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Electronic structure of the Si„001…c„632…-Ag surface studied by angle-resolved photoelectron
spectroscopy using synchrotron radiation
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The surface electronic structure of the single-domain Si(001)c(632)-Ag surface has been studied by
polarization-dependent angle-resolved photoelectron spectroscopy~ARPES! using synchrotron radiation.
Through detailed ARPES measurements, the Si(001)c(632)-Ag surface is found to be semiconducting with
a band gap larger than;0.7 eV. Three different surface states are identified within the bulk band gap, whose
dispersions and symmetry properties are determined. The surface band structures observed have a close re-
semblance with those of the Si(001)(233)-Ag surface reported recently@H. W. Yeomet al., Phys. Rev. B57,
3949 ~1998!#. This result suggests a similarity between the substrate reconstructions of thec(632)-Ag and
(233)-Ag phases formed at a proximate condition. The surface structure of Si(001)c(632)-Ag and the
origins of the surface states observed are discussed.@S0163-1829~99!04724-4#
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I. INTRODUCTION

Thin films of Ag on Si surfaces have been the prototy
system of metal/semiconductor inferfaces due to a mini
chemical interaction between the two elements and du
well-defined interface structures. Because of such tech
logical and fundamental interest, intensive studies have b
devoted especially to the Ag/Si~111! surfaces/interfaces ove
the past two decades.1 However only a few attempts have s
far been made for Ag thin films on the Si~001! surface in
spite of the simple surface structure and importance in de
technology of the Si~001! substrate. Recently there has be
a renewal of interest in the Ag/Si~001! system, which was
motivated partly by the observation of the local- or lon
range-order structures of the 231, 232, and 233 phases
during the initial growth of Ag on Si~001! by scanning tun-
neling microscopy ~STM! and low-energy-electron
diffraction ~LEED! studies.2–4 The surface structures of thes
surface phases have not been made clear.

Among such order phases, the Si(001)(233)-Ag surface
has been the main subject of recent interest. Two differ
structure models have been introduced for the Si(001
33)-Ag surface by STM~Ref. 4! and low-energy electron
microscopy5 studies, based on Ag coverages of1

3 and 1
2 ML,

respectively. However, the surface band structure repo
recently was not compatible with these previous struct
models.6 This electronic structure study suggested, then
Ag coverage of23 ML for the Si(001)(233)-Ag surface in
order to explain the semiconducting surface band structu6

Subsequently, a very recent x-ray photoelectron diffract
~XPD! study successfully introduced a structure, an arran
ment of Ag overlayer atoms, based on the2

3 -ML coverage.7

On the other hand, another long-range-order phasec(6
PRB 590163-1829/99/59~24!/15784~5!/$15.00
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32) was reported by LEED~Ref. 8! and STM ~Ref. 9! at
almost identical conditions with the 233 phase except for a
slightly different temperature during the deposition of A
The c(632) phase is metastable, and converts to the 233
phase with only a mild post-annealing.8 In spite of the close
similarity in formation conditions of the 233 andc(632)
phases, Ag 3d XPD patterns8 and STM images9 of these two
surfaces are very different, suggesting a large difference
their local structures. No further information on thec(6
32) surface has been reported.

In this paper, we extend our previous electronic struct
study on the (233)-Ag phase6 to c(632)-Ag in order to
study the similarity and difference of these two phases an
gain a unified understanding of the bonding and adsorp
behaviors of the submonolayer Ag on the Si(001)(231)
surface. We have prepared a single-domain~SD!
Si(001)c(632)-Ag surface, and have investigated the s
face state band structure of thec(632)-Ag phase with
polarization-dependent angle-resolved photoelectron s
troscopy~ARPES! using synchrotron radiation~SR!. Several
surface states are identified, and their dispersions as we
symmetry properties are determined. This result is discus
in comparison with that of the Si(001)(233)-Ag surface.6

II. EXPERIMENTS

The experiments were performed on the vacuum ultrav
let beam line BL-7B~Research Center for Spectrochemist
the University of Tokyo! at Photon Factory, KEK, Japan.10

