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Angle-resolved photoelectron spectroscpRPES using synchrotron radiation was employed to study the
electronic structure of a well-ordered single-domaif®81)2 X 2-In surface. The existence of five surface state
bands, denoted &, S,, S;, S;, andS; is revealed within the bulk band gap between 0.6 and 2.2 eV in
binding energy Eg). The dispersions of these surface states are determined for most of the symmetry axes in
the 2x 2 surface Brillouin zonéSB2), which turn out to be essentially identical to those observed @03
2% 2-Al recently [Surf. Sci. Lett.321, L177 (1994 ]. Symmetries of the surface states with respect to two
mirror axes of the SBZ are determined by the polarization dependence of ARPES intensities. A comparison to
a theoretical calculation makes it possible to determine that the smajestateS; is due to the In dimer bond
andS,, S5, S;, andS; are due to bonds between In dimers and topmost Si atoms, and that the In dimers are
parallel to the substrate Si dimers. Besides these five surface state bands, two other spectral features are
observed within the bulk band gap, which can be related to similar features observed for a (0fdh Si
surface.

[. INTRODUCTION substrate Si dimers, especially for th&x 2 phase, has been
the aim of various theoreticZ14®2°and experimental
During the last decade, the electronic structures of adstudies. Most of the studies have favored the parallel dimer
sorbed Si001) surfaces have been one of the most extenstructure, where the metal dimers are parallel to the Si
sively pursued topics in surface sciericBhroughout various  dimers2-182022Thjs surface structure is in sharp contrast to
adsorbates such as grougH, Na, K, and Cs -lll (Al, Ga,  the well-known dimer structure due to adsorption of group-V

and In, -IV (Si and Gg, and -V(As, Sb, and Bielements, glements which form orthogonal dimers with<®2 long-
the most commonly observed surface structure has been t'?ﬁnge order at 1 MI:3

. 2 )
dimer _struct:resf of ad.;,orbate and/,or fsubstraté Sthe However, in contrast to the large amount of structural
properties of a few surface statéSS'9 for some dimer-  g,gies on these surfaces, there have been only a few elec-

structure Si001) surfaces have been well understood h'th'tronic structure studies. Northrut al? reported arab ini-

erto. Examples of them are lone-pair SS’s found for the ad:: : i .
sorption of group-V element of A% and SS's due to tio band calculation and an angle-resolved photoemission

saturated dangling bonds for the adsorptions of K and"hfa. SpectroscopyARPES measurement for SS bands along the

However, much is not known for SS’s of other adsorbed[om] axis of a double-domaifDD) Si(00)2x 2-In surface.

Si(001) surfaces; thus the identification and characterization' N€Y identified three SS's &g of 0.8-2 eV, and suggested

of SS's remains for these interesting surfaces. they are back-bond SS's of the adsorbate dimers. Enta, Su-

In this respect, the electronic structures of several ordereguki, and Kand' observed several SS's at simileig along
phases due to group-lll metal adsorption of081) deserve [110] and [110] axes of a single-domairiSD) Si(001)
to be noted. The adsorption of group-lll metals has beex2-Ga surface by ARPES. On the other hand, in a recent
reported to result in unique surface structures: dimerized adscanning-tunneling-microscopySTM) study on S{001)
sorbate metal overlayers on a still-dimerized Si subsfr&te. 2x2-Al, the result was interpreted to give evidence of Al-Si
Several surface phases composed of long-range-orderésck bonds present at df of ~3 eV’ Very recently we
dimer arrays such asX3, 2x 5, and the frequently encoun- performed detailed ARPES measurements using synchrotron
tered 2<2 phases, have been observed at different metakdiation on a SD $001)2 X 2-Al surface, and were able to
coverages—0.3,~0.4, and 0.5 ML, respectively—for resolve five SS bands related to th&x2 phase at 0.8—-2.1
Al,21021 G881l gnd In (Refs. 7 and 2l adsorptions. The eV in Eg.%® We suggested that these five SS’s correspond to
orientation of the adsorbate metal dimers with respect to théhe one dimer and four back-bond SS’s due to adsorbed Al
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dimers?® and, thus, questioned the previous suggestion ol (b)
the origin of SS's217 (a)

