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We have fabricated Lag Cag 4MnOj3 periodic arrays exhibiting tunable optical properties

and magnetic properties using nontoxic and environmentally friendly electron beam resist
made from Laj ¢Cag4MnO; sol-gel precursor. We studied their unique optical properties

by using the spectral microreflectometer and their magnetic properties using the
superconducting quantum interference device and magnetic force microscopy.
Additionally, the resist has the ability to demonstrate both positive and negative resist
behaviors depending on the electron beam dosage. With these special characteristics,

we can fabricate periodic structure on a thin film possessing controlled optical reflectance
properties with one fixed design electron beam pattern without changing the structural
parameters but changing the electron beam dosage only. Our approach provides an
uncomplicated route for the fabrication of nanometer scale magnetic patterns, which
serve as the building blocks in the search for novel properties of periodic magnetic arrays.

I. INTRODUCTION

To understand and compare materials’ properties at dif-
ferent scales and further develop useful miniaturized
devices, the ability to manage materials at nanoscale is
indispensable.14 Conventional fabrication of thin film
nanostructures primarily uses selective etching or template
growth on the prepatterned resist and then lift-off. Howev-
er, this approach lacks in the ability to control the position
of the nanostructure. Using an electron beam to create
nanopatterned materials, such as ZnO, ZrO,, PZT,Sf7 and
so on, is a much easier way to achieve the goal. Yet, all of
these have negative nanoscale patterns. A zwitterresist®’
refers to a resist that can exhibit both positive and negative
properties depending on the applied electron beam dosage.
Since the resist possesses both positive and negative
patterning capabilities, this will benefit direct electron
beam writing technologies. In resist developing processes,
the solvents used are often volatile and toxic and thus
cause health hazards and environmental pollution. More-
over, these solvents significantly increase the cost of li-
thography processing. To address this, many new
environmentally friendly lithographic processes have been
designed for developing resists using either water-devel-
opable solutions or supercritical carbon dioxide.'*™"?
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Electron-beam lithography has been widely used to
fabricate 2D photonic crystals at nanoscale.'*'® Photo-
nic crystals are macroscopic dielectric media arranged in
periodic structures. Yablonovitch'” and John'® first
described photonic crystals in 1987. Photonic crystals
exhibit photonic band gaps that are similar to the elec-
tronic band gap of material. Therefore, one can control
the propagation of light by restricting its allowable
direction at certain frequencies or by localizing light in
specific areas. This technology is expected to have a
tremendous impact on optical communication applica-
tions. The formation of a photonic band gap created by
periodically varying the refractive indices can be used to
guide the propagation of light as well as to enhance
spontaneous emission. It thus has great potential in the
development of optoelectronic devices and gives rise to
the possibility of optically integrated circuits.'2! High
refractive index metal oxides patterned by electron
beams will be useful for this application. Additionally,
if the metal oxide exhibits magnetic properties, its pat-
terned structure will yield interesting and useful optical
and magnetic properties.

Recently, perovskite-based manganese oxides have
attracted extensive scientific and technological atten-
tion. Partially substituting La®* in functional ceramics
such as LaMnO; with divalent ions like Ca** or Sr**
generates a number of spectacular properties. Most sig-
nificant is the production of colossal magnetoresistance
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(CMR) in these manganese oxide materials. Manganite
thin films possessing CMR have many potential appli-
cations including field sensors and recording devices.
For crystal structure study,?*>* several reports describe
the lattice parameters a,, b,, and c, of the orthor-
hombic La;_Ca,MnO; perovskites decrease when the
composition x increases. The magnetic properties of
La;_,CaMnO; and its physical properties have been
thoroughly investigated.zs’zg Undoped LaMnOs is an
insulating super exchange antiferromagnet. Divalent
substitution of La>* leads to a mixed valences of Mn>*
and Mn**. The La;_.Ca,MnO; compounds with the
composition ratio x to be 0.15 < x < 0.5 exhibit a
ferromagnetic (FM) ground state and CMR effects are
closely associated with a metal-insulator (MI) transition
at Ty = Tc. Recently, the existence of a canted anti-
ferromagnetic state for La;_,.Ca,MnO3; compounds with
x < 0.2 has been reported from low-field DC magneti-
zation measurements.>’ Theoretically, it is predicted
that by increasing the concentration of Mn**, the anti-
ferromagnetic state would first go through a canted
antiferromagnetic state before transforming to an FM
state.! Therefore, the observation of a canted state for
low-x-value La;_,Ca,MnO3; compounds is significant.
However, the magnetic nature of the compositions with
0.4 < x < 0.5, which are in the ferro-antiferromagnetic
boundary, is not clear.

