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Experimental evidence of orbital ferrimagnetism in CoMnQO3(0001) epitaxial thin film
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We have experimentally investigated the magnetic properties of CoMnO3(0001) epitaxial films known to
exhibit orbital ferrimagnetism. The films were grown by the reactive rf magnetron sputtering method. X-ray
magnetic circular dichroism revealed that the spin momenta of Mn and Co ions are oriented opposite to each
other and a large orbital momentum comparable to the spin angular momentum emerges only on Co, indicating
the orbital ferrimagnetic nature of CoMnOj;. The magnetic anisotropy of CoMnO3(0001) thin films was found to
have a large negative value of K, = —15.6 & 0.8 Merg/cm?® at 300 K. The saturation magnetization was slightly
smaller than the reported values of tiny single crystals, due to the presence of a sizable dead layer.
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I. INTRODUCTION

CoMnO; has an ilmenite structure (R3) [1-4] in which
Co’* and Mn*" layers are alternatively stacked along the ¢
axis [3] (as shown in Fig. 1). Since Co*t (d”) and Mn**
(d%) possess S = 3/2, and are antiferromagnetically coupled
through the superexchange interaction, the spin angular mo-
menta of Co and Mn cancel each other out. However, the
orbital angular momentum of Co>* in the crystal field remains
[3]. Since the experimentally estimated value of the magnetic
moment is 0.72 ug/f.u. (Mg = 140 emu/cm? at 2 K), i.e., the
same order of magnitude expected of the orbital angular mo-
mentum of Co®" in an octahedral crystal field, this compound
is termed an “orbital ferrimagnet.”

Because of the remaining orbital angular momentum,
CoMnOj; possesses significantly large magnetic anisotropy.
Cloud and Jesson succeeded in roughly estimating the
magnetic anisotropy of K, + 2K, ~ —14 £ 2 Merg/cm?
through the extrapolation of the magnetization M (H) curves
taken up to 10 kOe for 60 miniature single crystals of
CoMnOs; [5]. They found that the ¢ axis is a magnetically
hard axis, indicating that CoMnOj3 has a negative magnetic
anisotropy constant. Both the large orbital momentum and
the large negative uniaxial anisotropy were partially explained
within the framework of the single ion model of Co** [3],
originally adapted for CoFe,O4 by Slonczewski [6,7]. More-
over, CoMnQOj; has a Néel temperature of 391 K [2]. Because
of the unique origin of magnetism with a high transition
temperature, CoMnOs3 is an attractive compound from the
viewpoint of both fundamental magnetism and applications
including novel devices for spintronics based on the orbital
angular momentum [8—11]. However, previous experimental
works regarding CoMnO3; were mainly carried out on minia-
ture single crystals, powder, or ceramic samples [1-3,12,13],
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not on sufficiently large single crystals or epitaxial films
suitable for investigating the details of various properties.
Therefore, the magnetic and other physical properties of
CoMnOs; are not well understood as yet.

In order to obtain direct experimental evidence of the
nature of orbital ferrimagnetism in this compound, we grew
epitaxial thin films of CoMnO3(0001) on «-Al,03(0001) by
using the reactive radio-frequency (rf) magnetron sputtering
technique [14—17], and carefully investigated the fundamental
magnetic properties with a high field magnetization measure-
ment and element selective x-ray magnetic circular dichroism
measurements. This paper is organized as follows. The details
of the experiments are explained in Sec. II. Section III is
devoted to the experimental results and discussion, and the
final section gives a summary of the work.

II. EXPERIMENT

CoMnOs thin films with thicknesses of 30, 33, 70, and
90 nm were grown by the reactive rf magnetron sputtering
technique (ES-250MB: Eiko Engineering Co., Ltd.). We used
a 2-in. alloy target with the desired composition of Co : Mn =
1: 1. Prior to film growth, a single-crystal a-Al,O3(0001)
substrate was ultrasonically degreased using acetone, ethanol,
and de-ionized water for 5 min at each step. Afterward, the
substrates were annealed at 1200 °C for 6 h in argon gas [19].

The growth conditions of CoMnOs thin films were as
follows: O,/Ar flow ratios were approximately 0.12, the
process temperature was 770 °C, and the working pressure
was 0.75 Pa. The film surface and the epitaxial growth were
confirmed by the reflection high-energy electron diffraction
(RHEED) technique. The film thicknesses were determined
by x-ray reflectivity (XRR: Rigaku Smart Lab with Cu K«
radiation). X-ray diffraction (XRD) analysis was performed
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FIG. 1. Spin structure of CoMnO3 drawn by VESTA [18].

to identify the crystal structure of the films. In-plane M-H
loops and the magnetic anisotropy constant were respectively
measured by a vibrating sample magnetometer (VSM) and
a magnetotorque meter. Both measurements were performed
by using the physical property measurement system (PPMS:
Quantum Design). We applied fields up to 90 kOe at 300 K.
The film composition was determined by the inductively
coupled plasma mass-spectroscopy (ICP-MS) technique.

