
Al x Ga 1x N/GaN band offsets determined by deep-level emission
D. R. Hang, C. H. Chen, Y. F. Chen, H. X. Jiang, and J. Y. Lin 

 
Citation: Journal of Applied Physics 90, 1887 (2001); doi: 10.1063/1.1383259 
View online: http://dx.doi.org/10.1063/1.1383259 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/90/4?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Capacitance–voltage characteristics of selectively doped Al x Ga 1x As/GaAs heterostructures containing deep
traps 
J. Appl. Phys. 86, 532 (1999); 10.1063/1.370762 
 
DX centers in In x Al 1x As 
J. Appl. Phys. 85, 3380 (1999); 10.1063/1.369687 
 
Deep-level transient spectroscopy of Si/Si 1xy Ge x C y heterostructures 
Appl. Phys. Lett. 73, 647 (1998); 10.1063/1.121935 
 
Effects of piezoelectric field on defect formation, charge transfer, and electron transport at GaN/Al x Ga 1x N
interfaces 
Appl. Phys. Lett. 73, 339 (1998); 10.1063/1.121827 
 
Interface states in In 0.5 Ga 0.5 P/Al x Ga 1x As heterostructures grown by liquid phase epitaxy 
J. Appl. Phys. 81, 7362 (1997); 10.1063/1.365334 

 
 

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.118.249.45 On: Thu, 01 May 2014 23:51:00

http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/52631116/x01/AIP-PT/JAP_ArticleDL_041614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=D.+R.+Hang&option1=author
http://scitation.aip.org/search?value1=C.+H.+Chen&option1=author
http://scitation.aip.org/search?value1=Y.+F.+Chen&option1=author
http://scitation.aip.org/search?value1=H.+X.+Jiang&option1=author
http://scitation.aip.org/search?value1=J.+Y.+Lin&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1383259
http://scitation.aip.org/content/aip/journal/jap/90/4?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/1/10.1063/1.370762?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/1/10.1063/1.370762?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/85/6/10.1063/1.369687?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/73/5/10.1063/1.121935?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/73/3/10.1063/1.121827?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/73/3/10.1063/1.121827?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/81/11/10.1063/1.365334?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 4 15 AUGUST 2001

 [This a
AlxGa1ÀxNÕGaN band offsets determined by deep-level emission
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We present studies of the compositional dependence of the optical properties of AlxGa12xN(0
,x,0.22) alloys by modulation spectroscopy and photoluminescence. The yellow luminescence,
which is well known in GaN and is generally assigned to shallow donor–deep acceptor pair
recombination has also been observed in AlxGa12xN. As aluminum concentration increases, the
color of the band changes from yellow~2.2 eV! to blue~2.6 eV!. The shift was less than that of the
band gap. Together with previously published studies, it implies that the deep acceptor level is
pinned to a common reference level to both materials, thus the deep level responsible for the yellow
emission is used as a common reference level to determine the band alignment in AlxGa12xN/GaN
heterojunctions. Combining with the near-band-edge modulation spectra, the estimated ratio of
conduction-to-valence band discontinuity is 65:35. Our results are close to the values obtained from
PL measurements on Al0.14Ga0.86N/GaN quantum wells and those calculated by linear muffin-tin
orbital method and linearized augmented plane wave method. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1383259#
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I. INTRODUCTION

GaN-based III–V nitride semiconductors are curren
under intensive investigations for their scientific values a
promising device applications. The wide band-gap nitrid
have the capability of operating in the high-power, hig
temperatures, and hostile environments due to their supe
thermal and structural stability. High quality AlxGa12xN al-
loys are of special interest because they cover a wide ra
of spectral response ranging from;3.4 eV ~GaN! to ;6.2
eV ~AlN !, resulting to an energy variation of 2.8 eV. Thu
this continuous alloy system can be fabricated to ope
between visible and ultraviolet spectral ranges by sim
modifying the aluminum composition.