In our previous report, we developed a simple
and convenient method for the fabrication of nano-
scale patterns of Lag;Sto3MnOj resist films with
some unique features and the same method is extend-
ed for the development of Laj¢Cag4MnQOj resist films.
Our Lajp¢Cap4MnO; resist shows some advantages
compared with our previous Lag;Sro3MnOs5 resist.
The Lag7Sro3MnO; resist needs to form a pure crys-
talline phase at 900 °C but the pure crystalline phase
temperature for the LagCag4MnO; resist can be low-
ered to 700 °C for 4 h. Since the nanoscale magnetic
array is fabricated first by electron-beam lithography,
using a lower sintering temperature can prevent
pattern distortion. Furthermore, Lag¢Cag4MnO5 exhi-
bits stronger magnetization than the previously studied
Lag 7Srp3MnOs5. Here, we report a direct writing resist
of LapeCap4MnO;z synthesized from its precursor
solution, and the solution functions as a resist via an
auto ignition mechanism during electron beam irradia-
tion. Additionally, the resist has the ability to demon-
strate both positive and negative resist behaviors
depending on the electron beam dosage. With these
special characteristics, we can fabricate a periodic
structure on a thin film possessing controlled optical
reflectance properties with one fixed design electron
beam pattern without changing the structural para-
meters but by simply changing the electron beam
dosage. At the same time, our approach provides an

32,33

uncomplicated route for the fabrication of nanoscale
magnetic patterns, which serve as the building blocks
in the search for novel properties of periodic magnetic
arrays.

Il. EXPERIMENTAL SECTION

In this experiment, the electron beam resist was
prepared by dissolving 12.33 wt% of lanthanum
nitrate [La(NOs)5-6H,0, Acros, 98%], calcium nitrates
[Ca(NO3),-4H,0, Acros, 98%], manganese nitrates [Mn
(NO3),-4H,0, Fluka, 97%] and 1.96 wt% polyvinyl
alcohol (Acros, 88%, 22,000 g/mol) in water with a
molar ratio of La:Ca:Mn=0.6:0.4:1. The solution was
stirred for 48 h at 50 °C. Then the Lag ¢Cag 4MnO5 resist
was spin coated at 3000 rpm for 90 s to give a nominal
thickness of about 300 nm. The thickness of water-
developable Lag¢Cag4MnO; resist coated on the sub-
strate (indium tin oxide conductive glass or silicon
wafer) was measured directly by an alpha-stepper
(Veeco, Tektak3). High-resolution nanolithography was
performed by using a Elionix ELS-7500EX machine
operating at 100 kV with a probe current of 1.0 nA to
write the specific patterns across the 150 x 150 pm field
with a 2.5 nm beam step size. A sample containing a 3 x
3 array field was exposed with a start dose time of 1 ps,
then with an additional dose increment of 0.01, 0.1, and
1 us per field. The exposed samples were then developed
using pure water for 30 s.

The Lag¢Cag4MnO; powder samples sintered at dif-
ferent temperatures were analyzed by scanning electron
microscopy (SEM) equipped with energy dispersive
x-ray spectrometry (EDS, Philips, XL-30, The Nether-
lands) for chemical composition analysis, and an x-ray
diffractometer (XRD, PW 1830, Philips, The Nether-
lands) for the crystalline structure analysis. The pat-
terned LapCap4MnO3; samples were measured by
atomic force microscopy (AFM, Digital Instruments,
Dimension-3100 Multimode) for surface morphology
and surface roughness, and the microstructures of
patterned Lag¢Cag4MnO5; samples were observed by
field-emission scanning electron microscope (FE-SEM,
Elionix, ERA-8800FE, Japan).

