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Iron oxide magnets, which are composed of the common elements iron and oxygen, are called ferrite magnets. They have
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diverse applications because they are chemically stable and inexpensive. Epsilon-iron oxide (g-Fe,03) is a polymorph that

shows an extremely large coercive field as a magnetic oxide. It maintains its ferromagnetic ordering even when downsized

to a single nano-sized scale (i.e., < 10 nm). Due to these characteristics, €-Fe,0sis highly expected to be used for high-density

magnetic recording media in the big data era. Here, we describe the recent developments of magnetic films composed of

metal-substituted e-iron oxide, e-M,Fe,_,0; (M: substitution metal), toward the next-generation of magnetic media.

1. Introduction

The big-data era requires high-density magnetic recording media
with a long-term guarantee.”> Next-generation magnetic recording
tapes should meet these requirements. Current magnetic recording
tapes, which are typically composed of spindle-shaped cobalt—iron
alloy nanoparticles or barium ferrite nanoparticles, provide long-
term storage to archive data in diverse fields, including insurance,
finance, broadcasting, and web services. However, magnetic
materials used in magnetic tapes must be downsized to realize high-
density media.®=1° This will not simply be achieved by downsizing the
magnetic filler for two reasons. First, its pyrophoric character makes
downsizing a challenge. Second, its magnetic ordering disappears
upon downsizing.

On the other hand, epsilon-iron oxide (e-Fe,03) holds promise
as next-generation high-density magnetic recording media as it has a
large coercive field (H.) over 20 kOe at room temperature. A single
phase of e-Fe,03 was first synthesized in 2004, and since then, it
has been investigated in both basic and applied research.!?-3% The
ferromagnetic property of e-Fe,03is observed even upon downsizing
to a single nanometre scale, indicating that its superparamagnetic
limit (d) is very small (ds ~ 7.5 nm), which is smaller than that of other
ferrites (Fig. 51).3°

Herein we report the recent advances in g-iron oxide magnetic
films. First, we describe rhodium (Rh) substitution on a part of the Fe
site of e-iron oxide, €-Rhgi4Fe;gs03, which realizes a huge H,
magnetic film (45 kOe).3® Second, we introduce the angular
dependence of the magnetic film using a highly oriented film of
gallium (Ga) substituted e-iron oxide, £-GaggsFe;s503.37 Third, we
demonstrate magnetic recording on a magnetic tape of trimetal-
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substituted e-iron oxide, €-Gag31Tip0sCOp0sFe15903, as a first step
toward the application of €-iron oxide as high-density magnetic
recording media.3®

2. Large coercive field observed in a magnetic film
on Rh-substituted epsilon-iron oxide

Although there are various important parameters such as the energy
product in the magnetic properties, the coercive field H, is a
significant parameter. Magnetic ferrite is an insulator magnet with a
relatively small H, value, compared with a hard magnetic metal.3%-43
In general, increasing the H. value in magnetic ferrites is a challenging
issue. However, e-iron oxide (e-Fe,03) and metal substituted &-iron
oxides (e-M,Fe,_,03; M = substitution metal ions), exhibit large H.
values at room temperature and hold promise for magnetic
media.**=%0 In this section, we show a crystallographically oriented
Rh-substituted e-iron oxide nanoparticle-based magnetic film. It
exhibits the largest H, values for magnetic ferrites reported to date,
45 kOe at 200 K and 35 kOe at 300 K.

The magnetic film based on Rh-substituted e-Fe,0; e-
Rhg.14Fe1 8603, was obtained as follows. An impregnation method,
which involved mesoporous silica nanoparticles as a template,?! was
used to synthesize rhodium-substituted e-iron oxide nanoparticles as
an inorganic filler. The rhodium-substituted oxide
nanoparticles were subsequently mixed with a urethane resin and a
vinyl chloride polymer in an applied external magnetic field to
produce an oriented magnetic film (Fig. 1). The direction of the
applied magnetic field is the out-of-plane direction of the film (z-
axis). Figure 2 illustrates that it has an orthorhombic structure in the
Pna2, space group.

