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Effect of periodicity on the magnetic anisotropy in spinel oxide superlattices
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Metamaterials, fabricated by assembling different compounds at the nanoscale, can have properties not found
in naturally occurring materials, and therefore offer new avenues to develop novel devices. In the realm of spin-
tronics, where the spin of the electrons is used to extend the capabilities of electronic devices, the quest for such
new functional materials has expanded towards magnetic oxides. Here, finding methods to control their magnetic
anisotropy is crucial to achieve higher memory density and longer stability. In order to address this challenge, we
combined two oxides with a spinel crystal structure, synthesizing CoCr,04/CoFe,0, superlattices with layers
only few unit cells thick. We show that the superlattices present a reorientation of the magnetic easy axis from
in plane to out of plane when warmed up, at a temperature determined by the periodicity. We can describe
this with a model that includes the strain-induced anisotropy of the two materials and their different temperature
dependence. This approach to create artificial materials, involving engineering superlattices to tailor the magnetic
anisotropy, can be generalized to a wide range of compounds that can be grown strained on suitable substrates.
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I. INTRODUCTION

The advent and rise of spintronics, i.e., technologies that
utilize the spins in a magnetic material to store, manipulate,
and carry information [1,2], has fueled the study of magnetic
materials and phenomena in the last 30 years. A constant
challenge associated with meeting the increasing demand for
larger data-storage capacity and more efficient energy con-
sumption is to improve the properties of constituent materials
towards better functionality [3,4]. Amongst possible magnetic
materials, oxides have gained significant attention, as they
can host exotic quantum phases [5], give improvements in the
performance of magnetic tunnel junctions [6], enable efficient
electric-field switching [4,7-10], and act as the functional
element in magnon-based devices [11,12].

Oxides are usually characterized by several interactions
competing at a relatively small energy scale, with people often
referring to the “interplay of charge, spin, and orbital degrees
of freedom” [13]. Therefore, their properties can be very sen-
sitive to external stimuli and preparation conditions, which is
appealing not only for the discovery of new phenomena, but
also for the optimization of their properties for applications
[14]. For this, a flexible and powerful approach is to interface
different oxides at the nanoscale, resulting in metamaterials
with unique properties that are different from their building
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blocks [15,16]. With current thin-film deposition techniques,
an exquisite control of the growth processes can be achieved,
allowing the realization of crystalline oxide superlattices with
an atomic control of the thickness [17-19]. Indeed, many
impressive results have been achieved in perovskite superlat-
tices systems, such as near room-temperature multiferroicity
[20], the formation of ferroelectric vortices [21], the tuning of
metal-insulator transitions [22], induced ferromagnetism [23],
phases resembling quantum-spin liquids [24], and reversible
structural transformations [25].

Following this approach, we have realized superlattices of
oxides with a spinel structure [26-29]. The general chemical
formula is AB;O4. In normal spinels, A ions sit on tetrahe-
dral sites and B ions sit on octahedral sites. There are also
inverse spinels, where A ions occupy half of the octahedral
sites, while B ions occupy the other half of the octahedral
sites, as well as all the tetrahedral sites. We have coupled
two different magnetic materials: the normal spinel cobalt
chromite (CoCr,Qy4, or CCO), a ferrimagnet with a multifer-
roic phase at low temperature, and the inverse spinel cobalt
ferrite (CoFe;Qy4, or CFO), a collinear ferrimagnet with high
Curie temperature and high magnetostriction. We have mon-
itored the magnetic anisotropy in the CCO/CFO superlattices
on changing the periodicity with magnetometry. Using x-ray
magnetic circular dichroism (XMCD), we have resolved the
magnetization of the two layers as a function of temperature
and applied magnetic field. We find that the magnetic easy
axis is in the film plane at low temperature and rotates out
of plane in an intermediate temperature range, which can
be controlled by tuning the thickness of the layers. This
temperature evolution is absent in single layers and doped

©2023 American Physical Society
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TABLE I. Deposition conditions of the superlattices.

Deposition temperature 550 °C
Deposition O, pressure 2 x 1073 mbar
Cooldown O, pressure after deposition 100 mbar
Cooling rate after deposition 30°C/min
Laser spot size 2.25 mm?
Energy density 1.5J/cm?
Repetition rate 8 Hz
Substrate-target distance 4.5 cm

thin films, and hence is unique to the superlattice structure. To
explain this behavior one has to consider: (i) the magnetostric-
tion of CCO and CFO, which would result in perpendicular
easy axes for the two materials, (ii) the temperature depen-
dence of the strain-induced magnetic anisotropy, and (iii) the
strong exchange coupling at the CCO/CFO interface, which
favors the antiparallel alignment of the magnetizations of the
two materials.

II. SYNTHESIS AND STRUCTURAL
CHARACTERIZATION

CCO/CFO superlattices were synthesized on MgO(001)
substrates by pulsed laser deposition. We used a KrF excimer
laser (Coherent 201 Pro), providing 20-ns laser pulses with
248-nm wavelength, to ablate CoCr,O4 and CoFe,04 com-
mercial targets (SurfaceNet and K.J. Lesker, respectively).
The deposition conditions are summarized in Table I.

