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Surface versus bulk contributions from reflectance anisotropy and electron energy loss spectra
of the GaAs„001…-c„4Ã4… surface
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We report on the results of a combined experimental study of the optical anisotropy of GaAs(001)-c(4
34) surfaces grown by molecular beam epitaxy and examinedin situ by reflectance anisotropy spectroscopy
~RAS! and high resolution electron energy loss spectroscopy~HREELS!. A correspondence is found between
the spectral features detected with RAS and HREELS. The results clearly show that electronic states localized
at the surface strongly contribute to RAS and HREELS signals below theE1 bulk critical point (;3 eV),
while aboveE1 the contribution of bulk states~modified by the surface! becomes largely predominant in RAS.
Progressive oxidation of the clean surface by molecular oxygen modifies the RAS features providing additional
experimental evidence of their origin.
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It is well known that the earliest naive explanation
reflectance anisotropy spectroscopy~RAS! spectra of III-V
semiconductors in terms of surface dimers transitions
already been abandoned and replaced by more rea
explanations.1–6 Nevertheless, RAS spectra in these co
pounds are not yet fully understood, in particular it is n
clear to what extent surface states contribute to optical
isotropy above the band-gap edge. Such doubts do not
for cation-rich surfaces, in which the main features oc
where the bulk is weakly absorbing. On the contrary, ani
rich surfaces exhibit structures close in energy to bulk cr
cal points.6,7 This fact has triggered a reinterpretation of t
spectra based on realistic calculations and new experime
data that pointed out the prevailing bulklike nature for tho
structures.2 However, the contribution from surface localize
states has been recently reconsidered for GaAs(001)c(4
34) and (234) reconstructions, thanks to high resolutio
electron energy loss~HREELS! measurements8,9 and im-
proved density functional theory~DFT! local density ap-
proximation~LDA ! calculations.2,4 In both cases the author
conclude that surface states should contribute to the an
ropy well below theE1 bulk critical point.

A crucial breakthrough for solving this problem com
from the combined use of RAS and HREELS spectroscop
that have different sensitivity to bulk and surface. Low e
ergy electrons have a much higher sensitivity to surface t
photons, while, in optical measurements, the surface co
bution is singled out from direct detection of absorption
the bulk gap10–12 and/or by measuring the anisotropy sign
between two directions that are isotropic in the bulk.13 For
example, in GaAs(001) crystals, anisotropy along orthogo
directions@ 1̄10# and@110# is not expected: in such case an
signal detected should be attributed to a surface effect. H
ever, this does not imply that pure surface transitions t
place, since bulk states give measurable anisotropies too
the linear electro-optical effect at bulk critical points14 or the
existence of surface modified bulk transitions.5,15

To clarify the origin of the measured features of t
GaAs(001) surfaces, we have applied RAS and HREELS
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samples grown by molecular beam epitaxy~MBE!. All mea-
surements were performed in the analysis chamber c
nected in ultra high vacuum~UHV! to the MBE growth
chamber. Previous comparative studies performed on
capped and as-grown MBE surfaces,8,9 evidenced a greate
surface quality for the latter; the As capping and decapp
procedure, commonly applied,16 degrades the electroni
properties and the long-range order of the surface. Diso
originates from residual roughening upon arsenic desorp
and the presence of mixed domains, as observed by scan
tunneling microscopy~STM!.17,18 These results prove th
importance of studying GaAs and possibly other III-V ep
taxial surfacesin situ instead of decapped surfaces to ch
acterize their optical and electronic properties.

We have focused on thec(434) reconstruction of
GaAs(001) that is the most rich in As among the sta
reconstructions19 and the most difficult to obtain startin
from an As-capped sample. The accepted structural mo
for this reconstruction20 is the ‘‘three As-dimers’’ model by
Sauvage-Simkinet al.:21 three As dimers, oriented along th
@110# direction, sit on top of a complete As layer, resulting
an additional As coverage of 0.75 ML.

The results reported in this work allow us to discrimina
between surface and bulk contributions in the optical spe
of thec(434) reconstruction and to single out the electron
transitions related to dimers. Surface anisotropies domin
the low energy part of the spectrum, while surface-modifi
bulk states prevail at higher energies~above 2.8 eV!.