The valences of both Mn and Co ions were evaluated
by the x-ray absorption near edge structure (XANES) ex-
periment performed at BL-12C of KEK-PF. The XANES
measurements were performed at room temperature. The pho-
ton energy was varied from 6502 to 6608 eV and 7674 to
7780 eV around the Mn and Co K edges, respectively. The
incident angle of the x-rays was 45° with respect to the film.
The x-ray absorption spectra (XAS) were obtained by the
fluorescence method, which provides depth information to the
degree of several tens of micrometers.

X-ray magnetic circular dichroism (XMCD) experiments
were also performed at BL-16A of KEK-PF to evaluate the
element specific spin angular and orbital angular momenta
[20-22]. XMCD measurements for the film with a thickness
of 70 nm were performed at room temperature. The photon
energy was varied from 620 to 670 eV and 760 to 820 eV
for the Mn and Co L, 3 edges, respectively. The XAS were
determined by the total electron yield (TEY) method. A set of
XAS (¢4 and p_) was measured using circularly polarized
light with opposite helicity in a magnetic field of 50 kOe,
applied parallel to the photon direction. The XMCD spectra
were obtained by taking the difference of py and w_. The
film plane was inclined 30° from both the incident photons
and magnetic field so that the in-plane component of the
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FIG. 2. (a)—(c) are the patterns of the scattering vector k parallel
to [0001], [1120], and [1100], respectively.

magnetic moments could be detected. The degree of circular
polarization was 95 4 4% [23].

III. RESULTS AND DISCUSSION

A. Structural characterization

The XRD pattern of a 90-nm-thick CoMnOs3 film grown
on a c-plane «-Al, O3 substrate is shown in Fig. 2. Figure 2(a)
shows the XRD pattern with scattering vector k normal to the
film and therefore parallel to «-Al,O3[0001]. Figures 2(b) and
2(c) show in-plane XRD patterns of the films along [1120]
and [1100], respectively. All the observed Bragg peaks can be
consistently assigned to a hexagonal structure. In Fig. 2(a),
the diffraction peak corresponding to Al,O3(0003), which is
a forbidden reflection, appears due to the effect of multiple
diffraction of the a-Al,O3 substrate [24,25]. We note that
there is no indication of the spinel phase of (Co, Mn);O4
[26-28].

The determined epitaxial relationship between the film and
substrate is CoMnO3(0001)[1120] || «-Al,03(0001)[1120].
Note that both (0003) and (0009) reflections can be seen in
the XRD patterns. This indicates that the compound has an
“ordered” structure, meaning that Co-ion and Mn-ion layers
are stacked alternately along the ¢ axis, and the grown film
has an ilmenite crystal structure with space group of R3 rather
than the corundum of R3c.

The composition ratio of the film was Co:Mn =
0.46(%0.02) : 0.54(£0.03) as determined by ICP-MS. This
suggests that the sputtering yield of Co is slightly less than
that of Mn in alloy form during the reactive sputtering process.

B. Valence of cations

XANES spectra for the Mn and Co K edges are shown
in Figs. 3(a) and 3(b), respectively. In Fig. 3(a), the two
peaks are located approximately 2 eV apart. According to
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FIG. 3. Left: Mn K edge XANES spectra of (a) CoMnOs; film,
(b) Li;MnOs; [29], and (c) Mn, O3 [29]. Right: Co K edge XANES
spectra of (d) CoMnO; film, (e) CoO [30], and (f) Co,O3 [30].

the XANES spectra of Li,MnOj3 [29], the peak position of
Mn** in Li,MnOj is located around 6561 eV, and that of
Mn** in Mn, 03 [29] is located around 6559 eV. Since the
two peak positions shown in Fig. 3(a) correspond to that of
trivalent and quadrivalent Mn ions [29], our film contains both
Mn** and Mn**. On the other hand, the strongest peak can be
found at around 7729 eV in Fig. 3(b) corresponding to Co*"
[30], but very weak or no sign of Co** is observed at around
7734 eV [30].

As mentioned, the film was slightly Mn rich compared
to stoichiometric CoMnOs. Since the fundamental crystal
structure is an ilmenite (ABO3) and Co ions are mostly Co*"
(S = 3/2), the majority of the Mn ions are Mn** (§ = 3/2).
XANES results indicate that the main phase of the film is
Co’*Mn*" 032~ and the second phase may exist such as
Mn23+032*.

