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Perpendicular magnetic anisotropy in the initial growth of epitaxial in-plane anisotropic Co
ultrathin ¯lms on the ZnO(002) crystal surface was discovered. The critical thickness of weak
spin reorientation transition phenomenon in deposition process from in-plane to out-of-plane
magnetic anisotropy is around 2 nm. Ultrathin 1.2 nm Co ¯lm was stabilized by post-irradiation
of low-energy N ions from the observation of hysteresis loop transforming from an S-shape soft
magnetic state to a square hard magnetic state. The addition of N a®ected the magnetic behavior.
The time-dependent nitridization process was observed using Auger electron spectroscopy.
Magneto-optical Faraday e®ect measurements were used to observe the magnetic properties of
high-transmission Co/ZnO(002) and Co�N/ZnO(002) surface. A strong polar magneto-optic
Faraday e®ect was dominated in the 2.0�4.0 nm Co/ZnO(002) surfaces. From the Nþ implan-
tation that reduces the corresponding coercivity, a hexagonal c-axis lattice structure of Co with
a preferred perpendicular anisotropy on the ZnO(002) surface may be explained.

Keywords: Nitridization; Auger electron spectroscopy; magneto-optical Faraday e®ect; ultrathin
¯lm; magnetic anisotropy.

1. Introduction

Electronic device applications require precise
growth controlling, because the interface structure
is usually crucial for further device performances.1

Recently, magnetic semiconductor (MS) materials
have become popular candidates in electronic tech-
nological progress; this is because the electric cur-
rent that carries the initial spin state inside MS
materials facilitates the ordering of electron °ow.
The °uctuating electron spin °ow easily loses its
memory state without magnetic ordering in the
materials. The II�VImagnetic oxide semiconductors,

such as diluted magnetic (Zn,Co)O, are among
the candidate materials for next-generation spin-
tronic technology.2�4 Most important issues are
concerned that how the inhomogeneous ions incor-
porated into ZnO possesses excellent n-type or
p-type semiconductor property.5�7 Doping diluted
magnetic ions into semiconductors split the spin
energy band, resulting in a condition wherein the
super exchange interaction between neighboring
spins or spin polaron areas induces great enhance-
ment in magnetism. In contrast, doping non-
magnetic ions into ferromagnetic materials may
change the original electronic and magnetic states.
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This phenomenon has attracted more considerable
research attentions.

Recently, magnetic properties of rf-sputtered
ZnCoO and ZnCoNO MS ¯lms were compared.8

N-doping in Co:ZnO ¯lms exhibits poorly p-type
conductivity and paramagnetic. A superparamag-
netic behavior in the grown ¯lm is observed with
increasing the doping content of nitrogen. Doped
N atoms are mostly occupying at the O2� anion
sites and act as e®ective N3� acceptors. A charge
compensation in ZnCoO ¯lms which results from
N-doping decreases the free electron carriers.

Thin ¯lm ZnO due to the phase possessing high
electronic conductivity has been well known. How-
ever, a piece of ZnO(002) crystal wafer has high
surface resistivity (500� cm to 1000� cm). In this
paper, deposition of pure Co on the crystal ZnO
(002) may re-examine the relationship between Co
and ZnO. Through the deposition of Co ultrathin
¯lm the ZnO crystal surface may increase the
surface conductivity from insulation state to semi-
conductor state. Recently, the Co/ZnO series
studies is focused because two hcp lattices near
interface in which the speci¯c interface Co/O�ZnO
or Co/Zn�ZnO problems may generate interesting
results with doping p-type anions. In the earlier
reports, N ions incorporated with Co/ZnO surface
have been con¯rmed.9,10 From these studies, the
formation of Co�N/ZnO structure is highly poss-
ible. The ion energy and sputtering time are the
factors to adjust the surface composition of N. The
concentration of N is greatly a®ected by the ion
sputtering energy. In this paper, the condition of
ion energy is set to 1 keV for observing the series
composition and the variation of magnetic signals.

