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a  b  s  t  r  a  c  t

Core  level  (CL)  and  valence  band  (VB)  spectra  of heavily  Ga-doped  ZnO  (GZO)  films  with  carrier  con-
centrations  (Ne) ranging  from  1.8  ×  1020 to 1.0  ×  1021 cm−3 were  measured  by  high-resolution  Al K˛

(h! =  1486.6  eV)  x-ray  photoelectron  spectroscopy  (XPS)  and  Cr K˛ (h!  = 5414.7  eV)  hard  x-ray  photoelec-
tron  spectroscopy  (HAXPES).  The  CL  spectra  of the  GZO  films  measured  by  XPS  had  little  dependence  on
Ne.  In  contrast,  clear  differences  in asymmetric  broadening  were  observed  in  the  HAXPES  spectra  owing
to the  large  probing  depth.  The  asymmetry  in the  Zn  2p3/2 and  O  1s HAXPES  spectra  is mainly  attributed  to
the  energy  loss  of  the  conduction  electron  plasmon  caused  by the  high  Ne of  the  GZO  films.  Similar  asym-
metry  was  also  observed  in the VB  spectra  of  these  GZO  films.  It was  found  that  such  asymmetry  plays a
crucial  role in  the  determination  of crystal  polarity.  With  increasing  Ne, the  intensity  of the  sub-peak  at
a  binding  energy  Eb of  about  5 eV  in  the  VB  spectrum  decreased  and  the sub-peak  became  indistinguish-
able.  We clarified  the  limitation  of the  criterion  using  the  sub-peak  and  proposed  an  alternative  method
for  polarity  determination.

© 2017  Elsevier  B.V.  All rights  reserved.

1. Introduction

ZnO is a II–VI compound semiconductor with a wurtzite struc-
ture. The alternating Zn and O atomic planes along the c-axis result
in two distinct polar surfaces: (0001) Zn-polar and (0001) O-polar
surfaces. Owing to the inverse surface nature, Zn-polar and O-
polar ZnO surfaces show significant differences in their chemical
and physical properties [1–4]. Because the crystal polarity has a
strong effect on film growth and device performance, various meth-
ods have been developed to determine the polarity of ZnO [2,5–7].
As a nondestructive method of characterizing the chemical states
and electronic structures, x-ray photoelectron spectroscopy (XPS)
is widely used to determine the polarity of ZnO [6,8,9]. Note that a
sub-peak at a binding energy of about 5 eV (Eb ≈ 5 eV) is observed in
the valence band (VB) spectrum of Zn-polar ZnO but is not observed
in the VB spectrum of O-polar ZnO. A similar sub-peak has been
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proved to be a fingerprint for metal polarity in other wurtzite semi-
conductors [10,11]. To the best of our knowledge, however, there
have been few publications discussing the limitations of XPS for
polarity determination in wurtzite structure semiconductors [12].

ZnO thin films used as the transparent electrodes in optoelec-
tronic devices are usually deposited on glass or other amorphous
substrates at a low temperature of less than 200 ◦C [13–15]. Poly-
crystalline ZnO films commonly suffer from instability in the
presence of environmental moisture [16]. The surface of a polycrys-
talline ZnO film easily absorbs water molecules and contaminants.
It is very difficult to remove the degraded surface layers by washing,
etching, thermal annealing or Ar+ ion sputtering without causing
any damage to the underlayers. Conventional XPS using an Al or a
Mg anode is rather surface-sensitive because of the shallow prob-
ing depth [17]. The electronic states measured by conventional XPS
are thus easily affected by surface treatments [18,19]. The develop-
ment of hard x-ray photoelectron spectroscopy (HAXPES) allowed
us to investigate the bulk-sensitive information of materials owing
to the large inelastic mean free path (!) [20–22]. In this study, the
electronic states of Ga-doped (GZO) films were investigated by con-
ventional XPS and HAXPES. We  found that only HAXPES provided us
with reliable results owing to the large probing depth (3!),  which
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was deeper than the degraded surface layer. The effect of a high car-
rier concentration on core level (CL) and VB spectra is discussed. The
analysis of the data obtained by a series of experiments revealed the
following: the significant asymmetry in the CL spectra was caused
by the high carrier concentration in GZO films; such asymmetry was
also observed in the VB spectra; the disappearance of the sub-peak
at Eb ≈ 5 eV was observed when the carrier concentration in a GZO
film was higher than 5.0×1020 cm−3, while the GZO film remained
Zn-polar. This means that the reliability of the sub-peak at Eb ≈ 5 eV
as a fingerprint for polarity determination depends on the carrier
concentration in the film.