Much effort had been made to study the fundamen
band gaps,1 bowing parameters,2–4 and many other electro
optical properties of AlxGa12xN.5 Nevertheless, due to th
technical difficulty, there are rare studies focusing on
band-gap offsets of this material system. The previously
ported values of the band offset in AlxGa12xN/GaN hetero-
junctions reveal large discrepancies.6–12 The origin of the
controversy can be attributed to the indirect nature of m
surements and the detailed condition of interface prepara
However, the band-offset ratio is of tremendous significa
for elucidating the carrier confinement mechanisms and
designing and optimizing optoelectronic devices based
Al xGa12xN alloys.

In this article, we report a study on the AlxGa12xN/GaN
band-gap offsets, which is based on the variations of
band gaps and yellow luminescence with alloy compositio
The yellow luminescence~YL ! is a broad luminescence ban
and a universal feature inn-type GaN and GaN-based III–V
nitride semiconductors, independently on the epitaxial te
niques and sample substrates. Since it reduces the effici
1880021-8979/2001/90(4)/1887/4/$18.00
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of optoelectronic devices made out of nitride materials,
mechanism responsible for YL has drawn much attent
over recent years, and there have been many theoretica
experimental investigations aiming at clarifying i
origin.13–22 Neugebauer’s theoretical study13 on defect for-
mation energies and the strong electron–phonon couplin
the YB14 suggest that a deep acceptor state is involved in
recombination. Besides, investigations of detailed photo
minescence and optically detected magnetic resonance
periments revealed that the donor to deep defect trans
took place in the recombination.15 Furthermore it was found
that the pressure dependence of the YL band is the sam
that of the GaN band gap.16 Thus it is generally accepted tha
the YL is due to shallow donor–deep acceptor pair recom
nation and is also responsible for the inherentn-type conduc-
tivity and the persistent photoconductivity effect~PPC! in
GaN epilayers.14 The microscopic origin of the deep level
still not clear. The first principle calculation made by Per
et al.17 and Neugebaueret al.13 gave contradictory results
The former favored nitrogen vacancies and the latter p
posed Ga vacancies, and both of them could have found t
own experimental support.14,18,19 At this stage, we canno
fully exclude the possibility that the microscopic nature
the deep acceptor may be different in samples grown
different methods and under different experimental con
tions. In either case, it is reasonable to expect that the co
sponding PL band in AlxGa12xN shares the same physic
origin with that of GaN since shallow donors, nitrogen v
cancies, and Ga vacancies also exist in AlxGa12xN. Indeed
such band also exists in InxGa12xN alloy systems.23 Up to
date, there are relatively fewer studies on the correspond
YL bands in nitride alloy systems. Thus we measured a
ries of AlxGa12xN samples grown on GaN with Al concen
7 © 2001 American Institute of Physics
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 [This a
tration varies up to 22%. Aided by the results of the ne
band-edge modulation spectra, we are able to determine
band offsets between GaN and AlxGa12xN. About 65% and
35% of the band-gap difference is estimated to be accom
dated in the conduction and the valence band, respectiv
The results are close to the values obtained by PL meas
ments for GaN/Al0.14Ga0.86N quantum wells10 and those cal-
culated by the linear muffin-tin orbital method12 and linear-
ized augmented plane wave method.9

II. EXPERIMENT

The AlxGa12xN alloy samples were grown by metalo
ganic chemical vapor deposition~MOCVD! on ~0001! sap-
phire substrates. There were thin low-temperature-gro
GaN buffer layers first deposited on the substrates before
growth of 1.5-mm-thick epilayers. The aluminum mole frac
tion was controlled by the flow rates of trimethylgalliu
~TMG! and trimethyaluminum~TMAI !. More description of
the samples can be found elsewhere.24 The photolumines-
cence~PL! measurement is an excellent tool to study defe
related physics in semiconductors. The PL measurements
a He–Cd laser working at 325 nm as the excitation sou
The PL system has been described in detail in a prev
report.25 One of the characteristics of AlxGa12xN is its long-
disputed band-gap bowing effect.2–4 It is of crucial impor-
tance to accurately determine the band-gap transitions,
we study the band-gap variation with aluminum concen
tion by means of modulation spectroscopy. Modulation sp
troscopy has been proved to be a powerful technique
studying many physical properties of bulk/thin film
semiconductors,26 semiconductor microstructures,27

