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In this study, we have fabricated and studied magnetic domains in the periodic H-mediated Zng C0010 (H-ZCO) microdisk
DOI: 10.1039/x0xx00000x . .

structures at room temperture with MFM technique. The results of MFM show that the z-componet of the remanent
www.rsc.org/ magnetic moment is uniform even though the value is much smaller than that of the saturation magnetic monent. In the
investigation of H-ZCO microdisk arrays in different volumes, the magnetic domains observed on different sizes of the H-
ZCO microdisks exhibited same magnetic domain characteristics perpendicular magnetization, regardless of the volume.

Also, we confirmed that the ferromagntism in H-ZnCoO system is mediated by hyrogens with MFM results of ZnCoO
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Introduction

The development of high-speed, nonvolatile spin devices with low
power consumption is essential for the realization of next-
generation information and communication technologies.l'2 Studies
of spintronics based on magneto-electrics, with various micro- and
nano-sized architectures in metals or semiconductors, have
facilitated information access, transfer, and novel storage
techniques.a'5 Extensive research on meso-structured magnetic
domains has been performed primarily on ferromagnetic metals,
such as permalloy (Ni—Fe),G'10 supermalloy (Ni-Mo-Fe), 1 ¢o,* co-
Pt,13'14 and Co-Ni."™® In addition to these magnetic domain control
technigues in metals, recent efforts have been made to merge
them with highly developed modern microelectronics and
optoelectronics, based on semiconductors. Such an interdisciplinary
application is expected to be realized using precisely structured
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and dehydrogenated.

magnetic domain configurations in magnetic impurity-doped
semiconductors."***

Intrinsic ferromagnetic characteristics, magnetization switching,
and spin transport techniques for spintronic applications have been

1719
However, due

reported in a magnetic semiconductor, GaMnAs.
to its low Curie temperature, GaMnAs-based spintronic devices only
operate below ~100 K.'*° Researchers have investigated numerous
materials in an effort to find novel spin-device materials that work
at room temperature; transition metal-doped oxides, such as ZnO
and TiO,, have attracted considerable interest.®3! Among these
materials, transition-metal-doped ZnO (TM:Zn0O) has been regarded
as a promising candidate for spintronic devices, even the
reproducibility, reliability and origin of its room temperature
ferromagnetism are still debated offering room-temperature
ferromagnetism.zs'31

Some groups observed magnetic domains in TM:ZnO thin films
or nanofibers and the observed magnetic domain sizes were less
than 1 um either the samples were micron-size patterned or not.3*
3 Recently, we observed localized ferromagnetic domains in
paramagnetic ZnCoO where the ferromagnetic domains were
formed by selective hydrogen exposure with anodic aluminum
oxide template. The magnetic domains were randomly distributed
in plane and the size was about 250 nm.*”

In this report, we have fabricated and studied magnetic
domains in the periodic ZnCoO microdisk structures at room
temperture with MFM technique. The results of MFM shows
that the z-componet of the remanent magnetic moment is
uniform even though the value is much smaller than the
saturation magnetic monent. In order to confirm the
geometrical dependence of magnetic domains, we fabricated
different volumes of H-ZCO microdisks, and investigated the
magnetic domains as a function of geometry.
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Experimental

Co-doped ZnO microdisks were prepared using UV lithography
and the lift-off process. Photoresist (AZ1512, AZ Electronic
Materials) was coated onto an Al,O; (0001) substrate, and
inverse micro-sized patterns were transferred using UV
lithography. A ZnCoO layer was deposited at 100 °C using
radio-frequency sputtering of a 10 mol% Co-doped ZnO
polycrystalline target, followed by subsequent removal of the
sacrificial photoresist layer. Undesirable protrusions along the
circumference of the microdisk and photoresist residues were
removed via reactive ion etching with Ar and O, gases. To
introduce and remove magnetic characteristics, hydrogen was
injected into the manufactured ZnCoO microdisk using HIP
with Ar:H, mixed gas (9:1 vol%) at 300 °C for 10 h and
hydrogen was removed (ejected) from the ZnCoO microdisk by
annealing at 500 °C in a vacuum atmosphere for 2 h. The
crystalline structure of ZnCoO and its surface morphology
were analyzed using X-ray diffraction (XRD, Empyrean,
PANalytical), scanning electron microscopy (SEM, S4700,
Hitachi), transmission electron microscopy (TEM, Tecnai TF300
ST, FEI company), and atomic force microscopy (AFM, XE-100,
Park Systems). manipulation