We have grown single layers of CCO and CFO on
MgO(001) in identical conditions, and determined their thick-
ness by fitting x-ray reflectometry data. In this way we obtain

the deposition rate of the two materials. We then deposited
CFO/CCO superlattices by ablating alternatively the two tar-
gets with a number of laser pulses that would result in the
desired thickness and periodicity. Superlattices of the form
[CFO(N unit cells, u.c.)/CCO (Mu.c.)],/MgO(001) are re-
ferred to as SL N/M. The number of repetitions n was adjusted
in order to have a total thickness around 80 nm. For the spinel
crystal structure, a unit cell is composed of four different
atomic layers. Therefore, it is possible to deposit films with
a thickness that is a fraction of a unit cell. Here, we focus
on a series of samples with varying N, and with the constraint
M = 4N. In particular, we will discuss superlattices SL 0.5/2,
SL 0.75/3, SL 1/4, SL 2/8, and SL 4/16. We also synthe-
sized solid solutions of Co(Cr;_,Fe,),04, by alternating the
ablation of CCO and CFO targets, with the number of pulses
giving a submonolayer thickness (i.e., less than 0.25 u.c.).

We determined the structural quality of the samples with
x-ray diffraction. The diffraction data were acquired with a
Bruker DS diffractometer, equipped with a microfocused and
monochromatic Cu Ky source (A = 1.54 A), and the results
are summarized in Fig. 1. First, we verified the quality of the
superlattices with coupled 26—w scans around the MgO(002)
Bragg peak. In Fig. 1(a), one can see the superlattice (004)
peak surrounded by satellite peaks. The satellite peaks are
the result of the constructive interference from the periodic
modulation of the out-of-plane lattice constant of the super-
lattice, and their presence testifies that the interfaces between
the different layers are sharp. The Bragg peak to satellite dis-
tance in reciprocal space corresponds to AQ, = 2x /d, from
which the the period of the superlattice, d, can be calculated.
Although the value of d obtained may vary up to 10% from
the nominal one, the members of the series of samples realized
have clearly distinct periodicity.
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FIG. 1. X-ray diffraction characterization of superlattices grown on MgO(001) substrates. (a) Coupled 26—w scans around the MgO(002)
Bragg peak. Arrowheads indicate first-order satellites of the superlattice, from whose position, relative to the main peak, the period was
calculated. (b) Omega scans on the MgO(002) and film(004) Bragg peaks of SL 0.5/2. The similar width of the peaks imply that the density of
defects in the film is similar to the density of defects in the substrate. (c) Reciprocal space map around the MgO(113) Bragg peak of SL 0.5/2,
showing that the in-plane lattice parameter of the film matches the one of the substrate. The white dot indicates the expected position of the

(226) reflection for bulk CCO.
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FIG. 2. (a) STEM image of a cross section of the SL 2/8 sample
acquired with a HAADF detector, from which we can distinguish the
different layers in the superlattice. (b) EDS mapping of the region
close to the interface, showing signal at the Fe K edge (above) and
at the Cr K edge (below). The Fe- and Cr-rich layers look well
separated, with minimal mixing at the interfaces. (c), (d) Higher-
magnification HAADF images, showing the typical spinel crystal
structure. (e) Schematic of the spinel unit cell. Atoms labeled A sit on
tetrahedral sites (Co in CCO, Fe in CFO) while atoms labeled B sit
on octahedral sites (Cr in CCO, Co and Fe in CFO). The orientation
of the crystal is the same for all panels in this figure.

The full width at half maximum (FWHM) of a Bragg peak
in a rocking scan is a common way to assess the structural
quality of crystalline materials, since it is determined by the
density of dislocations and by crystallographic planes that are
not perfectly oriented. In our superlattice, the rocking scan of
the spinel (004) peak has a FWHM of approximately 0.02°,
which is the same order of magnitude as the width of substrate
MgO(002) peak [see Fig. 1(b)]. This confirms that the films
grow with low defect concentration, comparable to that of the
substrate.

In order to determine the in-plane lattice parameter of
our superlattices, we have acquired reciprocal space maps
around the MgO(113) Bragg peak. As shown in Fig. 1(c),
the superlattice (226) peak aligns to the substrate peak along
the in-plane [110] coordinate. Therefore, the films have an
in-plane lattice parameter which matches that of the substrate,
and we see no evidence of relaxation towards the bulk lattice
parameter.