In this paper, we extend our previous work on thé84i)
2X2-Al surface to a similar surface of well-ordered SD
Si(001)2% 2-In. Employing ARPES using linearly polarized
synchrotron radiation, we investigated the existence, dispel
sions, and symmetry properties of SS’'s along most of the
symmetry axes in the surface Brillouin zo(®B2) in detail.
Inside of the bulk band gap, are five SS’s identified, whose
dispersions follow the symmetry of thex2 SBZ. This re-
sult reinforces the previous ARPES result for the
Si(001)2 % 2-Al surface? A comparison to a recent theoreti- (c)
cal calculatio”’ made it possible to assign the origins of SS
bands: the smallesiy state as the In dimer-bond and others
as the four back bonds between the In dimer and substrate ¢ 5(
In addition, this comparison provides corroborating evidence &
for the parallel dimer structur®:*>*°The detailed character-
istics of the five SS bands and other spectral features withi
the bulk band gap are discussed in comparison to the resul
of existing experimental and theoretical studies.

@®n atom ©Sidimer atom

o2nd layer Si atom

FIG. 1. (a) LEED pattern at an electron-beam energy of 90 eV
Il. EXPERIMENTAL DETAILS for a single-domain $®01)2>< 2-In surf_ace andb) a stru_ctural _
model, the parallel dimer model, for it. The surface unit cell is
ARPES measurements using synchrotron radiation werdepicted by the dashed line and shadowing in(dl.A schematic
performed with a commercial spectrometer on the beam lindlustration of the two data-taking geometriés. andA.. an expla-
BL-18A of the Institute for Solid State Physics at the Photonnation for which is given in the text.
Factory, National Laboratory for High Energy Physics in
Tsukuba, Japah?® The beam line delivers photon beams in  ARPES spectra were measured at a step of 2° along vari-
the energy range 10—150 eV with a constant-deviation-angleus symmetric axes of theX22 surface Brillouin zon¢SBZ;
grazing-incidence monochromator. The overall angular andee Fig. 4h)]. We measured ARPES spectra not only along
energy resolutions were-1° and~140 meV, respectively, symmetric axes including the origify, like [110], [110],
at photon energiesh@’s) of 21.2 and 18.6 eV. The base and[010], but also along symmetric axes excluding the ori-
pressure of the spectrometer wad.5x 10! mbar during gin, such aslyjgT'y1, TorrTi1, Jogdie and Jogdos, for a
the experiment. complete determination of SS dispersions. To scan the latter
A mirror-polished Si wafer (2%3.5x0.38 mn?) was  SBZ lines, the direction of photoelectron detection was var-
used as a substrate. The Si wafer was heated by direct resjgd in both polar ¢,) and azimuthal angles in such a way
tive heating, and its temperature was monitored by an opticahat the surface parallel component of the electron wave vec-
pyrometer. A wide-terrace SD @01)2X 1 surface was pre- tor (k) atEg=1.5 eV lies on an aimed symmetric line. The
pared by preoxidaticit and cycles ofin situ annealing and  angular step in these scans was then adjusted to reskilt in
Si depositiorf. The fraction of minor domain (£2) was  steps of one-tenth or sometimes one-twentieth of the separa-
below 10%, as determined from the intensity ratio of l0W-tion of I-I'. The measurements along the axes including
energy-electron-diffractionLEED) spots for the two do- I';;, instead ofl'yy may be helpful to determine the disper-

][nainﬁ. Ildndi;Jm Wats deposittenda_lt_)n]:co the il:@Oﬁ'[L)ZXl”suTrr-] sions of SS’s for two reasons. First, for thd@1) surface
ace held at room temperatui®T) from a Knudsen cell. The the bulk band gap is much wider aroufg, thanT’yq, thus

cell was thoroughly degassed to maintain the pressure durin ,
deposition below~1.0x 10~ 1° mbar. The amount of depos- the SS's can be found more clearly arodnd. Second, a SS

ited In on the RT substrate was determined by the x-rayVith @ weak intensity around’o, may appear dominantly
photoelectron spectroscoXPS) intensity ratio of In 3f to aroundl_“ll due to the matrix element effect. These benefits
Si 2p, which was calibrated by a quartz thickness morfitor. have indeed been proved successful for several
A well-ordered SD X2 phase was formed by 0.5-ML In Surfaces:>***ARPES spectra presented were taken with
deposition without any annealifgNo trace of contaminants linearly polarized synchrotron radiation of 21.2 and 18.6 eV.
was found by XPS before and after a deposition. A LEEDThe Fermi level E¢) was determined from that of a Ta clip
pattern for this phase is shown in Figal A very good SD  Which holds the Si sample.