For optical measurement, the refractive indexes of
Lag Cag4MnOj; thin films sintered at different tempera-
tures were evaluated by a prism coupler (Metricon
Corporation, Metricon-2010). The optical properties
of absorbance and reflectance of the patterned
Lag ¢Cap4MnO5 samples were studied using a spectral
microreflectometer (Mission Peaks Optics, MP100-ME)
equipped with an optical microscope. Unpolarized light
was focused on the film at a spot size <30 um. This
instrument measured the interference between the inci-
dent and reflected light with wavelengths ranging from
ultraviolet to near infrared (250-1000 nm).
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For magnetic measurement, the magnetic properties of
Lag ¢Cag4MnO;5 and Lag 7Srg 3MnO5; powders sintered at
different sintering conditions were measured by super-
conducting quantum interference device (SQUID, Quan-
tum Design, MPMS-XL7). For nanoscale magnetic
properties in patterned LaggCag4MnO5; samples, the
magnetic phase shift and surface morphology of the
samples were measured by Magnetic Force Microscopy
(MFM, Digital Instruments, Dimension-3100 Multi-
mode) using the phase detection method.

lll. DISCUSSION AND RESULTS

A. Dual functions of the water developable
LagsCag4MnO5 electron beam resist

The LaggCag4MnO5 resist exhibits dual functions.
It can change from negative resist to positive resist with
an increase in electron beam dosage and then back to
negative resist with further increase in electron beam
dosage. Figure 1 illustrates the atomic force microscopy
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FIG. 1. Two-dimensional, cross-sectional, and three-dimensional atomic
force microscopy images of Lag Cay4MnOj resist irradiated by different
electron beam dosages. (a) Negative pattern (3.2 mC/em?), (b) positive
pattern (16.0 mC/cmz), and (c) negative pattern (450.0 mC/cmz). (d) The
sensitivity curves of the water-developable LajsCaj4MnOs resists after
electron beam irradiation and development.

(AFM, Digital Instruments, Dimension-3100 Multi-
mode) images of Lag ¢Cag4MnO; patterns on the silicon
wafer substrate with different electron beam dosages.
Films made from the Lagy¢Cag4MnO;5 electron beam
resist are smooth with an RMS of 1.02 nm, and a thick-
ness of ~200 nm. Figure 1(a) shows the AFM image of a
regular triangular array of 150 nm diameter and 500 nm
lattice constant of the Lag ¢Cap4MnO; pillars made with
an electron beam dosage of 3.2 mC/cm?. This step indi-
cates that the LagyCay4MnOs resist can be fabricated
into negative patterns due to the crosslinking of
PVA.**35 With an increase in electron beam dosage,
the thermal energy from the electron beam transfers to
the neighboring area, causing all the PVA to crosslink.
Figure 1(b) illustrates the AFM image of the resist in a
regular triangular array with an electron beam dosage of
16.0 mC/cm?. As illustrated in Fig. 1(b), the electron
beam resist starts an auto ignition process for the
Lag ¢Cap4MnO; resist at the direct beam location, and
results in the formation of loose LaggCag4MnO;
particles that can be removed using water. Finally,
the Lag¢Cag4MnO; resist becomes a negative pattern
with further increase in electron beam dosage to 450.0
mC/cm? [Fig. 1(c)]. Above this electron beam threshold,
the thermal energy can promote densification and obtain
a pure Lag ¢Cap4MnO; phase. In this stage, the thermal
energy of the electron beam transfers to the neighboring
area and creates loose LagCap4MnOj3 particles in the
area via auto ignition. These loose particles can be easily
removed by water and generate the negative pattern.
Figure 1(d) illustrates the sensitivity curves of the
Lag¢Cap4MnO; resist after electron beam irradiation
and development. In Fig. 1(d), the A region represents a
negative characteristic when the resist is irradiated at a
dose of 1.5-4.0 mC/cm?, the B region exhibits a positive
characteristic using a dose of 15.0-30.0 mC/cmz, and the
C region shows a negative characteristic using a dose of
300.0-500.0 mC/cm”. Although the dose of the exposure
of this Lay ¢Cay 4MnOj resist is very high in comparison
to most organic resists, the Lag ¢Cay 4MnOj; resist gener-
ates active electromagnetic functional nanopatterns in
one step whereas the use of organic resists generating
Lag¢Cag4MnO5; nanopatterns involves three steps:
(i) fabricate nanopatterns from organic resist, (ii) deposit
Lag¢Cag4MnO; on the nanopatterns, and (iii) remove
organic resist. The use of Lag¢Cag4MnO3 will not only
reduce process steps but also use no environmentally
harmful organic chemicals as compared to the organic
resist.

