperature
behavior for the NPs with x = 0 and 0.2 have
been revealed. Among them there are the
non-monotonous temperature dependence
of the resonance field with a kink near 130 K
what is consistent with a feature in the NPs
magnetization temperature changes. The
energy gap in the resonance spectrum
depends on the x-value and the type of
nanoparticles compacting for
measurements. One of the main factors is
discussed in order to explain the
peculiarities: the coexistence of two types of
anisotropy in the Cu1�xFexCr2Se4 NPs, in-
plane shape anisotropy and
magnetocrystalline anisotropy with four
axes, which decreases strongly with the
temperature decrease.
a b s t r a c t

In this paper, we present a study of the electron spin resonance (ESR) of nanoparticles (NPs) of
Cu1�xFexCr2Se4 chalcogenides with x = 0, 0.2, and 0.4. NPs were synthesized via the thermal decomposi-
tion of metal chloride salts and selenium powder in a high-temperature organic solvent. According to the
XRD and HRTEM data, the NPs were single crystalline nearly hexagonal plates with the structure close to
CuCr2Se4 (Fd-3m, a = 10.337 Å). For x = 0 and 0.2, the NPs tend to form long stacks consisting of the plates
‘‘face to face” attached to each other due to the magnetostatic interparticle interaction. Only separate NPs
were observed in the case of x = 0.4. Peculiarities were revealed in the ESR temperature behavior for the
NPs with x = 0 and 0.2 consistent with the features in the temperature dependences of the NPs magne-
tization. The non-monotonous dependence of the resonance field Hres on the temperature with a kink
near 130 K and the energy gap in the resonance spectrum depending on the type of nanoparticle com-
pacting are the distinct peculiarities. One of the main factors is discussed in order to explain the peculiar-
ities: the coexistence of two types of anisotropy in the Cu1�xFexCr2Se4 NPs, in-plain shape anisotropy and
magnetocrystalline anisotropy with four easy axes, which increases strongly with the temperature
decrease.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Copper-chromiumchalcogenide CuCr2Se4, in general, and CuCr2-
Se4 nanoparticles (NPs), in particular, attract considerable attention
because of the metal conductivity of this material [1] and the Curie
temperature, Tc, which is the highest among spinel chalcogenides. It
also displays a large magneto-optical Kerr effect (KE) in the near
infrared spectral region [2–4] and has highly spin-polarized charac-
teristics [3,5]. This compoundwas synthesized, for the first time, by
Hahnet al. [6]. LotgeringandVanStapele [7], and laterNakatani et al.
[8] showed CuCr2Se4 to be the p-type metal ferromagnet with
Tc = 460 K [7] or 430 K ([8] and later publications) and magnetic
moment Ms = 5.07 lB/f.u. at 0 K. Nakatani et al. also carried out the
first measurements of the electron spin resonance (ESR) in the bulk
CuCr2Se4 single crystal [8]. They obtained the anisotropy constants
K1 and K2 from the angular dependence of the resonance field:
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K1 = �6.9⁄105 and K2 = �0.9⁄105 erg/cm3 at 5.1 K (the negative K
sign means that the <111> type crystal axes are the magnetization
easy axes in the cubic spinel structure). The temperature increase
up to 300 K led to the anisotropy decrease by almost one order of
magnitude. In Ref. [9], ESR was investigated in the polycrystalline
CuCr2Se4 samples prepared by the solid-state reaction method
[10] in the higher temperature interval 300–450 K, i.e., near the
Curie temperature. The analysis of the ESR line width and intensity
temperature dependences allowed the authors of Ref. [9] to come
to a conclusion that ESR in this compound was due to the localized
3d3 electrons of Cr3+ ions, and the almost linear broadening of the
line width with the temperature decrease was associated with the
spin-orbit coupling contribution. An analogous conclusion was
made for the ferromagnetic CuCr2Te4 [11] close in the structure
and properties to CuCr2Se4. The results, on the whole, confirmed
the model of ferrimagnetic hybridization between the localized
3d3 electrons of Cr3+ and delocalized holes in the Te 4p band sug-
gested in Ref. [12]. According to themodel, the spins of the localized
Cr3+ ferromagnetic sub-lattice are directed antiparallel to the spins
of the delocalized holes of Te 4p.

Ensembles of CuCr2Se4 nanometric magnetic particles are of
particular interest [13]. The static magnetic properties of CuCr2Se4
NPs synthesized by the solution-based solve-thermal [14–21] and
microwave [22] methods were investigated in dependence on the
particle size and morphology. In particular, the magnetic proper-
ties of CuCr2Se4 NPs of approximately cubic shape were investi-
gated in Ref. [19,20] as a function of their size of 15–30 nm, and
the magnetic moment of the nanocrystals, as well as the Curie tem-
perature were shown to be a little lower than that of the bulk
material. This effect was primarily attributed to spin canting at
the nanocrystals surface.