The detailed experimental setup and procedures for
sample preparation are the same as reported before.6 A well-
ordered SD Si(001)(231) surface was prepared as the su
strate and a SD Si(001)c(632)-Ag surface was formed by a
deposition of;0.6-ML Ag at room temperature and a su
15 784 ©1999 The American Physical Society



y
0

ne
w
rm
in

ce
rro
g

de
th

t
f
tu
ie

al

l
gles

ll

-
the

the

tral

pre-
sec-
up-

ge

ted
on

y

at
an
its
t

a
th

in
ne

ton

rent

PRB 59 15 785ELECTRONIC STRUCTURE OF THE Si(001)c(632)-Ag . . .
sequent annealing at;200 °C as reported before.8 On the
other hand, a SD Si(001)(233)-Ag surface is prepared b
the same procedure but at a substrate temperature of 20
during the deposition.

ARPES spectra of the SD Si(001)c(632)-Ag surface
were measured using linearly polarized SR at photon e
gies (hv) of 17.4 and 14.7 eV. The spectra shown belo
were normalized by background intensities above the Fe
level (EF).11 ARPES spectra were taken at a step of 2°
the emission angles (ue) along theḠ00-Ȳ00, Ḡ00-Ȳ008 , and

Ḡ00-M̄00-Ḡ11 lines of the c(632) surface Brillouin zone
~SBZ! @see Fig. 1~a!#.

In order to investigate the symmetry properties of surfa
state wave functions along the SBZ axes containing mi
symmetry planes, we adopted two different measurement
ometries denoted asA1 @u i ~the incident angle of SR from
the surface normal!545°] andA6 (u i520°) as shown in
Fig. 1~b!.11 According to the symmetry selection rule,12 pho-
toelectrons only from even-symmetry initial states are
tected in theA1 geometry while photoelectrons from bo
even- and odd-symmetry states are probed in theA6 geom-
etry. ARPES spectra shown here were recorded in theA1

geometry, if not specified differently.

III. RESULTS

The ARPES spectra of the SD Si(001)c(632)-Ag sur-
face are shown in Fig. 2. These spectra were taken along
SBZ line of Ḡ00-Ȳ008 ~the @ 1̄10# axis! at a photon energy o
17.4 eV. In these spectra, the most prominent spectral fea
is the relatively large and sharp peaks with binding energ
of 1.2–1.8 eV at emission angles of 12° –26° and24° to
210°; this feature is denoted asS2. Around the normal
emission, another spectral feature is observed at sm

FIG. 1. ~a! The surface Brillouin zone of thec(632) surface
with symmetry points indicated.~b! Two different geometries of
polarization-dependent ARPES measurements for the determin
of the symmetry properties of surface states. See text for expl
tion. In A1 geometry, the incident synchrotron radiation and
polarization are in the same plane with the surface normal and
direction of photoelectron detection. On the other hand, in theA6

geometry, the incident synchrotron radiation and its polarization
in the plane perpendicular to that of the surface normal and
photoelectron detection.
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binding energies thanS2, which becomes faint at off-norma
emissions and is barely observed again at emission an
larger than 24°~denoted asS1 in Fig. 2!. Two other weak
features are noticed atue.30°, although they are not so we
resolved from each other. One of these features~at a lower
binding energy! is denoted asS3, as explained in detail be
low. A characteristic band at higher binding energies is
steeply dispersing bandb, which is due to the well known
bulk direct transition.13

Figure 3 shows the experimental dispersion curves for
spectral features observed along theḠ00-Ȳ008 line taken at
hv514.7~open circles! and 17.4 eV~solid circles! in theA1

geometry, and also athv517.4 eV in theA6 geometry
~solid diamonds!. For ARPES scans taken athv517.4 eV in
the A1 geometry, the gray-scaleEB-ki diagram11,14 is also
shown to give a more comprehensive view of the spec
features around the bulk band gap. In this diagram,11,14 the
intensities of the spectral features are approximately re
sented by the brightness in the gray scale by taking the
ond derivatives of the spectra. The shaded region in the
per figure is the bulk band projected onto the 131 SBZ,15