Reversible between

paramagnetism and ferromagnetism, saturation
magnetization, and magnetic anisotropy were investigated
using vibrating sample magnetometry (VSM, Physical Property
Measurement System, Quantum Design). The magnetic
domain structure was observed using magnetic force
microscopy (MFM, XE-100, Park Systems), equipped with a
PPP-MFMR cantilever tip (Nanosensors) and lift mode; the tip-
to-sample distance was 30 nm for effective magnetic-phase
scanning. The magnetic domain simulation was carried out
using an object-oriented micromagnetic framework (National
Institute of Standards and Technology).

Results and discussion
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Fig. 1 (a) X-ray diffraction (XRD) patterns of as-grown ZnCoO (ZCO), hydrogen-injected
ZCO (H-ZCO), and dehydrogenated H-ZCO (d-ZCO). No peaks corresponding to cobalt
precipitation were observed. (b) Scanning electron microscopy (SEM) image of a H-ZCO
microdisk array. (c) Cross-sectional high-resolution transmission electron microscopy
(HRTEM) image of a single H-ZCO microdisk. (d) Magnetization—-magnetic field (M—-H)
curves of the ZCO series, showing reversible manipulation of room-temperature
ferromagnetism by hydrogen injection and ejection processes.

Figure 1 shows the change in the structural and magnetic
characteristics of the ZnCoO before and after hydrogen
injection/ejection processes. As-grown ZnCoO, hydrogen-injected
ZnCo0, and dehydrogenated ZnCoO are abbreviated as ZCO, H-ZCO,
and d-ZCO, respectively. X-ray diffraction (XRD) patterns shown in
Fig. 1(a) reveal that the crystal orientations of ZCO, H-ZCO, and d-
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ZCO are in c-axis and not significantly affected by the hydrogenation
and the dehydrogenation. XRD patterns were measured for other
pieces which were a part of the same sample as the microdisk array
pieces. Figure 1(b) shows a scanning electron microscopy (SEM)
image of an H-ZCO array. The diameter and pitch of the well-
defined microdisk array are both 7 um. The cross-sectional high-
resolution transmission electron microscopy (HRTEM) image in Fig.
1(c) shows the lattice image pattern of a H-ZCO microdisk. From
XRD results and the HRTEM image taken of several regions in the H-
ZCO microdisk array, we confirmed that Co”* ions were substituted
for zn® ions; no secondary phases related to Co-metal clusters or
cobalt oxide species were observed after the hydrogenation
process.3°’31‘36 The field-dependent magnetization along the out-of-
plane axis exhibited a distinct transition from the paramagnetic to
the ferromagnetic state and vice versa, with hydrogen
injection/ejection, as shown in Fig. 1(d). The diamagnetic
contribution of the Al,O; substrate was subtracted by independent
measurement; unintended ferromagnetic signals from external
factors were prevented with careful handlings. Before hydrogen
injection, ZCO exhibited ordinary paramagnetic behavior; however,
following hydrogen injection, strong ferromagnetic spin—spin
ordering of Co”* ions on H-ZCO was induced, as identified by the

25-31
To remove

resulting room-temperature hysteresis.
ferromagnetic spin-ordering on H-ZCO, hydrogen was ejected via a
high-vacuum annealing process, which prevented chemical
oxidation. After hydrogen ejection, the ferromagnetism of d-ZCO
disappeared. This reversible manipulation of magnetic
characteristics indicates that the room-temperature
ferromagnetism of H-ZCO is induced by hydrogen mediation, not by

defects or Co-metal clusters.
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Fig. 2 Schematic diagram for the ferromagnetism in a ZCO microdisk array. The Wurzite
crystal structure of ZnO doped with Co is shown inside of the dashed line- rectangular.
Zn ions are in light blue, oxygen in gray, Co in green, and H in purple. The red and blue
arrows represent spin of Co ions and of hydrogen ion, respectively. (a) Before hydrogen
injection or after hydrogen ejection, spins of neighboring Co”" impurities point in
random directions. (b) After hydrogen injection, hydrogen mediates a short-range
ferromagnetic interaction between neighboring Co®* impurities, which results
ferromagnetism in H-ZCO.