property of this phase has been proved by an x-ray photo- N order to determine the symmetries of a SS with respect
electron diffraction stud$? The corresponding structural to the mirror axes of the SBZ, namel¥10] and[110], two
model, the parallel dimer model, is depicted schematically irdifferent measurement geometries, denoted asdA_. , are

Fig. 1(b), for which clear experimental evidence has recentlyused[Fig. 1(c)]. In the former geometri, , the photoelec-
been giverf> This SD phase on a wide-terrace substratefron emission always lies in the plane defined by the surface
would prevent possible artifacts on spectroscopic measur&ormal (1) of the sample, and the incident light whose polar
ments, which may be the case for the usual DD samples dugngle from surface normalé() is fixed at 45°. Since the

to higher step densities. linear-polarization vector€) of incident synchrotron radia-
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Si(001)2x2-In  [T10] Si(001)2x2-In Thg-J10-T11
hv=212eV 6,=-14~40" 6,=45" A, hv=212eV 6=45

Photoelectron Intensity (arb. units)
Photoelectron Intensity (arb. units)

5 4 3 2 1 Eg=
Binding Energy (eV)

FIG. 3. Similar to Fig. 2, but along the symmetrically equivalent

4 2 1 = A ; L
5 Binding Energy (eV) Ep=0 surface-Brillouin-zone line to thpl10] axis, i.e.,.I';¢J;511. See

the text for the detailed method of this scan.

FIG. 2. ARPES spectra for a single-domaii0®il)2x 2-In sur- ) ) ) _
face taken along110] in the A, geometry with a synchrotron Ordinate isEg. In this way, one can easily see not only the
radiation ofhy=21.2 eV. The incidence angle of the photon with dispersive behaviors of peaks but also the evolutions in their
respect to the surface normaf;) is 45°, and the angular step of intensities and widths ik space.
emission anglesf) between neighboring spectra is 2°. Each spec-
trum is normalized by the incident photon flux. The corresponding
surface Brillouin-zone position is specified approximately by the
symmetry symbolgcf. Fig. 4h)]. The peak positions for different In Figs. 2 and 3 we show the typical ARPES spectra taken
assigned surface-state bands are marked with different symbols. along [110] and I';d} T4, (symmetrically equivalent to

tion is always in the plane of emission in this geometry, onlyl 1101), respectively. All the spectra shown are normalized

the electronic states with even symmetry are excited for a scay the incident photon flux. The corresponding grey-scale
along a mirror axis. On the other hand, in the latter geometryrs-K| diagrams for the whole scans, along seven axes in
A. , the emission is kept in the plane which containand total, are shown in Fig. 4, where fgatures are shown in an
is perpendicular to the plane defined for geometry. Ifg, ~ Es region fromEg to 2.5 eV in which the projected bulk

is zero in this geometng is always orthogonal to the plane ©and gaps are present. The white dashed lines in Fig. 4 rep-
of emission: thus only the odd-symmetry states can be ex€Sent the edges of the bulk band projected into thell
cited. However, since the actual measurement situation madeBZ- T0 determine the position of this bulk band edge with

this condition impossibleg; was fixed at 28° and both even- "€SPeCt toEg, the Eg's of bulk spectral features are com-
and odd-symmetry states are excited in the geomaty  Pared to those of the previous ARPES on a clea@®)

Finally, through comparison of the spectra along a mirror-Surface?® The bands depicted with black dashed lines in Fig.

symmetric axis taken in these two different geometries, wét &€ SS bands, and the assignments of these SS bands are

can determine the symmetries of each SS. Along the othéfone by taking into account the spectral features in Fig. 4

SBZ lines of[010], T Lot TorTor 33 andJowd. and the raw spectra as a whole as well as the dependences of
» 4107t 11, o1t 11, Yoo Y10 0001

SS’s with both symmetries can contribute to the spectra ir§pectra_1 orhy, €, andé;, as explained below.
arinciple. In Fig. 2, we can see three bands denote®asS,, and

