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We investigated the temperature dependence of the saturation magnetization Ms(7") and magnetic anisotropy
constant K, (T) of CoMnO; with an ilmenite structure, which is known as an orbital ferrimagnet. Because
of strong antiferromagnetic coupling between the Co*" spin (d’:S = 3/2) and Mn*" spin (d°:S = 3/2) in
CoMnOs, the net magnetic moment is considered to originate only from the orbital angular momentum [(OAM);
(L) ~ 1] of Co*". Experimental results for CoMnOjs epitaxial films clearly show that K, (T') is proportional to
M (T) for a wide temperature range up to the transition temperature, suggesting that K, (7') is proportional to
(L). An electron theory based on the cluster model for K, and the OAM of Co** at 0 K also indicates that K|, is
proportional to the OAM and to the orbital angular anisotropy of Co**.
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I. INTRODUCTION

Magnetic anisotropy (MA) is a critical property of ferro-
magnetic material and has been a significant subject of mag-
netism for a long time [1,2]. In particular, the relations among
the MA, the spin-orbit interaction (SOI), and the orbital angu-
lar momentum (OAM) have been intensively studied from the
aspects of both theory and experiment. In magnetic materials
composed of rare-earth elements, spin angular momentum
(SAM), S, and the OAM, L, couple strongly due to a large
SOI, therefore, the quantity J =S + L is a good quantum
number. A large MA appears due to the interaction between
the electron charge cloud of the 4f orbital and the crystal
field. As for the transition-metal (TM) ferromagnets, the OAM
is usually quenched at zero; however, a tiny amount of the
OAM survives in magnets with low lattice symmetry. Bruno
[3] proposed that the uniaxial MA energy (K,,) of a monolayer
is proportional to the anisotropy of the OAM AL =L, — L,
where x and z are the in-plane and out-of-plane directions,
respectively, of the monolayer. In this model, the SOI is
treated as a second-order perturbation for the tight-binding
approximation.

Recently, experimental examinations of the effectiveness
of Bruno’s model have been performed by using x-ray mag-
netic circular dichroism (XMCD), which is an atom-specific
method used to measure both the SAM and the OAM. For
example, Grange et al. [4] reported the anisotropy of the
OAM obtained by XMCD for Co-Pt thin films and compared
them with those calculated by the first principles. Andersson
et al. [5] studied the relation between OAM and K, for
Au/Co/Au trilayers and pointed out that the OAM anisotropy
is not proportional to K,,. Okabayashi et al. [6] reported the
anisotropy of the OAM using XMCD for Co,FeAl films on
MgO substrates and attributed it to the perpendicular MA
caused by an interface effect [7]. Furthermore, Okabayashi
et al. [8] showed that Bruno’s relation holds well for the
perpendicular MA at the interface between thin Fe/MgO films
prepared under different annealing temperatures. This result
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is consistent with the theoretical results of MA energy for
transition-metal thin films and Fe/MgO interfaces [9,10]. It is
important to note that these theories adopted a nonperturbative
treatment of SOI and showed that K, is proportional to the
square of SOI.

In the case of magnetic oxides, MA is strongly dependent
on the valency of magnetic cations and local lattice defor-
mation through the SOI [11,12]. It was shown that Co**-
doped Fe;0,4 has a large crystalline MA, which is interpreted
in terms of the SOI and #,,-level splitting caused by local
lattice symmetry [13,14]. If a tetragonal lattice distortion is
introduced to spinel ferrites Fe(Co,Fe),04 in which Co ions
are divalent, a large uniaxial MA can be induced [15-17]. In
fact, K,,, which is several tens of Merg/cm?, has been realized
by controlling the lattice mismatch between Fe(Co, Fe),0,
films and substrates [18-20]. As L ~ 1 of the OAM remains
in Co®** ions, it may be interesting to study the relation
among K, L, and the OAM anisotropy AL with a direct
measurement of the OAM in transition-metal oxides.