During the deposition of the Co ¯lms, magneto-
optical e®ect measurement was initially detected
that the magnetic behavior of the 1.2 nm thick Co
exhibited only the room temperature longitudinal
anisotropy. As the subsequent growth of Co, per-
pendicular magnetic signal as well as longitudinal
magnetic signal was also observed. This result may
be attributed to the fact that both Co and ZnO
crystalline prefer hexagonal structures (i.e., bulk
Co has a hexagonal close-packed (hcp) structure
and bulk ZnO has a wurtzite hcp-type structure).
A series study on Co nanocolumn embedded in ZnO
revealed that magnetization is measured under low
temperature (5K).11 However, this paper presented
that the saturation ¯eld of 5 nm Co ¯lm expanded to
more than 1 Tmainly because of superparamagnetic

particles, a squareness (S ¼ Mr=Ms) smaller than
0.42, and a coercivity of around zero at 300K. Such
features are unsuitable for magnetic application.
Therefore, it is necessary to adjust the physical
parameters of Co�ZnO to ¯t room temperature
applications. On the other hand, the doping of
magnetic oxide semiconductors with nonmagne-
tic species (e.g., N-doped ZnO or C-doped ZnO),
called the d0 ferromagnetism, has been predicted by
¯rst-principle calculations.12,13 Localized magnetic
moment generates magnetic polarons around these
nonmagnetic atoms. Thus, doped N ions in ZnO
may be possible for generating spontaneous spin
polarization and enhancing total magnetization.

ZnxCo1�xO has superior electronic and magnetic
properties, i.e., an intrinsic n-type and diluted
ferromagnetic. N-doped ZnO has p-type properties
and d0 ferromagnetism. Thus, merging the inter-
esting issue of reversed electric property and diluted
magnetic property from the surface interests us
for further study. The variation of magnetic prop-
erties such as the squared shape of magnetic hys-
teresis loop during the plasma nitridization process
is especially addressed. Large magneto-optical sig-
nals (0.056� in Faraday rotation) with large coer-
civity (around 53 kA/m) at room temperature
and out-of-plane Faraday e®ect were also observed.
Ferromagnetic to paramagnetic transition can be
precisely controlled in a short period of time by
N plasma sputtering.

2. Experiments

The substrate ZnO(002) single crystal was cleaned
by an ion source (Omicron ISE-10) to remove
impurities. The cleaning cycle lasted for about 1 h.
The sputtering angle was changed to �20� with
respect to the surface normal. The surface was
smooth after 15min o®-normal sputtering followed
by 15min plasma irradiation at a low energy of
300 eV. The epitaxial growth of Co ultrathin ¯lms
was accomplished through evaporation by resistive
heating of 99.995% high purity Co ¯lament.
Chemical information was obtained by retarding
¯eld analyzer-Auger electron spectroscopy (AES)
(Omicron spectaLEED/Auger). The surface com-
position was estimated by the peak-to-peak energy
heights in the AES spectra.

An in situ magneto-optic Faraday e®ect (MOFE)
technique in the ultrahigh vacuum (UHV) system
was designed for the magnetic measurement. The

C. W. Su, S. C. Chang & Y. C. Chang

1250017-2

SP
IN

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 N
at

io
na

l C
hi

ay
i U

ni
ve

rs
ity

 o
n 

03
/0

8/
13

. F
or

 p
er

so
na

l u
se

 o
nl

y.



MOFE was based on the experimental method
similar to the surface magneto-optic Kerr e®ect
(SMOKE), which can be used to detect the trans-
mitted magnetic signal of ultrathin ¯lms.14 A linear
polarized light passes through a medium in a mag-
netic ¯eld, which generates a Faraday rotation.
However, di®erent from the SMOKE, the measured
signals of MOFE should consider two contributions:
(1) the background Faraday rotation from any
dielectric substrates and (2) the main Faraday
rotation from magnetic ¯lms. However, the study
is only focused on the ultrathin ¯lm surface and
interface within 2�4 nm depth. The magneto-optic
signal has been decomposed for the pure MOFE
from the ultrathin magnetic ¯lms on the surface.