A special method is used for compiling a set of ARPES53 within 2 eV from Eg, whose peak positions are marked

spectra measured along an axis of the SBZ as introduce ith filled squares, circles, and triangles, respectiv&ly.
above?®? In brief, the second derivatives of normalized S"OWs @ small downwarfdownward (upward means to
spectra with respect tg were taken after a proper smooth- [a/9€rEs (to smallerEg) throughout this papémispersion

ing process. Each of the differentiated spectra is converted {0M I, @nd has the smallegi; among the three states. The

a grey-scale bar. The brightness in the bar is roughly proporsecond states, disperses in the opposite direction frdm
tional to I/W, wherel is the intensity of a peak above with dominant intenSity, and draws ClOSES@in the middle
smooth background, and is the width. The grey-scale bars of I'-J’. Another bandS; can be found around-1.8 eV,

of a set of ARPES spectra were gathered together into with broad width and rather large upward dispersion from
grey-scaleEg-k diagram, where the abscissakisand the 1I"toJ’. The detailed dispersions for these three states can be

Ill. ARPES RESULTS
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FIG. 4. (@—(g) Grey-scaleEg—k| diagrams
for a S(001)2% 2-In surface taken from ARPES
scans athv=21.2 eV and§,=45° along the
marked symmetric lines of theX22 surface Bril-
louin zone (SBZ). White broken lines are the
edges of the bulk band projected into th&x 1
SBZ. The determined dispersions for the surface
states are depicted with black dashed lings.
SBZ of a single-domain $)01)2x 2-In surface
with symbols of relevant symmetric points. The
“2x" direction of the substrate 1 is along
[110] (k,). Diagrams(a) and(b) [(c) and(d)] are
for the symmetry-equivalent direction df-J
(I'-3"). A brief explanation of the grey-scale
Eg-k| diagram is made in the text.

Binding Energy (eV)

[

k ;s (A)

ky$[i10]  [010]
Jo1 T’

J'%o| Kool,-"J"10

h i
( ) Foo "JOO o [11(;(]
X

0.4
Ky (A)

deduced from the corresponding grey-sdalek; diagrams  —0 5 eV in the middle of’-J'. Here the meaning of degen-
(just “diagram” hereafter as depicted by black dashed lines eration is valid only within the experimental resolution. A

in Fig. 4(c). . - . ;
Along the other mirror axig110], we can also find the similar splitting can also be found f&. In Fig. 3, splits

three SS'sS,, S,, andS,, as shown in Fig. @). The dis- into two, states fronT'y;: the additiqnal Ia_lrgeE.B branch,
persions ofS; and'S, along[110] are quite similar to those _called_S3 has a large downward d|spers!on with dominant
along [110], except for the dispersion o8, around J. intensity over its smalleEg branchS; which has a small
Though it is not so easy to distinguisy in the diagram due Upward dispersion toward’ in the same way as along
to its low intensity and broad peak shape, its dispersion wag110]. AroundI';y, S; andS; overlap with a spectral feature
tentatively depicted in the figure through a close inspectiorof the bulk band, as seen in Fig(d}.

of the diagram and raw spectra. This dispersion will be made Two similar branch structures for bo®, andS; can be
clear below. deduced not only along-J’ but also alongl-J from the
__Along I';g-J35-T'11, which is symmetrically equivalent to  ARPES scan alon@y-Joy-T1;, Which is a direction sym-
[110], we can find additional SS's other th&3, S,, and  metrically equivalent t§110]. As shown in Fig. 4b), though
S;, as shown in Figs. 3 and(d. Through the intensity of the dispersion of5; can be assigned to be identical to that
S, is very weak, its dispersion appears to be the same as théfong [110] axis betweenF_Ol and F_ny the dispersions of
along [110]. However, S, splits into two branches from g ang s, appear to be slightly different from those along
I'10,_and its second branch becomes dominant betwggn [110]. First, S, disperses to a slightly larges between
andI'y; (Fig. 3). The dispersion of the smalléfg branch is T, and Jo, to result in a~0.15 eV largerEg at T'y; than
the same as that d8, along[110]. Hence we denote the T . Itis possible to assign two branches fyras drawn in
additional largeEg branch asS;. These two split states look  Fig. 4(b) (black dashed linégo explain this dispersion from
degenerate df andJ’, and have a maximum separation of the fact thatS, has a very clearly largelEg branch along
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triangleg. These two states are definitely odd-symmetry
states, whileS, and S; are even. This behavior manifests
itself in the two branch structure &, andS; introduced in
Fig. 4(b). The dispersions of these two odd states)ig

Iy, are the same as those assigned for the additional
branches betweely; andI'y; in Fig. 4(b). Thus the reality of
the two branch structures of,Snd S is that two adjacent
states with different symmetries existenceS;, and S; ap-
peared only in the scan alongy;-Jo;-I'1;, which has no
symmetry preference. Along the other mirror a)i40], the
behaviors ofS;, S,, andS, for the change o are almost
the same as alonfl10], indicating that the symmetries of
them along[ 110] are the same as alo@10]: even forS;
andS,, and odd forS;. However, the symmetries & and

S; are not so clear along this axis due to their low intensities
and broad widths, although it is tempting to assiggand

S; with even and odd symmetries, respectively, from the
appearance o8; only alongl';g-Jd15 111 .