The SAM and OAM are the dominant origins of conven-
tional ferromagnetism through exchange coupling and mag-
netic anisotropy, respectively. Since the OAM is generally
a much smaller quantity than the SAM, it can be difficult
to ascertain a relation between K, and OAM. Fortunately,
CoMnOj; (CMO) is a material that can be used to observe the
relation directly for several reasons [21-23]. First, CMO has
an ilmenite structure (R3) in which Co’>" and Mn** layers
are alternately stacked along the c¢ axis. Second, the SAM
of Co** (3d":S = 3/2) and Mn** (3d>: S = 3/2) cancel out
due to antiferromagnetic coupling. Third, Co** has an OAM
(L = 1), therefore, the saturation magnetization Mg has a
single contribution from the OAM of Co?* ((L)) such that this
compound is termed an “orbital ferrimagnet.” Finally, CMO
has a Néel temperature (7y) of 391 K, and its temperature
dependence of Mg, Ms(T) can be measured easily. Because
of the large OAM, CMO possesses significantly large in-
plane MA (—14 to —16 Merg/cm?®) [24,25]. Recently, we
have succeeded in fabricating CMO epitaxial thin films on
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«-Al,03(0001) [25] by using reactive radio-frequency (rf)
magnetron sputtering [26,27]. By using XMCD, we clarified
that CMO films on «-Al,O3(0001) are, indeed, an orbital
ferrimagnet and successfully performed a quantitative com-
parison between L and magnetization at room temperature.

In this paper, we report the temperature dependence of
K,(T) and Ms(T) of CMO and find a simple relation among
K, (T), Mg(T), and (L) that holds for a wide temperature
range up to near the transition temperature. Due to the strong
in-plane MA of CMO, it takes very high fields to bring
Mg parallel to the hard axis, which makes it difficult to
perform XMCD experiments. Therefore, in order to discuss
the relation between AL and K, we perform tight-binding
calculations for Co-O and Mn-O clusters and investigate the
L and AE.

This paper is organized as follows. The experiment pro-
cedure are explained in Sec. II. Section III is devoted to the
experimental results of Mg(T') and K, (T") as well as calculated
results. The final section gives a summary of the works.

II. EXPERIMENT

CMO thin films with thickness of 90 nm were grown on
a-Al,03(0001) substrates by reactive rf-magnetron sputtering
(ES-250MB: Eiko Engineering Co., Ltd.) [25]. We used a 2-
in. alloy target with a Co: Mn = 1:1 composition. The growth
conditions of the CMO thin films were as follows: O,/Ar
flow ratios were approximately 0.12, the process temperature
was 710 °C, and working pressure was 0.75 Pa. We observed
the surface state of the film by the reflection high-energy
electron-diffraction technique. The film thicknesses and crys-
tal structure were, respectively, determined by x-ray reflectiv-
ity and x-ray diffraction with Cu K« radiation. After sample
fabrication, Mg and the K, were determined by a vibrating
sample magnetometer and magnetotorque meter, respectively.
Both measurements were performed with a physical property
measurement system (Quantum Design).

III. RESULTS AND DISCUSSION

A. Temperature dependence of saturation magnetization

In order to measure the M-H loop, the magnetic field was
applied along the in-plane [1120] direction up to 90 kOe. Note
that the out-of-plane M-H loop could not be saturated even at
90 kOe, indicating that the film possesses a large negative MA.
Figure 1 shows M-H loops of the film at 100, 200, 300, 350,
and 400 K. It is known that the epitaxial film of CMO grown
on «-Al, O3 has a nonmagnetic dead layer that is 21-nm thick
[25]. Therefore, we evaluated the M by taking the dead layer
into account.

In order to investigate Ms(T), we carried out M (H ) mea-
surements at various temperatures ranging from 100 to 400 K.
Mg(T) was obtained by extrapolation using a linear fit anal-
ysis of 21 high-field data points ranging from 70 to 90 kOe.
Figure 2 shows Mg(T)/Ms (0 K) of our sample and that of
the previous report [21]. The Ty of the film is approximately
385 K, which is close to the previously reported value of Ty
for CoMnOs; . Note that the shape of Mg(T') is also similar
to O-type ferrimagnetism but totally different from the other
three types of ferrimagnetism, such as the R, P, and N types
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FIG. 1. Temperature dependence of M-H loops of a CMO film.
M; values were determined by the total magnetic moment divided by
the intrinsic volume, excluding the dead layer thickness.

[2,28]. However, the magnitudes of the angular momentum of
Co** (J ~ 5/2) and Mn** (J &~ § = 3/2) are similar, so the
observed Mg(T) should be different from Q-type ferrimag-
netism.

In order to elucidate the observed results of Mg(T), we
adopted the following simple model and used it to calcu-
late the temperature dependence of the OAM L(T'). Because
the SOI is relatively weak in 3d elements, the SAM and
OAM should be treated as weakly dependent quantities. In
our system, we need to consider three exchange interactions
Jco-Cos IMn-Mn, and Joo v, between the localized spins of Co
and Mn ions. In the molecular field approximation (MFA),
we assume, for simplicity, that the thermal average of the
SAM (S) of Co and Mn are the same except for their sign.
Then, the exchange field acting on the Co and Mn spins
may be given as (nJco.co — n'Jeomn) (S); and —(nSvnvn —

= CMO film
02 ® Ref2l
A=—22.2 meV
0.0 ‘ ‘ ‘ ‘ =
0.0 0.2 04 0.6 0.8 1.0

T/T,,

FIG. 2. The temperature dependence of the film from Ref. [21]
and Eq. (2).
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FIG. 3. Temperature dependence of the magnetotorque curve of
the film.

n'Jcomn) (S);, respectively, where n and n’ are the number
of nearest-neighbor sites of Co and Mn around Co ions,
respectively. The definition of n and n’ around Mn ions is the
same because of the lattice symmetry.