C. Magnetic properties

In order to measure magnetization, the magnetic field was
applied along the in-plane direction. Figure 4(a) shows an
M-H loop at 300 K with 90-nm-thick CoMnO3(0001) films
grown on the «-Al,03(0001) substrate. A saturation magneti-
zation of Mg = 0.42 uz/f.u. (81 emu/cm?) is obviously less
than the reported value of Mg = 0.61 g /f.u. (120 emu/cm?)
for the ceramic sample at room temperature [3], implying the
existence of a magnetic dead layer.

In order to evaluate the dead layer of the CoMnOj films,
we plot the areal saturation magnetization My - ¢ as a function
of thickness (¢), shown in Fig. 4(b). All the data points thicker
than 30 nm seem to be on a single straight line. We fitted the
data points to estimate both the dead-layer thickness and the
intrinsic Mg of the CoMnOs; film. The obtained dead-layer
thickness and Mg are 21 £2 nm and 0.57 £ 0.04 pup/f.u.
(110 & 7 emu/cm?), respectively. In fact, the film of 15-nm
thickness which is thinner than the x-axis intercept in Fig. 4(b)
has almost no magnetization. By taking account of the exis-
tence of the dead layer, the intrinsic Mg of 110 £7 emu/cm3
at room temperature is almost the same as the reported value
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FIG. 4. (a) The in-plane M-H loop of 90-nm-thick
CoMnQO3(0001) films on the Al,O3(0001) substrate at 300 K.
(b) Plot of Mg -t as a function of thickness ¢. The x-axis intercept
and the slope indicate the dead layer of 21 £2 nm and M of
0.57 +0.04 pup/f.u. (110 &7 emu/cm?), respectively. The film
thinner than the x-axis intercept is excluded when the fitting is
performed.

for the bulk sample [3]. Since CoMnOj is a layered com-
pound, the initial growth of the film may not be ordering.
Moreover, some defects, such as antiphase boundaries and
stacking faults, shift along the ordered c axis, which may be
the origin of the dead layer.

The magnetotorque curve of the CoMnO; thin film at
90 kOe with a film thickness of 90 nm is shown in Fig. 5. The
measurements were performed at 300 K. The torque curve
indicates that the magnetic easy axis lies in plane. Even at
90 kOe, the torque curve exhibits a sawtooth-wave-like shape
with clear rotational hysteresis, indicating that the anisotropy
field is significantly greater than 90 kOe.

The uniaxial magnetic anisotropy energy can be written
as E = KT sin? 0, where K and 6 are the effective uni-
axial magnetic anisotropy constant and the angle between
magnetization M and the normal to the film, respectively.
The observed K:ff comprises both magnetic anisotropy con-
tributions from magnetocrystalline anisotropy K, and shape
anisotropy 2 M3, i.e., K = K, — 2w M?2. Hereafter, we ex-
clude the dead layer to evaluate the volume and K, as well.

18 T .
effective volume
1267 H =90 kOe
300 K { \

o)}
—g

Torque (Merg / cm’)
o

|
|
N

-6
-12 \ :
186 90 130 270 360
[1120] [0001] [1120]
sample angle (deg)

FIG. 5. Magnetotorque curve of a CoMnOj thin film with a film
effective thickness of 69 nm, and a nominal thickness of 90 nm at
90 kOe.
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FIG. 6. Mn and Co circularly polarized XAS (u* and u™),
XMCD spectra (u™ — ™), and the integral of XMCD spectra.

K" determined from peak to peak of the torque curve is
—15.6 £ 0.8 Merg/cm?, meaning the anisotropy field H; =
2|K,|/Mg = 283 kOe. Note that 27TM§ is 6.3 x 10* erg/cm?,
which is negligibly smaller than the value of K,. Therefore
the intrinsic K, ~ K of the CoMnOj; thin film is found to be
—15.6 0.8 Merg/cm? at 300 K, which is almost the same
as the previously reported value of K, = —14 4 2 Merg/cm’
at room temperature [5].

D. XMCD analysis

Figure 6 shows Mn 2p XAS and XMCD spectra as well as
those of Co 2p observed for the CoMnOj; film. We applied the
XMCD sum rules [31-33] to the spectra in order to estimate
the ratio of orbital to spin magnetic moment #o, / Mispin, Which
can be expressed as

Morb
Mgpin +7 <TZ>

2 S (g — po)do
3 fL3(M+ —p)do — 2fL2)3(M+ —u)dw’

ey

In addition, the projection components of spin and orbital
moments along the magnetic field direction are respectively
expressed as follows,

3 [ do(uy —pn) =2 [, . do(uy — )
1)
fL3+L2 %(/J/+ + /“L—){l + TSZ)]

Mgpin = Np
@

Mgty = nh% fL3+Lz dw(u“+ - /,L,)
oro — .
3 i, doz (g + o)

3

Here, (T;) in Eqgs. (1) and (2) is an expectation value of the
magnetic dipole operator. (77) is supposed to be zero when the
film plane is aligned to be 35.3° off, known as the magic angle
[34]. Hereafter, we assume that (77) is negligible because our

experimental setup of degrees was sufficiently close to the
magic angle. Therefore, the left-hand side of Eq. (1) can be
written as Mo, /Mspin.