Two con¯gurations in a typical magneto-optic
measurement, the longitudinal and polar MOFE,
are usually performed. The specimen along the mag-
netic ¯eld with respected to in-plane or out-of-plane
can be used to identify the uniaxial magnetic ani-
sotropy. Figure 1 shows the schematic pictures and
images captured from the UHV windows. The
longitudinal ¯eld mode (L-MOFE) and perpen-
dicular ¯eld mode (P-MOFE) measurements corre-
spond to Figs. 1(a) and 1(b), respectively. As can
be seen, the maximum magnetic ¯eld in the UHV
system can be achieved at about 255 kA/m under
vacuum at 2:7� 10�8 Pa. The ¯eld sweeping rate
was about 1.3 kA/(ms). To prevent the degradation
or oxidation of the samples, all experiments were
in situ performed in the same UHV�MOFE chamber
without opening to the air.

3. Results

3.1. Preparation of Co/ZnO and
Co-N/ZnO ¯lm samples and
characterization of surface
composition and magneto-optic
property by MOFE

Figure 2 shows the schematic of the fabrication
procedure of Co/ZnO and Co�N/ZnO samples. The
ZnO(002) crystal substrate (10� 10� 0:5mm3) was
cleaned using a 1 keV direct-current Ar plasma at
2:7� 10�4 Pa for 1 h. Epitaxial Co molecular beam
was deposited at a low rate of 0.57 nm/h for better
growth morphology. During the deposition, the
contamination of carbon impurities existed but
average lower than 5 at.% (°uctuated). The thick-
ness of the ultrathin Co ¯lm was estimated by

the relative Auger signal ratio. The sample was
then transferred to another position for MOFE
measurement until the Co became 1.2 nm thick.
No hysteresis loop was observed in the epitaxial
growth interval until 1.2 nm (data not shown here).
Furthermore, the thickness of the 1.2 nm Co/ZnO
sample was continuously increased until it reached
1.6 nm. The thickness of the Co sample was suc-
cessively decreased from 1.6 nm to 1.2 nm by 1 keV
Nþ bombardment for about 450 s. In the procedure
(3) on the right column of Fig. 2, the schematic
diagram means that the ion source of Nþ not only
plays a sputtering role but also plays an implan-
tation role. Our recent result shows that surface
Co�N layers possibly form interstitial solids or
compound layers.9,10 The former is highly possible in

(a) (b)

Fig. 1. MOFE technique performed in a UHV system. The
Faraday rotation was measured through the detection of trans-
mitted s-polarized light intensity and the rotation of a precise
analyzer by the incidence of p-polarized light. Figures 1(a) and
1(b) correspond to the longitudinal MOFE (in-plane ¯eld) and
polar MOFE (out-of-plane ¯eld), respectively.

Fig. 2. Sample processing schemes in three steps: (Step 1)
Deposition of 1.2 nm Co on ZnO(002) surface by molecular
beam epitaxy, (Step 2) Increasing the Co thickness to 1.6 nm
and (Step 3) Decreasing the Co thickness and implantation of
Nþ into the Co layers to about 1.2 nm by post-sputtering.
Under this condition, two samples (1.2nm Co and 1.2 nm Co� N
¯lms) were compared.
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most common applications, because the N atom is
much smaller than Co. In this study, the N atom
was adopted as an impurity species. The impurity
atoms ¯ll the interstices among the host atoms.15

The surface chemical states of the 1.2 nm Co/
ZnO and 1.2 nm Co�N/ZnO samples were charac-
terized by AES. The corresponding spectra (shown
at the left side of Fig. 3) were then compared.
A clear N KLL-transition signal peak appeared
at around 383 eV after an accumulated 1 keV Nþ

sputtering for 450 s. Nitrogen sputtering also
promoted surface cleanness during processing.
Interestingly, 1 keV Nþ sputtering on a bare ZnO
(002) surface did not exhibit any N trajectory.
The corresponding magnetic hysteresis loop was
measured by MOFE after AES measurement.
Only the longitudinal hysteresis loops by L-MOFE
(in-plane measurements) are shown in Fig. 3. This
result indicated that the sample had uniaxial in-
plane anisotropy. An S-shape superparamagnetic-
like loop was also observed in the 1.2 nm Co/ZnO
sample, with a squareness ratio S of 0.42. After
the ¯lm thickness grew and depleted back to
1.2 nm through Nþ sputtering, the squareness
ratio S approached 1 at the same thickness of 1.2 nm
N-sputtered Co/ZnO sample. In Sec. 2, we discuss
how the N ion incorporated into the surface gen-
erates a di®erent e®ect. Compared with N-free Co/
ZnO, the squareness (S) of the Co�N/ZnO sample
was around 1 and its coercivity was about 33%

larger than that of Co/ZnO. After repeated testing,
we also found that the stability of N-sputtered
sample can be maintained for more than one
week, implying that the post-nitridization of Co/
ZnO magnetic surface played a signi¯cant role in
improving magnetic stability.