To wunderstand the thermal behavior of the
Lag ¢Cag4MnO; resist due to the thermal energy from
the electron beam, we carried out parallel thermal
experiments for the Lagp¢Cag4MnO;5 resist. First, we
removed water from the Lag¢CagsMnOs solution to
form a gel, and then subjected the gel to differential
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scanning calorimetry (DSC, DuPont, TA 2910) and ther-
mogravimetry (TGA, DuPont, TA 2950) analyses
(Fig. 2). The DSC thermogram shows many exothermic
peaks, one of them is ranged from 100 to 150 °C which is
due to the crosslinking of PVA. The TGA curve illustrates
a major decomposition at around 208 °C. This is indicative
of the auto ignition behavior as shown by a sharp and
nearly vertical step. The result is consistent with an intense
exothermic peak at 234 °C in the DSC. This type of
decomposition with a sharp and intense exotherm implies
a self-propagation combustion process that has been
observed in other systems. The auto ignition of the gel
occurs by a thermally induced oxidation-reduction reac-
tion where the PVA acts as a fuel and NO5  acts as an
oxidant. The auto ignition can be induced by mixing an
appropriate ratio of the fuel and the oxidant, giving rise to
a single-step decomposition associated with a particular
reaction temperature and appreciable exothermicity, so as
to facilitate the formation of Lag ¢Cay 4sMnOs.

Figure 3 reveals the x-ray diffraction patterns of the
Lag ¢Cag4MnO;5 electron beam resist powder samples
sintered at different temperatures. The sample sintered
at 250 °C clearly indicates formation of the high symme-
try orthorhombic phase of Laj¢Cap4MnOj3 containing a
little amount of La,Os3 impurity (~29°). The sample
sintered at 700 °C indicates the structure is a pure
orthorhombic phase of LayCag4MnO3. All the peaks
can be perfectly indexed as the pure orthorhombic phase
[Pnma (62), JCPDS No. 46-0513] of LagCag4MnOs;,
with lattice constants a = 5.443 A, b = 7.683 A, and
¢ = 5.454 A. Therefore, the patterned Lag ¢Cap4MnO;
made by electron-beam lithography plus post sintering at
700 °C for 4 h can form a pure orthorhombic phase. A
high saturation magnetization has been measured for this
sample and we will discuss these details in the magnetic
properties section.
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FIG. 2. Differential scanning calorimetry analysis (solid line) and
thermal gravimetric analysis (dotted line) of a Lay¢Cag4MnO; elec-
tron beam resist. (a)—(c) are the patterns obtained at different electron
beam dosages corresponding to the different temperature range.

An energy-dispersive x-ray analysis (SEM-EDAX,
Philips, XL-30, The Netherlands) was used to monitor
the amount of elemental C and N in the Lag ¢Cag 4sMnO5
resist prepared either by thermal treatment or by electron
beam irradiation (Table I). The elemental C and N come
from the PVA and metallic nitrates, respectively, and
thus they can be used to indicate the formation of the
orthorhombic phase. The electron beam irradiated sam-
ples (450 mC/cm?) contain fewer amounts of both ele-
ments than the heat treated samples at 300 °C for 4 h.
From the XRD data, we know the orthorhombic
LagCap4sMnO5; can be formed at 300 °C or above.
Therefore, the results reveal that the orthorhombic
Lag ¢Cap4MnO; was formed by the electron beam irra-
diation of the resist.

Figure 4 shows the scanning electron microscopic
(SEM) photographs of a patterned Lag Cag 4MnO5 resist
made by electron-beam lithography. Figure 4(a) shows a
line pattern with a width of 80 nm and an interval (dis-
tance between lines) of 300 nm. Figure 4(b) shows an
array pattern with a width of 200 nm and an interval of
1000 nm. Figures 4(c) and 4(d) clearly show that both
positive and negative patterns can be obtained from
Lag ¢Cag 4MnOj; resist. Figure 4(c) is a triangular period-
ic air hole array with a lattice constant of 500 nm, an air
hole diameter of 250 nm, and an average depth of 60 nm.
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FIG. 3. X-ray  diffraction  patterns of  water-developable
Lap ¢Cap4MnOj electron beam resist sintered at different tempera-
tures for 4 h.
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TABLE I. Energy-dispersive x-ray analysis of carbon and nitrogen
elements in the water-developable LajsCap4MnO; electron beam
resist at different fabricated conditions.