Substituting Cu by other transition metals: Co [23], Ni [24],
or Fe [25] resulted in the strong changes of the chalcogenide
crystal structure and magnetic properties. For instance, in the
case of Cu1�xFexCr2Se4, one of the extreme members of the ser-
ies – CuCr2Se4 has a normal spinel structure [26] and is charac-
terized by the ferromagnetic order below �430 K, as it was
mentioned above, while the other extreme member FeCr2Se4
has the monoclinic structure of the NiAs type [27] and pos-
sesses the antiferromagnetic order below 218 K [28,20]. The
authors of Refs. [26,15] showed that Cu1�xFexCr2Se4 bulk com-
pounds crystallized with the spinel structure for 0 � x � 0.6
and with a monoclinic structure for 0.9 � x � 1. For
0.6 < x < 0.9, the two phases coexisted. They also showed that
the charge states of the iron ions were ferric (3+) and ferrous
(2+) in the spinel and monoclinic structures, respectively, and
that the ferromagnetic super-exchange interactions dominated
in the spinel phase, while the antiferromagnetic super-
exchange interactions dominated in the monoclinic phase.

Recently, we have presented, possibly for the first time, the
electron microscopy study and static magnetic properties of the
Cu1�xFexCr2Se4 (x = 0, 0.2, and 0.4) NPs synthesized with the ther-
mal decomposition method [29] and revealed some peculiarities in
the NPs morphology and magnetization temperature dependences
for the compositions with x = 0 and 0.2. Besides, the difference
between the NPs with x = 0 and 0.2, on the one hand, and NPs with
x = 0.4, on the other hand, was observed. Here, we have undertaken
an in-depth study of the ESR in the Cu1�xFexCr2Se4 NPs, since the
data are not available in the current literature. As concerns the
nanoparticle morphology and space distribution, we have obtained
more accurate transmission electron microscopy data using the
goniometric measurements and have revealed the formation of
the ordered NPs conglomerates, namely, the stacks of the ‘‘face-
to-face” oriented thin hexagonal plates which affects the magneti-
zation and ESR temperature dependences of the Cu1�xFexCr2Se4 NP
ensembles for x = 0 and 0.2.
2. Experimental

2.1. Synthesis procedure

The nanoparticle fabrication method was described in [29]. To
synthesize powdered samples, a mixture of the appropriate
amounts of CuCl, FeCl2�4H2O, CrCl3�6H2O and oleylamin (OLA)
was heated at 150 �C for 10 min, and then cooled down to room
temperature. Separately, Se powder was dissolved in OLA at
330 �C for 1 h and cooled down to room temperature. The Cu-Fe-
Cr-OLA complexes were poured into the Se-OLA complexes and
the resulting mixture was heated up to 200 �C and maintained at
this temperature for 2 h. Subsequently, the reaction mixture was
heated up to 350 �C, and then the temperature of the reaction mix-
ture was decreased to 330 �C and the mixture was aged for 1 h.
After the mixture had been cooled down to room temperature, a
mixture of hexane and ethanol was added to the solution, so that
the products could be separated via centrifugation. To remove
the excess of the organic solvent and by-products completely,
the products were washed several times with the mixture of hex-
ane and ethanol. The details of the composition of the raw materi-
als for preparing Cu1�xFexCr2Se4 NPs (x = 0, 0.2, and 0.4) are
summarized in Table 1.
2.2. Characterization

The crystal structure and phase purity of the samples were
characterized by the X-ray powder diffraction (XRD). XRD mea-
surements were performed using Cu Ka radiation, obtained with
a rotating-anode X-ray generator operating at 50 kV and 200 mA
and a graphite (002) monochromator. XRD patterns were mea-
sured at room temperature by step scanning in the angle 2h range
from 10� to 80� with an increment of 0.02�.

The morphology and space distribution of NPs were determined
with a high-resolution transmission electron microscope (HRTEM)
JEOL JEM-2100 (LaB6) operating at an accelerating voltage of
200 kV. Selected area electron diffraction (SAED) was used to
determine the crystal structure of NPs. Energy dispersive X-ray
spectroscopy (EDS) was used for the elemental analysis of the
samples.

Magnetization temperature dependences, M(T), were studied
with a SQUID magnetometer at temperatures 4.2–450 K in the
magnetic field of 200 Oe. The M(T) dependences were recorded
in the course of the samples heating after cooling them in one of
two different regimes: in the presence of an external magnetic field
(FC) and without the magnetic field (ZFC).