and the thin white dashed line in the lower figure is the ed
of the projected bulk band. The two uppermost bandsS1 and
S2 have parts of their dispersion curves within the projec
bulk band gap, indicating their surface nature. A comparis
with ARPES spectra of the clean Si(001)(231) surface
taken at the same condition confirms thatS1 andS2 states are
intrinsic to the Si(001)c(632)-Ag surface. This comparison
also reveals that the third bandS3 cannot be assigned to an
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FIG. 2. Normalized ARPES spectra for the single-doma
Si(001)c(632)-Ag surface taken along the surface Brillouin-zo

line of Ḡ00-Ȳ008 . The photon energy used is 17.4 eV and the pho
incident angle (u i) is 45°. The step in emission angles (ue’s! is 2°
between the neighboring spectra. The peak positions of diffe
surface states assigned are marked with different symbols.
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15 786 PRB 59MATSUDA, YEOM, TONO, AND OHTA
bulk feature of the Si substrate or to a surface state of
clean Si(001)(231) surface. The surface state nature ofS3
will be made more clear below. As shown in Fig. 3,S1 , S2,
andS3 are observed at the same binding energies for dif
ent photon energies, which corroborates them as being
face states.

We observe another band at a binding energy of 2.3
around Ȳ008 , which was also observed on the cle
Si(001)(231) surface. Thus this state is thought to origina
from the Si substrate. In addition, a characteristic nond
persing band is observed at a binding energy of;3.8 eV,
with hv517.4 eV~solid symbols in Fig. 3!. This band was
also observed for the Si(001)(233)-Ag surface, and was
suggested to be a surface resonance state (S5 in Ref. 6!. The
binding energy of this band shifts slightly for the data tak
at hv514.7 eV. This seems to suggest the contribution
bulk electronic states to this band in some extent. As m
tioned above, the steeply dispersing bandb is due to the
well-known bulk feature. Since the bulk bandb is observed
at almost the same binding energy as that on the c
Si(001)(231) surface, it is estimated that the formation
the c(632)-Ag phase does not change the surface b
bending. This is similar to the case of the Si(001)(233)-Ag
surface.6

Figure 4 shows the dispersion curves obtained with

FIG. 3. ~Upper! Experimental dispersions for the single-doma
Si(001)c(632)-Ag surface along the surface Brillouin zone~SBZ!

line of Ḡ00-Ȳ008 . The small and large symbols represent the rat
distinctive and the weak spectral features, respectively. Solid~open!
circles and diamonds indicate peak positions obtained inA1 geom-
etry with hv517.4 ~14.7! eV and inA6 geometry withhv517.4
eV, respectively. The shaded region is the bulk band structure
jected onto the 131 SBZ. The major surface and bulk bands a
traced by thick gray lines.~Lower! The gray-scaleEB-ki diagram
~Refs. 11 and 14! for the single-domain Si(001)c(632)-Ag surface

along Ḡ00-Ȳ008 taken from the ARPES scans athv517.4 eV in the
A1 geometry. The dispersions for the surface states are depicte
white dashed lines. The thin white dashed line is the edge of b
band projected into 131 SBZ.
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ARPES spectra of the Si(001)c(632)-Ag surface along the
Ḡ00-M̄00-Ḡ11 line of the SBZ. Two different photon energie
hv514.7 ~open circles! and 17.4 eV~solid circles!, were
used. The gray-scaleE8-ki diagram11,14 taken from the
ARPES scans athv517.4 eV in theA1 geometry is also
shown in Fig. 4. Along theḠ00-M̄00-Ḡ11 line, the bulk band
gap is wider than along the@ 1̄10# axis: the valence-band
maximum is located roughly at a binding energy of;2 eV
at Ḡ11. Within this wider gap, we observe three rather d
persionless bands, which are identified as the aforementio
S1 , S2, and S3 surface states from their binding energie
While the dispersion ofS2 is quite clear throughout theḠ00-
M̄00-Ḡ11 line, those forS1 andS3 are obvious only within the

band-gap region. Along theḠ00-M̄00-Ḡ11 line, a band at a
binding energy of;2.2 eV appears with large intensitie
and its dispersion is invariant for the change of photon
ergy. However, it is not clear whether this is another surfa
state of thec(632) phase since a similar feature is al
observed on the clean Si(001)(231) surface at the sam
binding energy at similar SBZ points. The nondispersi
band at;3.8 eV and the bulk bandb at off-normal emission
angles mentioned above are also observed along theḠ00-
M̄00-Ḡ11 line.

