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We investigated the correlation between the crystal structure and magnetism in Sr,Co,Fes046 using magnetic
measurements and transmission electron microscopy. With changing temperature, the magnitude of the magne-
tization along the [2110] and [0110] directions changed drastically at ~340 K, whereas that along the [0001]
direction remained almost unchanged, suggesting a spin reorientation transition. The field dependence of the
magnetization along [2110] exhibited characteristic stepwise behavior below 150 K, whereas that along [0110]
did not exhibit this behavior, which suggests unusual magnetic anisotropy within the (0001) plane. Evaluation of
the magnetic domain structures revealed that Sr,Co,Fe,3Oy46 exhibits strong axial magnetocrystalline anisotropy
with the axis along the direction tilted by ~60° from the [0001] direction toward the [0110] direction at low
temperatures. This anisotropy along a nonunique crystallographic direction results in multiaxial anisotropy

because of the crystal symmetry.
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I. INTRODUCTION

Hexaferrites generally have hexagonal or trigonal crystal
structures and can be classified into six types (M, W, X, Y,
Z, and U) using a combination of three types of structural
blocks: R blocks (AFesO11), S blocks (spinel, 2MeFe,04), and
T blocks (A;FegO14) [Fig. 1(a)] [1]. Here, A denotes typically
alkaline-earth ions such as Ba?t and Sr2*, and Me denotes
divalent metal ions. Hexaferrites have attracted considerable
attention because of their various magnetic properties. For
instance, M-type hexaferrites, e.g., BaFe ,0j9, exhibit large
coercivity and have been applied as permanent magnets [2,3].
In contrast, Y-type and Z-type hexaferrites exhibit soft mag-
netism with small coercivity and large magnetic permeability
[4] and are thus anticipated to be used as high-frequency
devices. Recently, some Y-, M-, Z-, and U-type hexaferrites
have been reported as multiferroic materials in which fer-
roelectric and (anti)ferromagnetic order coexist [5—8]. These
materials exhibit magnetoelectric effects in which the electric
polarization (magnetization) is induced by external magnetic
(electric) fields [5—14]. The microscopic mechanisms of these
phenomena have been explained using the spin-current model
[15], which is also known as the inverse Dzyaloshinskii-
Moriya interaction [16].

Magnetic anisotropy means the dependency for magnetic
moments in a ferro(ferri)magnet to be directed in one or
more directions (generally relative to the crystallographic
axes) to decrease the total magnetic energy. There are several
types of magnetic anisotropy, including magnetocrystalline
and shape anisotropies. Magnetic domain structure is strongly
related to such magnetic anisotropies. Strong uniaxial magne-
tocrystalline anisotropy along the [0001] direction has been
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observed in M-type barium ferrites using the Bitter technique
[2,17]. Similar domain structures have also been observed in
barium ferrites using Lorentz electron microscopy [18-21].
In Z-type hexaferrites, magnetic domain structures attributed
to the in-plane magnetic anisotropy in the (0001) plane have
been observed [22,23].

There are considerably fewer reports on even the funda-
mental properties of X-type hexaferrites compared with the
number of reports on other types of hexaferrites. One of the
reasons is the difficulty of synthesizing X-type hexaferrite
samples without impurities of M- or W-type hexaferrites
[24]. These phases are likely to coexist in the synthesized
samples because an X-type hexaferrite (RSR*S}); consists
of M-type (RSR*S*) and W-type (RS,R*S}) structural parts,
as shown in Fig. 1(b). According to Braun’s report on
Ba,FelTFelf Os (Me = Fe*™) [1], the crystal structure of
X-type hexaferrites belongs to the trigonal system, and their
crystal symmetry is represented by the space group R3m.
The atomic site preferences of Me>* ions have generally
been discussed based on structural consideration of W-type
hexaferrites [25,26]. The fundamental magnetic properties
of X-type hexaferrites have mostly been investigated using
polycrystalline samples [24,27-29]. However, to evaluate the
intrinsic magnetic properties without effects from the grain
size or preferred orientation, single-crystalline samples are
required. Using single crystals, Tauber et al. [30] reported
that Ba;Co,Fey3046 has easy-plane anisotropy below 416 K,
whereas Ba;Zn,Fe;304¢ exhibits uniaxial anisotropy along
[0001] below the Curie temperature. In addition, it has been
suggested that Ba;Co,Fe,3046 has double easy-magnetization
cones with a cone axis along the [0001] direction at room
temperature [31]. These findings indicate that the magne-
tocrystalline anisotropy is affected by the species of Me>*
ions and the temperature.