From the XMCD spectra shown in Fig. 6, the nor, / Mspin 1a-
tios evaluated with Eq. (1) are determined to be 0.022 &£ 0.002
for Mn and 0.33 =+ 0.03 for Co, respectively. It is obvious that
the larger contribution of the orbital moment comparable to
the spin angular moment was found only for Co. In addition,
by comparing the shapes of the XMCD spectra for Co and Mn,
we can conclude that the magnetic moments of Mn and Co are
oriented in opposite directions. Note that Eq. (1) requires no
information on the average number of 3d holes nj, = 10 — n3,
with the number of 3d electrons of n3y, nor the degree of
circular polarization of the incident photons.

Next, we evaluated both spin and orbital moments for Mn
and Co by applying Eqs. (2) and (3). From Eq. (2), mgpy’s for
Mn and Co are evaluated as 1.2 + 0.2 ug and 0.9 = 0.2up,
respectively. Here, we assumed that n3,’s of Mn*t [35] and
Co’T [36] are 3.8 and 7.21, respectively. Both mgp,’s are the
same within the experimental error. On the other hand, m.’s
are estimated by Eq. (3) to be 0.02 # 0.00 u3 for Mn** and
0.31 4 0.06 1 for Co?*. Assuming that the spin components
are totally canceled out and therefore the observed magneti-
zation is simply originated from the orbital moment of Co,
Mo, of Co™™ seems to be clearly smaller than My = 0.57 &+
0.04 pp/f.u. from the magnetization measurement shown in
Fig. 4. The discrepancy is probably due to the the difference in
the measurement geometries between the in-plane magnetiza-
tion measurement and the XMCD experiment with the oblique
incident beam. Since the anisotropic magnetic field is as high
as 280 kOe, M is neither oriented along the direction of the
external magnetic field nor saturated at 50 kOe in our XMCD
experiment.

The L3 edge corresponds to excitation from the 2p to 3d
core state, so we can also determine the valences from XAS
and XMCD. XAS and XMCD spectra around the Mn L3
edge have double peaks as shown in Fig. 6. This is a similar
structure observed in Mn*t of La,MnCoOg [37]. If Mn3*
is dominant, the L3 edge shows a single peak in both XAS
and XMCD as observed in LaMnQOs3 [37]. In other words, it
can also be known from XAS and XMCD that the CoMnOj;
thin film mainly consists of Mn**. In the case of Co, XMCD
spectra are almost the same as those of Co*t of La,MnCoOg
[37], meaning the CoMnOj thin film is composed of Co?t.
The spectra are totally different from the L3 edge of Co**
having a single peak observed in LaCoO3 [38]. The fact that
the observed Mn state is quadrivalent does not seem to be
consistent with the XANES results. The discrepancy could be
explained by the difference in the probing depth of the two
techniques. The probing depth in the TEY method is <5 nm
[39], whereas that of the fluorescence method with a hard
x-ray is typically several tens of micrometers. Therefore, it is
expected that the Mn>* exists far from the surface, suggesting
that the dead layer is present at the vicinity of interface but not
at the surface.

IV. CONCLUSION

In this study, we succeeded in growing epitaxial
CoMnOj3(0001) thin films on «-Al,O3; by the rf magnetron

024404-4



EXPERIMENTAL EVIDENCE OF ORBITAL ...

PHYSICAL REVIEW MATERIALS 3, 024404 (2019)

sputtering method with oxygen gas. The thickness-dependent
magnetization revealed the existence of a magnetic dead
layer with a thickness of around 21 £ 2 nm. The magnetic
anisotropy of the CoMnOs; thin film is negative, and the
value of K, is —15.6 & 0.8 Merg/cm?, as estimated by the
magnetotorque experiment. XANES and XMCD results con-
sistently explained the presence of orbital ferrimagnetism in
that the magnetic properties are predominantly determined by
the remaining orbital angular momentum of Co®* and the spin
angular momenta of both Mn** and Co?* are canceled. In the
future, considering the application to spintronics devices, it

is necessary to suppress the dead layer, meaning the devel-
opment of appropriately improving the buffer layer should be
addressed.
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