GaAs homoepitaxial films were grown in a Riber 32 MB
reactor overn-type Si-doped (n5131018), 500mm thick
GaAs(001) substrates mounted with In on a molybden
holder locked to a modified 3-in molyblock. After depositio
of a 0.6mm thick GaAs epilayer the substrate was cool
down in As4 flux within the MBE chamber while monitoring
the surface reconstruction by reflection high-energy elect
diffraction ~RHEED!. At about 500 °C the reconstructio
converts from (234) to c(434), the latter being preserve
down to room temperature. The sample was then transfe
in UHV to the analysis chamber for the HREELS and RA
measurements.
©2003 The American Physical Society28-1
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Loss spectra were measured using a fixed geometry
the electron beam of kinetic energy 15 eV impinging a
being detected atu545° from the sample normal. All spec
tra were recorded with the sample at room temperature.
difference of the scattered intensity along the@ 1̄10# and
@110# directions,DI , at near-specular scattering, is propo
tional to the difference of the scattering cross section per
solid angleV and unit energy loss (\v), given by22

S d2S

d~\v!dV D
[1̄10]

2S d2S

d~\v!dV D
[110]

5A~k i ,ks!ImH «̃ [1̄10]2 «̃ [110]

~11 «̃ [1̄10]!~11 «̃ [110]!
J , ~1!

where «̃ is the effective dielectric function of the medium
A(k i ,ks) is the kinematical factor,22 k i andks are the incom-
ing and scattered wave vectors. The tensor«̃ can be de-
scribed by the three-layer dielectric model,23 where the sur-
face is represented by a layer of thicknessd. For additional
details the reader is referred to Refs. 8 and 9.

RAS spectra were taken in the energy range 1.5–5.5
by using a single polarizer configuration, different from t
more common version in which two polarizers are used24

Although both settings are equivalent, in the configurat
we have used, the signal is less sensitive to alignment er
of the optical components. With this configuration one m
sures the real part of the complex RAS intensity along t
orthogonal directions. Within the McIntyre-Aspnes mode25

for a surface layer of thicknessd!l (l being the wave-
length of light!, the RAS signal is given by

ReS Dr

r D5
2vd

c
@AD«s92BD«s8#, ~2!

D«s95«s9
[1̄10]

2«s9
[110]

andD«s85«s8
[1̄10]

2«s8
[110]

being the an-
isotropy of the imaginary and real part of the surface diel
tric function between the@ 1̄10# and @110# directions of the
surface, respectively.c is the speed of light,d is the thickness
of the surface layer andv is the photon frequency. TheA and
B coefficients vs photon energy are computed from the
perimental bulk dielectric functions26 and, for GaAs, are re
ported in Ref. 27. An extensive discussion ofA andB coef-
ficients and their role in Eq.~2! is given in Refs. 12 and 27
Here we just note thatA andB depend upon the dispersiv
and dissipative part of the bulk dielectric function respe
tively. It is worth remembering that the link between«̃ and
«5(«x ,«y ,«z)5(«s ,«z), taking the scattering plane aligne
along a principal lattice direction„@110# or @ 1̄10# for the
~001! surface…, is

«̃~v,qi!5 «̂
«bcos~ q̃ds!2 «̂ sin~ q̃ds!

«̂ cos~ q̃ds!1«b sin~ q̃ds!
, ~3!

where«̂5«z(2« i /«z)
1/2 andq̃5qi(2« i /«z)

1/2 ( i 5x,y), qi
being the parallel component of the transfer momentum
the surface (xy) plane.
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We report in Fig. 1 HREELS and RAS spectra of th
clean GaAs(001)-c(434) surface. The following feature
can be identified in RAS spectrum of Fig. 1~b!. ~i! A broad
positive structured feature centered around 2.0 eV. It cons
of two peaks at approximately 1.8 and 2.25 eV, as will
established from the comparison with the HREEL spectru
~ii ! A deep negative structure peaked at 2.9 eV with a sho
der at 2.7 eV.~iii ! A broad positive peak centered around 3
eV. ~iv! A stepped feature at 4.5 eV. As a result of the go
surface quality, the total peak-to-peak intensity of the R
signal is ;1.5% against typical values lower tha
;1%.1,2,4,7,13,18,28–31Equation ~2! relates Re(Dr /r ) to the
unknown anisotropy of the surface dielectric function. B
means of the Kramers-Kronig~KK ! analysis6 one can obtain,
from RAS data,D«s9 andD«s8 as well. However, sinceB is
different from zero only above;3 eV, the spectrum doe
not differ significantly from Re(Dr /r ) up to this energy, as
shown in Fig. 2.