©2019 American Physical Society
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FIG. 1. (a) Structural blocks called R, S, and T blocks. (b) Crys-

tal structure model of an X-type hexaferrite A,Me, Fesp_,O46. The

asterisks indicate the structural blocks rotated by 180° around the
hexagonal c axis.

In this study, we observed peculiar magnetocrystalline
anisotropy in a single crystal of the X-type hexaferrite
Sr,Co,Feys046. We evaluated the magnetic domain struc-
tures of SrpCoFey3046 using Lorentz transmission elec-
tron microscopy (LTEM) to explain the magnetocrystalline
anisotropy, and we discuss the origin of the magnetocrys-
talline anisotropy from the atomistic viewpoint.

II. EXPERIMENTS

Single crystals of Sr,Co,Fe,3046 were prepared using a
flux method. SrCO3, Co304, Fe, 03, and Na, CO3 were mixed
at a molar ratio of 13.2 : 2.5 : 67.8 : 16.5. The mixtures were
packed into a platinum crucible and then heated at 50 K/h
and held at 1620 K for 48 h in a tube furnace. The mixtures
were then cooled to 1480 K at 0.5 K/h and then to room
temperature at 150 K/h. These procedures were conducted in
O, flow. The single crystals were obtained by dissolving the
flux in nitric acid. The typical size of the obtained hexagonal-
plate-like crystals was a length of 3-5 mm and a thickness
of 1 mm.

The crystal phase of each of the obtained crystals was
identified using Co-K« radiation (MiniFlex600, Rigaku). To
estimate the crystal orientation, a Laue camera with an imag-
ing plate (IPX-LC, IPX) was used. We used the Fresnel
method of LTEM for imaging the domain structures, and the
local magnetization was calculated using the software QPT
for DigitalMicrograph [32] based on the transport-of-intensity
equation (TIE) method [33,34]. Annular dark-field (ADF)
images were obtained using scanning transmission electron
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FIG. 2. Temperature dependence of magnetization upon heating

after ZFC. The magnetic fields (H = 100 Oe) were applied parallel
to the [2110], [0110], and [0001] directions.

microscopy (STEM), and atomic-resolution energy-dispersive
x-ray spectroscopy (EDS) analysis was also performed. A
JEM-ARM?200F transmission electron microscope (JEOL)
operated at 200 kV was used. The single crystal was cut
into approximately 1 mm x 1 mm x 1 mm for magnetic
measurements. The magnetization was measured using a
superconductive quantum interference device magnetometer
(MPMS, Quantum Design). The magnetic fields were applied
along the [2110], [0110], and [0001] directions.

III. RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the magne-
tization upon heating after zero-field cooling (ZFC). Magnetic
fields of 100 Oe were applied along the [2110], [0110],
and [0001] directions. Above 340 K, the easy direction of
the magnetization was assumed to be the [0001] direction,
which indicates that the sample exhibited uniaxial magnetic
anisotropy in the [0001] direction. The magnetization parallel
to the [2110] and [0110] directions drastically changed at
340 K, whereas the [0001] magnetization remained almost
unchanged. Below this temperature, the magnetization par-
allel to the [0110] direction was the largest of those in the
three directions. The easier magnetization direction appeared
to be the [0110] direction rather than the [0001] direction. The
slopes of the graphs clearly changed at approximately 50 and
150 K, indicating that certain magnetic changes occurred at
each temperature.

When the magnetic fields H were swept along the [2110]
direction at low temperature, the magnetization M changed
stepwise at external magnetic fields of approximately 0.3
and 1.5 T [Fig. 3(a)]. The magnetic fields required for sat-
urating magnetization decreased with increasing temperature,
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FIG. 3. Magnetic field dependence of magnetization measured at 10 K when the external magnetic fields were applied along the (a) [2110],
(b) [0110], and (c) [0001] directions. The magnetization curve in (a) changed stepwise at the points indicated by the red arrows. The differences
in the behavior between [2110] and [0110] at 10 K are shown in the inset of (b). (d)—(f) Magnetization curves at various temperatures between
10 and 300 K. The vertical lines in (d) indicate the saturation points of magnetization at the respective temperatures.