With scanning transmission electron microscopy (STEM),
we confirm the high structural quality of the superlattices.
Lamellas were cut out of the samples using a focused ion
beam and observed in cross section with a double-corrected
JEOL GrandARM microscope, operated at 200 kV. Images
for SL 2/8 are shown in Fig. 2 and for SL 1/4 are given in
the Supplemental Material [31]. High-angle annular dark-field
(HAADF) images display a clear contrast reflecting the differ-
ent atomic composition of the layers [Fig. 2(a)]. Furthermore,
energy-dispersive spectroscopy (EDS) was used for elemental
mapping, and a clear separation of the signal originating from
Fe and Cr atoms is seen [Fig. 2(b)], confirming the periodic
structure of the samples evidenced by x-ray diffraction. With
higher-resolution images, it is possible to visualize the in-

dividual atoms and to recognize the typical spinel structure
[Figs. 2(c) and 2(d)] [30]. However, some defective regions
have been observed by STEM, as shown in the Supplemental
Material [31] (Figs. S9 and S10).

III. MAGNETIC PROPERTIES

The magnetic properties of the samples were characterized
with a Superconductive Quantum Interface Device—Vibrating
Sample Magnetometer (SQUID-VSM, model MPMS 3,
Quantum Design). To measure the temperature dependence
of the magnetization, the samples were first cooled down to
a base temperature of 5 K in a magnetic field larger than the
saturation field of the sample. Then, the magnetization as a
function of temperature M(7) was measured while warming
up the sample in a magnetic field of 20 mT. This is equivalent
to measuring the magnetization close to remanence at each
temperature following saturation. The same procedure was
repeated with the magnetic field parallel and perpendicular
to the film plane, corresponding to the crystallographic di-
rections [100] and [001], respectively. The component of the
magnetization vector measured is always the one parallel to
the field.

We begin by summarizing the magnetic properties of thin
films of CCO and CFO, as known from the literature. The
Curie temperature of bulk CCO is 95 K and its magnetization
is reported to be less than 0.2 pug per formula unit [32,33].
The spins arrange in a spin cycloid below 27 K, thus break-
ing space-inversion symmetry and inducing a small electrical
polarization coupled to the magnetic order [32,34—37]. This
means that CCO is a multiferroic (i.e., a material that is
ferroelectric and has a net magnetic moment), which is very
rare. In comparison, bulk CFO has a Curie temperature larger
than 700 K, a collinear spin structure, and a magnetization that
is one order of magnitude larger than CCO [38].

Due to the mismatch of lattice constants, both CCO and
CFO films are under tensile strain when grown on MgO
substrates. However, the magnetostriction coefficients of the
two compounds have opposite signs. Thus, the out-of-plane
direction is the magnetic easy axis for CFO thin films, but is
the magnetic hard axis for CCO [39,40]. The M(T) data for
simple CCO and CFO thin films are presented in Fig. S2(a)
in the Supplemental Material [31], and are consistent with
the results reported in the literature. However, it is worth
mentioning that we could not observe the magnetic Bragg
peak corresponding to the spin cycloid in CCO using reso-
nant x-ray scattering at the SIM beamline of the Swiss Light
Source, for any of the samples that we grew under different
conditions (see Supplemental Material [31], Fig. S3). Ruther-
ford backscattering measurements revealed a deviation from
the ideal stoichiometry in the thin films (see Supplemental
Material [31], Table S1), which could be responsible for the
absence of the low-temperature multiferroic phase.

To compare the magnetic properties of the superlat-
tices, which have a modulated structure, with the uni-
form compound, we measured the magnetization of doped
Co(Cr_,Fe,),04 thin films, with the M(7) data reported in
the Supplemental Material [31] [Fig. S2(b)]. We observed
that the Curie temperature increases with x, as reported for
powder samples [41-43]. For x = 0.2 (corresponding to the
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FIG. 3. Magnetic characterization of the superlattices by SQUID-VSM. (a) Magnetization as a function of temperature, measured while
heating in an applied magnetic field of 20 mT, after field cooling. Solid lines correspond to measurements carried out along the out-of-plane
direction (001), and dashed lines to measurements carried out along the in-plane direction (100). Curves corresponding to different samples
are offset for clarity. For each sample, the dashed lines go to zero on the high-temperature side. Filled arrowheads indicate T¢, and unfilled
triangles indicate 7. (b) The detected transition temperatures for superlattices with different periodicity. The measured period for the various
SL N/M samples is indicated in nm with 1 u.c. &~ 0.83 nm. Between T¢ and Tg, the magnetization easy axis is out-of-plane, while below T
it is in-plane. The Curie temperature of bulk CCO and of the doped Co(CrjsFe(,),04 thin films are indicated with black arrows. In panel
(b), the lines are a guide to the eye and dashed lines represent a qualitative extrapolation based on the fact that the SL with large periods have

Tc > 350K, and Ty — OK.

same Cr/Fe ratio of M/N = 4 used in the SL samples), the
magnetization is higher when measured in plane compared
to the magnetization measured out of plane for the whole
temperature range below the Curie temperature [Fig. S2(a)].
Therefore, the x = 0.2 doped thin film is characterized by an
in-plane magnetic anisotropy.