The resonance spectra were collected with a Bruker spectrome-
ter (Elexsys E580) operating at X-band (m = 9.7 GHz) in the temper-
ature range 100–300 R and with a wide band 25–80 GHz magnetic
spectrometer with pulse magnetic fields operating at temperatures
4.2–300 R.
3. Results and discussion

3.1. X-ray diffraction studies

The XRD patterns shown in Fig. 1 evidence the presence of the
spinel phase, space group Fd-3m, characteristic for CuCr2Se4 for all
three samples of Cu1�xFexCr2Se4 NPs (x = 0, 0.2, and 0.4). No sec-
ondary phase is detected. The small shift of the reflexes to lower
angles indicates an increase of the lattice constant as compared
to the data for CuCr2Se4 (Fd-3m, lattice constant a = 10.337 Å,
PDF 4+ card #04-007–5505). Averaged over all the reflections,
the lattice constants were a = 10.354, 10.359, and 10.431 Å for
x = 0, 0.2, and 0.4, correspondingly, i.e., the increase of the lattice



Fig. 1. XRD patterns for three nano-powder Cu1�xFexCr2Se4 samples (x = 0, 0.2, and
0.4) recorded at the Cu Ka (1.5416 Å) wave length in comparison with the XRD data
for the bulk CuCr2Se4 [PDF 4+ cards ##04-007-5505, 01-081-1986].

Table 1
Precursor composition used to synthesize Cu1�xFexCr2Se4 powder. The quantities of the precursor are shown in grams.

Samp.No x CuCl FeCl2�4H2O CrCl3�6H2O Se

1 0.0 0.0662 0.0000 0.3560 0.5274
2 0.2 0.0530 0.0266 0.3560 0.5274
3 0.4 0.0396 0.0531 0.3560 0.5274
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constant a was �0.2% for x = 0 and 0.2, and �0.9% for x = 0.4. Note,
the small lattice constant increase (�1%) was observed for the
CuCr2Se4 NPs of cubic morphology in Ref. [19]. The more noticeable
a increase for x = 0.4 can be due to the larger Fe2+ ion radius (0.78
Å) as compared to the Cu2+ ion radius (0.73 Å).
3.2. TEM analysis

The TEM images of samples 1 and 2, shown in Fig. 2a and c,
seem to consist of the particles of different morphology: thin
nearly hexagonal plates and dark rods. Namely, such interpretation
was suggested in our previous work [29]. However, the TEM obser-
vation of NPs using a goniometer, i.e., at different tilt angles of the
sample, revealed that the particles resembling long dark rods are,
in reality, hexagonal plates placed perpendicular to the image
plane. An example demonstrating the images of the same region
obtained at different tilt angles is shown in Fig. 3. The plates ori-
ented normally to the image (horizontal) plane look like rods.
Moreover, they are aggregated into stacks (Fig. 2a, c). The plates
in the stacks are located face to face. Sometimes, several stacks
can be located close to each other, forming rather large clusters.
There is also some amount of solitary hexagonal plates, as well
as broken hexagonal, triangular, and rectangular plates. The dis-
tances between the atomic planes �5.97 Å and 2.98 Å observed
in the HRTEM images of samples 1 and 2 (Fig. 1b, d) are character-
istic for the (111) and (222) planes of the CuCr2Se4 phase with the
spinel structure. This suggests that the (111) crystallographic
plane is the predominant growth plane of the plates. For sample
3, only isolated NPs are observed (Fig. 4). The spot reflections
observed in the SAED patterns are consistent with the XRD data.

The thicknesses of the plates were estimated using the HRTEM
images of NPs oriented normally to the image plane. The average
plate thickness, 2d, was about �20 nm for samples 1 and 2, and
�10 nm for sample 3. These estimations are close to the average
NPs size obtained from the broadening of the XRD reflection
(440): 21–23 nm for x = 0 and 0.2, and 18 nm for x = 0.4. The
XRD reflection broadening is known to be due to the lower size
of the non-cubic or the non-spherical NPs. Naturally, in the case
of the thin plates their thickness corresponds to the minimal size.
The lognormal distributions of the nanoparticle diameters, 2R, are
shown in Fig. 5 for all three cases (x = 0, 0.2, and x = 0.4). The diam-
eters corresponding to the maxima of the distribution curves and
the width of the curves are seen to be approximately three times
larger for samples 1 and 2 as compared to sample 3. The nanopar-
ticle average diameter, aspect ratio s = d/R, room temperature
magnetizationM, and Curie temperature Tc are collected in Table 2.
For sample 1 containing no Fe, the Curie temperature was obtained
to be equal to 410 K which is lower as compared to the bulk coun-
terpart (430 K for polycrystalline samples prepared by the solid-
state reaction method [8,9]), close to Tc of CuCr2Se4 thin films
(405–410 K [30]) and nanocrystals (395–409 K [19]).