and the stepwise changes disappeared above 150 K [Fig. 3(d)].
In contrast, this behavior was not observed in the [0110]
direction at any temperature [Figs. 3(b) and 3(e)]. The mag-
netization along the [0110] direction saturated at lower mag-
netic fields than the case of H || [2110]. These results indi-
cate that SrpCo,Fe,3046 exhibits strong magnetocrystalline
anisotropy in the (0001) plane below 150 K. To the best
of our knowledge, such magnetic anisotropy has not been
reported for other hexaferrites. The stepwise changes were not
observed in the [2110] nor [0110] directions above 200 K,
which indicates that the magnetocrystalline anisotropy be-
tween these two directions became weaker during heating up
to 200 K. Below room temperature, the external magnetic
field needed to saturate the magnetization for the [0001]
direction was the largest among those in the three direc-
tions [Fig. 3(c)]. However, the magnetic anisotropy in the
three directions appeared to be weak near room temperature
[Figs. 3(d)-3(f)]. _
Figures 4(a)—4(c) present the Fresnel images for the (2110)
plane, taken with the incident beam parallel to the [2110] di-
rection at 103, 295, and 393 K, respectively, and the calculated
local magnetizations for the respective images are presented
in Figs. 4(d)—4(f). The bright and dark straight lines in the

Fresnel images correspond to magnetic domain walls. The
180° magnetic domain structures were formed at every tem-
perature in this plate [Figs. 4(a) and 4(d)]. The magnetic
moments in these domains were not along the [0110] or
[0001] direction at 103 K. Upon heating to room temperature,
partial closure domains were formed [Figs. 4(b) and 4(e)],
which suggests that the uniaxial magnetic anisotropy in this
plane became weaker. Moreover, the 180° domain walls along
the [0001] direction were formed above ~340 K [Figs. 4(c)
and 4(f)]. This domain structure clearly indicates uniaxial
magnetocrystalline anisotropy with an easy axis parallel to the
[0001] direction. This finding is consistent with the magnetic
measurements indicating that the spin reorientation transition
occurred at ~340 K. The spin reorientation behavior is quite a
contrast to that of another X-type hexaferrite SroFe3 " Fesy Oqq
(Me*t = Fe?*t), in which temperature-independent magne-
tocrystalline anisotropy has been observed [35]. This suggests
that Co>* ion significantly affects the magnetocrystalline
anisotropy in X-type hexaferrites.

The directions of the local magnetization around a domain
wall at 103 K are shown in Figs. 5(a) and 5(b) as a vector map
and heat map, respectively. Antiparallel magnetic moments
existed overall and were oriented in the direction tilted by
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FIG. 4. LTEM images of the (2110) plane taken at (a) 103 K, (b) 295 K, and (c) 393 K with defocus values of 1.8, 0.6, and 0.6 mm,
respectively. (d), (e), and (f) Magnetization distribution maps for (a), (b), and (c), respectively, calculated using the TIE method. The magnitude
and directions of the local magnetic moments are indicated by the brightness and color phase, referring to the color wheel.

~60° from the [0001] direction toward the [0110] direction.
This magnetic domain structure indicates that the sample
exhibited strong uniaxial magnetocrystalline anisotropy in the
(2110) plane and that the easy direction was not along the
low-index crystallographic axes in the trigonal structure at
low temperatures. From the electron diffraction pattern from
this area [Fig. 5(c)], the crystal orientation in this plane can
be identified as shown in Fig. 5(d). Most of the magnetic
moments pointed in the direction from the center transition
metal atom to the oxygen atoms at the vertices of the (Fe,
Me)Og octahedra in S*S* blocks, i.e., the direction along the
dashed line in Fig. 5(d).

Figure 6(a) presents an ADF-STEM image taken with the
incident beam parallel to the [2110] direction, and Figs. 6(b)—
6(d) present the EDS maps obtained using Sr-L, Fe-K, and
Co-K signals in the same area and are overlaid in Fig. 6(e).
The intensity of ADF-STEM images depends on the atomic
number Z, and atomic columns can appear as bright spots.
The Co-K signals were strongly detected at the center of S*S*
blocks, which indicates that the Co>t ions were localized
at the octahedral sites in S* blocks. The site preference of
Co?* jons in S blocks has been reported in W-type hex-
aferrites including Co®" investigated using neutron diffrac-
tion [25] and nuclear magnetic resonance [26]. For X-type
hexaferrites, a similar preference has also been suggested
based on the magnitudes of their spontaneous magnetizations
[24,29,30]. In the current work, we succeeded in directly

observing the preference of Co>* for these specific sites using
STEM-EDS.