In order to understand the origin of the observed R
structures, is crucial the comparison with the HREELS sp
tra measured on the same surface. Such comparison is m
by plotting in Fig. 1~a! the relative intensity loss differenc
spectrumDI /^I &. With the exception of the 1.2 eV peak
which is outside the experimental RAS energy range, o
finds a correspondence between RAS and HREELS feat
up to 3.5–3.6 eV. On the basis of DFT-LDA first-principle

FIG. 1. ~a! The relative intensity difference for the electron e

ergy loss spectra along the@ 1̄10# and @110# directions of the clean
GaAs(001)-c(434) surface. The upper scale shows the magnitu
of the transfer momentumqi in the ~001! plane. ~b! Reflectance

anisotropy signal between the directions@ 1̄10# and @110# for the
same surface.
8-2



L

on
a
lv

ri
lv
lu
lo
io

on
iz

o

e
lo
,

uch
ge
ize
on

hat

di-
rt in
ing

lder
the
d
lat-

ent

er

di-

re-
d for
r

cu-
he
oved

d to
is

he

e

r-
ible
oss
fact

ec-
s

he
ea-
ure

gen

-

ifts

e

in
w

SURFACE VERSUS BULK CONTRIBUTIONS FROM . . . PHYSICAL REVIEW B68, 125328 ~2003!
calculations of the surface and bulk excitations, the HREE
features have been interpreted8 as follows.~i! The shoulder at
1.2 eV and the positive peak at 1.8 eV are due to transiti
between surface bands. These low-energy transitions h
been observed only perpendicular to the dimers and invo
the As atoms of the topmost two layers.~ii ! The positive
shoulder at 2.25 eV and the negative peak at 2.7 eV a
from transitions localized on the topmost dimers and invo
valence states resonant with the bulk states. By way of il
tration, we show in Fig. 3 the calculated charge density p
resulting from the states mostly contributing to the transit
at 1.8 eV.8

The broad positive peak in the RAS spectrum of Fig. 1~b!
compares with the HREELS peak at 1.8 eV. This corresp
dence allows us to assign S1 to surface transitions polar
perpendicularly to the As-dimers in the topmost layer. W
recall that this peak was previously recorded by RAS only
surfaces analyzedin situ in the MBE reactor.7,13,29,32On the
contrary, it isalwaysmissing on As-capped samples, with th
exception of Ref. 2 where a weak structure is detected at
temperature. Given the limits of the decapping procedure8,9

FIG. 2. D«s9 vs photon energy for the clean GaAs(001)-c(4
34) surface.D«s9 is the anisotropy of the imaginary part of th

surface dielectric function between directions@ 1̄10# and @110#,
computed from the experimental curve of Fig. 1~b!.

FIG. 3. Contour plots of squared wave functions for states
volved in highest probability transitions at 1.8 eV. Plots are sho
from the@110# direction for planes cutting through top layer~initial
state! and second layer~final state! As atoms, respectively.
12532
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these findings are consistent with the surface nature of s
structure or, at least, to its high sensitivity to the long-ran
order existing at the surface. In Ref. 2 the authors recogn
the surface character of S1 without further commenting
its origin.

The peaks labeled B1, at 2.9 eV, and B2, at 4.5 eV, t
are nearly coincident with the bulk critical pointsE1 andE08 ,
respectively, are explained in terms of bulk transitions mo
fied by the surface. As expected, they have no counterpa
the energy loss spectrum, because of the shallow prob
depth of the electrons. In earlier RAS studies,7,13 the pres-
ence of B1 has been correlated to As dimers. The shou
S2 in Fig. 1~b! corresponds to the weak negative peak of
loss spectrum of Fig. 1~a!. As discussed in Ref. 8, it is relate
to mixed transitions between bulk and surface states, the
ter being localized on topmost dimers. This assignm
agrees with recent calculations2,4 and with the intensity be-
havior during oxygen exposure~see below!.

The broad peak at 3.6 eV in Fig. 1~b!, as expected by the
theory,2,4 is found in MBE samples inspected in situ aft
growth,7,13,29,32but not in As-decapped samples.1,2,4,18,28,30,31

When the absorption of the bulk is not negligible~in our case
BÞ0 for energies higher than;3 eV) a contribution to
Re(Dr /r ) is expected from the real part of the surface
electric function@see Eq.~2!#. This contribution could give
rise to structures in the RAS spectrum, which do not cor
spond to surface absorption, as it has been demonstrate
the InAs(001)234 surface in Ref. 6. This could happen fo
the peak at 3.6 eV in the RAS spectrum as well. The cal
latedD«s9 spectrum, as obtained from the KK analysis of t
RAS spectrum, shows that the 3.6 eV peak has been rem
leaving a peak at 3.2 eV~Fig. 2!. In the HREELS spectrum
there is a weak feature around 3.3 eV that may correspon
this one. Therefore, a genuine character for this peak
likely.