Along [010] axis [see Fig. 4e)], we can observe all five
SS’s identified above, because there is no symmetry prefer-
ence in the scan along this non-mirror-symmetric as$s.
has a small dispersion and a low intensity arolingls along
the other axesS, appears as two branches:lgtless than
5 ' 3 2 1' EF=0 Koo, the smallerEg branch is dominant while the larger

Binding Energy (eV) Eg branchS; can barely be distinguished, and vice versa at
k| greater tharKy,. The two possible branches 8f are not

FIG. 5. Polarization-dependent ARPES spectra for a singleclearly resolved in Fig. @), probably due to small splitting
domain S{001)2x2-In surface recorded withv=21.2 eV alonga and wide widths. But we could clearly observe the two-
mirror axis [110] from Joo to ~T';o at two different geometries, pranch structures d8;, andS,, through the change of their
A+ (dots andA.. (solid lines (see the inset of Fig.)9The emis-  relative intensities with respect #: the splitting of the two

sion angles §.) are given in the figure with the corresponding branches is about 0.2 eV for bo8 andS; at ~Kgg. Con-
surface-Brillouin-zone positions. To compare the intensities for theSiderin these s Iitti.n s, the dispersionsSof( ’)Ooa.lnng
two different geometries, the spectra at the geometry are nor- 9 P gs, P S

malized with the intensities of the background ab&e, that is, (S3) can_be dgduced as in Fig(ek
multiplied by 1.8. Different resolved surface-state bands are marked 1he dispersions of SS's along the two edges of the SBZ,
with different symbols. JoKogdig and JogKog-Jo1 Were also determined through
similar procedure as shown in Figgfdand 4g). The traces
J;oT'11 [Fig. 4d)], and the fact tha$, follows the 2x2 SBZ ~ of S (S;) were hardly found along botlyyKogJo; and
periodicity along other axes. Though not so well resolvedJooKooJ1o (@longJog-Kog-Joy)- o
S; appears to have its branch at a slightly smaligr, as __ As shown in Fig. 4, along the SBZ lines dfjyI';,
shown in Fig. 4b). These two-branch structures 8f and  T'g;-I'11, J(gJd1e and Jog-Jdoi, all excludingTyg, the pro-
S; alongI™-J will be made much more clear if we consider jected bulk-band gaps are very wide, and all five SS’s lie
the symmetries of the SS’s through thelependence of the well within the bulk band gaps. Furthermore, throughout all
spectra. the SBZ lines measured, all five SS's can be assigned to
In order to characterize the symmetries of the five SS'dollow the symmetry of the X2 SBZ in their dispersions,
observed, we studied the dependence of ARPES spectra indicating that all these SS’s are indeed the intrinsic SS’s of
along the two mirror-symmetric SBZ axg$10] and[110], the 2xX 2 phase induced by In adsorption. The assignment of
as shown in Fig. 5 fof110]. The spectra taken @, geom- SS's can be further confirmed by the’ dependence of their
etry are normalized so as to make the intensity of the backEg's and dispersions. Figure(® compares the normal-
ground aboveEr the same as in the spectra takenAat emission spectra takenlat=21.2 and 18.6 eV showing that
geometry. Since this background intensity is expected téheEg's of S;, S,, andS; are invariant under the change of
have no dependence @ this normalization compensates hv. We also measured ARPES spectra aldhgJ;, and
for the effects of the geometrical change. KogJ}o to check thenv dependence of the detailed disper-
BetweenJy, and 'y (see Fig. 3, S, appears with much sions of the SS’s assigned above. the results of this measure-
less intensity inA. (solid line) than A, geometry(dotg ment are shown in Figs.(B) and Gc), respectively, as dia-
indicating that it has an even symmetry. In addition, twograms which are to be compared with Figéd)dand 4f). It
different states become dominant insteadSgfand S; in is evident in the figures that the dispersions of the SS's as-
A. geometry: one at slightly largeEg than S, (open  signed above are invariant under the changewofrom 21.2
circles, and the other at slightly smallétz thanS; (open  to 18.6 eV, confirming the SS nature of the five states.