To examine the degree of orientation of the nanocrystals inside
the obtained film, we measured the X-ray diffraction (XRD) pattern.
Figure 3a shows the XRD pattern for a powder sample, while Figure
3b shows that of an oriented film. A strong peak appears at 35.2° due
to the 200 reflection. Next, the relationship between the XRD peak

€-iron

Page 2 of 8



/== 1-Dalton Transactions. #: -

ARTICLE

Act_atylagetone Urethane regin polymer (PUR)
Stearic acid n-butyl Vinyl chloride polymer (PVC)

Cyclohexanone Y poly

L ]
l@ Mixing
Resin solution €-Rhg 14Fe; 5605
Toluene
2-Butanone

<—— Shaking

v

Dispersed sample

) €-Rhg 14Fe; 8505
solution

/

~.. PUR, PVC

Magnetic easy axis
PUR, PVC

Dispersed sample solution

“

-»
@

Drying under magnetic field

Magret (-pole)
Wagre (S-pole) 000

Oriented magnetic film

PE film

090
890® oP0®
Non oriented Oriented

Figure 1. Flowchart of the synthesis of a crystallographically oriented thin film of -
Rho.14Fe18603: Preparation of the vehicle resin solution, addition of the €-Rhg 14Fe;8s03
powder sample, preparation of a dispersed sample solution by mixing and shaking with
zirconia balls, and preparation of an oriented magnetic film by casting the dispersed
sample solution on a polyester (PE) film and drying under a magnetic field. Blue arrows
represent the spontaneous magnetization of the e-Rhg14Fe; gs03 nanoparticles, which
are represented as orange balls. The middle figure shows the crystal structure of -
Rho.14Fe1 8603 nanoparticle where red and gray balls represent the Fe and O atoms,
respectively. Adapted with permission from J. Am. Chem. Soc., 2017, 139, 13268-13271.
©2017 American Chemical Society.

Figure 2. Schematic representation of the e-Fe,0; crystal structure shown from the a-
axis direction. Red, green, and blue balls represent the Fe ions at the octahedral A, B,
and C sites, respectively. Magenta balls represent Fe ions at the tetrahedral D sites. Grey
balls represent the oxygen ions. Adapted with permission from J. Am. Chem. Soc., 2017,
139, 13268-13271. ©2017 American Chemical Society.

intensities of the oriented sample (/orient) and those of the non-
oriented sample (lonorient) Was used to determine the degree of
orientation. The Lotgering factor f (0 < f < 1) indicates the degree of
orientation. It is expressed as f = (Porient—Pnonorient)/ (1=Pnonorient), Where
Porient anNd Pronorient are the area ratios of the 200 reflection for
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Figure 3. XRD patterns and Rietveld analyses of rhodium substituted e-iron oxide (a) in
the powder-form and (b) as an oriented film. Asterisks represent the peaks from vehicle
matrix. Adapted with permission from J. Am. Chem. Soc., 2017, 139, 13268-13271. ©
2017 American Chemical Society.

oriented and non-oriented nanocrystals, respectively (ie., P =
lhoo/Zlnk). The film exhibits a remarkably high f value of 0.96. Hence,
its crystallographic a-axis is almost perfectly oriented perpendicular
to the film.

The magnetic hysteresis loops of the prepared film at 300 K was
measured. During the hysteresis measurement in the
superconducting quantum interference device magnetometer, the
external magnetic field (He,) is applied to the film in the
perpendicular (Hey L z-axis) and parallel directions (He, // z-axis). The
H. value reaches 35 kOe when H,, // z-axis (Fig. 4a). Such a huge Hc
value is attributed to two factors: (i) the orbital angular momentum
of the distorted octahedral iron sites (A and B sites) generated by the
strong iron-oxygen hybridization and (ii) the orbital angular
momentum contribution of the rhodium ion.*> The magnetization
value at He, = 70 kOe (M) is 9.5 emu g%, while the remnant
magnetization (M,) is 7.9 emu g! (for unsubstituted e-Fe,05, the M,
and M, values are 16.1 emu g* and 12.3 emu g, respectively).?’ On
the other hand, the magnetic hysteresis loop where H., L z-axis
exhibits much smaller values. That is, the H, value is 5 kOe, while the
M, valueis 1.4 emu g™