It is apparent from Fig. 1~a! that the loss intensity at 1.8
eV is larger than that of the peak at 2.7–2.9 eV, while t
opposite is true in the optical spectrum in Fig. 1~b!. This is
consistent with both the lower sensitivity of HREELS to th
bulk and with the strong bulk nature of the 2.9 eV peak.

RAS and HREEL spectra of Fig. 1 look markedly diffe
ent at energies higher than 3.5 eV. Apart from a poss
incomplete subtraction of the background in the energy l
spectrum, this occurrence might be in part related to the
thatqi is not negligible~upper scale in Fig. 1!. However, the
disagreement is smaller if one compares the HREEL sp
trum with theD«s9 spectrum in which the bulk contribution i
absent.

Further qualitative support to our interpretation of t
RAS spectrum comes from the behavior of the spectral f
tures after exposing the surface to molecular oxygen. Fig
4 shows that all features are gradually reduced for oxy
exposure up to 53103L (1L51026 Torr s), with the excep-
tion of the one at 4.5 eV~B2!, which is ascribed to surface
modified bulk states transitions at the critical pointE08 .1,2,4,5

At 104L the anisotropy signal almost vanishes~always with
the exception of B2!, with a residual peak at 2.9 eV~B1!
superimposed to a positive background which sh

-
n
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slightly the baseline upwards, a fact that has been also
served in the oxidation of the InAs(001)234 ~Ref. 33! and
GaAs(001)234 surfaces.34 The behavior of B1 is consisten
with the interpretation in terms of surface-modified bu
transitions at the critical pointE1. From a careful inspection
of Fig. 4 we note that the low energy side (S1) of the 2-eV
structure is more sensitive to oxidation than the high-ene

FIG. 4. RAS signal vs photon energy for the GaAs(001)-c(4
34) surface exposed to increasing amounts of molecular oxyg
dt
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side ~at about 2.25 eV!. This is consistent with the interpre
tation of the loss spectrum given in Ref. 8, where the we
2.25-eV shoulder has been ascribed to mixed surface-b
transitions. The oxygen sensitivity of theS2 peak is wit-
nessed by the sharp change in the concavity of the spec
around 2.7 eV, for oxygen exposures between 103L and 5
3103L, in line with the above interpretation.

In conclusion, by comparing RAS and HREEL spec
measured in situ along the directions parallel and perp
dicular to the dimers of high-quality GaAs(001)-c(434)
surfaces, we have been able to distinguish the anisotr
signal due to surface localized transitions from those or
nating from bulk states modified by the reconstruction. T
latter dominates the RAS spectrum close to theE1 and E08
critical point transitions at 2.9 and 4.5 eV, respectively, wh
they are absent in the loss spectrum which is only sensi
to the uppermost surface layers. In both spectra surface t
sitions are confined between 1.2 and 2.7 eV and involve
topmost dimers and the As atoms of the second layer.
intensity of these structures is reversed between HREE
and RAS, on account of the rather different probing depth
the two spectroscopies. Surface transitions in the bulk
region, out of the RAS experimental energy range, have b
recognized by HREELS at 1.2 eV. The sensitivity of all RA
structures to molecular oxygen up to exposures as larg
104L is fully consistent with expectations.
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tero dell’Istruzione, dell’Universita` e della Ricerca~Grant
No. MIUR-COFIN 2000!. Collaboration with R. Del Sole
and G. Onida is gratefully acknowledged.

.

ys.

un.

d

s,

een

the

Je-
1A.I. Shkrebtii, N. Esser, W. Richter, W.G. Schmidt, F. Bechste
B.O. Fimland, A. Kley, and R. Del Sole, Phys. Rev. Lett.81, 721
~1998!.

2W.G. Schmidt, F. Bechstedt, K. Fleischer, C. Cobet, N. Esser
Richter, J. Bernholc, and G. Onida, Phys. Status Solidi A188,
1401 ~2001!.

3W.G. Schmidt, F. Bechstedt, and J. Bernholc, Phys. Rev. B63,
045322~2001!.

4W.G. Schmidt, F. Bechstedt, W. Lu, and J. Bernholc, Phys. Re
66, 085334~2002!.