3.3. The nanoparticles aggregation and magnetic properties

The tendency of NPs aggregation to more or less extended
stacks and larger clusters is, obviously, due to the interparticle
interactions, and it should affect the magnetic properties of the
whole nanoparticle ensemble. The formation of the magnetic
nanoparticle clusters was considered in many works devoted to
colloidal nanoparticle systems, where magneto-static interaction
affected nanoparticle arrangement in any conglomerates because
of their mobility in a liquid (e.g., [31]). In a powder of NPs, the
strength of such an interaction can also provide conditions for clus-
ter formation. To estimate the magneto-static interaction energy
which results in the formation of the stacks of NPs located face
to face to each other, we use the results obtained by M. Beleggia
and co-authors [32] who developed a new approach to the calcula-
tion of the magneto-static interaction energy between two NPs of
an arbitrary shape and magnetization direction. They considered
particles with the rotational symmetry: interacting cylinders of
variable aspect ratios (disks and rods) and spatial magnetization
orientation (in-plane and axial orientations of magnetic vectors).
In our case, NPs (hexagonal plates) can be considered as discs with
the thickness 2d and diameter 2R. The self-energy of such a solitary
cylinder can be expressed, according to [32], as a function of the

aspect ratio s = d/R and orientation of the vector l
* ¼ M

*

v , where
~M is the substance magnetization and v is the volume of the par-
ticle. It was shown in [32] that the in-plane magnetization orienta-
tion corresponded to the lowest energy of a disc for
s < sc � 0.90647, while for s > sc the axial magnetization orienta-
tion was preferable. Note, this statement is valid only in the cases
when one can neglect the magnetocrystalline anisotropy. In the
case of two discs, the interaction energy was shown to depend
on the disc arrangement: in one plane or along one axis [32]. The
latter configuration, most interesting for us, is presented in
Fig. 6a. The interaction energy between two discs in such configu-
ration for magnetic moments oriented in the disc plane was writ-
ten in [32] as

Eint
v ¼ ~l1 �~l2

h3 S1ðf; sÞ ð1Þ



Fig. 2. TEM (a, c) and HRTEM (b, d) images of samples 1 (a and b) and 2 (c and d).

Fig. 3. Series of TEM images (sample 1) obtained from the same area at different tilt
angles.
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where li

* ¼ Mi

*

v i and S1 is the dimensionless function of the geo-
metrical parameters of a system, determined by Eq. (64) in Ref.
[32]:

S1ðf;sÞ ¼8f3s
Xþ1

n¼�1

cn½4þð2fþnÞ2s2�1=2	2F1 �1
2
;
1
2
;2;

4

4þð2fþnÞ2s2

 !
ð2Þ

Here f ¼ h=d, s = d/R, 2h is the distance between the centers of
the discs, 2F1 is the standard hypergeometric series, and
c�1;0;1 ¼ ½1;�2;1�. The authors of Ref. [32] have shown that S1 > 0
and therefore the opposite orientations of the magnetic moments
of the neighboring discs provide the lower energy of the system.
They have shown also that S1ðf; sÞ ?1 at f ?1 and, consequently,
interparticle interaction can be described by the simple dipolar
approximation in this case. However, when the distance between
discs decreases, strong deviations from the dipole-dipole interac-
tion appear. The maximal deviations are reached when the discs
are in contact with each other, that is, when h = d, as it is shown
in Fig. 2a and c. The energy minimum for this case is significantly
deeper than for dipole approximation. These statements can be
generalized for the system with a larger number of the discs, as

shown schematically in Fig. 6b, but equations for Eint in this case
should be different from Eqs. (1) and (2). However, the latter equa-
tions qualitatively explain the formation of the long stacks of the
planar NPs. Inclusion of the magnetocrystalline anisotropy into
consideration may significantly complicate the picture. One of
the possible options is shown in Fig. 6c. Such a situation can take
place for the CuCr2Se4 thin plates growing in the (111) plane,
where the shape anisotropy coexists with the magnetocrystalline



Table 2
Parameters of NPs (samples 1–3): average diameter 2R, aspect ratio s = d/R, room
temperature magnetization M, and Curie temperature Tc.

Sample No <2R>, nm <s> M, G (T = 300 K) Tc, K

1 65 0.34 187 410
2 79 0.28 146 401
3 16 0.44 55 322

Fig. 4. TEM (a) and HRTEM (b) images of sample 3.