surface/interface,28 and actual device configurations.29,30The
modulated signals possess derivative nature and thus
very appropriate for accurate determination of physical
rameters. Contactless electroreflectance~CER!, photoreflec-
tance~PR!, and piezoreflectance~PzR! are among the mos
widely used modulation techniques. The CER approach h
great advantage to study the wide band-gap nitride sam
and does not require an ultraviolet laser as the pump
source and also avoids the PL background generated by
excitation source. Furthermore, it is a nondestructive m
surement since there is not contact with the sample. Thus
adopt the CER to study the band-gap transitions. In our m
surements, we use a conductive metal net that serves a
electrode. We do not use quartz with a transparent cond
tive coating indium tin oxide~ITO! on the surface, which ha
been commonly used because of the poor transmission p
erty of ITO above photon energy exceeding 3.5 eV. Ther
a second electrode made up of a metal strip which is se
rated from the first electrode by a very thin layer of vacuu
The sample is placed between these two capacitor-
plates. Thus there is no direct contact with the front surf
of the sample. An ac modulating voltage of 900 V peak
peak at 200 Hz was applied between the electrodes. A xe
lamp filtered by a monochromator provided the probe be
The reflected light is collected and detected by a photom
tiplier tube ~PMT!. The signal is finally recorded by a dua
phase SR530 lock-in amplifier. An electro servo mainta
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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the dc power of the PMT for protection. An Edward Cry
drive 1–5 closed-cycle refrigerator equipped with an Oxfo
ITC-4 thermocontroller was used for low-temperature m
surements.

III. RESULTS AND DISCUSSION

Figure 1 displays the PL spectra of the AlxGa12xN be-
low the near-band-edge region at temperature 12 K. T
broad and deep bands are considered to be the AlxGa12xN
analog of the yellow band peaked around 2.2 eV in GaN. T
YL is a common feature ofn-type III nitrides and its physica
mechanism is also believed to be the cause ofn-type con-
ductivity and the PPC effect.31 So far, the general consensu
is that the YL arises from the recombination involving
shallow donor and a deep acceptor. The deep acceptor c
be a Ga or a nitrogen vacancy but it is irrelevant to o
purpose here. As can be seen from Fig. 1, the peak ene
of the bands are found to shift gradually to blue with incre
ing aluminum composition. Yet, in this report the bands a
still referred to as the yellow band~YB!. From Fig. 1, we
obtain the change of the YB peak between GaN a
Al xGa12xN follows

DEYB~x!50.6x15.05x260.03x. ~1!

It is important to assess the relative change of the b
gap and the YL in the AlxGa12xN alloys. Yet there were
contradictory studies on the band-gap bowing
Al xGa12xN.2–4 To enhance the reliability of the data, w
utilized modulation measurement to study the band-g
variations. The CER spectra at temperature 12 K in the
gion of the direct band gap from the AlxGa12xN samples are
displayed by the solid lines in Fig. 2. The energies of t
corresponding transitions can be determined in the contex
Aspnes’ third derivative line shape method.26 The functional
form can be expressed in the following form:32,33

DR/R5ReF (
j 51

n

Cje
iQ j~hv2Ej1 iG j !

2mG , ~2!

wheren is the total number of signal features, andm has the
values 5/2 for 3D critical points and 2 for excitons.Cj and

FIG. 1. Shift of the yellow band in AlXGa12XN alloys towards the blue with
increasing Al mole fraction. The PL spectra were taken at temperature 1
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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Q j are the amplitude and the phase of thej th resonance,
respectively.Ej is the transition energy andG j stands for the
broadening parameter of the modulated signal. This is d
onstrated in Fig. 2~a!. The open circles on the CER spectru
from Al0.03Ga0.97N epilayer are the least-square fits to E
~2!. Because the aluminum concentration is low, the ba
gap of Al0.03Ga0.97N epilayer shifts only a little. Thus in in-
terpretating the spectrum, we must incorporate the contr
tion from the GaN buffer layer. From previously publishe
CER study of GaN,33,34 we know that the fundamental ab
sorption edge in wurtize GaN has three excitonic transiti
related to theG9