Furthermore, we measured the temperature dependence of the
magnetic hysteresis loop. As the temperature decreases from 300 K,
the magnetic hysteresis loop becomes larger (Fig. 4b). H. reaches a
maximum value 45 kOe at 200 K. It decreases sigmoidally, which is
centered at 120 K, and reaches a value of 7.1 kOe at 10 K. A similar
temperature dependence of H, has been reported in a series of €-
Fe,0; and e-M,Fe,_,03.°175> For example, £-Ing ,4Fe; 7603 undergoes a
phase transition from ferrimagnetism to antiferromagnetism at 200
K.>> This behaviour is well investigated (e.g., by synchrotron x-ray

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) Magnetization versus external magnetic field plots of €-Rhg 14Fe; gs03 at 300
K. External parallel magnetic field (closed circles) and external perpendicular magnetic
field (open circles) to the z-axis direction were used for measurements. (b)
Magnetization versus external magnetic field plots of €-Rhg 14Fe; gs03 at 200 K. Adapted
with permission from J. Am. Chem. Soc., 2017, 139, 13268-13271. © 2017 American
Chemical Society.

Powder diffraction (SXRPD), neutron powder diffraction, Mossbauer
spectroscopy, heat capacity, x-ray magnetic circular dichroism, and
magnetic measurements). The origins are suggested as changes of
the exchange interaction and magnetic anisotropy arising from a
structural transformation.>%°7

Summarizing above, we obtained a crystallographically oriented
Rh-substituted e-iron oxide, &-Rhgyq4Fe;gs05, that is an almost
perfectly oriented magnetic thin film (i.e., a Lotgering factor of 0.96).
The film exhibits remarkably large coercive fields with the largest H,
values among magnetic ferrites of 45 kOe at 200 K and 35 kOe at 300
K.

3. Angular dependence of the magnetic hysteresis
loops of a magnetic film composed of Ga-
substituted epsilon-iron oxide

In 2004, e-Fe,0; was first reported as a hard-magnetic ferrite.!? It has
great potential as a next-generation recording material.
Crystallographically oriented e-iron oxide magnetic films allow the
angular dependence of the magnetic properties of nanomagnetic
particles to be investigated. In this section, we discuss the angular
dependence of the magnetic hysteresis loops for a
crystallographically oriented €-Gag 45Fe 5503 magnetic film.

This journal is © The Royal Society of Chemistry 20xx
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€-GagssFe;ss03, @ nanomagnetic material, was prepared
according to the literature.®® The nanoparticles are 25 + 11 nm
spheres. The powder sample displays an orthorhombic structure in
the Pna2; space group, where Ga selectively substitutes for the D
site. Figure 5a confirms a magnetic hysteresis loop of e-Gag 45Fe;.5503
with a large H, value of 7.9 kOe and a magnetization value of 30.4
emu gt at 7 tesla (T) (Myr) at 200 K. Then, we prepared a
crystallographically oriented €-Gag 45Fe; 5503 film using a dispersed
resin solution composed of a urethane resin and a vinyl chloride
polymer according to the previous section.3¢

€-Gag 45Fe 55053

—~
QD
-~
w
o
1

N
o
1

=
o
1

Magnetization (emu g
o

-10-
-20_
-30
T T T T T T
-60 -40 -20 0 20 40 60
Field (kOe)
(b)
S Oriented film
N
el
s
2
‘2
Qo
£ vehicle matrix
f_}%
\J * *
——
[ B N T T I A N I AT TR W TITY ]
T T T T T T

30 35 40 45 50

20 (degree)

Figure 5. (a) Magnetization vs. external magnetic field curve of the e-GagasFe;ssO3
powder form. (b) XRD pattern and Rietveld analyses of the e-Gag 45Fe; 5503 film oriented
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in a magnetic field. Asterisks represent the peaks from the vehicle matrix. Adapted with
permission from Eur. J. Inorg. Chem., 2018, 847-851. © 2018 WILEY - VCH Verlag GmbH
& Co. KGaA, Weinheim.