In contrast to the doped samples, the superlattices ex-
hibit a complex temperature dependence of their magnetic
anisotropy, which is also distinct from either of the parent
materials. The results of the magnetization measurements for
the superlattices are summarized in Fig. 3. In Fig. 3(a), we see
that at low temperature, the magnetization measured with the
magnetic field in plane is on the whole higher than for the out-
of-plane case, similar to that observed for pure CCO (Fig. S2).
As the temperature increases, the out-of-plane magnetization
increases at the expense of the in-plane one, which drops
abruptly, and we observe a reorientation of the direction of the
magnetization from in plane to out of plane at a temperature
Tr (the reorientation temperature is indicated with unfilled
arrowheads). Tr was determined as the crossing point between
the M(T) curves acquired for magnetic field applied in the two
orthogonal directions. Finally, at a temperature 7¢ (indicated
with filled arrowheads) the out-of-plane magnetization also
goes to zero. T¢ corresponds to the minimum of the first
derivative dM/dT for magnetic field applied out of plane,
and can be interpreted as the Curie temperature of the sample.
Sample SL 4/16 is an exception, since the out-of-plane mag-

netization is always higher than the in-plane magnetization.
Nevertheless, we observe a sharp decrease of the in-plane
magnetization with a corresponding change in slope in the
out-of-plane magnetization, similar to that observed in the
other samples in the proximity of 7.

In summary, with this magnetic characterization, we show
that the superlattices display a change in magnetic anisotropy
as a function of temperature, which is not observed in doped
samples, and does not emerge trivially from the individ-
ual properties of the single layers. The temperature range
corresponding to an out-of-plane easy axis depends on the
thickness of the layers, and hence can be tailored by modi-
fying the design of the superlattice.

IV. SPECTROSCOPIC MEASUREMENTS WITH
SYNCHROTRON X-RAYS

In order to disentangle the contribution of the different
layers to the overall magnetic properties measured by SQUID-
VSM, we have collected XMCD spectra at the L, 3 edges of
Cr, Fe, and Co. These measurements were performed at the
Xtreme endstation of the XO7MA beamline at the Swiss Light
Source [44]. Here, absorption spectra were collected via x-ray
excited optical luminescence of the MgO substrate, which
gives a bulk-sensitive measurement equivalent to transmission
detection [45,46]. XMCD spectra are calculated as the differ-
ence between absorption spectra collected with left and right
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FIG. 4. XMCD spectra acquired for pure CCO and CFO thin films, and the SL 1/4 superlattice. All spectra were collected in a 6.8-T
magnetic field applied parallel to the x-ray beam at 20 K. The angle of incidence of x-rays was 90° for CFO, and 30° for both CCO and SL
1/4, so that the magnetic field, which is fixed along the x-ray beam direction, is parallel to the easy axis for each sample. Data corresponding
to different samples are offset for clarity. All spectra start on the left at 0, and the ticks in the vertical axes of all panels are separated by 10%.
The XMCD spectra are recorded at the (a) Fe L, 5 edges, (b) Cr L, ; edges, and (c) Co L, ; edges.

circularly polarized x rays. The intensity of the signal obtained
is a measure of the (element-resolved) magnetic moment pro-
jected on the direction of the propagating x rays.

In a first step, we determine the orientation of the magnetic
moment of the various ions in the superlattice. Typical spectra
are shown in Fig. 4 for the single layers and the SL 1/4, all
taken at 20 K. The meaning of the % scale for the XMCD
intensity is explained in the Supplementary Material, Sec. 5
[31]. A magnetic field of 6.8 T was applied along the x-ray
direction in order to measure the saturation magnetic moment
of the samples. Since we have applied a strong magnetic field,
the magnetization will be parallel to it in each case. The sign
of the XMCD spectra of a particular element then tells us the
direction of the magnetic moment with respect to the external
field. In both CCO and CFO, the Co spins orient parallel to
the applied magnetic field. This gives a negative XMCD at
the Co L3 edge as observed for the two isolated thin films
[Fig. 4(c)]. In CFO, Fe ions sit on both octahedral and tetra-
hedral sites. Those on the octahedral sites have a spin parallel
to the magnetic field, while for those on the tetrahedral sites
the spin is antiparallel to the magnetic field. Since the x-ray
absorption spectra for Fe on the two sites are not identical,
a nonzero XMCD is observed. This gives a typical spectrum
for CFO with three peaks of alternating XMCD sign at the
Fe L; edge [Fig. 4(a)]. In CCO thin films, Cr spins sitting
on the octahedral sites are antiparallel to the Co spins and
to the magnetic field. This results in an XMCD at the Cr L3
edge with three positive peaks followed by a negative one
[Fig. 4(b)]. Our XMCD data for the SL samples show that
the magnetization of the CCO and CFO layers are antiparallel
to each other. Indeed, we find that the Fe XMCD spectra for
SL 1/4 and the pure CFO have the same shape [Fig. 4(a)],
while the sign of the Cr XMCD for the superlattice is reversed
compared to that of the pure CCO [Fig. 4(b)]. This means
that the Fe magnetic moments in the superlattice are oriented
as in the simple CFO thin film, and therefore the CFO layers
in SL have a magnetization parallel to the external field. In
contrast, the Cr magnetic moments in SL 1/4 are antiparallel
to those in the simple CCO thin film, when subject to the
same saturating magnetic field. We can therefore conclude
that the magnetization in the CCO layers in the superlattice