The mechanism for the ferroamgnetism in H-ZnCoO was well
explained in the reference 25. Interstitial hydrogens mediate a
strong short-ranged ferromagnetic spin-spin interaction between
neighboring co* impurities through the formation of a bridge bond
as shown in Fig 2. After hydrogen injection, hydrogen mediates a
ferromagnetic interaction between neighboring co™ impurities,

This journal is © The Royal Society of Chemistry 20xx
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which results ferromagnetism in H-ZCO, while the spin of Co* ions
points randomly without hydrogen.
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Fig. 3 MFM results (a) and (c) of a H-ZCO microdisk corresponding to certain positions
along the M—H curve (b). MFM image (a) in the absence of an external magnetic field
after applying an external magnetic field of +1000 Oe and (c) in the absence of an
external magnetic field after applying an external magnetic field of ~1000 Oe to reverse
the spin-ordering along the out-of-plane direction. (d), (e) AFM and MFM results of
microdisks with different sizes, respectively.

Since the remanent magnetization is much smaller than the
saturation magnetization, we expected mutidomain MFM images.
The observed MFM results were shown in Fig 3. As shown in Fig 3 (a)
and (c), the magnetic domains were unifrom. Also, the reversal of
MFM phases in a H-ZCO microdisk was observed using an external
magnetic field larger than its coercive field (Fig. 3). After applying a
0.1-T external magnetic field to H-ZCO along the out-of-plane
direction using a magnetic field generator, MFM phase images were
scanned in the absence of the external magnetic field at room
temperature. The reversed external magnetic field was then applied
and removed. The resulting perpendicular magnetization of the H-
ZCO micro-dot had the opposite phase direction; its up magnetic
phase in Fig. 3(a) differs from down state in Fig. 3(c) by ~2° from its
line profiles.

The effect of structural factors on micro-sized magnetic domain
was not elaborately analyzed, but it is interesting result that H-ZCO
microdisk could maintain the uniform out-of-plane magnetic
moment in the absence of the external magnetic field. This notable
perpendicular magnetization in H-ZCO microdisk could be applied
to perpendicular magnetic recording for enhancing information
storage density.

As in the previous report, hundreds nanometer sized magnetic
domains on ZnCoO:H thin film showed the in-plane magnetic
moment after removing the in-plane external magnetic field of
1000 Oe.> In contrast to selectively hydrogen injected thin film
system, a magnetic domain of localized structure system showed
the uniform out-of-plane component without the external magnetic
field, which might be affected by geometry and strain of structures
rather than the energetic stability of Co-H-Co complexes in ZnCoO:H.
In order to confirm the geometrical dependence of magnetization,
we tried to fabricate different volumes of H-ZCO microdisks, and

This journal is © The Royal Society of Chemistry 20xx
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investigated the magnetic domain characteristics as a function of
geometry. We fabricated H-ZCO microdisks having different
volumes. The diameters of microdisk were controlled from 2 um to
10 um. In MFM phase images as shown in Fig 2(d), all of the H-ZCO
microdisk exhibited perpendicular magnetization, which
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Fig. 4 (a)-(c) Atomic force microscopy (AFM) topography images and their line profile
results, and (e)—(g) Magnetic force microscopy (MFM) phase images and their line
profile results of ZCO, H-ZCO, and d-ZCO, respectively. The changes shown in the MFM
image of the ZCO series reveal on/off switching of its magnetic domains by hydrogen
mediation. The magnetic contrast near the circumference of the microdisk (marked by
dotted black ellipses in (e)) do not originate from the change in magnetization, but
instead, a topographic noise signal which appears to be dependent on the scan
direction in MFM phase images. (d) and (h) Enlarged images of regions marked with
dotted white boxes in (b) and (f), respectively.

supported the perpendicular magnetization configuration of H-
ZCO microdisk as shown in Fig. 3(a) and (c). However, all of the H-
ZCO microdisks exhibited perpendicular magnetization, regardless
of the volume. The observed magnetic moment-up/ down
phenomena of perpendicular magnetic domains make the encoding
of binary spin information possible. At the present, the
manipulation of the magnetic moments is only possible for the
entire H-ZCO microdisk array; however, individual magnetic
moment control of each micro-dot is expected to be introduced in
the near future.

