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2D Magnetic Mesocrystals for Bit Patterned Media

Shanshan Guo, Feng Xu, Baomin Wang,* Ning Wang, Huali Yang, Pravarthana Dhanapal,

Fei Xue,* Junling Wang, and Run-Wei Li*

Bit patterned media exhibits great potential in satisfying the increasing
demand for higher information storage density, but the present media fabrica-
tion technique is complicated. Here, a 2D magnetic mesocrystal with mono-
disperse CoFe,0, (CFO) nanocrystals is fabricated through a combination of
nanoseeds layer growth and oxides self-assembly method. The monodisperse
CFO nanomagnets protrude from the substrate surface with perfect crystal
facets, specific crystallographic orientation, and are fully relaxed. Systematic

nanocrystals, named mesocrystal, has been
synthesized by a one-step self-assembly
crystallization process.”! Through this
novel self-assembly process, magnetic
mesocrystals composed of discrete mag-
netic nanocrystals embedded in an
immiscible nonmagnetic matrix have
been achieved.l®l However, the embedded
nanomagnets inevitably suffer from mis-

magpnetic characterizations, such as dynamic cantilever magnetometry for
single CFO nanocrystal, magnetic force microscopy, and superconducting
quantum interference device magnetometry for large area, reveal the novel
tilted magnetic anisotropy and the switchable single domain state. This work
provides a new way to fabricate bit patterned media with controlled material
structure simply by a nanoseeds-mediated self-assembly method.

The increasing demand for hard drives with higher storage den-
sity has motivated a technology shift from continuous magnetic
media to bit patterned media (BPM),l!l in which one single
bit of information is stored in an individual nanostructure.!
At the present research and development stage, BPM is fabri-
cated using a combination implementation of e-beam lithog-
raphy, template fabrication, nanoimprint, and magnetic film
evaporation,'®3 and these isolated islands on BPM exhibit poly-
crystal structure. However, these polycrystal islands suffer from
nonuniform microstructure, which inevitably results in varia-
tion of magnetic anisotropy among islands, which in turn leads
to wide variation of switching field that affects the address-
ability of individual predefined bits and may cause overwriting
of adjacent bits.¥l Recently, a unique crystallographically hier-
archical structure, which is made up of isolated well-organized

match strain and defects at the interfaces
of two mixed phases,”] which may pro-
duce uncontrollable magnetic property for
each nanomagnet and contribute to wide
variation of switching field. Thus, mag-
netic mesocrystals composed of mono-
disperse  well-organized  nanocrystals
that are not embedded in a matrix have
great potential in BPM. Here, we report
the fabrication of 2D magnetic CoFe,O, (CFO) mesocrystal
through a combination of nanoseeds layer growth and oxides
self-assembly method. The monodisperse CFO nanomagnets
protrude from the substrate surface with perfect crystal facets,
specific crystallographic orientation, and are fully relaxed. Sys-
tematic magnetic characterizations, such as dynamic cantilever
magnetometry (DCM) for single CFO nanocrystal, magnetic
force microscopy (MFM), and superconducting quantum inter-
ference device (SQUID) magnetometer for large area, reveal
the novel tilted magnetic anisotropy and the switchable single
domain state.

A schematic description of the fabrication process is shown
in Figure 1a. The nanoseeds layer is prepared based on the
different surface energy anisotropy of perovskites and spi-
nels. Most perovskites are characterized by low-energy {100}
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Figure 1. CFO mesocrystal fabrication process. a) Schematic flowchart of the CFO mesocrystals fabrication. b) Topography image of the CFO nano-
seeds layer. ¢,d) Topography image of the as-grown CFO mesocrystal in 2D and 3D view. The scale bar in (b) and (c) is 200 nm.