The aforementioned Co?* site in the S* block is identical
to the octahedral site in spinel ferrites. In the Co-substituted
magnetite Co,Fes;_,04 and cobalt ferrite CoFe,04 with in-
verse spinel structure, Co>™ mostly occupies the octahedral
sites. In such spinel ferrites, Co>" ions principally contribute
to the spontaneous magnetization in the ferrimagnetism be-
cause the antiparallel couples of the spin moments on Fe’*
ions cancel each other [2]. In addition, the spinel ferrites
have easy axes of magnetization of (100) in the cubic lattice
[36], resulting from a one-ion model at Co>" sites [37-40].
Here, (100) is parallel to the direction of the vertex oxygen
from Co®* (Fe’*) at the octahedra. Based on these properties
in spinel ferrites, it is reasonable to conclude that Co**
ions at the octahedral site in S* block induce the uniaxial
magnetocrystalline anisotropy to the vertex directions of the
(Fe, Me)Og octahedra at low temperatures in SrpCoyFepgOqg.
Although the one-ion anisotropy can be evaluated from mag-
netic anisotropy constants [41], those constants of the present
compound calculated by phenomenological analysis [42-44]
were incompatible with the results of LTEM observation. This
calculation failure would be caused by the below-mentioned
extraordinary magnetic anisotropy.

In the (0110) plane, fine stripe subdomains appeared in the
primary domains at 84 K [Fig. 7(a)]. Note that the straight
lines perpendicular to the [0001] direction are cleavages

094406-4



MULTIAXIAL MAGNETOCRYSTALLINE ANISOTROPY IN ...

PHYSICAL REVIEW B 100, 094406 (2019)

(b)

TN NN

=N BERNANANNINN N N «

A AN NS .
NN AN NN NN
NN S S SN
SONONCY NSNS OSSN

it
[
[
[
[
4
4
/
/
/
.;
§
/

o I

[0001]

[0710]

a 0.8
07

[0007] | (06
g 0.4
0.3

[0170]

Frequency (arb. unit)

[0170]

FIG. 5. (a) Enlarged image of the region surrounded by the red square in Fig. 4(d). The white arrows represent the directions and magnitude
of the local magnetization at each point. (b) Tendency of local magnetization in (a) as normalized frequency distribution. (c) Electron diffraction
pattern of observed area. (d) Crystal structure around the S*S* blocks corresponding to the crystal orientation shown in (c). The dashed line
denotes one of the body-diagonal directions of the (Fe, Me)Og octahedron in the S* blocks. This line is almost along the magnetization

direction.

of the specimen. The subdomain walls were roughly along
the [0001] direction, and the typical subdomain width was
~200 nm, which is completely different from the obser-
vations of the (2110) plane [Fig. 4(a)]. Thus, the strong
magnetic anisotropy within the (0001) plane was also con-
firmed by the magnetic domain observation. Such stripe pat-
terns are often observed in samples with uniaxial anisotropy
out of the observing plane [45,46]. In thin-plate specimens
for transmission electron microscopy observation, magnetic

moments usually lie on the plate to reduce the magnetostatic
energy. However, for strong magnetocrystalline anisotropy
out of a thin plane, magnetic moments are inclined from the
plane. Consequently, narrow stripe domains with directional
alternation of local magnetization are formed to minimize
the total magnetic energy. Thus, these experiments clearly
demonstrate that Sr,Co,Fey3O46 exhibits strong magnetocrys-
talline anisotropy out of the (0110) plane below 150 K. The
subdomain walls in Fig. 7(a) were almost along the [0001]

FIG. 6. (a) ADF-STEM image taken with the incident beam parallel to the [2110] direction. The inset shows the crystal structure of the
X-type hexaferrite. The color maps indicate the positions at which (b) Sr-L, (c) Fe-K, and (d) Co-K signals were detected by EDS. (a)—(d) are

overlaid in (e).

094406-5



MAI KOMABUCHI et al.

