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Crystallographically aligned nanocrystalline films of the ferromagnetic spinel CuCr,Se4 were successfully
synthesized and their structure and alignment were confirmed by X-ray diffraction and high-resolution
transmission electron microscopy. The average size of the crystallites is about 200-250 nm, and their
(11 1) crystal planes are parallel to the film plane. A good match of the film’s electronic structure to that
of bulk CuCr,Se, is confirmed by transverse Kerr effect measurements. Four easy (1 1 1) axes are present
in the films. One of these axes is oriented perpendicular and three others are oriented at an angle of 19.5°
relative to the film plane. The magnetic properties of the films are determined by a competition between
the out-of-plane magnetocrystalline anisotropy and the in-plane shape anisotropy. Magnetic measure-
ments show that the dominating type of anisotropy switches from shape to magnetocrystalline aniso-
tropy near 160 K, which leads to a switch of the effective easy axis from inside the film plane at room
temperature to perpendicular to the film plane as the temperature decreases. At last, a moderately large,
negative value of the low-temperature magnetoresistance was observed for the first time in CuCr,Se,4
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1. Introduction

The development of spintronics based on the use of the electron
spin degrees of freedom requires an effective search for new mate-
rials with high spin polarization [1]. Until recently, oxide com-
pounds such as Cr0s3, Fe304, Lag;Sro3MnOs, etc. were mainly
considered as materials for spintronic devices [2-4]. In recent
years, more and more attention has been drawn to complex
chalcogenides. It can be expected that the transition from ionic
bonds in oxides to more covalent bonds in chalcogenides will
result in transport properties similar to the properties of semicon-
ductors or metals. One of the most promising groups of materials
for this task are the chalcogenide chromium spinels of the general
formula MCryX,4 (where M = Cd, Co, Cu, Fe, Hg, Zn, and X =S, Se, Te).
Many of them have Curie temperatures above room temperature
and possess the ability to include a wide variety of atoms into their
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structure, which leads to diverse magnetic, magneto-resistive and
electrical properties.

CuCr,Se, stands out from the whole series of chromium chalco-
genides: It has the highest Curie temperature (Tc~430 K) and
metallic conductivity, which makes it a promising candidate for
applications in spintronics. CuCr,Sey is characterized by the high-
est value of the magneto-optical Kerr effect in the near infra-red
(1.1° for 0.8 eV and 0.6° for 1.25 eV at 295 K [5]), and is found to
undergo light-induced changes in the magnetization [3]. Studies
of this compound were carried out mainly on bulk crystals
[6-11] or nanocrystalline powders [12-22]. However, most suit-
able for spintronic applications are samples in the form of thin
films that can be integrated into silicon based structures.

Only few articles in the literature are devoted to CuCr,Se, films.
The first attempt to synthesize polycrystalline CuCr,Se, films was
undertaken in 1990 by Berzhanski et al. [23]. In 2007, Bettinger
et al. synthesized CuCr,Se,4 films by pulsed laser deposition on
isostructural MgAl,04 substrates. X-ray diffraction confirmed the
structure of CuCr,Se; along with secondary phases of Cr,Ses,
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CuCrSe,, and Cr, gSe4 [24]. Anderson with co-authors suggested the
modulated elemental reactants (MER) method [25,26] to fabricate
single-phase films of the ternary chalcogenide compounds. This
method was applied successfully to synthesize crystallographically
aligned CuCr,Se, thin films consisting of large enough crystallites
(several hundred nanometers in lateral dimension) with the
(111) planes oriented parallel to the film plane [27]. The almost
homogeneous orientation of the (11 1) planes of the crystallites
in combination with a large negative magneto-crystalline aniso-
tropy that depends strongly on temperature [12] creates condi-
tions where this anisotropy competes with the easy-plane
anisotropy characteristics of thin films, which raises promises
new interesting effects in the aligned films.

In this paper, we present the magnetic, magneto-optic, and
magneto-transport properties of crystallographically aligned
CuCr,Se, thin films synthesized with MER technique [27]. X-ray
diffraction and high-resolution electron microscopy study con-
firmed almost ideal orientation of the crystallite (11 1) planes
inside the film plane. Magneto-optic transverse Kerr effect spectra
appear to be close in shape to the polar Kerr effect spectra of bulk
CuCr,Se4, suggesting identical electronic structures. Magnetic
measurements carried out between 4.2 and 300 K revealed their
magnetic properties to be governed by the competition between
the magnetocrystalline and shape anisotropy, and that the pre-
dominant mechanism of magnetization depends on the tempera-
ture with a transition at around 155K. The microwave and
magneto-transport temperature changes correlate with that of
the static magnetization. These results show that the CuCr,Sey
samples studied herein provide an unusual opportunity to probe
the competition between anisotropies of different origin on the
magnetic properties of a thin film.