Fig. 5. Nanoparticle diameter, 2R, size distributions and the lognormal fitting for
samples 1 (blue), 2 (vine), and 3 (red). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Scheme of the arrangement of two magnetic discs, according to Ref. [32] (a),
possible magnetic vector orientations in a set of disc-shaped NPs situated face-to-
face to each other (b, c), and orientations of the magnetocrystalline anisotropy easy
axes relative to the (111) crystal plane (d).
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anisotropy characterized by four axes (Fig. 6d) of the easy magne-
tization. Further formation of clusters joining the nanoparticle
stacks can also be associated with the magneto-static interaction
between the stacks.
As mentioned above, the nearly hexagonal NPs observed in
samples 1 and 2 (Figs. 2 and 3) can be approximated by the discs.
Based on the values of the aspect ratio s = d/R presented in Table 2,
one can expect the magnetic moment of the nanodisks to be direc-
ted in their planes at room temperature. The magnetic moments of
the neighboring particles in the stacks tend to align in opposite
directions according to Eq. (1) forming a structure resembling the
domain structure in a crystal. The magnetic moments of the
nano-discs can line up identically under the action of the relatively
low external magnetic field. The magnetization values (Table 2)
were estimated from the FC magnetization temperature depen-
dences shown in Fig. 7 taking into account the saturation magne-
tization presented in Fig. 6 in Ref. [29]. For sample 1, the
magnetization value is close to the magnetization of the epitaxial
CuCr2Se4 film in the external magnetic field of the comparable
value [31]. Being guided by the magnetization and the aspect ratio
values, one can expect approximately the same interparticle inter-
action strength for samples 1 and 2. Indeed, in both these samples,
the stacks of parallel face-to-face oriented plates are observed. The
magnetization and Curie temperature of sample 3 decrease
strongly because of the higher iron concentration in the compound.
As mentioned in the Introduction, the Cu substitution by Fe in
Cu1�xFexCr2Se4 leads to the appearance of antiferromagnetic
super-exchange interaction [15] and, as a consequence, to the
decrease of the magnetization and Curie temperature of a sample.
Therefore, the magnetostatic interaction between NPs should also
be small, and there will be no reason for the formation of their
conglomerates.

It is seen from Fig. 7 that for samples 1 and 2, the ZFC and
FC magnetization curves bifurcate at temperatures close to Tc.
These bifurcation temperatures (or the irreversibility tempera-
tures, Tirr) are in good agreement with Tirr observed in Ref. [9]
for polycrystalline bulk CuCr2Se4 samples prepared by the
solid-state reaction method. The ZFC curves demonstrate very
broad non-symmetry peaks with kinks at about 130–140 K (in
the magnetic field of 200 Oe). The difference in the temperature
behavior of the FC and ZFC modes is typical for the transition
from the superparamagnetic to the blocked (‘‘frozen”) state in
an ensemble of magnetic NPs. The Tirr values for samples 1, 2,
3 correlate well with the nanoparticle average dimensions in
these samples (see Table 2).

3.4. Electron spin resonance

Typical X-band ESR spectra are presented for two temperatures
in Fig. 8 as the first derivatives of absorption. The resonance line-
width, DH, and resonance field, Hres, were determined as the
peak-to-peak distance and center of this distance, respectively
(see Fig. 8). At room temperature, the observed spectrum has the
line shape close to the Gauss curve. At the temperature lowering,
the line shape distorts and looks like an inhomogeneously widened
spectrum as it can be seen in Fig. 8 where the best fits of the spec-
tra are shown for the Gauss and Lorentz line shape.



Fig. 8. Derivatives of the experimental resonance absorption line (solid lines) in the
X-band of sample 1 and Gauss (puncture) and Lorentz (dashed) fittings at two
temperatures.

Fig. 9. (a) Temperature dependences of the resonance fields of samples 1–3; (b)
Temperature dependences of the line width of samples 1–3.

Fig. 7. The FC (solid curves) and ZFC (dashed curves) magnetization temperature
dependences of samples 1–3 (curves 1–3, correspondingly). H = 200Oe.
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The character of the resonance field, Hres, temperature depen-
dencies (Fig. 9) change with the change of the Fe content in the
sample. For sample 1 containing no Fe ions, the Hres value is almost
constant in the interval 300–140 K. At temperature 130–137 K a
kink appears, after which Hres diminishes very fast. Such a behavior
is markedly different from the permanent reduction of Hres with
the temperature decrease observed in Ref. [9] for the bulk poly-
crystalline samples. For sample 2 with x = 0.2, Hres decreases
through the whole temperature interval similar to the bulk sample
case [9]. However, a kink is observed at the same temperature
130–137 K, and Hres decreases faster after the kink point. The kink
is less pronounced in this case. The temperatures of the kink, Tkink,
correlate with the temperature interval where the features are
observed in the thermomagnetic curves (see Fig. 7). The kink and
the subsequent Hres decrease can evidence the appearance of a
gap in the magnetic resonance spectrum. Similar Hres behavior
was revealed for nano-sized samples CuCr2S4 [33], where the kink
was associated with NPs blocking temperature Tb. The Tkink origin
in our case will be discussed further.

For sample 3 with higher Fe content, the situation typical for the
superparamagnetic particles takes place: Hres of this sample is con-
stant at temperatures exceeding �270 K which coincides approxi-
mately with the Tirr determined from the magnetization
temperature dependence (Fig. 7). At lower temperatures, the shape
of the Hres (T) curve is similar to that observed in Ref. [9].

The resonance linewidth, DH, of all the investigated samples
increases with the temperature decrease which is similar, in prin-
ciple, to the ESR line width temperature behavior of the polycrys-
talline CuCr2Se4 sample observed in Ref. [9].