5K. Uwai and N. Kobayashi, Phys. Rev. Lett.78, 959 ~1997!.
6C. Goletti, F. Arciprete, S. Almaviva, P. Chiaradia, N. Esser, a

W. Richter, Phys. Rev. B64, 193301~2001!.
7I. Kamiya, D.E. Aspnes, L.T. Florez, and J.T. Harbison, Ph

Rev. B46, 15 894~1992!.
8A. Balzarotti, M. Fanfoni, F. Patella, F. Arciprete, E. Placidi, G

Onida, and R. Del Sole, Surf. Sci.524, L71 ~2003!.
9A. Balzarotti, E. Placidi, F. Arciprete, M. Fanfoni, and F. Patel

Phys. Rev. B67, 115332~2003!.
10G. Chiarotti, S. Nannarone, R. Pastore, and P. Chiaradia, P

Rev. B4, 3398~1971!.
11P. Chiaradia, A. Cricenti, S. Selci, and G. Chiarotti, Phys. R

Lett. 52, 1145~1986!.
,

.

B

d

.

,

s.

.

12P. Chiaradia and G. Chiarotti, inPhotonic Probes of Surfaces,
edited by P. Halevi~Elsevier Science, Amsterdam, 1995!.

13D.E. Aspnes, J.P. Harbison, A.A. Studna, and L.T. Florez, Ph
Rev. Lett.59, 1687~1987!.

14S.E. Acosta-Ortiz and A. Lastra Martinez, Solid State Comm
64, 809 ~1987!; Phys. Rev. B40, 1426~1989!.

15R. Del Sole and G. Onida, Phys. Rev. B60, 5523~1999!.
16S.P. Kowalczyk, D.L. Miller, J.R. Waldrop, P.G. Newman, an

R.W. Grant, J. Vac. Sci. Technol.19, 255 ~1981!.
17B.K. Han, L. Li, Q. Fu, and R.H. Hicks, Appl. Phys. Lett.72,

3347 ~1998!.
18M.J. Begarney, L. Li, C.H. Li, D.C. Law, Q. Fu, and R.F. Hick

Phys. Rev. B62, 8092~2000!.
19Qi-Kun Xue, T. Hashizume, and T. Sakurai, Appl. Surf. Sci.141,

244 ~1999!.
20It is worth noting that a novelc(434) reconstruction, which

forms at high temperature and less As-rich conditions, has b
recently reported by Othakeet al. ~Ref. 32! that suggest a
Sauvage-Simkin structure with three mixed As-Ga dimers on
top layer.

21M. Sauvage-Simkin, R. Pinchaux, J. Massies, P. Calverie, N.
drecy, J. Bonnet, and I.K. Robinson, Phys. Rev. Lett.62, 563
~1989!.
8-4



on

, J

in-
B

O.

D.
, J.

a-

ci.

C.

SURFACE VERSUS BULK CONTRIBUTIONS FROM . . . PHYSICAL REVIEW B68, 125328 ~2003!
22D.L. Mills, Surf. Sci.48, 59 ~1975!; H. Ibach and D.L. Mills, in
Electron Energy Loss Spectroscopy and Surface Vibrati
~Academic Press, New York, 1982!.

23A. Selloni and R. Del Sole, Surf. Sci.168, 35 ~1986!.
24A. Salvati and P. Chiaradia, Appl. Opt.39, 5820~2000!.
25J.D.E. McIntyre and D.E. Aspnes, Surf. Sci.24, 417 ~1971!.
26E. Palik, Handbook of Optical Constants of Solids~Academic

Press, San Diego, 1998!.
27S. Selci, F. Ciccacci, G. Chiarotti, P. Chiaradia, and A. Cricenti

Vac. Sci. Technol. A5, 327 ~1987!.
28D.A. Woolf, K.C. Rose, J. Rumberg, D.I. Westwood, F. Re

hardt, S.J. Morris, W. Richter, and R.H. Williams, Phys. Rev.
51, 4691~1995!.
12532
s

.

29A. Ohtake, M. Ozeki, T. Yasuda, and T. Hanada, Phys. Rev. B65,
165315~2000!.

30M. Arens, M. Kuball, N. Esser, W. Richter, M. Cardona, and M.
Fimland, Phys. Rev. B51, 10 923~1995!.

31N. Esser, P.V. Santos, M. Kuball, M. Cardona, M. Arens,
Pahlke, W. Richter, F. Stietz, J.A. Schaefer, and B.O. Fimland
Vac. Sci. Technol. B13, 1666~1995!.

32A. Ohtake, J. Nakamura, S. Tzukamoto, N. Koguchi, and A. N
tori, Phys. Rev. Lett.89, 206102~2002!.

33F. Arciprete, C. Goletti, S. Almaviva, and P. Chiaradia, Surf. S
515, 281 ~2002!.

34V.L. Berkovits, P. Chiaradia, D. Paget, A.B. Gordeeva, and
Goletti, Surf. Sci.441, 26 ~1999!.
8-5