2. Experimental

Films were synthesized using the Modulated Elemental Reac-
tants (MER) method as outlined in [27], using multi-layer precur-
sors with the sequence Se-Cr-Cu-Cr-Se. The precursors were
deposited onto (1 0 0)-oriented Si wafers in a custom-built physi-
cal vapor deposition chamber with pressures inside the vacuum
chamber of less than 5 x 10 7 mbar [28]. Se was evaporated using
a resistive heater effusion cell, and Cr and Cu were deposited using
electron beam guns. The total film thickness of the precursors was
approximately 50 nm, and the thickness of the repeated Se-Cr-Cu-
Cr-Se layers was approximately 1.6 nm. Relative thicknesses of the
elements were calibrated to yield compositions close to that of the
desired CuCr,Se; stoichiometry. Samples were annealed in an
evacuated (p ~ 10> mbar), sealed fused silica tube at 400 °C for
1, 2, and 3 days (samples 1, 2, and 3, respectively). CuSe powder
(99.5%, Alfa Aesar) was added to generate a positive Se vapor pres-
sure in order to prevent the evaporation of Se off the film.

The structure of the films was determined using X-ray diffrac-
tion (XRD) and electron microscopy techniques. XRD patterns were
collected using a PANalytical X’Pert PRO (Cu Kat) diffractometer in
the angular range 20 = 10° - 65°. The lattice parameters of the sam-
ples were refined using the full-profile derivative difference
method [29]. Cross-sections of the samples were prepared by focus
ion beam (FIB) using a FB2100 (40 kV accelerating voltage) with
subsequent Ar* polishing at 0.5 kV. Film cross-section images were
obtained with Hitachi HT7700 (W-source) transmission electron
microscope (TEM) at 110 kV accelerating voltage. Magnetization
hysteresis loops were recorded with a QUANTUM Design MPMS-
XL system at temperatures between 4.2 and 300 K with magnetic
fields applied parallel and perpendicular to the film plane.

Magneto-transport properties were studied using a homebuilt
facility based on a helium cryostat, an electromagnet and a Keith-

ley 2400 Source Meter [30]. Magnetoresistance (MR) was mea-
sured between 4.2 and 70K using a standard four-probe
technique. MR was defined as:

H) — Rinax

MR(H) = 100% - R( (M

Rmax
where R(H) is the resistance at an external magnetic field strength
H, and Rp,.x is the maximum resistance. In the experiment, electric
current flowed inside the film plane, and the magnetic field direc-
tion changed from 0 = 0° to 0 = 180° degrees relatively to the normal
(i1) of the film plane.

Ferromagnetic resonance spectra were collected between 120
and 350 K with a Bruker Elexsys E580 spectrometer, operating at
the X-band (9.7 GHz) and using 100 kHz as the modulation
frequency.

Magneto-optical transverse Kerr effect (TKE) measurements
were carried out in the region of 1.25-4.25eV using an Ellips-
891 high speed spectral ellipsometer in an experimental setup
described elsewhere [31]. The relative changes of the intensity of
the linearly polarized light reflected from the sample surface when
changing the direction of the external magnetic field were used as
the measured values:
ol I -1
7 (0n02) = 21T +1,

; @)
where I; and I, are the intensities of the light incident on the pho-
todetector at the sample during magnetization reversal, 0; = —-45°
and 6, = + 45° are the angles of the polarizer and analyzer rotation
relative to the light incidence plane of the sample. The angle of
the light incidence with respect to the normal of the film surface
was 70°. The magnetic field strength parallel to the film surface
changed from +3 to —3 kOe. To minimize the error in the determi-
nation of 8l/I, the measurements of I; and I, were performed 10
times, followed by the calculation of the mean values (I;) and (I,),
as well as mean-square deviations Al; and Al,. The magnetic field
dependence of 8I/I of each sample were obtained for several
wavelengths.