Si(001)2x2-In [110] —— A, (x1.8)
hv=212eV ceeen A,

Photoelectron Intensity (arb. units)




53 SURFACE ELECTRONIC STRUCTURE OF @01)2X2-In . .. 1953

(a)
2x2-In 0,=0"0=45" T,

So
Lhv=21.2 6V

Intensity (arb. units)

hv=18.6 eV
1 1 1

3 2 1 Er=0
Binding Energy (eV)

Binding Energy (eV)

(c)
>
2
>
S
o®
c
w FIG. 7. Summary of the dispersions of the five surface states
2 (SS'9 assigned for(a) Si(0012x2-In and (b) Si(00)2x 2-Al
© (Ref. 23 surfaces for comparison. Parts of dispersions drawn with
c . : : : . .
o broken lines are tentative. The width of the lines for the dispersions

0 0.2 (A") 0.4 0.6 roughly corresponds to the average experimental error in determin-
K ing Eg of the SS's. For the case of 8012 2-In in (a), the de-
L = termined symmetries of the SS’s are given withand — symbols

FIG. 6. (a) Normal-emission (oo) ARPES spectra for 2 @01 ¢4 even and odd symmetries, respectively. The dotslinepresent
2X2-In surface taken at two different photon energies: 289 e calculated SS dispersions for(@&1)2x 2-In taken from Ref.
and 18.6 eV(solid line). The incident angle of photond() was 15 The previous results of the SS dispersions f¢0@)2x 2-In
fixed at 45°.(b) Grey-scaleEg-k diagrams for a single-domain  (Ref 12 and -Ga(Ref. 11 are also shown itb) with circles and
Si(001)2x2-In surface taken from the ARPES scanshat=18.6 g ares; respectively, for comparison. The open and closed symbols
eV and 6;=45° alongl';-Jj, of the 22 surface Brillouin zone. 416 taken from different parts of the SBEhough symmetrically
(c) Similar to (b) but alongKo-J3o. The formats ofb) and(c) are  equivalent.
the same as Figs.(@-4(g).

) . ) ) i Though it is possible that some of the spectral features in the
Figure 7a) summarizes the dispersions of the five SSy,x hand region are surface resonances, so far we have
bands. The branches & andS; alongJ-K-J" andJ-K,  found five definite SS’s and two surface-related st&tesid
respectively, were not resolved. The determined symmetrie§’. These seven states in total will be discussed in Sec. IV.
for each SS alon§110] and[110] are shown with+ and
— symbols for even and odd symmetries, respectively. It is
evident that the X2 In surface is semiconducting with the

highest occupied state &g~0.6 eV.S, and S, seem to Recently we have identified the dispersions of five SS’s
degenerate id-K-J’, andS; andS; are not so well resolved for a SD S{001)2x 2-Al surface?® which has been known to
atI' andJ. SinceS; and S} degenerate af andJ, it is  have essentially the same dimer structure as22n.'>%
arbitrary which branch corresponds to t8g band between The result for 2<2-Alis shown in Fig. Tb) for comparison.

T andJ. S, andS, are even for both mirror axes, a® is In Fig. 7, one can easily see that the two surfaces have five
odd for both axes. The symmetries of the two branches op> Pands with very simildEg’s and dispersions. This simi-

. . larity can be expected from the common surface structure of
S; are also opposite to each otherlinl, but not so clear in
ORL PP 2X2-In and -Al and the same valency of In and Al. We note

Besides the five SS’s summarized above, two other Spe(fthiihas"o?ir? g\f/ ?oﬁ:)r;raerj tztg?g\l tﬁiwg\l,lfihﬁz :h}‘:[vivs

ral featu_res were observed inside the projected bulk banﬁFot restricted to SS’s; the bulk spectral features were also
gap. In Fig. 3, we can see a state, denotef,agoundl’;; at

. . P, found to shift by about the same amount. Thus the main
Eg=~2.5 eV. This state can also be identified in the scane,q0n for the shift is the difference in the pinning positions
along Jg1-T'11 andKopl'y;, at almost the samBg. S dis- E. for the 2x 2-Al and -In surfaces.
perses to largefEg from I'y;, and enters the bulk band region  The surface electronic structures of SOOBIL2X 2-Ga
towardJgy, Jig, andKqg. In addition, a sharply dispersing (Ref. 11) and DD S{001)2X 2-In (Ref. 12 have been stud-
spectral featurécalledS') can be noted around,,, which  ied using a rare-gas discharge lamp for parts of the SBZ.
crosses thé&; band and disperses up into the bulk band gapThese previous results are also shown in Figp) Tor com-

IV. DISCUSSION
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parison: open and filled squarésrcles for 2Xx2-Ga(-In).