By the relationship (nJco.co — 7'Jco-mm) = iiJ, the effective
MFA Hamiltonian for the Co sublattice (i site) in zero field,
H = 0is given as

Heo,i = (—JSco,i + ALi) (S) ey

where 2 is the magnitude of the SOI. We approximate
iiJ (S) — A (L) = i (S) because the exchange coupling, in
general, is larger than the SOI. The calculated result of the

OAM is given as
=2 (S)
L) = tanh , 2
(L) = tan < i ) 2

where (S) is obtained by the MFA for § = 3/2. The magnitude
of J is fixed to give Ty. Moreover, we treated A as a parameter
in Eq. (2) and performed curve fitting to Ms(T ) because (L) is
the total magnetization. The fitted result gives A = —22.2 +
0.5 meV, which is close to the previously reported value of
A = —20 meV for Co?t in Fe;04 [13].

B. Temperature dependence of K,

The temperature dependence of the magnetic torque curves
at 100, 200, 300, and 350 K of the film is shown in Fig. 3.
We note that a rotational hysteresis opens up near the transi-
tion temperature, meaning that the magnetic anisotropy field
(Hy = 2|K,|/Ms) is much larger than our applied field of
90 kOe. In the following, K, is determined from the peak-
to-peak value of the magnetotorque curve.

The plot of K, (T) versus Mg(T) for T = 110 to 390 K is
shown in Fig. 4. It can be seen that all the data lie on a single
straight line. Because K, (T") is simply proportional to Ms(T')
over a wide temperature range up to Ty, Hj is temperature in-
dependent. Because Mg corresponds to the OAM, this means
that K, is proportional to (L) as well. Note that H4 estimated
from the slope in Fig. 4 is 272 &+ 13 kOe.
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FIG. 4. The temperature dependence of Ms(= (L)) versus the
K, plot.

In most magnetic oxides, the origin of MA is attributed
to (i) dipole-dipole interaction, and/or (ii) the SOI of mag-
netic ions, such as the single-ion anisotropy model [29]. MA
originated from dipole-dipole interaction gives 2 MZ. In the
case of the single-ion anisotropy model, MA originates from
spin correlation through the SOI and crystal field, which
gives K, (T) oc Mg(T)U!+DV/2[30-33], where [ is an exponent
that is dependent on crystal symmetry and the degree of
correlation between the directions of adjacent spins. In this
model, the SOI is treated as a second-order perturbation. In
the case of uniaxial MA systems, [(I 4+ 1)/2 is predicted to be
3. Although Fig. 4 implies / = 1 for our results, this exponent
cannot be explained by either of the above two models.

C. Electron theory

In our experiments, the large value of Hy prevents us from
performing XMCD measurements to find Mg with out-of-
plane angles. Therefore, to reveal a relation between K, and
AL and to understand the experimental results of the K,-Mj
relation, we performed numerical calculations of L,, L., and
the d-orbit energy level for clusters with a single Mn** or
Co”* ion surrounded by six (octahedral cluster) 0% ions.
The electronic structure of the cluster was calculated by
using a tight-binding model for 3d and 2p orbitals of TM
ions and oxygen ions, respectively, and by including the SOI
ML - s, where £ and s are the orbital-angular operator and spin
operator, respectively, for 3d-electrons on Co or Mn ions [34].
It is assumed that the 3d states of Co and Mn ions are fully
spin polarized, and the ions have local moments. The clusters
are simplified models, but they satisfy the local symmetry.
Parameters of intersite p-d hopping between 3d orbitals on
a TM ion and 2p orbitals on oxygen ions are determined from
Harrison’s textbook [35,36]. The electron configuration for
Mn** is 3d3, Co** is 3d7, and 0%~ is 2p°.

The ground-state energy is calculated by diagonalizing the
Hamiltonian matrix as a function of magnetization direction.
It is noted that the mixing of p and d orbitals reproduces
the correct symmetry dependence of energy levels as in the
crystal-field potentials. The Wyckoff positions of CMO are
adopted from the previous report in Ref. [22].