surfaces.®l On the other hand, in spinels, the {111} surface
typically has the lowest surface energy.”) The growth mode of
perovskite and spinel phases can, therefore, be very different
when they are deposited on a substrate surface. Here, (001) ori-
ented perovskite Nb-doped SrTiO; (Nb:STO) is chosen as the
substrate. The nanoseeds are deposited by pulsed laser depo-
sition using a CFO and BiFeO; (BFO) dual-target setup. The
laser first ablates the CFO target, and the spinel CFO wets the
substrate partially, leading to the formation of islands, as illus-
trated in step 1. The laser ablates the BFO target. Because of
the good structure compatibility with Nb:STO, perovskite BFO
tends to follow a layer-by-layer growth mode as shown in step
2 and contributes to stabilize and separate the CFO nanois-
lands. We repeat the deposition of CFO and BFO cycles ten
times to ensure that the CFO nanoislands are large enough to
act as the nucleating points. Each cycle is well controlled so
that neither CFO nor BFO form one continuous layer to avoid
the formation of a multilayered structure. Surface morphology
of the nanoseeds layer was probed by atomic force micros-
copy (AFM), which reveals =10 nm monodisperse nanodots
uniformly distributed on the surface as shown in Figure 1b.
Finally, the self-assembly process, which occurs specifically for
immiscible materials, follows by ablation of a BFO-CFO com-
posite target,® as illustrated by step 3. The nanoseeds layer
induces further growth of CFO at certain locations, leading to
particles with a lateral size of 100 nm dispersed homogene-
ously on the substrate, as shown in Figure 1c. From the 3D
view (Figure 1d), we can see that these monodispersed par-
ticles protrude from the surface and exhibit a pyramid-like
structure with specific crystallographic orientation. The ridges
of the nanopyramids align along (100) and (010) directions.
The nanoseeds layer is essential to achieve this well-organized
2D CFO mesocrystal (Figure Sla, Supporting Information).
Besides, the size of the nanopyramids can be modulated with
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great flexibility by increasing/decreasing the deposition time
(Figure S2, Supporting Information). The CFO ordered arrays
can be fabricated through the nanoseeds layer mediated oxides
self-assembly method on a prepatterned substrate (Figure S3,
Supporting Information).

Transmission electron microscopy (TEM) analyses were con-
ducted on the as-grown sample from planar view. Bright-field
(BF) TEM image resolves the system to be pyramid-like parti-
cles dispersed on a flat layer (Figure 2a), and the corresponding
Co elemental mapping further confirms the CFO phase in the
nanocomposite system, as Co appears only in the nanopyra-
mids (Figure 2b). X-ray (6-26) scan shown in Figure 2c reveals
the good crystallinity and epitaxial quality of the nanostruc-
ture, as reflected by the diffraction peaks from (00l)-oriented
spinel CFO, perovskite BFO, and Nb:STO substrate, respec-
tively. The c-axis lattice parameter of the CFO is calculated as
8.38 A, suggesting that it is fully relaxed. The epitaxial structure
was further confirmed by the in-plane phi-scans, as shown in
Figure 2d. The fourfold symmetry and the cubic-to-cubic corre-
lation of both constituents and single-crystal Nb:STO substrate
indicate a structure-coupled epitaxial growth.

To further investigate the microstructures of the CFO
nanopyramids, we conducted cross-sectional TEM, as shown in
Figure 3. It is worth to note that all of the CFO phase (indi-
cated by arrows in Figure 3a) form facets and protrude from the
substrate surface, with an average height of 60 nm. It is totally
different from the BFO-CFO nanocomposite fabricated by oxide
self-assembly without a seeds layer (Figure S1b, Supporting
Information). Energy-dispersive X-ray spectroscopy (EDS) map-
ping identifies chemically the individual (well-aligned) pyramid
as CFO (Figure 3b). Moreover, Figure 3a,b confirms the non-
embedding nature of the CFO nanopyramids. Notably, there
is a thin BFO layer beneath the CFO nanopyramids which can
be seen from the Bi element mapping. This thin BFO layer is
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Figure 2. Phase and epitaxial growth of CFO mesocrystals. a) In-plane BF-TEM image of CFO mesocrystals, and b) the corresponding same region
Co elemental mapping. Scale bar, 200 nm. c) X-ray (6-26) scan of CFO mesocrystal showing only (00l) type peaks, corresponding to CFO, BFO, and
Nb:STO substrate. d) A fourfold symmetry and epitaxial correlations between CFO, BFO, and single-crystal substrate revealed by phi-scans.