3.2. Observation of time-dependent
surface composition via N+

sputtering and estimation of surface
composition versus sputtering time

We showed that Co/ZnO ¯lm can be converted into
Co�N/ZnO ¯lm through post-Nþ sputtering at the
end of Sec. 1. Based on the result, we focused on the
experiment on time-dependent Auger intensities
that varied with sputtering time. The results are
shown in Fig. 4. Chemical data were obtained after
each sputtering. During the ¯rst 60min, data were
recorded with a step at every 225 s (3min, 45 s).
Except the ¯rst 60min, the interval of sputtering
time was lengthened until the end. Focused on the
N signal, the variations were clearly divided into
three regions as indicated by the abrupt change
in curves. These regions were labeled regions I, II
and III. The N signal rapidly increased in region I,
whereas the Co signal rapidly declined. Numerous
N implants appeared in Co in region I. Therefore,
the Auger signal of Co decreased with the coverage
of N. Given that N signals initially occupied the

Fig. 3. According to the processing demonstrated in Fig. 2, the hysteresis loops of 1.2 nm Co/ZnO that grows to 1.6 nm Co/ZnO
are shown at the top middle to the right ¯gure. Plasma nitridization to 1.4 nm Co�N/ZnO and 1.2 nm Co�N/ZnO are shown at
the bottom right to the middle ¯gure. The AES spectra shown at the left column correspond to 1.2 nm Co/ZnO (top) and 1.2 nm
Co�N/ZnO (bottom).
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entire surface, both substrate signals from Zn and
O in region I relatively decreased. At 20min, the
Co signal exponentially decreased. Zn and O signals
also revealed that the top of the Co ¯lm began to
deplete away from the surface. An interesting
behavior in Sec. 2 showed that the N signal followed
the same exponential decay as that of Co. The
sputtering e®ect of N occurred in the region with the
same depleting rate as Co. Following this trend, the
composition ratio of N and Co was around 2.5. All
signals were saturated until most of the Co was
depleted from the surface.

Auger depth pro¯ling is a well-known surface-
sensitive technique that yields compositional infor-
mation. Exposing the surface under an ion beam,
which leads to the sputtering of surface atoms, is an
e±cient way of simultaneously observing variations
in surface composition. However, this technique
sometimes uses Ar plasma to prevent chemical
destruction on the surface. We have recently studied
the sputtering species that exchanges Ar with N,
and have obtained a series of results for the depen-
dence of ion energy and sputtering time.9 Region II
in Fig. 4 indicates that the relative composition ratio
of N and Co keeps approximately constant. The
thickness of Co�N with sputtering time was deple-
ted successively without changing the composition
of N inside Co�N layers. Surface information in

regions I and III remained lacking, i.e., the implan-
tation in the Co layers (region I) and the assumed
di®usion layer in the substrate ZnO surface (region
III). We emphasized earlier that the implantation
of Nþ into surface layers is the key factor that
a®ects the corresponding magnetic properties in
this study. Considering the nitridization, thinning
e®ect, and di®used layers at the substrate surface
in the Nþ sputtering process, the empirical compo-
sition formula that focuses on Co and N constituents
by combining surface adsorption and the predicted
time-scaling power law can be expressed as16:

CN ¼ C0
N � ð1� e�btÞ þ k�m� tn

CCo ¼ C0
Co � e�bt þ k�m� tn

)
ð1Þ

where t is the sputtering time. Assuming that
the compositional variations in N and Co are more
dominant than the ZnO surface layers, then the
total percentage sums for N and Co are both equal
to 1; thus, Eq. (1) results. The composition of Co�
N results in CoN3.