ESR was also investigated in the lower temperature interval
using a wide band magnetic resonance spectrometer with the
pulse magnetic field. Two variants of the sample preparation for
the measurements were used: ‘‘free particles” – nanoparticle pow-
der was placed in a thin-walled plastic tube of 2 mm in length and
3 mm in diameter; in the second variant, NPs were mixed with an
alcohol solution of the glue and the mixture was solidified (fixed
NPs). For the free and fixed particles, the shape of the resonance
curves and the resonance characteristic dependences on the tem-
perature are, principally, the same. However, the values of the tem-
perature changes are different for these two cases.



Fig. 10. (a) The resonance spectra of sample 1 measured using a wide band
spectrometer at two temperatures; (b) The resonance field, Hres, temperature
evolution for samples 1 (circles) and 2 (squares) with the free NPs, m = 28.0 GHz and
25.95 GHz, correspondingly, and for sample 3 with the fixed NPs, m = 35.07 GHz
(diamonds).

Fig. 11. The frequency-field dependences measured at the temperatures lower (red
icons and lines) and higher (blue icons and lines) than Tkink of sample 1: (a) for
sample 1 and (b) for sample 3. The circles and diamonds refer to the free and fixed
NPs, correspondingly. Inset in b: Frequency-field dependences for the free NPs in
sample 3 at two temperatures. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

I.S. Edelman et al. / Journal of Magnetism and Magnetic Materials 436 (2017) 21–30 27
The typical resonance spectra measured for sample 1 at two
temperatures using pulse magnetic field are shown in Fig. 10a.
Here, we also show how the resonance parameters Hres and DH
were determined in these measurements. The Hres temperature
evolution for samples 1 and 2 with the free NPs and sample 3 with
the fixed NPs are shown in Fig. 10b. An essential difference is seen
between samples 1 and 2, on the one hand and sample 3 on the
other hand. For samples 1 and 2, beginning with Tkink � 110 R, Hres

decreases almost monotonously with the temperature decrease
and reaches a plateau near �50 K. In the temperature interval
100–300 K, the curve is similar to that recorded in the X-band.
Some Tkink diminishing as compared to the measurements in the
X-band can be associated, most likely, with the essential increase
of the external magnetic field due to the higher resonance fre-
quency of the spectrometer. Note more smooth changes in the
shape of the Hres(T) curve for sample 2. For sample 3, the monoto-
nous Hres decrease is observed in the whole temperature interval
used. The difference between the two types of NPs – free and fixed
– in samples 1 and 2 is revealed at a lower temperature in the
frequency-field dependences (the example is shown in Fig 11a
for sample 1) while for sample 3 the frequency-field dependences
are the same both in the low and high temperature intervals
(Fig. 11b).
For both temperature intervals, the dependences are linear.
At low temperature, they demonstrate gaps mc with H ? 0:
mc = 5.9 GHz and 4.2 GHz for the free and fixed NPs, correspond-
ingly, in sample 1 (see Fig. 11a), and mc = 3.0 GHz for the fixed
NPs with the gap being absent in the free ones in sample 3 (see
Fig. 11b, Inset). At higher temperatures, the gaps are the same
for both types of NPs (2.6 GHz) in sample 1, and the gap practically
disappears for sample 3. So, the difference between the free and
fixed NPs behavior is noticeable at low temperatures, only. Note
that with the lowering temperature, the changes of the energy
gap in sample 1 are maximal for free particles. In contrast, the
gap is temperature independent for free particles of sample 3 in
which the maximal changes are found for the fixed ones. The pecu-
liarities in the temperature and frequency dependences of Hres can
be caused by different reasons. The crystal magnetic anisotropy
can be one of the reasons.

The ESR frequency-field dependences of the blocked superpara-
magnetic particles should be linear and described by the equation
obtained in Ref. [33]:

m=c ¼ Hresþ < HA > ð3Þ
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where m is the resonance frequency, c is the gyromagnetic ratio, and
<HA> is the average value of the anisotropy field. <HA> determines
the energy gap mc = c<HA> in the resonance spectrum. It is also seen
from Eq. (3) that the Hres temperature behavior is governed by the
anisotropy temperature dependence. The coexistence of two types
of anisotropy is characteristic of the samples under investigation:
shape and crystalline anisotropy. The shape anisotropy, Hsh, of the
NPs with the thickness significantly lower as compared to the lat-
eral dimensions is described by the equation

Hsh ¼ NapMs ð4Þ
where Ms is the spontaneous magnetization, the form-factor Na

equals to

Na ¼ 1
1� s2

1� s
ð1� s2Þ1=2

arccoss
" #

at s ¼ d
R
< 1 ð5Þ

It is evidenced from (4) and (5) that the Hsh temperature depen-
dence is determined by the Ms temperature dependence, only.

The field of the magnetocrystalline anisotropy is equal to

HK ¼ 2K=Ms ð6Þ
where K is the magnetic anisotropy constant depending strongly on
the temperature in the case of CuCr2Se4: K = �6.9⁄105 erg/cm3 at
5 K and K = �0.9⁄105 erg/cm3 at 290 K [8], i.e., K increases almost
one order of magnitude with the temperature lowering from 300
to 5 K.