generated during the seeds layer growth (Figure 1a). To extract
atomic-scale information, Figure 3d exhibits the zoom-in
high-resolution TEM (HRTEM) image of the marked area in
Figure 3c. The HRTEM image shown in Figure 3d confirms
the {111}-type facets, which has the lowest surface energy for
the spinels, of the CFO nanopyramids. In addition, one can see
that there is a transition region between CFO nanopyramids
and Nb:STO substrate. These findings are also corroborated by
cross-sectional EDS mapping, where a thin Bi-rich layer can be
identified (Figure 3b).

For BPM, one bit of information is stored in a single mag-
netic nanoisland. So it is imperative to understand the intrinsic
magnetic properties of the single nanoisland. However, due to
the weak magnetic response of a nanometer-scale unit, such
information is difficult to obtain by conventional instruments.
In the present study, we investigate the magnetic properties
of an individual CFO nanopyramid using the DCM, which
is an effective method for the study of nanomagnetic mate-
rials.l'% DCM measures the shift of the cantilever’s resonance
frequency caused by the torque acting on a nanomagnet at
the tip of cantilever from a magnetic field. By using an ultra-
soft, single-crystal Si cantilever, a sufficiently high sensitivity
can be achieved. Individual CFO nanopyramid is obtained by
focused ion beam (FIB) and mounted onto the cantilever with
Pt as adhesive using FEI Helios Nanolab 600i. The experiment
setup is schematically shown in Figure 4a. Detail information
about the cantilever and test specimen is shown in Figure S4
(Supporting Information).

DCM experiments are carried out in a vacuum chamber with
a pressure below 1 X 107° mbar in the cryostat. A vector super-
conducting magnet produces a magnetic field up to 90 kOe
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along z-axis, and 10 kOe along x and y-axes. The changing of
cantilever’s resonant frequency is recorded while the magnetic
field is swept. At large fields, the frequency shift can be mod-
eled by employing a Stoner—Wohlfarth (S-W) uniformly mag-
netized particle approximation, given in SI units

g _ ,uomSHHk (1)
fo  2k2(H+H,y)

where fy is the cantilever’s resonance frequency at zero field,
mg is the saturation magnetic moment of the sample, k is the
cantilever’s spring constant, and . is the effective length of can-
tilever, which is related to the bending mode (I, = 0.751—0.85).
And H, = 2K,/M; is the effective uniaxial anisotropy field. K,
is uniaxial anisotropy and M; is saturation magnetization. We
measure f; as a function of H with an oscillation amplitude of
x =100 nm (x << ).

The magnetic signal from the CFO nanopyramid is very
small. A reference experiment was first conducted to confirm
that the Pt and the substrate have negligible effect on the fre-
quency shift of the cantilever, as shown in Figure S5 (Sup-
porting Information). The experiments were carried out for
CFO nanopyramid in three orientations as illustrated in the
insets of Figure 4. The measured frequency shift is plotted
with respect to the applied magnetic field. The dependence of
Af versus H is fundamentally different for each orientation, so
the magnetic anisotropy can be acquired. Figure 4b shows Af
versus H along Z axis, where Af is positive for large |H| and
approaches a constant value. At low fields, the data show a clear
hysteresis and a superposition at about 7 kOe. With the S—W
assumption, the superposition in hysteresis loop indicates the
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Figure 3. High-resolution structural and chemical analysis of CFO mesocrystals. a) A typical cross-sectional TEM image of the CFO mesocrystals.
The CFO phase is indicated by orange arrows. Scale bar, 100 nm. b) The TEM image of the sample and the corresponding same region EDS mapping
of the Co, Fe, Bi, and O from left to right, respectively. Scale bar, 30 nm. c) Cross-sectional TEM image of one CFO nanopyramid. Scale bar, 30 nm.
d) High-resolution cross-sectional TEM image of the area marked in (c) viewed from zone axis [1-10]. The crystallographic axis in-plane of the pyramid

is indicated. Scale bar, 5 nm.