Equation (1) ¯ts well except for the adsorption
of N into the surface layers of Co in region I and
saturation in region II after shadow region labeling
at 7.5min (see Fig. 5). This indicated that a buried
di®usion layer of N�Co in the ZnO surface existed
in region III after approximately 40min. After a
long sputtering process, the N trajectory ultimately
resided on the surface. A di®erent result that no
N trajectory observed on bare ZnO(002) surface
was compared with the same condition but without
Co layers covered.

Fig. 4. Variation of Auger electron signal intensity (in arbi-
trary units) of 1.6 nm Co/ZnO(002) as a function of 1 keV Nþ

sputtering time. y-axis scale is convenient for visual proportion.
From the variations of N signal, the curves were divided
into three regions: I: initial implantation of N into Co/ZnO,
II: parallel depletion of Co and N by Nþ sputtering and the
resulting thinning of the Co layer, and III: di®usion of Co�N
into the top surface layer of ZnO.

Fig. 5. Relative time-dependent surface compositions of Co
and N were calculated. The compositions were estimated and
¯tted from the tn scaling law.16

Magneto-Optic Faraday E®ect and Post-Nitridization
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3.3. Observation of growth of Co
and time-dependent MOFE
via 1 keV N+ sputtering

From the observation of relative surface compo-
sition via sputtering time in Sec. 2, N was clearly
incorporated into the surface layers of the top Co/
ZnO. We alternatively observed that the magnetic
properties of Nþ irradiated Co/ZnO varied with
sputtering time. The longitudinal (L-) and polar
(P-) MOFE hysteresis loops of a 4 nm Co/ZnO
sample were observed by the time-dependent nitri-
dization e®ect (see Fig. 6). The 4 nm Co/ZnO(002)
¯lm grew via a four-stage deposition process, in
which the growth rate was 1 nm/h with an 8 h
break. The corresponding L-MOFE and P-MOFE
hysteresis were taken at loop 1 (as-deposited), loop 2

(after 113 s Nþ sputtering) and loop 3 (after 225 s
Nþ sputtering), as shown in Figs. 6(a) and 6(b),
respectively. No hysteresis behavior was observed
during long Nþ sputtering because the successive
sputtering yielded a nonmagnetic N-rich Co�N
phase. According to the studies of Fe or CoFe
sputtered ¯lms, they have been magnetically
softened by controlled N-doping during sputter
depositions.17,18 A ferromagnetic�paramagnetic
transition occurred. A reduction of Hc in the CoFe
series ¯lm has also been observed with a 60%
reduction of mean grain size. According to the
previous time-dependent composition curve shown
in Fig. 4, the observations of MOFE within the
7min locating at region I revealed diluted N doping.
In that period of time, N ions continuously incor-
porated with top Co layers to form Co�N; hence,

(a) (b)

(c) (d)

Fig. 6. Magnetic properties L-MOFE (a) and P-MOFE (b) modes were observed by post-Nþ sputtering for the 4 nm Co/ZnO ¯lm.
Variation of coercivity (c) and Faraday rotation (d) with sputtering time were measured from the hysteresis loops (a) and (b) herein.
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the ferromagnetic phase of Co-rich CoxN was
dominated. No hysteresis loop can be observed
across the N peak. Figure 6 presents the variations
in large perpendicular MOFE. In the as-deposited
4 nm Co/ZnO sample, the coercivity (Hc) was esti-
mated about 4.5 kA/m in the longitudinal mode,
whereas the corresponding Hc in polar mode was 10
times larger (about 53 kA/m) as seen in Fig. 6(c).
Interestingly, Hc in the polar mode obviously
declined larger than Hc in the longitudinal mode.
All longitudinal coercivities were maintained at
only around 4:0� 0:8 kA/m, whereas the polar Hc
obviously declined at a step (around 12 kA/m to
16 kA/m), as shown after each sputtering in Fig. 6
(c). Moreover, perpendicular anisotropy weakened
with increasing nonmagnetic Co�N phase after
more N ions were doped into the out-of-plane
surface Co layers. In-plane anisotropic Co layers
close to the ZnO surface may leave. Therefore,
the corresponding in situ P-MOFE and L-MOFE
loops during the growth process of Co in the
same UHV�MOFE chamber are further checked as
shown in Fig. 7. In the thickness-dependent MOFE
measurement, the hysteresis loops demonstrated
that magnetic anisotropy gradually reoriented
toward from in-plane to out-of-plane with increasing
Co thickness up to 2.3 nm. Due to the low Hc
locating at the in-plane direction, the macroscopic
magnetic anisotropy of Co/ZnO is in-plane. Gener-
ally, the magnetization should be weakened from
easy axis to hard axis.19 However, in our case, the