is antiparallel to the magnetic field. The signal at the Co L; 3
edges in SL 1/4 [Fig. 4(c)] emerges from the Co ions present
in both the CCO and CFO layers, since our measurements
are bulk sensitive. Based on this discussion, we expect the
Co spins in CFO layers to be parallel to the magnetic field
(giving a negative XMCD at the L3 edge) and the Co spins
in the CCO layers to be antiparallel to it (giving a positive
XMCD at the L3 edge). Since CCO constitutes 3/4 of the
total volume of the superlattice, the signal observed originates
mainly from the CCO layers. As a confirmation, we see that
the sign of the Co XMCD spectra for SL 1/4 is reversed
compared to that of the pure CCO thin film, as for the Cr case.
To summarize, the CFO and CCO layers in the superlattice are
antiferromagnetically coupled, and the magnetization of CFO
is aligned with the external magnetic field. The arrangement
of the magnetic moments of the various ions for the differ-
ent samples is summarized in Table S2 in the Supplemental
Material [31].

In a second step, we determine how the magnetic
anisotropy of the individual layers in the superlattice con-
tribute to the overall magnetic anisotropy of the sample. The
magnetic anisotropy is manifested in the shape of a magnetic
hysteresis loop M(H), since the remanence and the coercive
field are strongly influenced by the direction of the magnetic
field with respect to the easy axis. Therefore, it is possible
to qualitatively assess the magnetic anisotropy by measuring
M(H) loops for different directions of the magnetic field. One
can obtain element-specific hysteresis loops by measuring the
XMCD signal at an absorption edge of a particular element
while sweeping the magnetic field (experimental details are
given in the Supplemental Material [31]). We measured the
hysteresis loops at the Fe and Cr L3 edges for the SL 1/4
superlattice at different temperatures, and for two geometries:
normal incidence of the x rays, which is sensitive to the
out-of-plane magnetic moment, and 30° angle of incidence
of the x rays, which is mostly sensitive to the in-plane mag-
netic moment. In Figs. 5(a) and 5(b) we compare Fe- and
Cr-specific hysteresis loops above and below Tg, at 150 and
20 K, respectively. The loops obtained at the two absorption
edges have opposite sign, as expected due to the antiparallel
alignment of Cr and Fe moments. Apart from this, their shapes
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FIG. 5. Element-sensitive magnetic hysteresis loops of SL 1/4
for different temperatures and geometries. (a) Comparison between
Fe- and Cr-specific hysteresis loops at 150 K with 90° x-ray angle
of incidence. (b) Comparison between Fe- and Cr-specific hysteresis
loops at 20 K, with 30° x-ray angle of incidence. For both temper-
atures the Fe and Cr loops show the same remanence and coercive
field.

are the same, which means that the CFO and CCO layers
have the same magnetic anisotropy. Otherwise, a difference
in remanence or coercive field would be evident. The shape of
the hysteresis is different for temperatures above and below
Tr [compare Figs. 5(a) and 5(b)], but in both cases the Fe
and Cr signals are equal apart from the sign (compare the two
curves within each panel). A more detailed comparison for
the two temperatures and two geometries is presented in the
Supplemental Material [31] (Fig. S5). There, we also show
similar data collected for SL 2/8 (Figs. S6 and S7). Overall,
we can conclude that the reorientation of the easy axis from in
plane to out of plane observed by SQUID-VSM is common to
both the CCO and CFO layers in the superlattices.

Finally, after showing the similarities in the magnetic prop-
erties of the CFO and CCO layers, we now discuss their
differences, which are evident from the temperature depen-
dence of their saturated magnetization. To evaluate this, we
measured the Cr and Fe XMCD signals as a function of
temperature in a saturating field of 6.8 T, applied at an angle
of 30° to the film surface. Four different superlattices were
compared: SL 0.5/2, SL 1/4, SL 2/8, and SL 4/16, with
all of the results presented in Figs. S8(a) and S8(b) of the
Supplemental Material [31]. Both the Cr and Fe XMCD L3