2. Experimental

GZO films with a thickness of 100 ± 5 nm were deposited on
glass substrates at 200 ◦C by ion plating with direct-current arc
discharge using a pressure-gradient-type plasma gun [23]. A sin-
tered ZnO tablet containing Ga2O3 of 3.0 wt% (Hakusui Tech) was
used as a resource. The oxygen gas flow rate (OFR) is an important
parameter for controlling the properties of GZO films. For GZO films
deposited with higher OFRs, we found improved moisture resis-
tance compared with GZO films deposited with lower OFRs [23].
In this study, we set OFRs of 0 (A), 15 (B) and 25 (C) sccm (sccm
denotes standard cubic centimeters per minute). Other details of
the growth have been reported in our previous works [23,24]. The
deposition rate increased with increasing OFR. The film thickness
was controlled by the deposition time, which was calibrated by the
results of a trial growth. The film thickness was  measured using a
surface profilometer (Alfa-Step, IQ). The crystal structure of the GZO
films was characterized by high-resolution x-ray diffraction (XRD)
using Cu K" radiation (Rigaku, ATX-G). The electrical properties
were determined by Hall effect measurements at room tempera-
ture using the van der Pauw method. The surface morphology was
characterized using atomic force microscopy (AFM) (Park Systems
NX10). The scan area and speed were 1 × 1 #m2 and 2 #m/s  (1 Hz
scan rate), respectively. The root-mean-square roughness (RRMS)
is used to analyze the surface morphology of the GZO film. HAX-
PES CL spectra of these GZO films were measured by HEARP Lab
installed in SPring-8, which consists of a compact monochromatic
and focused Cr K  ̨ source (h! = 5414.7 eV), a high-permanent hyper
energy version of VG SCIENTA R4000 10 KeV and a wide-acceptance
(±35◦) objective lens installed in front of the analyzer [25]. The total
energy resolution was estimated to be 0.53 eV with a pass energy of
200 eV by Au Fermi edge measurement. HAXPES VB spectra and all
the conventional XPS spectra were measured in the newly installed
dual monochromatic x-ray-source (Cr/Al K˛ sources) photoelec-
tron spectroscope of our group, which is based on an EW4000
analyzer with a ±30◦ angular acceptance. The total energy reso-
lution was estimated to be 0.64 eV and 0.52 eV for the Cr K˛ and
Al K˛ sources (h! = 1486.6 eV) with a pass energy of 200 eV by Au
Fermi edge measurements, respectively. This system allows us to
freely select bulk-sensitive and surface-sensitive measurements.
To obtain deep-bulk information, a take-off angle (TOA) of 85◦ was
adopted for all the photoelectron spectra unless otherwise stated.

3. Results and discussion

High-resolution out-of-plane and in-plane x-ray diffraction
(XRD) measurement results (see Fig. S1 in supplementary material)
showed that samples A–C had a wurtzite structure and exhibited a
texture with a preferential c-axis oriented columnar grain structure
perpendicular to the substrate surface. AFM measurement results
showed that the surface roughness of samples A–C decreased as the
OFR increased. The GZO samples with different OFRs had flat sur-
faces with RRMS of less than 1.5 nm (see Fig. S2). As shown in Table 1,

each GZO sample had a low resistivity of less than 2.2 × 10−3 " cm.
During conventional XPS or HAXPES measurements, the surfaces
of the samples were grounded to the sample stage by conductive
carbon tape: the samples were sufficiently conductive to prevent
charging because they exhibited low resistivity (Table 1).