V–G7
C ,G7

V ~upper-band!-G7
C and G7

V ~lower
band!-G7

C . Two of them are too close to be resolved, and
other is separated from them by about 65 meV at 300
Here, we adopt two features to characterize the contribu
from GaN that is separated by about 50 meV, which is
reasonable agreement with that reported by other group.34 As
shown in Figs. 2~a!–2~c!, the transition energies shift from
3.54 eV forx53% to 4.09 eV forx522%, which are indi-
cated by the arrows.

From Fig. 2, we obtain that the change in band gap
tween GaN and AlxGa12xN is given by

DEG~x!51.05x17.62x260.02x. ~3!

This result is consistent with the previous report.24,34 Obvi-
ously, the slope ofDEG(x) is steeper than that ofDEYB(x).
Since the shallow donor level is expected to be pinned to
conduction band edge, this result shows that the deep ac
tor level is not pinned to the valence band and strongly s
ports the fact that the deep acceptor level is pinned t
common reference level to both materials. Recently, M
et al.23 studied the YL bands of InxGa12xN and had found
the same conclusion.

This is shown in Fig. 3. Under this configuration, th
peak shift of the YB withx equals the band offsetDEC(x).
The band-gap offset thus can be evaluated by

DEG~x!5DEC~x!1DEV~x!5DEYB~x!1DEV~x!, ~4!

and

FIG. 2. CER spectra of~a! X53%, ~b! X511%; ~c! X522% of
AlXGa12xN alloys at temperature 12 K. The solid lines are the experime
results, and the dotted line is the fitting to Eq.~2!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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DEV~x!5DEG~x!2DEYB~x!. ~5!

The situation resembles the model proposed by Lan
and Heinrich,35 in which the deep level acts as a comm
reference level to determine the band alignment and sim
models were applied to the cases of DX centers in III–
phosphides36 and YL bands in InxGa12xN/GaN systems.23

Now we are in the position to derive the band discontinuiti
The band offsetsDEC(x) andDEV(x) for the AlxGa12xN on
GaN are given by

DEC~x!5DEYB~x!50.6X15.05X260.03X, ~6!

and

DEV~x!5DEG~x!2DEC~x!50.45X12.57X260.05X.
~7!

From these results, we obtained that the ratio of conduct
to-valence band discontinuity is about 65:35.

It is worth noting that there exist several early attem
at determining AlGaN/GaN band discontinuity by differe
approaches. A ratio of 50:50 was reported very early by
analysis of cathodoluminescence from AlN/GaN~0001!
superlattices.6 The layer thicknesses were generally thinn
then 10 nm and the structures were thus strained but
fitting of the authors was somewhat problematic because
their neglect of the influence of the strain that has be
known nowadays to have a considerable influence on
band structure. Besides they treated the band offset a
single parameter in the fitting but neglect the fact that in su
a highly strained system, band offset will generally depe
on the layer thickness. Previous x-ray photoelectron sp
troscopy~XPS! attempts did not yield consistent and satisf
ing results. The ratio reported by Martinet al.7 was 75:25
while by Waldropet al.8 was 52:48 for the strain-free layers
The huge discrepancy of 0.56 eV of the valence band

l

FIG. 3. Schematic diagram shows the band configuration of the yel
luminescence in AlGaN. The deep acceptor levelAd is assumed to be held
fixed to a common level.
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continuity by the same approach may come from the un
tainty in determiningEGa 3d

GaN 2Ev
GaN in their fitting. The actual

reason for this is still in debate.9 The conduction to valence
band discontinuity ratios obtained by PL measurements
GaN/Al0.14Ga0.86N quantum wells is 60:40.10 By using tran-
sition metal impurity level as a common reference level,
obtained ratio is 82:18,11 but this result is less comparab
with almost all reported values. On the theoretical side,
banesiet al.12 calculated the band offset using linear muffi
tin orbital ~LMTO! method to be 70:30. Based on lineariz
augmented plane wave~LAPW! method, Weiet al.9 calcu-
lated the ratio to be 71:29. Our results are thus close to
value obtained by using PL measurements and to the t
retical calculations by LMTO and LAPW methods. It shou
be noted that apart from the inconsistent XPS measurem
our experimental result is the closest to the two theoret
results.9,12