out-of-plane signal is larger than in-plane signal.
The MOFE signal is proportional to the magneti-
zation of the ¯lm. Thus, the easy axis canted toward
the out-of-plane direction became visible as the Co
grew thicker than 2 nm. Saturated loops simul-
taneously occurred at both P- and L-directions after
2 nm, which meant that the magnetic easy axis
may be canted with respect to the surface normal.
The M-plane (parallel to a-axis) lattice mismatch
between Co and ZnO bulk lattice (about 22.8%) was
quite large, indicating that the strain interaction
of the grown magnetic nanograins with the inter-
face was larger. A clear surface e®ect in which only
longitudinal MOFE signals were observed, also
agreed with the observation in Fig. 7 for Co less than
2 nm thick. Large grains eased the interface strain
as Co grew, and a topmost bulk-like hcp structure
with a c-axis easy axis was formed. In addition,
the bulk-like behavior of Co (over 2 nm thick) indi-
cated that the c-axis magnetocrystalline anisotropy
began to dominate in the top Co structure. Gener-
ally, surface roughness lower than 1 nm is not easy
to identify with atomic force microscope (AFM).
We have observed the initial ZnO(002) surface by
ex situ AFM and obtained nothing about roughness
information. From the recent study on the surface
roughness of the deposited Co/sputtered�ZnO
surface, critical thickness of Co determined by AES
and MOFE just matches around 2 nm.20 Thicker
than 2 nm as shown in the report, the behavior of
Faraday intensity returns to an approximately lin-
ear growth with bulk-like Co thickness. The result
implies that the surface roughness is strongly related
to the °uctuation of optical signals.

3.4. Surface condition observed through
angle-dependent transmitted
interference method

Figure 8 demonstrates the optical mapping pro¯le
of received s-polarized intensity versus the angle of
incidence. Generally, absorption and re°ectance
are relevant factors in most optical techniques, such
as spectroscopic ellipsometry.21�23 Intense trans-
mission carries too much background intensity for
a high transparency crystal in most optical design.
It is not easy to analyze the structural-related
optical information without ¯lter. To avoid the
e®ect produced by ordinary and extraordinary
beams, linear polarized prisms in the MOFE tech-
nique was used.

Fig. 7. P-MOFE and L-MOFE hysteresis loops observed in
the growth of Co. Variations of thickness from 0 nm to 2.27 nm
are labeled from (a) to (e), respectively. The clear MOFE loop
was detected at about 1.4 nm. L-MOFE domination gradually
transited to P-MOFE domination as thickness increased.
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Without the use of polarizer, a modulated
interference fringes ensemble may be obtained.24

Hence, the sensitive weak s-polarized intensity in
a p-polarized incidence has a great advantage in
the examination of surface or interface structure.25