Fig. 1 shows the normalized conventional XPS and HAXPES O
1s and Zn 2p3/2 spectra of GZO films with different OFRs (see
Table 1). The carrier concentration (Ne) in the GZO films decreased
from 1.0 × 1021 to 1.8 × 1020 cm−3 with increasing OFR from 0 to
25 sccm. Note that little difference in the normalized XPS spec-
tra was observed among the three samples shown in Fig. 1(a),
despite the distinct differences in the electrical properties deter-
mined by Hall effect measurements. On the other hand, Fig. 1(b)
showed clear differences in the normalized HAXPES spectra among
the above GZO films. These results are considered be caused by the
large difference in the probing depth between conventional XPS
and HAXPES. According to the data calculated using the TPP-2M
(Tanuma, Powell and Penn, second modification) formula [17], the
probing depth of Zn 2p3/2 using a Cr K" x-ray source is 18.8 nm,
compared with only 3.4 nm when a conventional Al K" x-ray source
is used. Taking into account the fact that ZnO polycrystalline films
tend to suffer from instability in a humid environment [23,26], the
chemical states of surface layers ranging from the surface of ZnO
films to a depth of nm order will be easily affected by absorbed
water molecules when GZO films are exposed to ambient condi-
tions without any protective capping layers. The conventional XPS
measurement results thus only provided information about the
degraded topmost layer at any given OFR. On the other hand, HAX-
PES, which has the ability to detect much deeper layers, provided
us with information including not only chemical states for differ-
ent growth conditions but also the changes in the states caused by
moisture attack. Therefore, all the data in the following discussion
are from HAXPES spectra.

CL and VB HAXPES spectra of Zn- and O-polar single-crystal (SC)
ZnO substrates (Tokyo Denpa Co. Ltd.) were measured by the pho-
toelectron spectroscope of our group as reference data. To prevent
charging, slightly n-type doped ZnO substrates with a Ne of about
1.0 × 1017 cm−3 were chosen. Fig. 2 shows the normalized O 1s and
Zn 2p3/2 spectra for both Zn- and O-polar ZnO substrates and sam-
ple A. As shown in Fig. 2(a), we  found that there was no significant
difference in the O 1s and Zn 2p3/2 CL spectra between the Zn- and
O-polar ZnO substrates. Note that even for the SC ZnO substrates,
both O 1s and Zn 2p3/2 spectra cannot be fitted by a single Voigt
profile. The O 1s spectrum of the Zn-polar ZnO substrate can be fit-
ted by three Voigt components, as shown in Fig. 2(b), where only
the results of fitting to the O 1s spectra of the Zn-polar SC ZnO sub-
strates are labeled as O (1), O (2) and O (3). For the Zn 2p3/2 spectrum
of the Zn-polar SC ZnO substrate in Fig. 2(c), the fitting was con-
ducted using two Voigt components labeled as Zn (1) and Zn (2).
O (1) at Eb of 531.2 eV and Zn (1) at Eb of 1022.2 eV were assigned
to Zn-O bonding in the Zn-O matrix [18]. O (2) at the higher Eb of
532.3 eV and Zn (2) at the higher Eb of 1023.0 eV were attributed
to surface Zn-OH hydroxyl groups [8,18]. O (3) at the even higher
Eb of 533.4 eV was  related to adsorbed molecular water on the sur-
face layer [27]. Note that the effect of surface contamination on the
observed spectra was greatly reduced by using HAXPES rather than
conventional XPS [18]. The most important point is that both the O
1s and Zn 2p3/2 spectra of the GZO films show marked asymmetric
broadening on the high Eb side compared with the spectra of the SC
ZnO substrates. Note that the surface contamination in sample A is
greater than that in SC ZnO owing to defects such as oxygen vacan-
cies and Zn interstitials in the polycrystalline GZO film. Also, the
amount of surface contamination should be greatly enhanced after
performing a damp-heat test. The asymmetric broadening in both
the O 1s and Zn 2p3/2 HAXPES spectra was, however, not increased,
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Table 1
Carrier concentration (Ne), electrical resistivity, full width at half maximum (FWHM) of rocking curves of (0002) peaks, component (plasmon or fundamental), binding energy,
weight,  satellite energy (see text in detail) and plasmon energy (!ω)  of GZO samples A–C deposited with different OFRs.

Sample OFR (sccm) Ne (×1020 cm−3) Resistivity (" cm)  FWHM (◦) Component Binding energy (eV) Weight (%) Satellite energy (eV) "ω (eV)

A 0 10.1 3.0 × 10−4 3.45 plasmon 1022.26 42 0.84 1.05
fundamental 1021.41 58 – –

B  15 6.2 3.7 × 10−4 3.40 plasmon 1021.78 54 0.52 0.87
fundamental 1021.26 46 – –

C  25 1.8 2.2 × 10−3 3.74 plasmon 1021.42 66 0.43 0.48
fundamental 1020.99 34 – –

Fig. 1. O 1s and Zn 2p3/2 (a) XPS and (b) HAXPES spectra of GZO films with different OFRs: sample A–C (see Table 1). The spectra were normalized by the integrated intensity
of  each spectrum.