IV. CONCLUSION

In summary, we have studied near-band-edge transi
and the yellow luminescence of AlxGa12xN epilayers by the
CER and the PL measurements at 12 K. The CER meas
ments are more appropriate and straightforward than ph
luminescence and transmission measurements to deter
the band gap of alloys. On the other hand, the PL meas
ments may be more practical to study the deep and br
yellow band recombination because the transition occ
over a large energy range resulting in complicated mod
tion spectra. We have demonstrated that by comparing
CER and the PL spectra, the band offsets for AlxGa12xN(x
,0.22) grown on GaN may be estimated. We obtained
average values of about 65% and 35% of the band-gap
ference is accommodated in the conduction band and
valence band, respectively. The obtained result is close to
values measured by PL measurement and calculated
LMTO and LAPW methods. We compared our results w
previously published ones and agreements and discrepa
are discussed. The present result is the closest to the the
ical predictions except the inconsistent XPS data.

ACKNOWLEDGMENT

The work was partly supported by the National Scien
Council of the Republic of China.

1W. Shan, J. W. Ager III, K. M. Yu, W. Walokiewicz, E. E. Haller, M. C
Martin, W. R. McKinney, and W. Yang, Appl. Phys. Lett.85, 8505~1999!.

2H. Angerer, D. Brunner, F. Freudenberg, O. Ambacher, M. Stutzmann
Hopler, T. Metzger, E. Born, G. Dollinger, A. Bergmaier, S. Karsch, a
H.-J. Korner, Appl. Phys. Lett.71, 1504~1997!.

3T. J. Ochalski, B. Gil, P. Lefebure, N. Grandjean, M. Leroux, J. Mass
S. Nakamura, and H. Morkoc¸, Appl. Phys. Lett.74, 3353~1999!.

4S. R. Lee, A. F. Wright, M. H. Crawford, G. A. Petersen, J. Han, and R.
Biefeld, Appl. Phys. Lett.74, 3344~1999!.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

129.118.249.45 On: Thu, 
r-

r

e

-

e
o-

nts
al

n

re-
o-
ine
e-
ad
rs
-

he

e
if-
he
he
by

ies
ret-

e

.

,

.

5G. Steude, B. K. Meyer, A. Go¨ldne, A. Hoffmann, F. Bertram, J. Christen
H. Amano, and I. Akasaki, Appl. Phys. Lett.74, 2456~1999!.

6Z. Sitar, M. Paisley, B. Yuan, R. F. Davis, J. Ruan, and J. W. Choyke, T
Solid Films200, 311 ~1991!.

7G. A. Martin, A. Botchkarev, A. Agarwal, A. Rockett, and H. Morkoc¸,
Appl. Phys. Lett.68, 2541~1996!.

8J. R. Waldrop and R. W. Grant, Appl. Phys. Lett.68, 2879~1996!.
9S.-H. Wei and A. Zunger, Appl. Phys. Lett.69, 2719~1996!.

10M. A. Khan, R. A. Skogman, J. M. van Hove, S. Krishnankutty, and R.
Kolbas, Appl. Phys. Lett.56, 1257~1990!.

11J. Baur, K. Maier, M. Kunzer, U. Kaufmann, and J. Schneider, Appl. Ph
Lett. 65, 2211~1994!.

12E. A. Albanesi, W. R. L. Lambrecht, and B. E. Segall, Mater. Res. S
Symp. Proc.339, 256 ~1994!.