peak signals decrease smoothly with increasing temperature.
However, their relative change is not constant, as evidenced
by their ratio [Fig. 6(a)]. In particular, the Cr/Fe XMCD ratio
decreases when warming up. Therefore, despite the fact that
the preferential direction of the magnetization of the CCO and
CFO layers in the superlattice is the same, the magnetization
in the CCO layers decrease faster than the magnetization in
the CFO layers on increasing the temperature. SL 4 /16 shows
a unique behavior, since its Cr/Fe XMCD ratio seems to be
nonmonotonic, with a local minima around 80 K [Fig. 6(a)],
close to the temperature at which the in-plane magnetization
goes to zero [Fig. 3(a)]. In general, the decay of the Cr/Fe
XMCD ratio on increasing temperature is faster for samples
with higher period, and we see that the Fe XMCD is smaller
in superlattices with smaller period (thinner layers), while
the Cr XMCD is larger. This is shown for 7 = 140 K in
Fig. 6(b). A last observation is that, in all superlattices, a Cr
XMCD signal is visible above the bulk Curie temperature of
90 K [Fig. S8(b)]. This means that the ordering temperature
of the CCO layers in the superlattices is higher than in the
bulk. This increased Curie temperature is also higher than Ty,
since Cr-sensitive hysteresis loops are detected above Tr (see
hysteresis loops taken at 150 K in Figs. 5, S5-S7). Therefore,
neither 7¢ nor Tr as labeled in Fig. 3 corresponds to the Curie
temperature of the single CCO and CFO layers. From this,
we can infer that our samples display magnetic properties that
are unique to the superlattice structure, and emerge from the
interaction between the constituents.

V. DISCUSSION

We will first discuss the origin of the observed antifer-
romagnetic coupling of the CCO and CFO layers, and the
temperature dependence of the magnetic properties of the
CCO layers. We then formulate a model that describes the ob-
served trends in the magnetic anisotropy of the superlattices.

A. Origin of the antiferromagnetic coupling

The observed antiferromagnetic coupling between the
CCO and CFO layers is similar to that between magnetite and
chromite in bilayers [47]. This can be explained by consid-
ering the microscopic magnetic interactions in spinels. CCO
and CFO have magnetic ions both in tetrahedral sites (Co for
CCO; Fe for CFO) and octahedral sites (Cr for CCO; both
Co and Fe for CFO). According to the current understand-
ing of exchange interactions in spinels [48-50], the magnetic
coupling between cations in tetrahedral sites is negligible, be-
cause these cations are far away from each other. In addition,
the exchange interactions between ions in octahedral sites is
antiferromagnetic and also generally quite weak as a result
of the almost 90° bond angle. The strongest interaction is
the antiferromagnetic exchange coupling between the cations
in octahedral and tetrahedral sites, which is responsible for
the ferrimagnetic order in bulk CCO and CFO. Indeed, the
observed antiparallel alignment of the two layers satisfies this
exchange interaction across the CCO/CFO interface, resulting
in all the magnetic moments in octahedral sites being antipar-
allel to all those in tetrahedral sites, throughout the whole
thickness of the superlattice.
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FIG. 6. Trends of the Cr and Fe XMCD L;-peak signals with temperature for different samples. All data were acquired at a 30° angle of
incidence of the x-rays. (a) Cr/Fe XMCD L; ratio as a function of temperature, normalized to their value at 20 K. On increasing the temperature,
the decrease of the ratio is steeper for samples with higher period. Lines are a guide to the eye. The data without normalization are shown in
Fig. S&(c). (b) Fe- and Cr-peak XMCD values at 140 K, for superlattices with different periods. The XMCD increases with period for Fe, but

decreases for Cr.

Magnetic films that are very thin often have degraded
magnetic properties [51-54]. However, considering the CCO
layers in our superlattices, we find that the low-temperature
XMCD of Cr is significantly larger than that of the simple
thin film [Fig. 4(b)], and it persists above the bulk Curie
temperature [Fig. S8(b)]. Indeed, the Cr moment is larger in
superlattices with small periods [Fig. 6(b)], characterized by
a higher interface/volume ratio. This suggests that the origin
of this phenomenon is an interfacial effect. CFO has a higher
Curie temperature and larger magnetization than CCO; there-
fore, the exchange interaction at the CCO/CFO interface can
enhance the magnetization of the CCO layers, and induce a
magnetic order at temperature higher than in bulk. Because
of the interfacial origin of the effect, it makes sense that
the detailed temperature dependence of the magnetization of
the CCO layers (measured as the Cr XMCD) depends on the
periodicity [Fig. 6(a) and Fig. S8].

B. Evolution of magnetic anisotropy

We now turn to the explanation of the reorientation of
the easy axis in CCO/CFO superlattices. We have seen that
these samples have a magnetic anisotropy that changes with
temperature, and that the temperature range where the easy
axis is out of plane can be controlled by the periodicity of
the superlattice. Hence, their magnetic anisotropy is clearly
different from the uniformly doped thin films, as well as the
simple thin films of CCO or CFO. Here, we present a simple
analytical model that reproduces this behavior, describing the
total energy of the system with the following equation:

E(0a, V) = —KAZ‘ACOSZﬂA + KBZ‘BCOSZﬁB
+ Jap mamp cos(¥a — U), ()

where the subscripts A and B refer to CCO and CFO, respec-
tively. 75 p are the thicknesses of the two layers, and m g their
magnetization. ¢ p are the angles between the magnetization
of the layers and the sample plane. The first two terms in the

equation represent the strain-induced anisotropy of the two
layers [30,55,56] where K, p are the anisotropy constants, and
the opposite signs account for the different magnetostriction
in the two layers. A derivation of this expression can be found
in Ref. [57]. In writing this equation, we assume that the signs
of the anisotropy constants for the CCO and CFO are the same
as those of the isolated thin films. This is a reasonable assump-
tion since the origin of this anisotropy is strain. Nevertheless,
we make no further assumption about their magnitude. The
third term represents the antiferromagnetic coupling between
the layers. We can express the microscopic exchange inter-
actions with a Heisenberg Hamiltonian [54], and sum all
the interactions across the interface. Assuming that the spins
within a material are collinear, the sum gives the third term
in Eq. (1), where Jap is an effective average of the micro-
scopic exchange interactions across the interface. The most
favorable magnetic configuration is described by the angles
(A, Up) that give a minimum in the energy E(9,, U). If we
assume that Jag > Ka g, which is a reasonable assumption
as discussed in the first section of the Supplemental Material
[31], the last term is the most important, sO we minimize it
first. The last term is a minimum when cos(y — ) = —1,
i.e., ¥ = ¥4 — . This means that the magnetizations of the
two layers are perfectly antiparallel, which is compatible with
the mirrored Cr and Fe hysteresis loops that we observed for
the samples SL 1/4 (Fig. 5) and SL 2/8 (Fig. S6). With this
constraint, the expression for the energy given by Eq. (1) is
reduced to a function with a single angular variable ¥ = 95
as follows:

E(W) = —KAZACOSzﬁ + KBZ‘BCOSZﬂ — JAp mamg. 2)

Equation (2) is an expression for the energy of the whole
superlattice as a function of the direction of magnetization in
all of the layers. In order to find the stationary points of E (),
we set the first derivative to be zero:

dE
5 = 2(tpaKp — tgKg)cos ¥ sin = 0, 3)
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which has two solutions, ¢ = 0 and ¢ = /2. To determine
whether a stationary point is a maximum or a minimum, we
then evaluate the second derivative at that point. If the second
derivative is positive, the stationary point is a minimum and,
if it is negative, the stationary point is a maximum. We find
that E£(0) is a minimum and E(7/2) is a maximum when
(taKa — t5Kp) > 0, which means that the magnetization lies
in the plane. In contrast, £(0) is a maximum and E(rr /2) is a
minimum if (foKax — t8Kp) < 0, which means that the mag-
netization is out of plane. Therefore, the easy axis for our su-
perlattice can be either in plane or out of plane. Whether either
of these two cases is realized depends on the thickness ¢ and
the anisotropy constant K of the two materials. However, we
observe something in addition: a reorientation of the easy axis
as a function of temperature. We now discuss why this occurs.

Our XMCD data have shown that the Cr/Fe XMCD ratio
is not constant [Fig. 6(a)], and that the Cr magnetic moment
(mp) has a stronger temperature dependence than the Fe mo-
ment (mp). A decreasing magnetization with temperature is
also associated with a decreasing K [55,58]. Therefore, we can
imagine that the term (foKa — t3Kg) is not constant, but will
change sign at a certain temperature T, which means that the
magnetization direction that minimizes the energy can change
from in plane to out of plane. Therefore, this model explains
the reorientation of the easy axis observed. The specific value
of Tr will depend on the thicknesses, and the details of the
K(T) dependence. Magnetic interactions across the CCO/CFO
interface result in an increased Curie temperature and magne-
tization of the CCO layers in the superlattice. Therefore, we
can expect each sample to have a different M(7T) dependence,
and therefore also a different K(7T) dependence [55,58,31],
resulting in a different Ty, as observed experimentally.

A further implication of our analysis is that the easy axis
cannot be in any direction other than in plane or out of
plane, since there are no other solutions than ¥ = 0 and ¥ =
7 /2. However, the magnitude of the effective anisotropy can
change with temperature. To quantify this, we can calculate
the difference between the maximum and minimum energy.
In a system with uniaxial anisotropy, this would give the
value of K. In our case, we obtain AE = E(0) — E(/2) =
—taKa + t3Kp. This implies that for a fixed temperature and
choice of materials, not only the sign, but also the absolute
value of the magnetic anisotropy of the superlattice can be
tuned through the choice of the thickness.

Finally, we discuss the limitations of this model. We have
assumed that Jag > Kt, which imposes 95 = ¥4 — 7. This
means that the magnetizations of the two layers can only be
antiparallel, and not perpendicular to each other, as would
be expected from the anisotropy of the single thin films.
Our model therefore does not describe the case of orthogo-
nal magnetizations. Nevertheless, we foresee that this might
be observable in superlattices with much larger periodicity,
where Jag < Kt. For intermediate values of Jag, it is not
straightforward to develop an analytic solution, and a more
complex magnetic configuration could occur. SQUID-VSM
data for the superlattice SL 4/16 [Fig. 3(a)] indicate that this
sample might already be thick enough to violate the condition
Jas > Kt. However, we do not have element-sensitive hys-
teresis loops for this sample, and further investigations would
be needed to make a conclusive statement.