Fig. 2. (a) O 1s and Zn 2p3/2 HAXPES spectra of Zn- and O-polar SC ZnO substrates. (b) O 1s and (c) Zn 2p3/2 HAXPES spectra for Zn-polar ZnO substrate and sample A. The
spectra were normalized by the integrated intensity of each spectrum. For easier comparison, the spectra of sample A in (b) and (c) were shifted and the peaks were aligned
with  those in the spectra of the Zn-polar ZnO substrate.

but slightly reduced after the damp-heat test, as shown in Fig. S4 in
the supplementary material. Therefore, we cannot attribute all the
asymmetric broadening in the O 1s and Zn 2p3/2 HAXPES spectra
of the GZO films to the surface contamination. The main reason for
the asymmetric broadening in the HAXPES spectra of the GZO films
will be given in the following discussion.

We  first rule out a possible factor causing asymmetric broaden-
ing in the photoelectron spectra. It is known that a photoelectron
spectrum will show asymmetry on the higher- or lower-Eb side
when upward or downward band bending occurs near the surface
of a semiconductor or the interface of a heterojunction [18,28–31].
This is because the resulting spectrum is the sum of all the com-

ponents from different depths. It has been widely reported that
the band bending at the surface of ZnO can be modified by a sur-
face treatment or adsorbed species on the surface [18,29]. To make
sure the situation of surface band bending in the GZO  samples,
angle-resolved HAXPES spectra were measured and shown in Fig.
S3 in the supplementary material. There is no obvious difference
between the spectra measured at the low angle (TOA = 30◦) and at
the high angle (TOA = 85◦) for both O 1s and Zn 2p3/2. This indicates
no surface band bending in those GZO samples. Therefore the sur-
face band bending can be ruled out for the reason of the broadening
and asymmetry effects in our PES spectra.
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The dominating factor causing asymmetric broadening in the
HAXPES spectra of the GZO films is discussed below. Asymmet-
ric spectra have often been reported for epitaxial oxide films with
high Ne, such as CdO, Sn-doped In2O3 and Sb-doped SnO2 films
[32–34]. The asymmetry of CL spectra has been understood in terms
of the energy loss due to the plasmon excitation of conduction
electrons. Normally asymmetric spectra should be fitted by two
Voigt functions. One component with a low Eb is the fundamen-
tal component, which mainly has dominant Gaussian character
with narrower broadening. The other component with a high Eb
is assigned to the plasmon energy loss peak with wider broaden-
ing. The plasmon energy in a semiconductor film can be calculated
as [32].

!ω = !
!

Nee2

m∗ε0ε(∞)
(1)

where "  is the reduced Planck constant, e is the elementary charge,
ε0 is the permittivity of free space, ε(∞) is the high-frequency
dielectric constant and ω is the plasmon frequency. m∗ is the effec-
tive electron mass, which can be calculated using the equation
m*(ZnO) = (0.280 + 0.010 × 10−20Ne)m0 proposed by Fujiwara and
Kondo [35]. Here m0 denotes the free-electron mass.

To study the effect of Ne on the asymmetry of the CL spectra
of the GZO films, the Zn 2p3/2 spectra for samples A–C were fitted
by two Voigt functions after subtracting the Shirley background.
The fitted spectra and fitting parameters are shown in Fig. 3 and
Table 1, respectively. As shown in Table 1, the satellite energy cor-
responding to the difference in the binding energies between the
fundamental component and the plasmon excitation component is
always smaller than the plasmon energy calculated by Eq. (1). This
implies a reduced Ne in the degraded surface region of the GZO
films discussed above. Among these GZO films, sample C deposited
with the highest OFR exhibited the strongest resistance to moisture
[23]. For this sample, we  confirmed that the difference between the
satellite and plasmon energies was the smallest.