Condition Carbon (Wt%) Nitrogen (wt%)
Electron beam (450 mC/cm?) 3.01 0.57
250 °C, 4 h 4.69 0.63
300 °C, 4 h 3.54 0.61
500 °C, 4 h 2.39 0.55
700 °C, 4 h 1.81 0.33
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In contrast, Fig. 4(d) shows a pillar array of
Lag ¢Cag 4MnO3 with a 250 nm diameter, 500 nm lattice
constant, and an average height of 60 nm.

B. Tunable optical properties of patterned
Lag sCag 4MnO3

In conventional electron-beam lithography, one can
easily adjust the reflectivity of a 2D photonic crystal by
simultaneously varying the x, y axial shape and periodic-
ity, while maintaining the z axial height. Our dual func-
tion and high refractive index Lag¢Cay4MnO;5 electron
beam resist can regulate the z axial height as well by
varying the electron irradiation at fixed x, y axial geom-
etry and periodicity. As discussed above, the formation
of Lagy ¢Cag 4MnOj patterns are due to the heat generated
from the electron beam irradiation. In this study, quanti-
fying the refractive index is the key to understanding the
optical properties of the electron beam patterned

(b)

(d)

FIG. 4. Scanning-electron-microscopy (SEM) images of patterned
Lag ¢Cap4MnOj electron beam resist. (a) Periodic lines with a width
of 80 nm and an interval of 300 nm, (b) an array pattern with a width
of 200 nm and an interval of 1000 nm, (c) a positive pattern with
triangular Lag ¢Cap4MnO; periodic holes with a lattice constant of
500 nm (the diameter of the light-colored circle is 250 nm), and
(d) a negative pattern of pillars in a regular array with a 250 nm
diameter and a 500 nm lattice constant.

Lag ¢Cap 4MnO3. However, the refractive index of the
electron beam patterned Lag¢Cag4MnO5; sample is too
small to be measured accurately using the conventional
ellipsometer or prism coupler method. Therefore, we
measured the refractive index of the thermal sintered
Lag ¢Cag4MnO5 samples with the applied thermal ener-
gies equivalent to that of the electron beam. Table II
summarizes the refractive indices of the Lag Cag sMnO5
thin film samples prepared at different sintering condi-
tions. The negative pattern obtained at a low electron
beam dose has a refractive index of 2.02 whereas the
negative pattern obtained at a high electron beam dose
has a higher refractive index of 2.34. For the medium
electron dose sample, it has a rather low refractive index
of 2.02 because of the fabrication process. As the
exposed area is removed, the remaining area becomes a
mixture of PVA and LagyCap4MnO;3 precursor salts,
whose composition is the same as the low electron dose
sample and thus has the same refractive index value.
Therefore, we can change the refractive index of the
resist by varying the electron beam dosage.

The different reflectance spectra of the patterned
Lag ¢Cag4MnO;5 samples are shown in Fig. 5. Each curve
shown in the figure represents a sample obtained at a
specific electron irradiation as indicated at the right side
of the curves. The reflectance of each curve was
measured by a spectral microreflectometer equipped
with an optical microscope. This instrument measures
the interference between the incident and the reflected
light with wavelengths ranging from ultraviolet to the
near infrared range (250-1000 nm). Unpolarized light
was focused on the sample to a spot size of <30 pm.
The thickness of the Lag¢CagsMnOs electron beam
resist coated on the indium tin oxide conductive glass
substrate is about 300 nm. A 50 x 50 um sample with a
regular triangular array pattern of 500 nm diameter and
1000 nm lattice constant was prepared. By increasing the
electron beam dosage, we obtained dramatically differ-
ent geometries of patterned LagCay4MnOj; that pro-
duced changes in the reflectance spectra. The negative
patterned Lag sCag 4MnO; exhibits two peaks with A«
at 445 and 480 nm [Fig. 5, curves (a) and (b)] in the
A region was obtained by electron irradiation at 1.5-4.0
mC/cm?. The positive patterned Lagy ¢Cap4MnOj3 in the
B region was obtained at an electron beam dosage of
15.0-30.0 mC/cm?®. The reflectance peaks of region
B samples have been red-shifted from 445 and 480 nm

TABLE II. Summary of refractive indices of Lay¢Cap4MnO5 samples prepared at different sintering conditions.