As it was mentioned above, in CuCr2Se4 cubic crystal lattice,
there are four easy axes of the <111> type: one orients at an angle
of 90� relative to the (111) crystal plane, i.e., relative to the
nanoparticle plane, and three orient at angles 19.471� to this plane
(see Fig. 6d). The magnetocrystalline anisotropy, HK, tends to direct
the magnetic moment of each particle along one of the <111> axes
closest to the direction of an external magnetic field. The shape
anisotropy, Hsh, tends to direct the nanoparticle magnetic moment
in the nanoparticle plane. So, in each nanoparticle, the effective
anisotropy field will be the vector sum of the shape and magne-
tocrystalline anisotropy fields, and its direction and value will
depend on the temperature. Fig. 12 demonstrates the Hsh and HK

temperature dependences calculated using Eqs. (4) and (6)
with different values of Ms: curves 1 and 2 correspond to Ms value
Fig. 12. Temperature dependences of the shape anisotropy, Hsh, (curves 1, 3) and
magnetocrystalline anisotropy HK (curves 2, 4) fields calculated according to Eqs.
(4) and (5) for sample 1. The Ms. value was taken for CuCr2Se4 from Ref. [8] (curves
1 and 2) and from Table 2 (curves 3 and 4). K1 value was taken from Ref. [8].
presented in Ref. [8], curves 3 and 4 were obtained with Ms of sam-
ple 1. It is seen that at higher temperatures Hsh prevails which
determines the magnetization vector orientation in the nanoparti-
cle plane. At some temperature, curves Hsh(T) and HK(T) intersect,
and HK gives predominating contribution to the effective aniso-
tropy. For the Ms value of the real sample 1, the intersection tem-
perature is close to the kink temperature in Figs. 7, 9a, and 10. The
transition from the in-plain magnetization orientation to its orien-
tation at any angle or even perpendicular to the nanoparticle plane
can result in the change of the magnetostatic interaction in the
nanoparticle stacks. In some temperature interval, the anisotropy
increase can be compensated by the interparticle interaction
decrease and, as a consequence, Hres will be approximately con-
stant in some temperature interval as it is seen in
Figs. 9a and 10. A sharp increase in the magnetocrystalline aniso-
tropy at a temperature lower than the intersection point leads to
a decrease of Hres at further temperature decrease.

No data on the Cu0.8Fe0.2Cr2Se4 and Cu0.6Fe0.4Cr2Se4 magne-
tocrystalline anisotropy are available in literature. However, one
can assume a similar increase in the magnetocrystalline anisotropy
in these samples, and associate the gradual decrease in the Hres

value in all the samples with this mechanism. For sample 3 con-
taining only separate NPs, this mechanism can be valid in the
whole temperature region investigated as it was revealed in Ref.
[33] for an ensemble of separate cubic NPs of the related com-
pound CuCr2S4.

A different character of the frequency-field dependence of the
resonance in the free and fixed NPs can be explained on the basis
of Eq. (3). The free particles having a large magnetic moment can
be mechanically rotated in the applied magnetic field. Thus, during
the resonant measurements, most of the particles will be oriented
in the directions close to the axis of easy magnetization. Such a
particle orientation provides the maximum value of the averaged
anisotropy field <HA> at the temperatures below blocking and, as
a consequence, the greatest value of the gap in Eq. (3). In the case
of NPs fixed in the glue in the absence of a magnetic field, NPs ori-
entation relatively to each other remains chaotic providing lower
values both of the averaged effective anisotropy field and the
energy gap in the resonance spectrum. Namely, such a picture is
observed in the case of sample 1 (see Fig. 11a). The averaged effec-
tive anisotropy field calculated for sample 1 from the frequency-
field dependence shown in Fig. 11a is equal to <HA> = 2.1 kOe at
T = 4.2 K, this value is close in the order to the estimated one
shown in Fig. 12.

The difference between the free and fixed NPs is also revealed in
the temperature dependences of the resonant line width (see
Fig. 13). For sample 1, at temperatures above the blocking, the line
widths both of the free and fixed NPs are close and increasing
slowly with the temperature decrease. The difference appears just
below the blocking temperature Tkink � 110 R: the line width for
the fixed particles increases with further lowering of the tempera-
ture much faster than that for the free particles, it reaches the
value of 2.4 kOe at T = 4.2 K while the line width in the free parti-
cles is equal to 1.6 kOe at the same temperature. The value of the
line width for the fixed particles retaining their chaotic orientation
can be estimated in the same manner as for a polycrystalline sam-
ple [34]: DH � HA, which is close to the averaged value of the effec-
tive anisotropy field <HA> = 2.1 kOe determined from the
resonance properties. It is obvious that the line width is less when
measured in the free particles whose dispersion in the directions of
the easy axes of magnetization relative to the direction of the
applied field is much smaller.