In the following discussion, we will elucidate that the asym-
metry caused by the high Ne also occurs in the VB spectrum and
discuss whether the sub-peak at Eb ≈ 5 eV in the VB spectrum would
be an effective fingerprint for the determination of crystal polarity
in highly n-type doped GZO films. Fig. 4 shows the VB spectra of
the GZO films compared with the VB spectra of Zn-polar and O-
polar ZnO substrates. The observed VB spectra mainly consisted
of three peaks. The peak marked as P1 located at Eb ≈ 5 eV, cor-
responding to the hybridization between O 2p and Zn 4s states,
predominately originates from O 2p states. The peak marked as P2
located at Eb ≈ 8 eV originates from the hybridization between O 2p
and Zn 4s states [36]. The peak located at Eb ≈ 10.8 eV is assigned
to Zn 3d states. In the inset of Fig. 4(b), weak Fermi edges can
only be observed around Eb = 0 eV in the VB spectra of the GZO
films owing to the filled states near the bottom of the conduction
band [32,33]. An important characteristic reported for semicon-
ductor with a wurtzite structure is that the intensity of peak P1
in a (0001) cation-polar film is significantly stronger than that in
a (0001)anion-polar film, which is also confirmed in Fig. 4(a). This
characteristic has been widely used as a simple and nondestructive
method of distinguishing the crystal polarity in wurtzite semicon-
ductors such as ZnO, III-nitrides and CdS [6,8,9]. As a guide for the
eyes, parallel short dash lines were added to Fig. 4(a). The intensity
of peak P1 gradually increases to become similar to that for Zn-
polar SC ZnO as the OFR increases from 0 to 25 sccm (from A to C).
This phenomenon may  easily lead to the erroneous judgment that
polarity inversion occurs in the GZO films when the OFR increases,
which is similar to the result reported by Adachi et al. [6].

It is very interesting to investigate the effects of the OFR on the
microstructure of the GZO films. To determine the crystal polar-

ity in ZnO films, three criteria based on the study of photoelectron
phenomena have been widely used: (1) the aforementioned sub-
peak at Eb ≈ 5 eV in the VB spectrum; (2) the ratio of the intensity
of the Zn 2p3/2 spectrum to that of the O 1s spectrum (hereafter
denoted by IZn/IO); (3) x-ray photoelectron diffraction (XPD) [37].
The second criterion is derived from XPD phenomena [6,37]. It has
been reported that for HAXPES spectra, when IZn/IO for O-polar
SC ZnO substrates was  normalized to unity, the value of IZn/IO for
Zn-polar SC ZnO substrates became about 1.3 [6]. The above cri-
terion was  also used to determine the crystal polarity of an AlN
film with a wurtzite structure [38]. We  applied this criterion to
Zn-polar and O-polar SC ZnO substrates as a test. When IZn/IO for
Zn-polar SC ZnO was normalized to be 1, the value of IZn/IO for
Zn-polar SC ZnO was calculated to be 1.2, which was  slightly dif-
ferent from the reported value of 1.3 [6]. Taking into account the
fact that IZn/IO should depend on the x-ray sources of the photo-
electron spectroscope, the acceptance angle and the transmission
characteristics, such a deviation would be meaningless. HAXPES
measurement results showed that the IZn/IO values for samples A–C
were 1.29, 1.38 and 1.35, respectively. This indicates that all the GZO
films were Zn-polar, regardless of the OFR. These findings demon-
strate an issue to be resolved: it is necessary to study the limitation
of the sub-peak at Eb ≈ 5 eV as a criterion for polarity determination
in semiconductors with a wurtzite structure.

Here we  propose the effects of plasmon energy loss, which we
have discussed in terms of O 1s and Zn 2p3/2 spectra, on the sub-
peak as a means of resolving the above issue. As shown in Fig. 4(b),
all the peaks in the VB spectra of the GZO films are affected by plas-
mon  energy loss with asymmetric broadening on the higher Eb side,
similar to that observed in the O 1s and Zn 2p3/2 spectra. Analysis
of the data in Fig. 4(b) showed that the increase in Ne resulted in
greater asymmetry broadening on the high-Eb side owing to the
larger satellite energy. This tendency was  clearly observed in Zn 3d
peaks in the Eb range from 9 to 14 eV. We  deduced that the dis-
appearance of the sub-peak in the VB spectra of the GZO films is
due to the asymmetry broadening caused by the high Ne in the
GZO films, rather than polarity reversion. In the GZO sample with
Ne higher than 5.0 × 1020 cm−3, it was  difficult to observe the sub-
peak at Eb ≈ 5 eV. We  propose that XPD is an effective and reliable
way of determining the polarity of ZnO-based films with high Ne