Figure 5 shows the calculated results of the 7,, energy levels
as a function of SOI, in other words, A.. The calculation
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FIG. 5. The relation between the #,, orbital and A.. Lines of the
same color represent the same orbit, open symbols denote the M || ¢
axis, and closed symbols denote the M || ab plane.

was performed under the following two conditions: (i) the
magnetic moment (M) points to the c-axis direction, (ii) M
points to the ab plane. If A, = 0 meV, there remains double
degeneracy in the 1,, state. Because the electron configuration
of the Co*" ion is 3d’, the lower two energy levels of the
down-spin #,, states are occupied. Figure 5 shows that with
increasing A., the shift of the energy level (shown by circles)
due to the change in the M direction is the largest, and,
therefore, MA energy becomes high. On the other hand, the
electron configuration of the Mn** ion is 343, and the up-spin
Iy, levels are fully occupied. As aresult, the MA energy is low.

Figures 6(a) and 6(b) show the calculated results of L,, L,
and AL = L, — L, as a function of A, for Co and Mn ions. We

L, of Co
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FIG. 6. The relations between A. versus (a) L,, L., and (b) AL of
both cations. (c) The relation between A, versus AE. (d) The relation
between AL and AE of Co®*, and the inset shows L, versus AE.

find AL depends almost linearly on A.. Figure 6(c) shows the
calculated results of AE = E, — E,, which is K,,, for Co and
Mn. We find Co®* has a negative MA whereas Mn** has a
positive MA. Because the magnitude of K, is much larger for
Co** than Mn**, CMO has a negative K. This means that the
easy axis of CMO lies on the ab plane, which is consistent
with the magnetotorque measurement. Moreover, assuming
|Ac| = 20 meV, K, is approximately —38 Merg/cm?. This is
almost twice the measured value of —20.1 & 1.0 Merg/cm?
at 100 K. Since rotational hysteresis is observed in the torque
measurement, the intrinsic K, of CMO must be larger than
—-20.1+1.0 Merg/cm3. We, thus, conclude that the calcula-
tion results are semiquantitatively consistent with experimen-
tal results.

Because we found that the dominant component contribut-
ing to MA is that of Co?", in the following discussion, we
consider only Co®*. Figure 6(d) shows AE as a function of
AL for Co*". AL for Co has a near-linear dependence on A
as shown in Fig. 6(b), and AF linearly changes with A, for Co
as shown in Fig. 6(c). Therefore, AE depends linearly on AL
for Co.

The result that K, is proportional to AL for Co** is
attributed to the following facts: (i) The down spins of the
I, states are partially occupied by electrons, (ii) the energy
gap between the 15, and the e, levels is much larger than the
SOI, and (iii) the energy gaps between the t,, levels are the
same order of magnitude with that of SOI. Actually, we found
that K,, is proportional to (AL)?> when the SOI is much smaller
than the energy splitting between the ,, states caused by the
crystal-field potential (p-d mixing in the present case is not
shown). We, thus, conclude the dependence of K, on AL is
governed by the relative magnitude of the SOI and energy-
level splitting of the 3d states. Note that, in the electron theory,
we calculate the OAM of Co?* at 0 K, however, the magneti-
zation of CMO is the thermal average value of the OAM.

Because the K,(=AE) of CMO is dominated by that of
Co*" and (L) originates from the OAM of Co*, the K, of
CMO is proportional to (L) of CMO. Furthermore, as shown
in Fig. 6(c), K, is proportional to AL. This result coincides
with Bruno’s model, which treated SOI as a second-order
perturbation. However, a careful interpretation is necessary.
Because L¢, is comparable to Sc¢, in CMO, L, cannot be
treated within the framework of second-order perturbation.

IV. CONCLUSION

In this paper, Ms(T) and K,(T) of orbital ferrimagnet
CoMnOs; films were carefully investigated over a wide tem-
perature range. We succeeded in explaining the observed
Mg(T) through the temperature dependence of the OAM
L(T), calculated within the framework of the MFA.

We also found that K,(T) was linearly proportional to
Mg(T), meaning that K,,(T) is simply proportional to L(T').
We conclude that the relation K, o (L) holds even for large
OAMs. Numerical calculations of the OAM and the d-orbital
energy level for clusters suggest that K, is proportional to AL.
Further experimental verification is necessary for a unified
understanding of the behavior of K,. We note that the Mg
of CMO is expected to be highly anisotropic because of the
distinct difference between L, and L, for Co** as shown in
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Fig. 6(a). A high-field experiment with the bulk single-crystal
CMO can make the difference of L, and L, clear.
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