Similar ARPES measurements were also made along
another major symmetric axis of thec(632) SBZ, Ḡ00-Ȳ00
~@110#!, which find similar spectral features:S1 , S2, andS3.
The dispersion curves along theḠ00-Ȳ00 line are shown in
the gray-scaleEb-ki diagrams11,14 of Fig. 5. The diagrams
are taken from ARPES scans athv514.7 eV in theA1

geometry~left! and at 17.4 eV in theA6 geometry~right!.
After establishing the existence and dispersions of

three surface states within the bulk band gap,S1–S3, we
further studied their symmetry properties. Figure 6 show
collection of ARPES spectra in the two measurement geo
etries,A1 andA6 , which have different symmetry selectio
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FIG. 4. Experimental dispersions for the single-doma

Si(001)c(632)-Ag surface alongḠ00-M̄00-Ḡ11.



-

b

-

e
d
f
-

e
te

.

t.
nd

h
a

s

tes

ar

be-
ese

her

hin
, as
in

sur-
of

of
the

r,
r-

e
es is
uc-
nds
ub-
ex-

if-
ince
ruc-
form

i
nge-
d on

Si

th

e

r-
olid
oton

PRB 59 15 787ELECTRONIC STRUCTURE OF THE Si(001)c(632)-Ag . . .
rules. It can be clearly found thatS1 and S2 states are en
hanced and quenched, respectively, in theA6 geometry
along both mirror symmetric axes. This behavior can also
noticed in Fig. 5. This suggests thatS1 (S2) has odd~even!
symmetry along bothḠ00-Ȳ00 and Ḡ00-Ȳ008 lines. The sym-
metry property ofS3 is rather unclear due to its small inten
sity.

IV. DISCUSSION

From Figs. 3–5, it is apparent that th
Si(001)c(632)-Ag surface is semiconducting with a ban
gap of larger than;0.7 eV, which is similar to the case o
the Si(001)(233)-Ag surface.6 This indicates an even num
ber of surface electrons in the unit cells of bothc(632) and
233 phases, consistent with the same Ag coverage of th
two phases.8 From this electron counting, we have sugges
that the Si(001)(233)-Ag surface has a Ag coverage of2

3

ML,8 in contradiction to the available structure models4,5

The Ag coverage of23 ML also holds for thec(632) phase,
although there is no proposed structure model at presen

Due to the lack of structure models and theoretical ba
structure calculations for thec(632) phase, it is impossible
to assign origins of the surface state bands observed. W
can be said is that the three surface states within the b
gap,S1–S3, would stem from Ag 5s and Si valence electron

FIG. 5. Gray-scaleEB-ki diagrams~Refs. 11 and 14! for the

single-domain Si(001)c(632)-Ag surface alongḠ00-Ȳ00 taken
from the ARPES scans athv514.7 eV in theA1 geometry~left!,
and at 17.4 eV in theA6 geometry~right!.

FIG. 6. Selected polarization-dependent ARPES spectra of
single-domain Si(001)c(632)-Ag surface recorded withhv
517.4 eV. Spectra depicted with solid lines~dots! are obtained in
A1 (A6) geometry. Peak positions of the surface states,S1 , S2,
andS3, are indicated by circles, triangles, and squares, respectiv
e
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(sp). Ag 4d bands are located at a binding energy of;6
eV, and are thought to have little influence on the sta
around the bulk band gap.6,16

As mentioned above, the Si(001)c(632)-Ag and
Si(001)(233)-Ag surfaces are prepared at very simil
conditions. However, Ag 3d XPD study revealed that the
local structures around Ag adsorbates are quite different
tween these two phases. Thus it is rather surprising that th
two surfaces have very similar band bendings and furt
very similar surface-state bands. The Si(001)(233)-Ag and
Si(001)c(632)-Ag surfaces have three surface states wit
the bulk band gap at almost the same binding energies
shown in Fig. 7, although one can notice slight differences
surface-state dispersions reflecting the distinction in the
face periodicity. Furthermore, the intensity distributions
the surface states within the bulk band gap as a function
emission angle closely resemble one another in
Si(001)(233)-Ag and Si(001)c(632)-Ag surfaces.