Since NPs in sample 1 and 2 possess rather high magnetic
moment at room temperature, they can be oriented nearly
homogeneously by the magnetic field applied in the process of



Fig. 14. (a) The Hres angle dependences for sample 1 solidified in the magnetic field.
Experimental points 1 correspond to the lens shaped sample measured at the
frequency 9.7 GHz, points 2 are obtained for the sample of cylindrical shape at
52.66 GHz. (b) Scheme of the experimental procedure.

Fig. 13. The line width temperature dependences measured in samples 1 (a) and 3
(b) with the free (circles) and fixed (diamond) NPs.
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the sample solidification. Moreover, a texture will appear in the
samples and all the easy axes of the particles will be parallel to
each other, in preference. We expected the angle dependence of
the resonance field with the minima and maxima corresponding
to the measurement field orientation parallel and perpendicular,
correspondingly, to the direction of the magnetic field applied dur-
ing the sample preparation. But the real dependences appear to
have the opposite character: the minimal resonance fields corre-
spond to the measurement field orientations being perpendicular
to the field applied during the sample solidification. It seems likely,
that the origin of such an unusual dependence is consistent with
the macroscopic anisotropy of the sample shape. The experiment
in a high-sensitive X-band spectrometer required a small amount
of a sample. The magnetic field of a permanent magnet possessing
some inhomogeneity was used to create texture. Thereby, during
solidification, the solution with the powder formed a lens-shaped
sample collected near the container wall where the magnet pole
was placed, as it is shown in Fig. 14b. Indeed, the direction of the
texturing magnetic field coinciding with the axis of the lens-
shaped sample close to the disk is the hard axis of magnetization.
The perpendicular direction lies in the plane of the disk being the
easy plane of magnetization. The distinct 180� dependence of Hres

was observed due to the magnetic shape anisotropy which, as it
appears, prevailed over the anisotropy of the magnetic texture
and had the opposite sign. The amplitude of the Hres (h) curve
increases with the temperature decrease in accordance with the
temperature dependence of the magnetization.

We also prepared a sample of cylindrical shape filling the entire
volume of the tube to measure it by the wide-band spectrometer.
Such a sample has no shape magnetic anisotropy in the plane per-
pendicular to the axis of the cylinder. In this case (see Fig. 14a), we
observed the angular dependence of the resonance field just due to
the anisotropy of the magnetic texture with the minima and max-
ima corresponding to the measurement field orientation parallel
and perpendicular, correspondingly, to the direction of the mag-
netic field applied during the sample preparation.
4. Conclusions

We studied the morphology, magnetization temperature
dependences, and electron spin resonance (ESR) of Cu1�xFexCr2Se4
NPs (x = 0, 0.2, and 0.4) synthesized via the thermal decomposition
of metal chloride salts and selenium powder with different ratios
of the raw material components in a high-temperature organic sol-
vent. According to the transmission electron microscopy data, NPs
have a shape of thin nearly hexagonal plates. The plate thickness,
2d, and the lateral size, 2R, depend strongly on the x value. Both
2d and 2R are remarkably lower for x = 0.4. All the NPs are single
crystalline with the CuCr2Se4 structure. The tendency is revealed
of the nanoparticle consolidation into clusters of plates attached
to each other ‘‘face to face”. The Curie temperature, Tc, of the
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powdered nanoparticle samples with x = 0 (410 K) is comparable to
that presented in literature for CuCr2Se4 thin films and NPs. Intro-
ducing Fe into the particle composition affects in Tc decrease up to
322 K for x = 0.4. Two features were observed in the magnetization
temperature dependences of the samples with x = 0 and 0.2. One of
them appears as FC and ZFC bifurcation near 300 K and is associ-
ated with blocking of the particle magnetic moments. The other
one appears as a kink near 130 K which is seen both in the FC
and ZFC thermomagnetic curves. For the sample with x = 0.4, only
the bifurcation of the FC and ZFC curves is observed due to the
transition from the superparamagnetic to the blocked state.

The samples with x = 0 and 0.2 demonstrate the non-
monotonous temperature dependence of the resonant field Hres.
For the measurements in the X-band, the kink is observed at the
same temperature for both compositions near 130 K; further tem-
perature lowering affects in the Hres behavior similar to that
observed for the CuCr2S4 NPs with the yield on the plateau near
50 K. The sample with x = 0.4 demonstrates only Hres decrease at
the temperatures lower than the blocking temperature. ESR was
also investigated in the higher frequency bands for two types of
sample compacting: free particles, e.g., particles simply placed into
a container and particles fixed with the glue. The peculiarities
revealed in the ESR temperature dependences are shown to be
due to the competition of the different nature anisotropies – in-
plain shape anisotropy depending on temperature similar to the
magnetization temperature dependence and the magnetocrys-
talline anisotropy increasing strongly with the temperature
decrease. Being due to the redistribution of the contributions of
the shape and magnetocrystalline anisotropies, the change of the
interparticle magnetostatic interaction may also effect in the ESR
characteristics temperature behavior.
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