The &-GagssFeyss0s film displays a strong peak in the XRD
pattern due to the 200 reflection (Fig. 5b). It has a high f factor of
0.94. Figure 6a plots the angular dependence of the magnetic
hysteresis loops when the angle (6) is set to 0°, 15°, 30°, 45°, 60°, 75°,
or 90°. It should be noted that 6 = 0° indicates that the measured
magnetic field is parallel to the out-of-plane direction of the film. The
H.values are 9.7 kOe (6 =0°), 8.4 kOe (6= 15°), 7.5 kOe (6 =30°), 7.0
kOe (6 = 45°), 6.7 kOe (0 = 60°), 5.5 kOe (8 = 75°), and 4.3 kOe (0 =
90°). The M, values are 30.4 emu g (6=0°) and 28.8 emu g* (6 =
90°). Additionally, we calculated the magnetic hysteresis loops for
various 6@ angles, considering the ffactor is 0.94. Figure 6b shows that
the calculated and observed curves agree well.

J. Name., 2013, 00, 1-3 | 3
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Figure 6. Angular dependence of the magnetic hysteresis loops. (a) Magnetization vs.
external magnetic field curve of the &-GaggsFe;ss03 magnetic film oriented
crystallographically at 0°, 15°, 30°, 45°, 60°, 75°, and 90°. (b) Simulated magnetization
(M) vs. external magnetic field (H) curve of the film oriented in a magnetic field at 0°,
15°,30°,45°, 60°, 75°, and 90°. Adapted with permission from Eur. J. Inorg. Chem., 2018,
847-851. © 2018 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim.

As above, we realized a magnetic film composed of
crystallographically oriented &-Gag4sFe;ssO; nanoparticles in a
vehicle resin where the crystallographic a-axis is aligned along the
out-of-plane direction of the film. Then a rectangular magnetic
hysteresis loop with an H, value of 9.7 kOe and M, value of 30.4 emu
g~! at room temperature is observed when 6 =0°.

4. Trimetal-substituted e-iron oxide for next-
generation magnetic recording media

Magnetic recording tapes are expected to play an important role in
the big data era due to their long-term stability and low cost.!™* €-
iron oxide, &-Fe,03, exhibits a large H. over 20 kOe at room
temperature, and is a promising candidate for high-density magnetic
recording media. The H. of a magnetic nanomaterial is strongly
related to its particle size. As the particle size decreases, H. decreases
due to the superparamagnetic effect (i.e., thermal excitation leads to
magnetization inversion and a decreased coercive field (Fig. S1)). For
high-density recording, smaller particle sizes of the magnetic
material are important. However, H. should be adjusted to 3 kOe for

4| J. Name., 2012, 00, 1-3
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practical applications as next-generation high-density storage media.
€-iron oxide can be substituted with multiple metals. Here, we focus
on &-Galy3;TiVyesCo'gosFe1 5003,  which is  simultaneously
substituted with Ga3*, Ti**, and Co2* ions.>® It exhibits an H, value of
2.7 kOe, suitable for a high-density magnetic memory. As a proof of
concept, we prepared a practical £-Ga"y3;TiV5C0"905Fe" 15003
magnetic recording tape and demonstrated its performance.

€-Gap31Tip05Cop0sFe1.5903 was fabricated via the sol—gel
method.>” Figure 7 shows the sample has an isomorphic
orthorhombic crystal structure with €-Fe,03 in the Pna2; space
group. It is composed of spherical nanoparticles with a particle size
of 18.3 £ 8.8 nm (Fig. 7, inset). The D sites are mainly substituted with
Ga?*, Ti**, and Co?* ions. Specifically, 48%, 10%, and 10% of the D sites
are occupied by Ga3*, Ti**, and Co?*, respectively. In addition, 14% of
the C sites are occupied by Ga3*.

€-Gayg 31Tig 05C0g 0sF€1.5603
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Figure 7. XRPD pattern and Rietveld analysis of €-Gag 31 Tip0sC0g 0sF€1.5903. Green crosses,
black line, and grey line are the observed pattern, calculated pattern, and their
difference, respectively. Green bars represent the calculated positions of the Bragg
reflections of the e-phase (orthorhombic, Pna2,). Inset is the TEM image. Adapted with
permission from Angew. Chem. Int. Ed., 2016, 55, 11403-11406 © 2016 WILEY - VCH
Verlag GmbH & Co. KGaA, Weinheim.