saturation magnetization. So we can conclude that the satu-
ration magnetization field of the CFO nanopyramid is about
7 kOe, which is similar to that obtained from the macroscopic
M-H data (see Figure 4e). In the other configurations, the Af
versus H curves are more complex. In Figure 4c, Af versus H
along y-axis becomes negative, and eventually approaches zero
at large |H|, and two curves coincide well. The minima in Af
are sobserved near +6.5 and —6.5 kOe. In Figure 4d, Af versus
H perpendicular to the oblique plane of the CFO nanopyramid
shows hysteresis at low fields in a “V-shape” and exhibits a
negative slope at high fields. Three different orientations show
three different results, so we can conclude that the CFO nano-
pyramid shows magnetic anisotropy. We have also studied the
macroscopic magnetic properties of the CFO mesocrystals
using SQUID magnetometry. The magnetic hysteresis loops
(M—H loops) shown in Figure 4e were measured with the mag-
netic field parallel, perpendicular, and inclined to the substrate
surface. The M—H loop measured with the H tilted shows the
smallest coercivity (0.25 kOe) and the highest rectangle factor,
indicating the magnetic easy axis alignment. And anisotropy
constant K, and anisotropy field H) were calculated from the
magnetization curves (Figure S6, Supporting Information). K,
and Hy of the CFO mesocrystals are 8.5 X 10° erg cm™ and
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17 kOe, respectively. Thus, CFO mesocrystals reported here are
suitable for BPM application from the anisotropy field point of
view. Details of the calculation and discussions can be found in
the Supporting Information.

Microscopic magnetic properties of the CFO mesocrystals
were assessed by MFM. Figure 5a shows the MFM phase
image of the as-grown sample with the contours of the nano-
pyramids superimposed, respectively. The inset of Figure 5a
is the corresponding topography. In our study, the CoCr-coated
magnetic tip was magnetized in an upward direction before
measurements. The dark contrast suggests attractive force
between the tip and the nanopyramid and the upward mag-
netization. While the bright contrast, suggesting repulsive
force between the tip and the nanopyramid, indicates down-
ward magnetization. As shown in Figure 5c, after applying
an out-of-plane magnetic field to saturate the CFO nanopyra-
mids, the remnant states of the nanopyramids show uniform
single-domain dark contrast. And they turn to bright contrast
after being subjected to an opposite field (Figure 5d), indi-
cating switching of magnetization. The good thermal stability
of monodisperse CFO mesocrystal and its magnetic domains
was confirmed by temperature dependence of topography
and MFM images, which keep stable up to 343 K (Figure S8,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. DCM characteriaztion of an individual CFO nanopyramid and macroscopic magnetic characterization. a) Schematic diagram of the cantilever
magnetometry experimental setup. Resonant frequency shift of the cantilever with an individual CFO nanopyramid as a function of applied magnetic
field along the b) pyramid ground plane//z-axis and c) pyramid vertice axis//y-axis, and perpendicular to the d) pyramid lateral face axis. The insets
in (b), (c), and (d) are the schematic diagrams of the direction of magnetic field applied with respect to CFO nanopyramid structure. ) Normalized
magnetic-hysteresis loops from along in-plane, out-of-plane, and tilted axis to the nanopyramid CFO mesocrystals.

Supporting Information). Furthermore, the Curie tempera- low resolution of MFM technique and a more precise charac-
ture (T;) of CFO mesocrystal obtained from the temperature  terization technique is needed.