Recently Si 2p core levels of the Si(001)c(632)-Ag and
Si(001)(233)-Ag surfaces were found to be very simila
indicating a close similarity of the reconstructions of oute
most Si layers for these two surfaces.17 Thus the resemblanc
between the surface band structures of these two phas
thought to reflect the similarity in the Si substrate reconstr
tions. This interpretation is natural, since surface-state ba
with monovalent adsorbates are generally governed by s
strate reconstructions, as shown in the well established
amples of alkali adsorption on Si~001! ~Ref. 18! and Ag
adsorption on Si~111!.19 Then the distinctive difference in
the Ag 3d XPD patterns of the Si(001)(233)-Ag and
Si(001)c(632)-Ag surfaces is interpreted to reflect the d
ferent arrangements of Ag adsorbates. This is plausible s
XPD patterns are not sensitive to the substrate reconst
tions beneath the adsorbate layer when the adsorbates
an overlayer.7 That is, it is suggested that the Si(001)c(6
32)-Ag and Si(001)(233)-Ag surfaces have similar S
substrate reconstructions but different adsorbate arra
ments. The substrate reconstruction is definitely not base
the dimerization of the Si top-layer atoms, since~1! the
c(632) periodicity cannot be incorporated with the 231
dimer reconstruction, and~2! surface states related to the

e

ly.

FIG. 7. Summary of the surface-state dispersions of~a! single-
domain Si(001)c(632)-Ag and ~b! single-domain
Si(001)(233)-Ag surfaces within the bulk band gap. The dispe
sions of surface states are guided by thick gray lines. The s
circles and diamonds are from the ARPES spectra taken at a ph
energy of 17.4 eV inA1 andA6 geometries, respectively.



c-

ns

it
T

ia

ile
x
e

y
e

t-
he
e.

ture
e
ur-
ges-

uc-

T.
nd
e
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dimers of the clean Si~001! surface~such asD, I , H, andG
in Ref. 13! are not observed for both (233)-Ag and c(6
32)-Ag phases.6 The similarity in the substrate reconstru
tions of Si(001)(233)-Ag and Si(001)c(632)-Ag surfaces
naturally explain the proximity in the preparation conditio
of these two phases. That is, converting the metastablec(6
32) structure to 233 does not require much energy since
accompanies only a rearrangement of Ag adsorbates.
detailed structure analyses of the Si(001)c(632)-Ag and
the Si(001)(233)-Ag surfaces remain to be investigated.

V. CONCLUSIONS

Polarization-dependent ARPES with synchrotron rad
tion was applied to the SD Si(001)c(632)-Ag surface in
order to investigate its surface band structure. From deta
ARPES measurements along the important symmetric a
of thec(632) surface Brillouin zone, three different surfac
states (S1 , S2, and S3) are identified, and their symmetr
properties along the mirror symmetric axes were determin
s
o
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.
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,
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-

d
es

d.

The Si(001)c(632)-Ag surface is found to be semiconduc
ing in consistent with the previous ARPES result for t
Si(001)(233)-Ag surface formed at the same Ag coverag6

This result is interpreted as evidence of the2
3 -ML coverage

for these two Ag-induced phases. The surface band struc
of the c(632) surface is found to be similar to that of th
Si(001)(233)-Ag surface, suggesting that these two s
faces have similar Si substrate reconstructions. This sug
tion does not contradict the Ag 3d XPD result,8 and is con-
sistent with a recent high-resolution Si 2p photoemission
result.17 Proper theoretical calculations on the surface str
tures and surface-state bands are required.
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