3. Results and discussion
3.1. Structure of the CuCr,Se, films

The X-ray diffraction patterns of three CuCr,Se, films annealed
for different periods are shown in Fig. 1. The reflections of all sam-
ples match completely with CuCr,Se, spinel structure (Fd3m, No.
225, JCPDS 33-0452). The reflections can be indexed with the
(hhh) (h=1, 2, 4) indices of the spinel structure, suggesting a crys-
tallographically aligned structure. Comparing the diffraction pat-
terns shown in Fig. 1 with the XRD patterns presented in Ref.
[27] for the CuCr,Se, films synthesized with the same method,
one can note some minor differences. Intensities of all reflections
for samples 1 and 2 are close to each other, while they are notice-
ably lower for sample 3. However, no additional reflections are
seen for sample 3 compared to samples 1 and 2. The lattice param-
eters are also close for samples 1 and 2 with 10.310(1) A and
10.311(1) A, respectively. For sample 3, the lattice parameter is
10.307(1) A. The lattice parameters shown for samples 1 and 2 in
Ref. [27] were 10.315(3) A and 10.306(1) A. The minor differences
in the characteristics of the samples synthesized here and pre-
sented in Refs. [26,27] fabricated with the same method are well
within the experimental errors.

TEM and High-resolution TEM (HRTEM) measurements show
that the films consist of well-shaped rectangular nanocrystals with
lateral dimensions of a few hundred nanometers and a thickness of
50 nm (Fig. 2a and b). The spaces between two adjacent lattice
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Fig. 1. X-ray diffraction pattern of three CuCr,Se4 films annealed for 1, 2, and
3 days. Inset: enlarged region near 260 = 30°.

Fig. 2. TEM (a) and HRTEM (b) images of the cross-section of sample 1.

planes in the direction perpendicular to the film surface is 2.68 A,
which is characteristic for the interplanar (11 1) distance in the
face-centered cubic phase of CuCr,Ses. The X-ray diffraction and
HRTEM data are consistent with the films consisting of pure CuCr,-
Se, nanocrystals with the (11 1) planes oriented parallel to the
film surface. Apart from the degree of crystallographic alignment,
only insignificant differences are seen between the structural char-
acteristics of films with different annealing times.

3.2. Magnetic hysteresis loops

Fig. 3 represents the magnetization temperature dependence
for sample 1 showing the Brillouin-type behavior. For the other
two samples, the M(T) curves are analogous. The Curie tempera-
ture is Tc = 420 K, which is a little bit higher compared to those pre-
sented in Refs. [24,27] for thin films (Tc =405 - 410 K), but lower
than the T¢ found in bulk (T > 430K) [12].

The magnetization of the films parallel and perpendicular to the
film plane as a function of the external magnetic field H were iden-
tical for all samples, and representative data from sample 1 at dif-
ferent temperatures is shown in Fig. 4. We will focus on the data
for sample 1 because it has the highest degree of crystallographic
alignment compared to the other samples. At room temperature,
relatively narrow hysteresis loops close in shape to those pre-
sented in Ref. [27] are observed for both orientations of an external
magnetic field, parallel and perpendicular to the films surface
(curves 1 in Fig. 4a and b). Room temperature coercive fields H.
are of 140 Oe, 135 Oe, and 150 Oe (for samples 1, 2 and 3, respec-
tively). The only noticeable difference between hysteresis loops
recorded at the two magnetic field directions is the magnetization
behavior in relatively high magnetic fields. While in the parallel
geometry, magnetic saturation occurs at H = 2.0 kOe, for the per-
pendicular geometry, saturation is not reached at H =5 kOe

A decrease in temperature results in strong changes in the
shape of the magnetization curves. For the parallel magnetic field
direction, the coercive field decreases slightly and the magnetiza-
tion does not reach saturation up to H =5 kOe (Fig. 4a), while for
the perpendicular magnetic field direction, the coercivity increases
approximately an order of magnitude from 140 Oe to 1.6 kOe when
the temperature decreases from 300 to 4.2 K (Fig. 4b). The area of
the hysteresis loop increases from 7 emu-Oe to 56 emu-Oe for the
perpendicular geometry and stays almost unchanged in the paral-
lel geometry. These changes can be explained with the coexistence
of two types of magnetic anisotropy in the CuCr,Se, films: the
shape anisotropy, which tends to orient the magnetic moment
inside the film plane, and the magneto-crystalline anisotropy,
which tends to orient the magnetic moment along one of the easy
axes. These two types of anisotropy possess different temperature
dependences. The field of the in-plane shape anisotropy Hgy, is
described by the equation:

Hqgy = 47tM, 3)

H =5 kOe
=)
EZ
3 420 K
<t

o
-
x 1
£

0 ((@harrria

Fig. 3. Temperature-dependent magnetization curve for sample 1.
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Fig. 4. Magnetization curves of sample 1 recorded for the external magnetic field
directions parallel (a) and perpendicular (b) to the film plane at 300, 30, and 4.2 K.
Insets: enlarged regions of lower fields.

where M; is the saturation magnetization, so its temperature
dependence is determined by the temperature dependence of M;.
As it is shown in Ref. [27], the magnetization of the film increases
strongly near the Curie temperature (420 K) and changes insignifi-
cantly with decreasing temperature below 300 K.

The magneto-crystalline anisotropy of CuCr,Se, is characterized
by easy magnetization axes oriented parallel to the (11 1) crystal
axes and by a very strong temperature dependence of the aniso-
tropy parameter. K, the first anisotropy constant, increases almost
one order of magnitude with the temperature decreasing from 300
to 5 K (K; = —6.9 x 10° erg/cm? at 5 K, and K; = —0.9 x 10° erg/cm>
at 290 K [12]). In cubic crystal lattices, there are four crystal axes of
the (1 1 1) family, one with an angle of 90° and three oriented at an
angle o = 19.5° relative to the (11 1) crystal plane, i.e. the film’s
plane. A schematic of these easy axes orientations is presented in
Fig. 5a. The crystal anisotropy field is given by:

2K,
Hic =1 (4)

Both M; and K; are temperature dependent. Fig. 5b illustrates the
Hg, and Hg temperature dependences calculated for the CuCr,Sey
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Fig. 5. (a) Schematic of the magneto-crystalline anisotropy easy axes orientation
relative to the film plane; (b) Temperature dependence of Hg, and Hy calculated
according Eqgs. (3) and (4) with the M temperature dependence taken from Ref. [27]
and the K; temperature dependence taken from Ref. [12].

thin films using the temperature dependence of M; taken from
Ref. [28] and the temperature dependence of K; taken from Ref.
[12]. While the temperature dependence of K; for these films may
be different (magnetocrystalline anisotropy measurements are
ongoing), Fig. 5b can provide a good qualitative picture of the tem-
perature dependence of Hy, and Hg. The shape anisotropy is nearly
temperature independent and Hg;, increases only slightly when the
temperature decreases from 300 K to ~160 K, and plateaus at lower
temperatures. The magnetocrystalline anisotropy field increases
almost one order of magnitude when the temperature decreases
from 300 to 4.2 K. At higher temperatures, Hy, noticeably exceeds
Hy and becomes close to it at approximately 160 K. Below this tem-
perature, H starts to prevail and dominates at lower temperatures.
This suggests that the magnetic anisotropy can be characterized by
an effective anisotropy axis with temperature-dependent
orientation.

These findings are consistent with the magnetization measure-
ments. In the parallel geometry of the experiment (magnetic field
is parallel to the film plane), the film’s magnetic moment remains
in the plane or rather close to it, and magnetic saturation occurs at
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relatively low field (Fig. 4a). Hysteresis with low coercive force
may indicate an involvement of domain wall motion processes
along with a rotation of the magnetic moment. Additionally, mag-
netic moments inside domains are oriented close to the film plane
along the effective easy axis located between the external mag-
netic field direction and one of the magneto-crystalline easy axes
[111], [111],[111](Fig. 5a). The magnetization process in this case
ends with a rotation of the magnetic moment into the film plane.
With decreasing temperature, the effective anisotropy axis rotates
closer to the magneto-crystalline anisotropy axis, which leads to
an increase of the saturated magnetic field.