[5,6,12,39].
XPD which is directly related to the crystal structure is the most

reliable method of determining the polarity in semiconductors [37].
XPD measurement requires a precise variable-angle sample stage
or an electron analyzer with an angular mode, which is not avail-
able in many XPS systems. In addition, XPD measurement is very
time-consuming, even though it can be simplified under certain
conditions [12]. As mentioned above, the second criterion of using
the value of IZn/IO is derived from XPD phenomena. It is much sim-
pler than the XPD method because it only considers the sum of
electrons within the acceptance angle. Note that the photoelectron
cross section of orbitals depends on the X-ray energy [11]. Also,
the forward scattering is much stronger in HAXPES than in com-
mercial XPS [37]. Thus, the result of the second criterion strongly
depends on the x-ray energy. For instance, it was  reported that the
IZn/IO value of Zn-polar SC ZnO substrates was smaller than that
of O-polar ZnO substrates when Al K˛ radiation was used, which
was contrary to the results reported by Adachi et al. or those in our
present study using hard X-ray sources [6,8].

Note that the difference in the sub-peak at Eb ≈ 5 eV between
Zn-polar and O-polar ZnO single crystals is sufficiently large to be
used as a fingerprint for polarity determination when the x-ray
energy is higher than 600 eV [8]. The sub-peak in the VB spec-
trum is thus widely used as a routine test to determine the crystal
polarity in a wurtzite semiconductor because it is a simple and
convenient method [6,8,9]. This study provides us with useful infor-
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Fig. 3. (a)-(c) Fitted Zn 2p3/2 spectra of sample A–C.

Fig. 4. (a) VB spectra of the GZO films compared with those of Zn-polar and O-polar ZnO substrates. The spectra were shifted along the Y-axis. The short-dash lines are
parallel to each other and are a guide for the eyes. (b) Normalized VB spectra of the GZO films and SC ZnO substrates. Magnified (×30) and offset VB spectra are shown to see
the  details near the Fermi level. The VB spectra of the GZO films were calibrated by aligning the Fermi edges. (c) Magnified VB spectra in the binding energies ranging from
2.5  to 7 eV.

mation about the limitation of the criterion based on the sub-peak
for wurtzite semiconductors with high Ne. It is worth mentioning
from the viewpoint of basic physics that the characteristic sub-peak
shape is associated with the cation 4p and anion 2p states owing to
the polarization-related photoelectron phenomena of electrons in
pz-orbitals [11]. This implies that the intensity of the sub-peak in
the VB spectrum depends on the incident angle of the x-ray or the
direction of the crystallographic c-axis [8,11]. The limiting value of
Ne for the case of the above criterion for polarity determination also
depends on the crystalline quality and crystallographic orientation
of the polycrystalline wurtzite semiconductor film.

4. Conclusions

A comparative study of the GZO films with Ne ranging from
1.8 × 1020 to 1.0 × 1021 cm−3 by high resolution XPS and HAXPES
was carried out. Asymmetry in the O 1s and Zn 2p3/2 HAXPES spectra
of the GZO films with different Ne was clearly observed and such
asymmetry was mainly attributed to the energy loss due to the
excitation of the conduction electron plasmon, which was caused
by the high Ne. It was also found that a high Ne in the GZO films
led to significant difficulty in polarity determination using the sub-
peak at Eb ≈ 5 eV in VB spectra. This limitation of the above criterion
is expected to be a common issue for heavily doped wurtzite semi-
conductors, taking into account the fact that the plasmon excitation

scattering from the electrons in the conduction band is a universal
phenomenon in heavily doped semiconductors [32–34].
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Fuchs, V. Muñoz-Sanjosé, F. Bechstedt, C.F. McConville, Phys. Rev. B 79 (2009)
205205.

[37] C.S. Fadley, J. Electron Spectrosc. Relat. Phenom. 178–179 (2010) 2.
[38] V. Lebedev, B. Schröter, G. Kipshidze, W.  Richter, J. Cryst. Growth 207 (1999)

266.
[39] T. Ohnishi, A. Ohtomo, M. Kawasaki, K. Takahashi, M.  Yoshimoto, H. Koinuma,

Appl. Phys. Lett. 72 (1998) 824.