dependence of magnetization (M-T) curve is close to that of In summary, we have developed a new method to fabricate
CFO bulk =760 KM (Figure S9, Supporting Information), 2D magnetic mesocrystals consisting of monodisperse CFO
indicating the good thermal stability of CFO mesocrystal. The = nanomagnets. The monodisperse CFO nanomagnets are single
contrasts at the rim of the pyramids, as shown in Figure 5b—d,  crystal with uniform pyramid-like shape and specific crystal-
may originate from the tilted magnetic anisotropy of the nano-  lographic orientation, and fully relaxed. All of these features
pyramids. Considering the structure symmetry, a fourfold should play positive roles in eliminating the intrinsic SFD for
magnetic anisotropy axis can be expected. This special mag- BPM application. Furthermore, systematic characterizations
netic configuration may lead to multistate storage to further  confirm the switchable single domain state, good thermal
improve memory capacity in BPM (Figure S7, Supporting  stability, and large magnetic anisotropy, which should satisfy
Information). However, further evaluation is limited by the the demands of storage medium. The method shows great

(a)

0.35°

Figure 5. Magnetic domain characterization of CFO nanopyramid mesocrystal. The MFM phase scan image of the a) pristine state, after the applied
magnetic field of magnitude equal to 20 kOe b) along out-of-plane and c) into the plane of the image shown. The top-left inset in (a) is the corre-
sponding topography of the same area. The CFO nanopyramid magnetic domains are outlined with black color. Scale bar, 200 nm.
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flexibility in controlling the island size. Last but not the least, if
combined with nanopatterned substrates, ordered nanomagnet
arrays can be fabricated. Though much work still needs to be
done from application point of view, the technique reported
here is definitely of interest for both fundamental study and
technology development.

Experimental Section

Sample Fabrication: Multitarget system of bulk CFO, BFO, and
BFO-CFO discs was used to fabricate 2D magnetic CFO mesocrystal
on an (001) oriented Nb:STO substrate by pulsed laser deposition with
a KrF (A = 248 nm) excimer laser. The laser beam was focused on the
target with an energy density of =1.4 ] cm=2 Samples were deposited at
the substrate temperature of 750 °C and in a dynamic oxygen pressure
of 200 mTorr. In the growth process of CFO nanoseeds layer, two
separate single-phase targets, CFO and BFO, were alternately ablated.
Each cycle was well controlled so that neither CFO nor BFO form one
continuous layer to avoid the formation of a multilayered structure.
Typically, five pulses were incident on the CFO target followed by 30 on
the BFO target, which was repeated ten times to form a nanoseeds layer
with =10 nm monodisperse CFO nanodots. Then laser beam ablated the
BFO-CFO composite target at a frequency of 2 Hz. After the deposition
process, samples were cooled to room temperature at 4 °C min~' with
100 Torr O, to minimize the creation of oxygen vacancies. Patterned
dot arrays were written on the (001)-oriented Nb:STO substrate
by a Ga focused ion beam of FEI Helios Nanolab 600i dual beam
microscope. The acceleration voltage and current were set at 30 kV
and 24 pA, respectively. The ion-damaged regions were then etched
by a concentrated aqueous solution of HCI for 15 s under ultrasonic
agitation. Afterward, the templated substrates were cleaned by acetone
under ultrasonic agitation.

Structure Characterization: The sample structure was investigated by
AFM, high-resolution X-ray diffraction (XRD), and TEM. The specimens
of in-plane or cross-sectional TEM analysis were prepared using FIB.

Magnetic Property Measurements: The magnetic property of the
single CFO nanopyramid was detected by DCM. Individual CFO
nanopyramid was obtained by FIB and mounted onto the cantilever with
Pt as adhesive using FEI Helios Nanolab 600i. The detailed preparation
process of DCM test specimen is shown in Figure S2 (Supporting
Information). Macroscopic magnetic property was studied using SQUID
magnetometry with the magnetic field parallel, perpendicular, and
inclined to the substrate surface. To acquire the information of magnetic
anisotropy, magnetization curves were acquired after the samples were
demagnetized by annealing it at 820 K for 15 min. In the temperature-
dependent magnetization measurement, the sample was first cooled
from 830 to 300 K without a magnetic field, and then sequentially raised
to 830 K. The magnetization responses were recorded on the heating
cycle with a recording field of 500 Oe. Magnetic domains were detected
by MFM. The Co/Cr-coated magnetic tip, which was magnetized along
an upward direction in advance, was used to probe the magnetic
response of the CFO mesocrystals.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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