13J. Neugebauer and C. G. Van de Walle, Appl. Phys. Lett.69, 503 ~1996!.
14S. C. Jain, M. Willander, J. Narayan, and R. Van Overstraeten, J. A

Phys.87, 965 ~2000!.
15E. R. Glaser, T. A. Kennedy, K. Doverspike, L. B. Rowland, D. K. Gask

J. A. Freitas, M. Asifkhan, D. T. Olson, J. N. Kuznia, and D. K. Wic
enden, Phys. Rev. B51, 13326~1995!.

16T. Suski, P. Perlin, H. Teisseyre, M. Leszczynski, I. Grzegory, J. Jun,
Bockowski, S. Porowski, and T. D. Moustakas, Appl. Phys. Lett.67, 2188
~1995!.

17P. Perlin, T. Suski, H. Teisseyre, M. Leszczynski, I. Grzegory, J. Jun
Porowski, P. Boguslawski, J. Bernholc, J. C. Chervin, and T. D. Mous
kas, Phys. Rev. Lett.75, 296 ~1995!.

18Group III Nitride Semiconductor Compounds, edited by B. Gil~Claren-
don, Oxford, 1998!, pp. 19–69.

19C. R. Abernathy, inGaN and Related Materials, edited by S. J. Pearton
~Gordon and Breach, New York, 1997!, pp. 11–51.

20E. Calleja, F. J. Sa´nchez, D. Basak, M. A. Sa´nchez-Garcia, E. Mun˘oz, I.
Izpora, F. Calle, J. M. G. Tijero, J. L. Sa´nchez-Rojas, B. Beaumont, P
Lorenzini, and P. Gilbart, Phys. Rev. B55, 4689~1997!.

21D. M. Hofmann, D. Kavalev, G. Steude, B. K. Meyer, A. Hoffmann,
Eckey, R. Heitz, T. Detchprohm, H. Amano, and I. Akasaki, Phys. Rev
52, 16702~1995!.

22F. A. Ponce, D. P. Bour, W. Go¨tz, and P. J. Wright, Appl. Phys. Lett.68, 57
~1996!.

23Ch. Manz, M. Kunzer, H. Obloh, A. Ramakrishnan, and O. Kaufma
Appl. Phys. Lett.74, 1252~2000!.

24H. S. Kim, R. A. Mair, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Let
76, 1252~2000!.

25J. C. Fan, C. H. Chen, and Y. F. Chen, Appl. Phys. Lett.72, 1605~1998!.
26D. E. Aspnes, inHandbook on Semiconductors, edited by M. Balkanski

~North-Holland, New York, 1980!, Vol. 2, p. 109.
27C. F. Li, D. Y. Lin, Y. S. Huang, Y. F. Chen, and K. K. Tiong, J. App

Phys.80, 400 ~1997!.
28X. Yin, H. M. Chen, F. H. Pollak, Y. Cao, P. A. Montano, P. D. Kirchne

G. D. Pettit, and J. M. Woodall, J. Vac. Sci. Technol. B9, 2114~1991!.
29X. Yin, F. H. Pollak, L. Pawiowicz, T. O’Neill, and M. Hafizi, Appl. Phys

Lett. 56, 1278~1990!.
30F. H. Pollak, inHandbook on Semiconductors, edited by M. Balkanski

~North-Holland, Amsterdam, 1994!, Vol. 2, p. 527.
31H. M. Chen, Y. F. Chen, M. C. Lee, and M. S. Feng, Phys. Rev. B56,

6942 ~1997!.
32R. C. Tu, Y. K. Su, C. F. Li, Y. S. Huang, S. T. Chou, W. H. Lan, S. C. T

and H. Chang, J. Appl. Phys.83, 1664~1998!.
33W. Krystek, F. H. Pollak, Z. C. Feng, M. Schurman, and R. A. Stall, Ap

Phys. Lett.72, 1353~1998!.
34Y. T. Hou, K. L. Teo, M. F. Li, K. Uchida, H. Tokunaga, N. Akutsu, and K

Matsumoto, Appl. Phys. Lett.76, 1033~2000!.
35J. M. Langer and H. Heinrich, Phys. Rev. Lett.55, 1414~1985!.
36H. Hasegawa and H. Ohno, Jpn. J. Appl. Phys., Part 225, L319 ~1986!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

01 May 2014 23:51:00