Sample No. Sintering condition Refractive index Pattern characteristic Equivalent electron beam dosage (mC/cm?)
1 — ~2.00 — 0.0
2 150 °C, 4 h ~2.02 Negative 1.5-4.0 (A region)
3 250°C,4h ~2.02 Positive 15.0-30.0 (B region)
4 300°C,4h ~2.34 Negative 300.0-500.0 (C region)
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FIG. 5. The reflectance spectra of patterned LajsCag4MnO; fabri-
cated at different electron beam dosages. The reflectance peak
changes with the electron beam dosage are shown in the center part
of the figure.

to 450 and 485 nm, respectively. [Fig. 5, curves (a) and (b)
versus (d)—(f)]. This red shift is due to changes in air
column geometries of the z-axis. The height of the air
column in the patterned Lag sCay4MnO5 decreases gradu-
ally with increasing electron dosage, which is confirmed
by AFM measurements of samples and seen as curves
(d) and (f). These interesting results indicate we can use
patterned Lag ¢Cag4MnO;3 to modulate the light wave-
length by applying a different electron beam dosage with-
out changing the designed pattern. This particular feature
is expected since the frequency of a light beam (f = wa/
2mc = a/A) is inversely related to the dielectric constant,
g, of the media (f o 1/y/¢). From this, the wavelength
increases as the dielectric constant of the media is
increased by decreasing the air column height. The
observed change in reflectance peaks from curve (f) to
curve (g) are due to the geometry changes from a negative
to a positive pattern associated with the refractive index
decreasing (less material from electron beam etching).
From curve (g) to curve (k), the heights and the refractive
indices of the LagCay4MnOj5 pillars increase gradually
but the amount of material decreases with a decrease in the
dielectric constant; the Lag ¢Cag4MnO3 sample exhibits a
clear blue shift reflectance maximum at 425 nm as marked
by region C of Fig. 5.

C. Magnetic properties of Lag ¢Cag 4MnO;
resist and patterned Lag ¢Cag 4sMnO5

The magnetic properties of the Lag ¢Cag4MnO; elec-
tron beam resist were first studied as powdered samples,
because it was difficult to fabricate a sample with a large
enough area for magnetic measurements. We compared
the magnetic properties of LaggCag4MnO3; with
Lag 7Srp3MnO5 synthesized using similar methods.**>*
Lag ¢Cap4MnO3 powder was prepared by drying the
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FIG. 6. (a) The zero-field cooled magnetization and field cooled
magnetization for Lag¢Cap4MnO; and Lag;Srg3MnOj3, respectively
at an applied field of 1000 Oe. (b) The hysteresis loops of
Lag 6Cap4MnOj and Lag 7St9 3MnO5 powders at 10 K; the inset shows
the hysteresis loops at enlarged scale.

resist material at 120 °C for 12 h and sintering at
700 °C for 4 h. The Lag;Srg3MnO3 powder was pre-
pared by drying the resist material at 120 °C for 12 h and
sintering at a higher temperature of 900 °C for 4 h. The
results are shown in Fig. 6. In our previous study,
the Lag 7Srg3MnOj; resist needs to form a pure crystal-
line phase at 900 °C but the pure crystalline phase
temperature for the LagygCags4MnO; resist can be
lowered to 700 °C for 4 h. Because these magnetic
arrays are fabricated first by electron-beam lithography,
applying a lower sintering temperature can prevent
pattern distortion. Both samples were magnetized in
one direction, and they did not relax back to zero
magnetization when the imposed magnetizing field
was removed. Furthermore, the magnetizing field
imposed on Lag¢Cag4MnO; causes a larger magneti-
zation than that on Lag 7Srg3sMnQOs5. These results indi-
cate that Lag¢Cap4MnO; more readily forms the
pervoskite structure and is more easily magnetized than
La0_7Sr0.3MnO3.

The Lag¢Cap4MnO; powders sintered at different
temperatures were measured by SQUID at 10 K as
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shown in Fig. 7. The magnetization of LagsCay4MnO3
powders sintered at 250, 300, and 500 °C have almost
the same saturation magnetization of +40 emu/g under
30,000 Oe at 10 K. However, the Lag ¢Cag4MnO3 pow-
der sample sintered at 700 °C exhibits a saturation mag-
netization of 60 emu/g under 30,000 Oe at 10 K. This
shows the saturation magnetization of Lag¢Cap4MnOj
changes with different sintering temperatures. More-
over, the differences of saturation magnetization of
Lag¢Cap4MnO; are due to the formation of the pure
Lag ¢Cag4MnO; crystalline phase. The Lag¢Cag4MnO;
powder sample sintered at 700 °C exhibits the highest
saturation magnetization of all the powder samples,
because the sample forms a pure LaggCag4MnOj
crystalline phase after treating at 700 °C for 4 h. The
Lag ¢Cag4MnO5 crystalline phases changed by a differ-
ent sintering temperature are shown in Fig. 3.