Figure 4 shows topography and magnetic-phase images of the
ZCO series measured by atomic force microscopy (AFM) and
magnetic force microscopy (MFM), respectively, at room-
temperature. To observe magnetic domain structures, all samples
were measured in the absence of an external magnetic field after
saturation with a 0.55-T permanent magnet, along the out-of-plane
magnetic easy-axis. Magnetic anisotropy of Co-doped ZnO system is
still controversial 37'40; however, our H-ZCO system has the easy-axis
in the c-axis direction. The MFM tip was also magnetized along the
axis of their apex in order to be sensitive to the out of plane
component of the magnetic stray field of magnetic moments. In
AFM image of ZCO (Fig. 4(a)), the diameter, height, and surface
roughness of a ZCO microdisk were 7 um, 80 nm, and 4.71 nm,
respectively. After hydrogen injection at high temperature and
pressure by hot isostatic pressing (HIP), the surface roughness of H-
ZCO was decreased to 1.75 nm, while the changes in the diameter

J. Name., 2016, 00, 1-3 | 3
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and height were negligible (Fig. 4(b)). Even after hydrogen ejection,
the overall structure of d-ZCO was not changed (Fig. 4(c)). However,
significant changes were observed in MFM images indicated at each
post-treatment step. Before hydrogen injection, ZCO had no
magnetic phase contrast (Fig. 4(e)); the magnetic contrast observed
in the region marked by dotted black ellipses was caused by a
sudden topographic change and could be reversed depending on
the MFM scan direction.*! This unintended topographic noise signal
was also observed for H-ZCO and d-ZCO (Figs. 3(d), 4(f) and (g)). In
contrast to ZCO, ferromagnetic H-ZCO showed a distinct magnetic
phase shifts in the disk area, as shown in Fig. 4(f). In the magnetic
line profile of Fig. 4(f), the magnetic component along the out-of-
plane axis was uniform through the entire magnetic domain, with a
clear magnetic phase difference of ~2°. In d-ZCO which had been
dehydrogenated, the perpendicular magnetic domain image clearly
disappeared. These results are consistent with those of the
magnetization—magnetic field strength (M—H) curves obtained (Fig
1(d)) well. For more detailed analysis, the precise magnetic domains
of H-ZCO was investigated ina 1 um x 1 um area. Figures 4(d) and
(h) are the enlarged AFM and MFM images of the regions marked
by dotted white boxes in Figs. 4(b) and (f), respectively. Figure 4(d)
had a surface roughness of 0.285 nm. Figure 4(h) shows a
homogeneous magnetic phase distribution of 0.018° without any
domain features. Moreover, in repetitive AFM and MFM
measurements for several different regions, no significant
difference was observed in the magnetic phase.

Conclusions

In conclusion, we produced well-defined magnetic H-ZCO microdisk
array through the lift-off process. Hydrogen injection into ZCO
samples was induced using a hydrogenation process and post-
annealing treatments were used for hydrogen ejection from H-ZCO
samples under ultrahigh vacuum conditions. MFM observation of H-
ZCO microdisks provided clear evidence of out-of-plane magnetic
moments. This phenomenon was reversible, which was
demonstrated by the disappearance of magnetic domains following
hydrogen ejection. The MFM images of the reversible out-of-plane
magnetic moments were consistent with the results obtained from
OOMMF simulations. The perpendicular magnetization was stable
and independent of the domain size in the range of 2—10 um. The
perpendicularly polarized magnetization was reversed by applying
an opposite external field, which remained after the removal of the
field. This suggests the application of this material and fabrication
technique to the development of novel transparent spintronic
devices based on oxides, such as information storage and logic
circuits.
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