The open and filled symbols represent the data points taken —_.bond
at different parts(though symmetrically equivalenof the Si-Si dimer ™ N
SBZ. Along[110] axis (I'-J) of 2Xx2-Ga, three SS’s were borid ~ 3

identified, whoseEg’s and dispersions are almost the same
as those observed f@;, S,, andS; of 2Xx2-Al and -In.
The splittings of S, and S; were not observed like for
2% 2-Al. For the case of th¢110] axis (I'-J’), Enta, Su-
zuki, and Kond! could not draw out the dispersions 6§
and S; because these two SS’'s appeared not to follow the

expected symmetry of the>22 SBZ. In comparison with FIG. 8. Schematic illustration of atoms and bonds ina22unit

our experimental results for>22-Al and -In, the existence ce|| (dashed linesfor the structure model of 81012 2-In given

of additional branches fog, and S; along[110] (I'-J’) is  in Fig. 1(b).

also apparent for 2 2-Ga(filled squares in the figujeWe

can easily see that the puzzling nonsymmetric dispersions of

S, andS; observed by Enta, Suzuki, and Kono is due to theet al. interpreted their result as only three SS bands, it seems
existence of these additional branches. That is, it seems thitat there exist at least four SS bands. It comes from the
for a part of the sca, andS; were dominanfopen squares Noticeable discontinuity of the second band-at.2 eV in

in Fig. 7(b)], but for the other part of the scan or} and the middle ofl'-K, which cannot be connected as one band.
Except for the absence &; in the calculation and the dis-
crepancy in a part of the dispersion 8§, the agreement
between the calculation and our result is quite reasonable.
ﬁ'herefore, we can claim that our result is not in contradiction

S; appearedfilled squares In fact, S, and S; were hardly

observed alon§110] in our works for 2< 2-Al and -In due
to their odd-symmetry properties. The appearance of all th
branc_hes o5, andS; along[ 110] for 2.><2-Ga can, then, be iih this calculation.
explained by the fact that the experiment fox2-Ga was The structure models for:22 phases of Al, Ga, and In
done withunpolarizedlight from a He discharge lamp. (Refs. 10, 12, 15, and 22Zonsist of two Si dimers and one

For 2x2-In, Northrup et al* and Karlssof reported  metal-dimer in a surface unit celFig. 1(b)]. These struc-
ARPES spectra on a DD surface along fi8d0] axis (- tyres have ten surface electrons in each surface unit cell, six
K) to identify three SS'$the circles in Fig. ?)]. This result  from two metal atoms €£p) and four from the otherwise
agrees quite well with the present result for SX2-In if  dangling bonds of Si dimers. One can expect from this struc-
the whole states are shifted by0.1 eV to smalleEg. This  ture that the surface electrons form five bonds in each unit
shift can be ascribed to the difference in the pinning posicell: four back bonds between four Si dimers and an adsor-
tions of Eg, which is confirmed by concomitant shifts of the bate dimer, and one dimer bond within the adsorbate dimer.
bulk features” The dispersions of the first and second SSThis bonding configuration is depicted schematically in Fig.
bands of Refs. 12 and 27 are almost identical to those of. In this picture, the covalent bonding between Si and the
S, andS;. This comparison makes it possible to understancadsorbate and within adsorbate dimer atoms are assumed.
the appearance of a SS arodurig below S, (closed circles  Recentab initio calculations support this bonding configura-
as part of theS, band, which was not interpreted befdfdt  tion as well as the parallel dimer structdre:**%for Ga (Ref.
seems that the splitting &; was not noticed by Northrup 18) and Al (Refs. 13 and 14 the calculations have shown
et al, which is also almost the case for the present study duthat there is indeed well-localized bond charges not only be-
to the broad width and weak intensity & along[010].  tween Si and the adsorbate but within the adsorbate dimer
Comparing the raw spectra for the previ67uand present atoms. Concerning the SS bands, the aforementioned bond-
experiments, we could see that the spectral features of thBg configuration results in five fully occupied SS bands at
previous work are much broader than the present workmost, and thus the semiconducting surface: one SS from the
which can be the reason Northrepal. could not resolve the adsorbate dimer bond and four from the four back bonds.
two branches o8, andS;. Besides these five SS's, one can also expect SS’s or surface

