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Nanoscale modification of electrical and magnetic properties
of Fe30, thin film by atomic force microscopy lithography
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We present a report on the nanopatterning of an epitaxial ultrathin film @O/ evith
room-temperaturéferriymagnetism using atomic force microscofy~M). FeO, thin films with
atomically flat surfaces were grown using laser molecular-beam epitaxy on a,®igAll)
single-crystal substrat€Nanowirg were constructed on E®, thin film by applying an electric

field between an AFM conductive tip and the surface of the film. The minimum width and height in
the resulting nanowire are 48 nm and 2 nm, respectively. The patterned region of;@efira

surface possesses a resistance which idifes higher than the unpatterned region. Furthermore,
magnetic force microscopy measurements also revealed that magnetization of the patterned region
is strongly suppressed. 8004 American Institute of Physid®OI: 10.1063/1.1784884

Ferrimagnetic magnetite with an inverse spinel structure In this letter we investigate nanopatterning on a magne-
(F&0,) is one of the most abundant and important materialgite ultrathin film using atomic force microscopy, and repot
in the field of transition metal oxides. §@, exhibits rela- modifications of its electrical and magnetic properties.
tively high conductivity(250 Q™ cm™) in oxides, and pos- The FegO, thin films were deposited on spinel
sesses a half-metallic spin structure with the highest CuriMgAI;04(111)  single-crystal ~ substrates using laser
temperaturé850 K).! As a consequence, the construction of molecular-beam epitary (ArF excimera=193 nm at a
a spintronics device utilizing this perfect spin-polarized elec-Substrate temperature of 320°C in, @t a pressure of 1.0
tron is conceivable, such as a spin tunneling magnetroresig< 10°° mbar. The target employed was a sinteregdgepel-
tance(TMR) and ballistic magnet-resistan¢BMR) device 16t (99.9%. Crystal structure was determined by x-ray dif-
with a high efficiency even at room temperatErFe. fraction (XRD). It was conflrmed' that the magnetite films

The fabrication of nanostructures down to several tens off€W epitaxially along(111) direction[d(111)=4.84 A] on
nanometers in width is indispensable for the realization ofPin€l substrates. Figurgd shows an AFM image of the
spin devices, such as the ferromagnetic single electron tra-8C4 film surface(with a film thickness of 25 nm Figure

sistor. Nevertheless, direct modification at the nanometet(P) shows vertical profile of the film. Surface roughness

scale has not been reported for magnetite (rms) is 0.08 nm and an atomically flat terrace structure is
Lithography using scanning probe mic.rosccm‘;Pl\/D 4  clearly observed with step heights of 0.23 and 0.40 nm that
which includes scanning tunneling microsco(&TM) and cqrrespond fo the one and t\.NO .atomic layers, respectively.
atomic force microscopyAFM), has the potential for appli- Elzgl:irenx? srtlo;/nvs t?et Tagr;e;tg:oflzld derﬁendepcde Sf magne-r
cation in studies involving nanolithography, even with tran- ation at a temperature o » 85 Measured by a super-

sition metal oxides. This lithography technique does not nee&onductmg quantum interference devi@QUID) magneto-

. eter. This indicates that a magnetite thin film with a

a regst. Furthermore, the surfage could be patterned down Rickness of 25 nm Shows good ferromagnetic properties at
a width ofg few nanometers using a carbon nanotube as tr}%om temperature. AFM lithography was conducted on mag-
SPM prob_ ' . 6 netite thin films utilizing a platinum coated conductive tip

. SPM lithography has _b_eensagpp!leq tome@dis”Al, and o seanned the surface under a biased voltage between the
Ni’) and semiconductorilicon,” Si/SiGe, and InAs/AlSb tip and sample surface. The sample was grounded. The tip
heterostructureutilizing the electrochemical oxidation of a ;4 operated in contact mode with the lithography of the
surface in an electrochemical cell formed by a water menisgrface under an applied load of almost 0 N in air. THe
cus that developes between an AFM tip and samplgnaracteristics of nanostructures formed by AFM lithography
surface> ™™ There are only a few reported applications of yere measured using source-measure (fithley) con-
SPM lithography to transition metal oxides, such aspected to the AFM tip and sample electrode. Changes in
YBa,Cu;07, ' oxygen deficient SrTig' and LiMn,0,.*° magnetization were measured by magnetic force microscopy