PHYSICAL REVIEW B 100, 094406 (2019)

(@) [2110]

(b) [2170]

[0001] [0001]

R RN

g, AR, (| sl

ety .,

<0170>

FIG. 7. LTEM images of the (0110) plane taken at (a) 84 K
and (b) 295 K with a defocus value of 0.9 mm. (c) Magnetization-
distribution map of (a), referring to the color wheel shown in the
inset, calculated using the TIE method. (d) Enlarged image of the
region surrounded by the yellow square in (c). The white arrows
represent the directions and magnitude of the local magnetization
at each location. (e) Tendency of the local magnetization in (d) as
normalized frequency distribution. (f) Schematic illustration of the
easy directions below 150 K based on the threefold rotoinversion
axis along the ¢ axis.

direction. However, the local magnetic moments were
not along their domain walls and fluctuated periodically
[Figs. 7(c)-7(e)]. Based on the threefold rotoinversion axis
along the c axis, three equivalent easy axes should exist, as
shown in Fig. 7(f). This magnetic anisotropy is distinctly
different from the so-called “easy-cone” anisotropy and more
similar to the three-canted uniaxial one, i.e., multiaxial
anisotropy. Note that TIE calculation gives the magnetization
components within the observing plane. In one of the major
magnetic domains, the competition of the two easy axes near
the observing plane dominantly caused the zigzag distribution
of magnetization between subdomains [Fig. 7(d)]. The mag-
netic domains would have been rearranged to minimize the to-
tal of the magnetocrystalline and magnetostatic energies. Near
room temperature, ordinary closure domains were formed in-
stead of the stripe domains [Fig. 7(b)], and the strong magne-
tocrystalline anisotropy out of the (0110) plane was no longer

observed. Combined with the domain structure of the (2110)
plane, the ferromagnetism at ~150 to ~340 K appears to have
an easy-cone anisotropy. The axis of the easy cone is parallel
to [0001], and its half apex angle is estimated at ~50° around
300 K.

Stepwise behavior has been observed in the magnetization
curves of Y- and Z-type hexaferrites with a helical magnetic
structure [5,47] and conical magnetic structure [11,12,48,49],
respectively. The magnetic anisotropy between [2110] and
[0110], however, cannot be explained with helical or coni-
cal magnetic structures. In addition, the present compound
does not exhibit lattice modulations accompanied with the
helical magnetic structure, as observed in Y-type hexaferrite
[50]. Moreover, the characteristic magnetic domain structures
observed in the conical magnet, Z-type hexaferrite [23] were
not observed in the current Fresnel images. Even though the
helical or conical magnetic structures cannot be ruled out until
detailed measurements are performed using another technique
such as neutron diffraction, the differences between [2110]
and [0110] in the magnetization curves below 150 K can be
explained by consideration of the multiaxial magnetocrys-
talline anisotropy. In both cases of the magnetic fields parallel
to the [2110] and [0110] directions, the magnetic domains are
developed along the direction of the magnetic fields during
the initial magnetization process. After the unification of
magnetic domains, the magnetic moments begin to rotate
toward the direction of the magnetic fields. This rotation
mechanism of magnetic moments differs depending on the
magnetic field direction. When the magnetic fields are applied
parallel to the [2110] direction, the magnetic moments first
turn to the direction of an easy axis on the (0110) plane. Next,
the magnetic moments are oriented to the [2110] direction.
Magnetic domain models and the behavior of magnetic mo-
ments are shown in Fig. 8(a). These two-step rotations cause
the stepwise changes in the magnetization curve. However,
for the [0110] direction, the magnetic moments along an easy
axis rotate to the [0110] direction immediately after magnetic
domain unification [Fig. 8(b)]. Therefore, the behavior of the
magnetization curve is similar to that of ordinary ferromag-
netic substances.

IV. CONCLUSIONS

We evaluated the magnetocrystalline anisotropy of an
X-type hexaferrite Sr,Co,Fey3046. The present compound
exhibits various magnetocrystalline anisotropies via the
spin-reorientation transitions; the uniaxial magnetocrystalline
anisotropy above ~340 K, the cone one between ~150 and
~340 K, and the canted uniaxial one below ~150 K. The
canted uniaxial magnetocrystalline anisotropy state leads to
the three easy axes along the directions tilted by ~60° from
the [0001] direction toward each (0110) one from the crystal
symmetry, i.e., multiaxial magnetocrystalline anisotropy. It is
possible that the origin of this peculiar magnetocrystalline
anisotropy is the Co®* ions localized at the (Fe, Me)Og octahe-
dral site in the couples of the S* blocks. The stepwise changes
in the magnetization curves (H || [2110]) were caused by the
multistep magnetization process during which the magnetic
domain unification and rotation of the magnetic moments
occurred.
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the magnetic moments.
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