The cross polarizer blocks most of the back-
ground intensity from the p-polarizer. The mini-
mum intensity (I0) was measured at zero magnetic
¯eld. Figure 8 record I0 versus the angle of incidence
(the angle is with respect to the surface normal)
from normal incidence (0�Þ to the P-MOFE point
(� 60�). Over 60 s-polarized optical intensity data
per sample with 1 degree resolution were measured.
A signal to image code (SPYVIEW program) is used
to transform the optical intensity to the optical
mapping.26 Interestingly, the interference-like oscil-
lation behavior in this uniaxial ZnO(0001) crystal
system was observed. The MOFE con¯guration as
a laser interferometer is used to observe the optical
interference fringes. Surface °atness is determined
by measuring from the fringe shift.27 Four di®erent
specimen conditions in Fig. 6 were compared by
this method. It is noticed that the normalized color
scale corresponds to the optical intensity through
an optical power meter. The main peak intensity
around 15� was observed in Figs. 8(a) to 8(d). The
angle depends on the crystal thickness. In Fig. 8(b),
covering a 4 nm Co ¯lm on ZnO surface absorbed
the overall optical intensity and reduced the mul-
tiple scattering between the interfaces. Thus, the
°uctuation of optical signals in Fig. 8(b) is very
low. Deposition of Co leads to the absorbed layer
blocked most transmission rays from the reduced
background intensity. The optical signal in the ¯rst
sputtering at 113 s [see Fig. 8(c)] exhibits high
transmission intensity with di®use signals as a clean
ZnO sample. The more the bright interference spots,
the smoother the surface. The bright spot region
therefore re°ects the surface condition within opti-
cal resolution. Successive sputtering at the second
sputtering time 225 s may cause the roughness
which degrades the overall optical signals [spot
background intensity in Fig. 8(d) becomes much
lower than that in Figs. 8(b) and 8(c)]. Further Nþ
sputtering induces simultaneously surface implan-
tation and depletion. The rough surface should be
expected. The surface treatment may directly alter
the surface roughness that is related to our recent
observation by optical method. Focused on the
Fig. 8(c), the peak positions around 15�, 29� and 44�
after the 113 s Nþ sputtering are all shifting about
2� to the right from the comparison of bright spots
in Figs. 8(a) and 8(b). The shift of the spot re°ects
the macroscopic variation of surface morphology
altered by Nþ ions or from the optical properties of

Fig. 8. Interference mapping pro¯le generated from the
received s-polarized intensity in MOFE measurement was
observed by the variation of angle of incidence in the polar
plane. Label L and D on the ¯gure means laser and detector.
All samples were scanned from 0� (incident direction parallel
to surface normal) to around 66� (near P-MOFE side). The
vertical y-axis scale simulated by SPYVIEW code is arbitrary.
The normalized gradient color in the z-axis bar reveals the
received optical intensity I0. All optical spot images have been
regenerated by a low-pass ¯lter. Four samples are compared:
(a) clean ZnO(002), (b) 4 nm Co as-deposited, (c) Nþ sputtered
Co/ZnO at 113 s and (d) Nþ sputtered Co/ZnO at 225 s.
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the Co�N layers. The formation of Co�N in this
treatment corresponds to region I of time-dependent
N composition curve in Fig. 4. The inference makes
sense because the Nþ depletion has not yet begun.
The drop of the optical interference intensity map-
ping and divergence of bright regions in Fig. 8(d)
(sputtering time at 225 s) was observed. It is noticed
that the bright region between 10��20� and
40��60� is very similar to the positions in Fig. 8(b).
Especially, the sharp peak at around 30� is appeared
as same as the result in Fig. 8(a). Combined these
characteristic points the surface may be gradually
back to initial rough condition. Successive long-time
Nþ sputtering not only depletes the covered region
of Co but causes the possibility of exposure of clean
ZnO surface.

4. Discussions

Reduction of out-of-plane anisotropy can be directly
veri¯ed and proven if more N ions depleted or
incorporated with the top Co layers. Perpendicular
spins may be gradually destroyed and returned
to in-plane anisotropy at an initial growth of
around 1.4 nm. Figure 6(d) recorded the longitudi-
nal Faraday rotation angle and perpendicular
Faraday rotation angle for the as-deposited Co/ZnO
at 0.027� and 0.056�, respectively. The magnetic
easy axis of the ¯lm according to trigonometric
operation favored 25.7� with respect to the surface
normal. Moreover, as seen in Fig. 6(d), P-MOFE
signal increased, whereas the L-MOFE signal
decreased after 113 s (1min 53 s) of Nþ sputtering
because the implantation e®ect of N was dominant
(compared with region I in Fig. 4). The time point
of Nþ sputtering at 225 s (3min 45 s) revealed
that a depleting e®ect was dominant because
both P-MOFE and L-MOFE rotation angles were
reduced. The surface anisotropy at the thickness,
with an initial growth of in-plane Co anisotropy,
also returned. Interestingly, the 4 nm Co case can
be classi¯ed as a thick polycrystalline ¯lm in an
ultrathin regime. Shape anisotropy is dominant
when the magnetization of magnetic particles
is axial symmetric and ellipsoidal; moreover, the
energy depends on the direction of magnetization.
The magnetization switches direction at the critical
magnetic ¯eld, i.e., the coercive ¯eld Hc. Shape
anisotropic energy Kus or crystalline anisotropy
constant K1 can be simply expressed as K ¼
1=2M �Hc, and K is always positive for Co regardless