(MFM).»®

Iauthor to whom correspondence should be addressed: electronic mail: ~ Figure 2a) shows an AFM image of a typical nanopat-
kawai@sanken.osaka-u.as.jp tern constructed on a magnetite thin film using AFM lithog-
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nected to magnetism in transition metal oxides, it is expected
that the magnetism of patterned region would also be modi-
FIG. 1. (a) AFM image of the atomically flat epitaxial §®, thin film  fied by AFM lithography. Changes of the magnetic properties
(25 nm on a MgALO,(111) substratei(b) vertical profile of the sample  of the nanopatterned region were observed using MFM with
surface;(c) magnetic field dependence of magnetization at 300 K. a cobalt-coated silicon tip. Figurga shows a MFM image
measured by phase detection. Magnetic domain structures

raphy. The nanowire pattern was constructed using a tip voItWIth a width of 0.15xm appear in the unpatterned film sur-

age of -7 V and a tip velocity of 1.em/s. Figure 2b) face, but magnetic domain structures are not present in the

. ' ; . atterned region. Figure(d) shows the cross-sectional pro-
shov_vs the height and width of Nanowires as a_functlon 0]f‘:i)le of a MFM image. Remarkably, the phase shift in the
applied voltage. The voltage applied to AFM tip changes :
from —1 to —10 V at tio velocity of 1.0um/s. The volume of patterned region almost became zero. Moreover, the phase
nanowires increase(hpei ht: frgm 2'?; 19 ﬁm' width: from shift contrast in the patterned region appears almost mono-

gnt. ’ i tonically without any magnetic poles especially in the both

48 to 130 nm as the voltage increased from -4 to —10 V. . s "
These results confirm that the AFM lithography techniqueedges of in the patterned region, indicating no magnetic field

. . was detected. We suggest that magnetization is decreased in
allows the electrochemical construction of nanostructures o

. o - . the patterned region as a result of AFM lithography.
magnetite thin filmgminimum width was about 48 nyat Basically, AFM lithography creates an electrochemical
the nanoscale level.

. ... .reaction by scanning a biased probe close to the experimental
Figure 3 shows the currer)t—voltage chgracterlstlcs Surface>® Via ambient humidity, a water meniscus is formed
patterngd and .unpatterned region by AFM Ilthography. Asoetween the probe and the surface. An electrochemical cell is
shown in the inset of the figure, a gold electrode with

. ; : 4ormed, and sample surface is oxidized to produce a variety
thickness of 8 nm was deposited on magnetite and a hanow-

ire was patterned by AFM lithography from edge of gold
electrode. By contacting the conductive AFM tip at point A [x107 40—
(unpatterned regionand point B(patterned regionwith a >
constant force of 2.8 108 N, the magnitude of the current 2.0
was measured within the applied voltage range of -3 and
3 V. Measurements of current in the patterned and unpat-
terned regions utilizing a tip voltage of 3V were 4.6
X 10%%and 2.3x 10°° A, respectively. In this case, the cur-
rent at point(B) follows through the patterned area between
tip and conducting part of film due to high resistance of the
patterned area, whereas that at pg#i follows through the
conducting part of film between tip and Au electrode. It is
suggested that the patterned region was transformed into &, 3. 1-v curves measured at point &inpatterned argaand point B

insulating barrier. As electrical properties are closely con-<patterned arga
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FIG. 4. MFM image of a F¢O, surface patterned by AFM lithography with
a -6 V tip bias in air, and vertical profile.

of well-known oxides, such as §@,*?® y-Fe,0;°0%
a-F&,0;3, % and Fe®’ (Table ). If electrochemical oxida-
tion occurs by AFM lithography on K&, thin films like
metals and semiconductors, it seems thajCzes simply
oxidized into a-Fe&,0,, if considering the oxidation reaction
of Fe*—Fe**, which results in the oxide behaving like an

antiferromagnetic insulator. The experimental results relating

to insulating electrical properties and dedugedppressed

Hirooka et al. 1813
of the presence of-Fe,0O5 can be ruled out. Additionally, as
FeO is an antiferromagnetic insulator that is formed by re-
duction from FgO, (F€* — Fe&*), the possibility of its pres-
ence can also be ruled out. From the standpoint of electro-
chemical oxidationa-Fe,0O3 is a possible candidate as the
material present in the patterned region. However, it would
not explain the large expansion of volume of the patterned
region. An amorphous or poorly denaeFe,O; is the most
likely candidate as the component of the patterned region
because the high voltage was applied to the local area. Ad-
ditional research has revealed that the patterned region of
Fe;0, can be selectively etched by HCI solution and com-
pletely removedunpublished dapa as already reported for
SITiO;_s°

In conclusion, we fabricated E®, epitaxial thin films
with atomically flat surfaces using laser molecular-beam ep-
itaxy, and used such surfaces to conduct AFM lithography
experiments. The application of a negative voltage to the
AFM cantilever tip systematically formed nanowires, even
with the ferrimagnetic oxide of R®,. The physical proper-
ties of the nanopatterned area were changed to resistive state
that was 18times higher in the electrical conductivity, and a
resulting magnetization state that approached zero magne-
tism. Indeed, the application of this technique to high
ferromagnetic oxides opens the possibility for the construc-
tion and development of nanoscale spintronics devices.
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