The nanoscale magnetic property of patterned
Lag ¢Cag4MnO5; was studied by magnetic force micros-
copy (MFM). MFM uses a scanning probe microscope
(SPM) that can map the spatial distribution of magne-
tism by measuring the magnetic interaction between a
sample and the tip. Figures 8(a)-8(f) show the AFM
topographic images and the magnetic force gradient
images (phase signal) of the samples. The sizes of these
images are 5 X 5 pm, and the corresponding scale bars
are fixed that 200 nm in topographic images and 10° in
phase images, respectively. In MFM mode, the cantile-
ver is lifted up 25 nm higher than in the topography
mode. Figures 8(a) and 8(b) illustrate the topographic
image and magnetic force gradient image of a sample
with a regular triangular pillars array possessing a 330
nm diameter, 500 nm lattice constant, and 65 nm thick-
ness. Although this sample was made by irradiating
the LaggCag4MnO; resist at an electron dosage of
450.0 mC/cm?, no magnetic gradient image was
observed [Fig. 8(b)]. This result indicates that the
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FIG. 7. The hysteresis loops of Laj ¢Cap4MnO; powder samples sin-

tered at different temperatures for 4 h that were measured by SQUID
at 10 K.

Lag ¢Cag4MnO5; sample made by electron-beam lithog-
raphy without sintering does not obtain the pure
Lag¢Cag4MnO5 orthorhombic structure required for
magnetic behavior. Figures 8(c) and 8(d) show the topo-
graphic and magnetic force gradient images, respective-
ly, of a regular triangular pillar array with a 250 nm
diameter, 500 nm lattice constant, and 60 nm thickness
produced by irradiating the Lag ¢Cag4MnOs resist at an
electron dosage of 450.0 mC/cm?® plus post sintering
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FIG. 8. AFM topographic images and the magnetic force gradient
images (phase signal) of the patterned Laj¢Cap4MnOs5. The sizes of
these images are 5 x 5 pm, and their data scales are 200 nm and 10°,
respectively. (a, b) The patterned LagsCag4MnO3 sample fabricated
at an electron dosage of 450.0 mC/cm?. (c, d) The patterned sample
fabricated at an electron dosage of 450.0 mC/cm? plus sintering at
250 °C, 4 h. (e, f) The patterned sample fabricated at an electron
dosage of 450.0 mC/cm? plus sintering at 700 °C, 4 h. (g) The cross-
sectional images of the sample topography. (h) MFM phase shift of
three patterned samples.
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at 250 °C for 4 h. We did not detect any magnetic
behavior for this sample, again indicating that
pure Lag¢Cag4MnO5 orthorhombic structure was not
obtained at mild post sintering conditions. These
results are consistent with our XRD study. Figures 8(e)
and 8(f) show the topographic and magnetic force
gradient images, respectively, of a regular triangular pil-
lar array with a 250 nm diameter, 500 nm lattice con-
stant, and 30-35 nm thickness produced by irradiating
the resist at an electron dosage of 450.0 mC/cm2
plus post sintering at 700 °C for 4 h. In Fig. 8(f), the
magnetic force gradient can be observed clearly. The
Lag Cag4MnOj; resist is completely converted to a pure
orthorhombic structure under this fabrication condition.
The result is also consistent with our XRD study. To
make sure the tip-sample separation distance is large
enough to eliminate the van der Waals force, we plotted
the cross-sectional images of topography and MFM
phase shift of LagyCag4MnOs; pillars fabricated under
different thermal conditions in Figs. 8(g) and 8(h). The
size of Lagy ¢Cay4MnOj pillars decreases with increasing
sintering temperature as shown in Fig. 8(g). Neverthe-
less, the MFM phase shift of Lag¢Cag4MnO;5 pillars
increases with increasing the sintering temperature in
Fig. 8(g). This finding indicates that the MFM results
are due to the magnetic force distribution in the sample
rather than from the atomic force.