In the case of the perpendicular geometry, the situation is more
complex. The external magnetic field tends to direct the magnetic
moment perpendicular to the film plane. However, at higher tem-
peratures, this direction is not energetically favorable. Thus, in low
external magnetic fields, magnetic moments locate along one or
several of the [111], [111], [111] axes and the film magnetization
process occurs identically to that in the parallel geometry. Further
increase of the external magnetic field leads to the rotation of the
magnetic moment to the field direction, i.e. to the direction per-
pendicular to the film plane (Fig. 4b). When the magnetocrystalline
anisotropy increases sufficiently at lower temperatures, orienting
the magnetic moment along the easy axis normal to the film plane
becomes energetically preferable, and after turning off the external
field, the magnetic moments tend to keep this orientation. The
wide hysteresis loops at 4.2 K and 30 K (Fig. 4b) confirm this expla-
nation. Formation of magnetic domains and the motion of domain
walls are also possible mechanisms. Magnetic moments inside
domains are oriented perpendicular to the film plane, which
reduces the energy of the demagnetizing fields. The relatively large
remnant magnetization in this case suggests that in zero external
field, a domain structure with domains magnetized predominantly
along the previously applied field exists. Thus, the redistribution of
the individual contributions of each different type of anisotropy to
the magnetization processes can explain the observed magnetiza-
tion curves. A more detailed study of the magnetization processes
is in progress.

3.3. Transverse Kerr effect

Transverse Kerr effect spectra of each sample is presented in
Fig. 6. For all three samples, the spectra are very similar to each
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Fig. 6. Room temperature transverse Kerr effect spectra of samples 1, 2, and 3
recorded in magnetic field H = 3.0 kOe applied parallel to the films plane.

other, and coincide with the polar Kerr effect spectra observed in
several works for CuCr,Se, single crystals [5,8,32] and with the
magnetic circular dichroism spectra observed in Ref. [22] for
ensembles of CuCr,Se4 nanoparticles. As all three effects are due
to electronic transitions between energy bands of a substance, it
can be concluded that the band structures of the investigated films
are identical to the band structure of CuCr,Se, single crystals.

The Kerr effect hysteresis loops are shown in Fig. 7a for sample
1 for the three incident light energies that correspond to the grav-
ity centers of the Kerr spectral maxima (E = 2.8, 1.4, and 1.25 eV).
Fig. 7b presents the hysteresis loops of all three samples for
E =1.25 eV. These loops correlate well with the magnetic hystere-
sis loops recorded with the magnetometer at 300 K for the mag-
netic field directed parallel to the film plane (Fig. 4a), which was
expected since the transverse Kerr effect is proportional to the
magnetization projection in the film plane.

3.4. Magneto-transport properties

The investigated CuCr,Se, films show negative magnetoresis-
tance (MR) with a maximum of -9% at 4.2 K. The MR dependence
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Fig. 7. Room temperature transverse Kerr effect hysteresis loops recorded in
magnetic fields parallel to the film plane (a) for sample 1 at three different values of
the light wave energy E=2.8, 1.4, and 1.25eV, and (b) for all three samples at
1.25eV.
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on the external magnetic field is shown in Fig. 8a for 30 K. The
shape of the curves suggests that the MR is mostly due to the film
magnetization processes as inferred from the MR hysteresis. There
are two mechanisms that are most likely responsible for MR: spin-
dependent scattering of charge carriers on domain walls and spin-
dependent tunneling between crystallites. The first mechanism is
characteristic for all conductive ferromagnetic materials while
the latter is characteristic for thin films [33]. Note that the in-
plane and out-of-plane MR dependences have the same shape, dif-
fering only in width and position of the peaks. In other words, we
do not see a difference between the cases where an electric current
is applied parallel or perpendicular to the direction of the magnetic
field, which indicates that the contribution to the MR associated
with the Lorentz force is minimal. Considering that the MR value
is only a few percent, one can conclude that spin-dependent tun-
neling between crystallites is the main mechanism responsible

| —— out-of-plane
2 | ——in-plane

(©) [~

exp.

out-of-plane
-5 0 5 10
H (kOe)
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for the MR effect in the CuCr,Sey4 thin films. Spin-dependent tun-
neling between metal (Ni) granules dispersed in SiO, films was
considered in Ref. [34] where the MR dependence on an external
magnetic field was shown to be:
JP 2 2

MR = — (ﬁ) [M (H,T) - M (o,T)] (5)
where P is the polarization of the tunneling electrons, J is the
exchange coupling constant within the ferromagnetic metal grains,
M is the grain magnetic moment, k is the Boltzmann constant, H is
an external magnetic field, T is the temperature. Later, Li et al. [35]
have shown that in low magnetic fields, the MR dependence on the
external magnetic field can be described in good approximation as:

MR ~ <M(H>)27

i (6)
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Fig. 8. (a) In-plane and out-of-plane MR as a function of external magnetic field strength H of a CuCr,Se, film at 30 K. Inset: the peak position H, in the MR dependence on H
for the in-plane and out-of-plane geometries. (b, c) Magnetization hysteresis loops calculated from experimental MR(H) with the help of Eq. (6) for the in-plane and out-of-
plane geometries, respectively, in comparison with the magnetization experimental hysteresis loops. (d) Polar dependence of the MR hysteresis peak position H, (right) along
with a scheme of the experimental geometry and the directions of the two effective easy axes (left).
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where M(H) and M; are the magnetization in a given field and the
saturation magnetization, respectively. We used this approach to
calculate the in-plane and out-of-plane magnetization curves from
the measured field dependences of the MR. The obtained curves
(Fig. 8b and Fig. 8c) correlate well with the experimental magneti-
zation curves (Fig. 4a and b). In particular, the wide hysteresis loop
appearing at lower temperatures when the external magnetic field
H was applied perpendicular to the film plane was very well repro-
duced. However, calculated coercive fields for both orientations are
lower than experimental ones. This may be due to the fact that in
addition to the main MR mechanism, other magnetization mecha-
nisms such as magnetic domain motion and an anisotropic magne-
toresistance may contribute to the magnetization. Moreover, in the
magnetization processes, the competition of crystal and shape ani-
sotropy played an important role, which makes fitting the hystere-
sis loops more challenging, especially for the perpendicular
magnetic field. Nevertheless, according to the proposed mechanism,
the maximum MR should occur near the coercive field because of
the randomly oriented magnetic moments of the crystallites in
the film plane. Consequently, the peak position H in the MR vs. H
curves (inset in Fig. 8a) can be interpreted as the coercive field H.
in the magnetization curves. Using MR curves recorded at different
angles 0 to the film normal, we have obtained the polar dependence
of Hp(0) that should correspond approximately to H(6). The results
are shown in Fig. 8d. Two distinct maxima at 6, = 15° and 165° can

113

be observed. As the maximal H. value should be observed when the
magnetic field is directed along the easy axis, it is possible that two
effective easy axes directed at the angles £ 15° relative to the film
normal occur at 30 K. This is consistent with the temperature
dependence of the anisotropy parameters (Fig. 5), which shows that
the magnetization is primarily directed along the easy axis [1 1 1],
i.e. the normal of the film plane. Note that the effective easy axis
orientation at an angle to the film normal can explain the fact that
the magnetization does not reach its saturation at low temperatures
(Fig. 4b).

3.5. Ferromagnetic resonance

Fig. 9 shows the differential ferromagnetic resonance (FMR) sig-
nal recorded at different temperatures of sample 1 with the dc
magnetic field H applied parallel (in-plane) and perpendicular
(out-of-plane) to the film plane. For the other two films, the results
are similar. The resonance signal is a single asymmetric line of Lor-
entzian shape. Such an asymmetric line shape is generally
observed in metallic samples, which confirms the metallic charac-
ter of the CuCr,Se, films.

The resonance field Hy is defined as the H value where the
derivative of P with respect to H is equal to zero:

He = Hlg o 7)

(@) in-plane  (©) out-of-plane
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/\r 330 K J\f 330K
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Fig. 9. Differential FMR spectra (dP/dH) at different temperatures for sample 1 with H applied (a) parallel (in-plane) and (b) perpendicular (out-of-plane) to the (1 1 1) plane

of the film.
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Fig. 10. (a) Temperature dependences of Hg and AH for sample 1 with H applied
perpendicular (filled symbols) and parallel (empty symbols) to the film plane. (b)
Polar angle 6 dependence of Hg for the same film at different temperatures. 0 = 0°
corresponds to the orientation of the [1 1 1] axis perpendicular to the film plane
(see also Fig. 4a).

Here, P is the absorbed microwave power. The temperature
dependence of Hg and the resonance line width AHg, which is
defined as a distance between positive and negative maxima in
the resonance curves, are presented in Fig.10a. The Hg(T) curves
are not typical for films with only in-plane shape anisotropy. For
the in-plane and out-of-plane geometries of the experiment, Hy
is described by the expressions:

% — Hgp, — 47tM, (8a)
) 2
(;) — Hy (g, +47M,) (8b)

where o is the microwave frequency, y is the gyromagnetic ratio,
and Hg, and Hg, are the out-of-plane and the in-plane resonance

fields, respectively. The temperature dependence of Hg is based on
the temperature dependence of the saturation magnetization, Ms.
As M; increases with decreasing temperature, Hg, should increase
and Hg, should decrease. However, the opposite is observed in the
CuCr,Se, as shown in Fig. 9. In order to explain the temperature
dependence of Hg observed for our films, we need to take into
account the magneto-crystalline anisotropy discussed above, which
will lead to the equations:

» 2K,

5= Hy, —47M;, — Vi (9a)
w\? 2K,

<?> _ H (HR‘ + s 1 20 ) (9b)

Thus, the temperature dependences of Hg shown in Fig. 10a are
determined by the temperature dependence of the magneto-
crystalline anisotropy constant, K;, to a greater extent than the
temperature dependence of the shape anisotropy. To realize this
scenario, the magneto-crystalline anisotropy field of a sample
should be oriented at an angle to the shape anisotropy field and
should increase with decreasing temperature, which is the case
for the CuCr,Se, films crystallographically aligned in the (111)
plane (see Fig. 5). As mentioned earlier, the magneto-crystalline
anisotropy is dominated by the shape anisotropy at higher temper-
atures, and the magneto-crystalline anisotropy starts to prevail at
lower temperatures (Fig. 5b), i.e. the direction perpendicular to
the film plane is the hard magnetization axis at higher tempera-
tures and becomes the easy magnetization axis at lower tempera-
tures. This is seen very well in the polar angular dependence of Hg
(Fig. 10b), where the angle 6 is the angle between the direction of
an external magnetic field and the normal to the film plane. At
T =350 K, the maximum of Hk corresponds to the hard magnetiza-
tion axis and is observed when the external magnetic field is nor-
mal to the film plane (6 = 0°). The minimum of Hk corresponds to
the easy axis and is observed when the external magnetic field is
directed within the film plane. This behavior indicates that at room
temperature, the magnetic properties of the films are determined
by the shape anisotropy. When the temperature decreases to
190 K, the situation is changing dramatically. The minimum of Hg
is observed when the external magnetic field is directed normal
to the film surface, i.e. this direction becomes the easy direction
of magnetization. These results are in good agreement with the
results obtained with other techniques.

A predominant axis inside the film plane was not determined,
which could be due to the random orientations of the crystallites
within the film plane [27]. The random orientation of the crystal-
lites inside the plane and the crystallographic alignment outside
the plane are likely responsible for the stronger increase of the
in-plane resonance line width with decreasing temperature com-
pared to the out-of-plane line width.

4. Conclusions

Crystallographically aligned nanocrystalline films of ferromag-
netic spinel CuCr,Se; were successfully synthesized, and their
structure and alignment were confirmed by X-ray diffraction and
high-resolution transmission electron microscopy. The average
size of the crystallites is of about 200-250 nm, and their (11 1)
crystal plane is oriented parallel to the film plane. Transverse Kerr
effect spectra of the films coincide with the polar Kerr effect spec-
tra observed for CuCr,Se, single crystals and with the magnetic cir-
cular dichroism spectra observed for ensembles of CuCr,Sey
nanocrystals, suggesting that the band structure of the investigated
films to be the same as in CuCr,Se, crystals.
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The combination of the almost ideal crystallite (11 1) planes
alignment in the film plane, the orientation of the magneto-
crystalline easy axes at an angle to this plane, and the in-plane
shape anisotropy characteristic for thin films provides a rare
opportunity to study the role of the competition between anisotro-
pies of different origin on the magnetic properties of a thin film.
The strong temperature dependence of the magneto-crystalline
anisotropy along with an almost temperature-independent shape
anisotropy below 300 K results in a switch of the easy axis from
inside the film plane to perpendicular to the film plane below
160 K, which is responsible for a number of peculiarities of the sta-
tic and dynamic magnetic properties as well the low temperature
magneto-transport properties of the films. In particular, the
changes of the hysteresis loop shapes with temperature are
remarkably different for magnetic fields applied parallel and per-
pendicular to the film plane. In the first case, narrow loops with
nearly the same coercivity are observed below 300 K, but in the lat-
ter case, the coercivity increases with decreasing temperature by
almost an order of magnitude. Such a behavior is associated with
different mechanisms involved in the films magnetization pro-
cesses. Data on FMR and magnetoresistance correlate well with
the features of the static magnetic properties. A moderately large
low-temperature negative magnetoresistance in the CuCr,Se, thin
films is observed here for the first time.
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