Figure 8 plots the magnetization versus magnetic field curve at
300 K. Compared to the original e-Fe,03, which has a magnetization
value of 16.2 emu gt at 7 T, e-Gag 31 Tip05C0p 05Fe1.5003 has a 44%
increase in the magnetization value (23.4 emu g') due to the
reduced sublattice magnetization at the D sites because Fe3* ions (S
=5/2) are substituted with Ga3* (S = 0), Ti** (S = 0), and Co?* (S =3/2).
Moreover, the H, value of -Gag 31Tig05C0g 05F€1.5903 is 2.7 kOe. This
is one order smaller than the H. value of the original e-Fe,0s. The
smaller H. value is attributed to the compensation of single-ion
anisotropies of Fe3* and the additional Co?*. As the H. value is suitable
for magnetic recordings (<3 kOe), we investigated its feasibility as
magnetic recording media.

Figure 9a shows a photograph of the trial magnetic tape. Figure
9b shows a cross section scanning electron microscopy (SEM) image
of the manufactured magnetic tape. The magnetic layer has a
thickness of 110 + 5 nm and a very low surface roughness of 2.7 nm.
The nanoparticles are crystallographically oriented.

We evaluated its performance using a third-generation linear
tape-open (LTO-3) anisotropic magnetoresistive (AMR) head. Figure

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. (a) Initial magnetization curve and (b) magnetic hysteresis loop of e-

Gag 31Tip.0sCOp 0sF€1.5903 measured at 300 K. Inset of (a) is a photograph of the powder
sample. Adapted with permission from Angew. Chem. Int. Ed., 2016, 55, 11403-11406
© 2016 WILEY - VCH Verlag GmbH & Co. KGaA, Weinheim.

9c compares the results to those of a cobalt-iron metal alloy (MP1,
DOWA Electronics Materials) magnetic tape. Compared to the MP1
magnetic tape, the peak of the €-Gag31Tig0sC0p osFe15903 tape is
sharper, the foot is much narrower, and the baseline is perfectly flat,
demonstrating that the g-Gag 31 Tig.0sC0g 05F€1.5003 Mmagnetic tape has
a high signal-to-noise ratio (S/N). Consequently, e-
Gag.31Tig.05C0p 05F€1.5003 holds promise in next-generation magnetic
tape—recording applications.

As above, we developed g-Ga''ly 3;Ti"g 05C0"g osFe'"'1 5903. It has an
average size of 18 nm. More importantly, the magnetic properties of
€-iron oxide can be tuned by adjusting the substitution ratios of the
Ga3*, Ti**, and Co?* cations. Hence, -Ga" 31 TiVg.05C0"g osFe'; ss03has
potential as practical and economical magnetic recording media that
can be tuned to different specifications for data storage in the big
data era.

Conclusions

It has been sixteen years since e-Fe,03 was firstly reported as a
hard-magnetic ferrite with a large coercive field. To date, basic
studies have elucidated its physical properties. In addition,
research towards practical applications has made great strides.

This journal is © The Royal Society of Chemistry 20xx
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Figure 9. (a) Image of the manufactured &-Gag 31Tig05C0005F€15003 Magnetic recording
tape. (b) Cross-sectional SEM image of the €-Gag 31Tip 05C00 0sF€1.5003 magnetic recording
tape. (c) Power spectrum of the €-Gag3;Tio0sC00.05F€1.5903 tape signal (green line) and
cobalt-iron alloy tape signal (gray line) measured with the LTO-3 AMR head. Adapted
with permission from Angew. Chem. Int. Ed., 2016, 55, 11403-11406 © 2016 WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim.

Data storage is classified into three categories depending on the
access frequency; hot data, warm data, and cold data. Especially,
for cold data, magnetic recording tapes are expected to play an
important role in the big data era due to their long-term stability
and low cost.»™ In the present article, we described a e-iron
oxide magnetic film developed as a next-generation high-
density magnetic recording material.

In addition to magnetic recording materials, e-iron oxide
could have various practical applications, e.g., a probe-lever for
magnetic force microscopy (MFM),2° magnetic hyperthermia
nanoparticles for medical use,? and millimeter-wave
absorption materials.444550,58
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