To further confirm the MFM images are indeed due to
the magnetic force distribution instead of van der Waals
forces, we performed various MFM measurements by
changing the tip-sample separation distance (lift scan
height). The principle of MFM measurement is based on
noncontact atomic force microscopy.*® Therefore, both
atomic force and the magnetic interactions are detected
(see Fig. 9). From the aspect of atomic force, neutral
atoms and molecules are subjected to two distinct forces
correlating to large and short distances. The attractive
force is at long range and the repulsive force is at
short range. The Lennard-Jones potential37 is a simple
mathematical model that represents this behavior

as Eq. (1).
o=@ o

where ¢ is the depth of the potential well, r is the
distance between two neutral atoms or two molecules,
and o is the finite distance at which the potential is
zero. These parameters can be fitted to reproduce ex-
perimental data or deduced from the results of accurate
quantum chemistry calculations. The term (1/r'%)
describes repulsion and the term (1/r°) describes attrac-
tion. The force function is the negative of the gradient
of the above potential as shown in Eq. (2), and 7 is the
vector pointing from one neutral atom or one molecule
to the other.
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FIG. 9. The MFM phase shift factor, which is proportional to the
force acting on the tip, at different tip-sample distances in the
MFM and AFM measurements for three patterned Lagy¢Cagp4MnO3
samples. (O) The sample fabricated at an electron beam dosage of
450.0 mC/cm?. (O) The patterned Lag ¢Cag4MnO; sample fabricated
at an electron beam dosage of 450.0 mC/cm? plus sintering at of
250 °C, 4 h. (A) The sample fabricated at an electron beam dosage of
450.0 mC/cm? plus sintering at 700 °C, 4 h.
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The magnetic force equation between two poles
abides by Coulomb’s law follows the equation given by

pPip2
F= 3
dnpgr? (3)

where r is the distance between the two poles, p; and p,,
and | is the permeability of empty space that is equal to
4 x 10”7 weber/ampere meter. Thus, we can see that
the van der Waals force decreases with increasing dis-
tance more rapidly than the magnetic force. Figure 8
shows the phase shift factor, which is proportional to
the force acting on the tip, at different tip-sample
distances in the MFM and AFM measurements for
three samples (see Fig. 9). The three samples are
Lag¢Cag4MnO; pillars fabricated by electron-beam
lithography (squares), Lay ¢Cag4MnOj pillars fabricated
by electron-beam lithography plus 250 °C sintering for
4 h (circles), and LaygCay4MnO5 pillars fabricated by
electron-beam lithography plus 700 °C sintering for 4 h
(triangles). These three Lagy¢Cag4MnO;3 pillars have a
thickness of about 65, 60, and 35 nm, respectively, and
were deposited on silicon wafers. The sample with post
sintering treatment at 700 °C for 4 h exhibits a slow
magnetic force decrease with increasing tip-sample dis-
tance, indicating the sample has a large magnetic
moment. On the other hand, the sample without post
sintering treatment has a negligible magnetic moment
and exhibits a rapid force decrease with increasing
tip-sample distance. At small tip-sample distances
(<15 nm), the total force is dominated by the atomic
force, and the difference between the MFM and AFM
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phase images is indistinguishable. When the distance is
greater than 15 nm, the magnetic force becomes dominant.
Both forces diminish after the distance exceeds 40 nm.
The experimental curves are described well by Egs. (2)
and (3). We therefore conclude that a well-defined mag-
netic pattern has been successfully fabricated using water-
developable Laj Cag 4sMnO; electron beam resist.

IV. CONCLUSION

In summary, we are able to create magnetic patterns
using the environmentally friendly water-developable
Lag ¢Cag4MnOj5 electron beam resist in one step. Both
positive and negative patterns are readily fabricated by
varying the electron dosage. The Laj ¢Cay 4MnOj; electron
beam resist exhibits high refractive index and dual
functions, so it can be varied by processing condition and
is useful for photonic crystal fabrication. The reflectance
spectra of the Laj ¢Cay 4MnO; electron beam resist can be
changed in a fixed design pattern because the morphology
and the refractive index of the patterned Lag ¢Cag4MnO;
are changed by varying the electron dosage. The magnetic
properties of the patterned Lay Cag4MnQOj3 can be clearly
observed by post sintering the sample at 700 °C for 4
h after electron beam writing in our MFM study. We
emphasize here that our study provides an environmental-
ly friendly yet simple and convenient approach for the
fabrication of magnetic patterns, which underpin many
novel properties awaiting future exploration.
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