C. Comparison with other materials

We have realized an artificial metamaterial whose mag-
netic anisotropy and temperature dependence can be tuned
by altering the design of the superlattice. While the magnetic
anisotropy can also be tuned in magnetic metallic multilayers,
such as Co/Pt, Co/Pd, Co/Au, and Co/Ni [59-61], superlat-
tices consisting of insulating oxides are an appealing platform
for magnonics. In this context, the control over anisotropy
offers a way to influence the dispersion relation of spin waves.

Regarding oxides, the tuning of magnetic anisotropy has
been reported in perovskite superlattices involving iridates
[62,63] and/or ruthenates [64—66]. Here, the anisotropy is
determined by the deformation of the oxygen octahedra [67]
and asymmetric exchange at the interfaces [68], which are
properties very specific to the interface of choice, so that
it is difficult to apply this approach to other materials. In
contrast, our approach relies on magnetostriction and sym-
metric exchange at the interfaces, which is applicable to a
variety of materials. In particular, for our approach, the two
layers in the superlattice should have the following properties:
(i) orthogonal easy axes when grown on the same substrate,
and (ii) different temperature dependences of their anisotropy,
which is usually related to different 7. With these condi-
tions satisfied, the thickness of the layers provides a means
to design the magnetic anisotropy at will. In addition, this
method could be applied to superlattices composed of many
other oxide layers, such as other spinel ferrites or garnets,
in order to have a tunable magnetic anisotropy close to room
temperature. In principle, this idea is also applicable to antifer-
romagnets, which are abundant amongst the magnetic oxides.
Such a possibility to tailor the anisotropy in antiferromagnets
is interesting, since the proposed spintronic devices are based
on anisotropic magnetoresistance [69,70]. Spin-wave propa-
gation in antiferromagnets also depends on the orientation of
the Néel vector [71].

We have shown that we can engineer not only the direction
of the easy axis at a fixed temperature, but also the temperature
dependence of the anisotropy (by tuning the value of Tg). This
feature might have interesting consequences for the switching
of the magnetization state either through short light pulses
[72,73] or electrical currents, which involve a change in the
electronic temperature at the ps to fs timescale.

Finally, if the periodicity is increased, the interfacial ex-
change coupling is likely to become less important, and the
magnetization of the two layers would not be necessarily
antiparallel. In this case, it should be possible to stabilize
noncollinear spin arrangements along the thickness of the
superlattice. This would be particularly interesting in the pres-
ence of the interfacial Dzyaloshinskii-Moriya interaction, as it
might result in the formation of topologically nontrivial spin
textures in such an insulating metamaterial.

VI. CONCLUSIONS

In summary, we have synthesized CoCr,O4/CoFe;04
(CCO/CFO) spinel superlattices with a superlattice period
of few unit cells, and we have characterized their magnetic
properties. The CCO layers in the superlattices have larger
magnetic moments and higher Curie temperature compared to
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the bulk, as demonstrated with XMCD measurements. This
is due to the magnetic interactions at the interface, which is
evidenced by the fact that the enhancement of the magnetic
moment is more pronounced in samples with smaller period-
icity. This interaction between the layers results in properties
of the superlattices that are not trivially derived from those
of bulk CCO and CFO. This is, for example, manifested in
the magnetic anisotropy. Here, the magnetic easy axis is in
plane at low temperature, as in CCO, and is out of plane at
high temperature, as in CFO. The reorientation temperature
Tr is determined by the period of the superlattice, and does
not correspond to the Curie temperature of either the CCO or
the CFO layers.

We have described the anisotropy of the superlattices with
a simple analytical model taking into account the strain-
induced anisotropy of the two layers and their magnetic
interaction. The period of the superlattice determines the tem-
perature dependence of the magnetic properties of the CCO
and CFO layers. Taking this into account, the model can
explain the trend of 7x across the series of samples analyzed.

Magnetic anisotropy plays a crucial role in the functional-
ity of spintronic devices. For example, logic gates can be real-
ized by laterally patterning magnetic anisotropy [74], and the
ability to regulate the anisotropy over time is interesting for
computation [75]. However, the requirements for the magnetic
anisotropy limit the choice of materials available to build new
devices with extended or improved functionality. Therefore, it

is important to be able to engineer the anisotropy at the desired
operational temperature, and a fine control of the anisotropy
of the starting material is essential to be able to modulate
it. Through the realization of superlattices with controlled
periodicity, we provide a means to define the direction of the
easy axis and adjust the magnitude of the magnetic anisotropy
at a desired temperature, via tuning of 7z. We foresee that the
same approach could be applied to a variety of other oxide
systems with different magnetic properties, so opening the
way to create devices based on anisotropy engineering.

The raw data files that support this study are available via
the Zenodo repository [76].
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