of whether or not Kus or K1 is used. The magnetic
energy reaches its minimum for stability at the
crystal axis, which has a relatively large coercive
¯eld. In this case, Co/ZnO(002) and its related
Co�N/ZnO(002) system favored perpendicular
con¯guration because of the native hcp-type struc-
ture of bulk Co and ZnO. Likewise, the easy axis
of bulk Co was located along the [0001] c-axis.
The thick ¯lm showed more anisotropic energy
contributed in perpendicular term compared with
the strong longitudinal anisotropy of the thin Co/
ZnO sample in Fig. 3. When the top layer was
depleted by sputtering, the magnetic thickness was
decreased and returned back to that of the initial
grown ¯lm with in-plane con¯guration. The e®ect
is exactly the opposite of the result for di®erent
substrates recorded in a previous work.28 Although
the corresponding magnetic property of the thin ¯lm
structure with the same thickness may be altered
by di®erent growth environments in terms of depo-
sition rate, vacuum level and substrate orientation,
among others, our result provides a processing tread
for further reference.

Based on the results, the MOFE signal dominates
in the longitudinal ¯eld mode during the initial
growth of Co. The observed in-plane anisotropy
may be attributed to the segregation e®ect gener-
ated during a long-time deposition processing
period. The pseudomorphic growth of ¯ne Co par-
ticles on the ZnO may have in-plane interface
anisotropy, whereas particles grown further may
enhance super exchange coupling to reveal bulk-
like, out-of-plane anisotropy. According to a recent
study about defects on the ZnO(0001) polar surface
observed via scanning tunneling microscope (STM)
technique, O-terminated hexagonal cavities and
Zn-terminated triangular Islands coexist due to
the balance of electrostatic energy on the surface.29

This can be attributed to the surface structure
that may favor the easy axis parallel to the plane,
or an additional in-plane anisotropic contribution
of CoO that provides possibilities in the total mag-
netocrystalline anisotropy.30 Further deposition of
Co eases the e®ect, resulting in strong out-of-plane
anisotropy. This inference about defect depth and
interaction length between defect pits on the surface
plane, compared with our observation of the spin
reorientation at around 2 nm, is completely in ac-
cordance with the STM and AES observations.20,29

The squared hysteresis loop irradiated by Nþ ions
enhances the application potential. Generally, the
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°ux available for magnetic recording with sharp
transition is characterized by squareness. This e®ect
is responsible for developing magnetic memory
devices.31 According to the composition experiment
via the sputtering time of Nþ, the Co layer was
rapidly depleted, and N species dramatically grew
within the initial 450 s. Thus, the electronic prop-
erties of the material still require further examin-
ation. Moreover, the ¯lm thickness can be precisely
controlled through this technique by focusing
the Nþ sputtering. In e®ect, controlling the ¯ne
thickness by post-Nþ sputtering has become more
e®ective and easier.

5. Conclusion

In this study, 1 keV dc Nþ sputtering with Co/ZnO
(002) surface generates surface nitridation. Nþ plays
two roles in Co/ZnO: (1) implantation of N into
the Co layers and (2) depletion of Co from the ZnO
surface. Therefore, except processing the Co�N
¯lms has to consider nitridation, the thickness
depletion is also the key factor. The core magnetic
properties in this period exhibit application poten-
tial. As thickness of Co grows thicker than 2 nm,
the magnetic anisotropy of hcp crystalline Co/
ZnO favors the out-of-plane orientation. A large
reduction in coercivity about 0.126 kA/(m s) was
observed in the 4 nm thick Co/ZnO ¯lm by the
polar MOFE. Observation of relative surface rough-
ness through related optical interference image is
convinced with AES and MOFE measurement by
optical mapping method. Followed by the post-
short-period Nþ implantation process, hard mag-
netic state to soft magnetic state can be precisely
controlled. For industry, this processing is con-
venient and e±cient. Besides, the ion depletion
process can also be °exibly used to control media
patterning in progressive perpendicular recording
technology.
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