From the arguments given above, it is clear that our refésonances due to the dimer and back bonds of substrate Si
sults for In and Al can be interpreted consistently and furthegdimers.
resolve the puzzling spectral features of the previous ARPES This picture agrees very well with the existence and dis-
results for 2x 2-Ga(Ref. 11 and -In*? For group-lll metals persions of the five intrinsic SS’s observed within the bulk-
Al, Ga, and In, the similarity of the surface electronic struc-band gap in the present work as follows. On a clea0(8)
tures of the X 2 phases is remarkable. This sort of similarity 2X 1 surface, the Si dimer-bond and Si-Si back-bond SS's
of the surface electronic structures of different adsorbatetsee Fig. 8 (denoted as subsurface SS'are located below
with the same valency and close surface structures has be&g=~2.0 eV at least alon§110] and [010].2?® Moreover,
well established for group-lll metal adsorption on(13il) since the X2 surface are stabilized by saturation of dan-
(Refs. 1 and 2Band alkali-metal adsorbates on(@1).1*>  gling bonds, theEg’s of the subsurface SS’s of*22-In are

The obtained dispersions for<x2-In are also compared expected to become larger than the values on the clean
to those calculated by Northrugt alX? along [010] [filled ~ Si(001) surface. This argument is verified by identifying the
circles of Fig. 7a)]. The calculated data in Fig.(&d were subsurface SS’s on thex2-In surface aEg’s considerably
shifted by ~0.1 eV for better agreement. Though Northrup larger than those found for the clear{®l1) surface’® which
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will be shown below. Thus the only possible SS's in thereport?° the LDOS for the two structural models, the parallel
band-gap region abovEgz=2.0 eV are SS's due to bonds and orthogonal dimer models, are also compared. In the or-
between Si and the adsorbate, and within adsorbates. Frothogonal dimer model, the states localized on the Al dimers
these facts, it is unambiguous to assign the five SS’s as there located arouné,, to result in a metallic surface or at
dimer- and back-bond SS’s of the adsorbate dimers. The poteast a very small band gap, while the parallel dimer model
sibility of surface umklapp process as the origin for any ofresults in a semiconducting surface with a clear band gap.
the five SS’s are ruled out, since almost all of their bandsThis obvious difference in the calculated surface electron
were identified throughout the SBZ and no correspondingstructures neaEg rules out the possibility of the orthogonal
bulk spectral features were observed at the skme dimer model, since our result shows that the 2 surfaces
For further assignments of the origin of each SS, the deare semiconducting, with the band gaps larger than 0.6 eV
tails of the dispersions and symmetry properties should béor both 2x2-Al and -In.
considered. The four identical back-bond orbitals are degen- The 2x2 surfaces have recently been investigated in de-
erated if there is no interaction between them. However theail by STM1%171°These STM studies for:22-Ga(Ref. 12
SS’s from the back bonds may split into several bandsand -In(Ref. 19 have shown clear images of an occupied
through possible interaction between them like thédond-  state at a bias voltage of 2.0 eV. From the shape of these
ing between the dangling bonds of Si dinme’¥?®and the images and theoretical calculatiofs*?°these images can
lone pairs of As dimers® on Si001). Thus, from the two be interpreted as due mainly to the back-bond SS’s. This
branch structures and degeneraciesspf(S;) and S; (S5) interpretation is consistent to our ARPES result observing
observed, it is tempting to assign these four lafggiSS'sto  back-bond SS’s between 1 and 2.2 eVEg. Another STM
the four back-bond SS’s and thus automatically the remainwork reported similar occupied-state images at a bias voltage
ing stateS, as the adsorbate dimer-bond SS. The SS due tof ~3.2 eV for 2x2-Al.*" This bias voltage was further
adsorbate dimer bond is expected to have sméallgthan  interpreted a&g’s, the back-bond SS's in disagreement with
the back-bond SS, since the electronegativity difference odur ARPES measurements. Since the STM image is a result
the metal adsorbate and Si would cause a stronger bindingf the integrated density of states betwegnand the bias
between Si and the metal adsorbate than between adsorba@tage, the bias voltage of the STM image cannot be di-
atoms. rectly related to theEg's of the SS’s. Hence the spectro-
Recently, Yamazaleét al?° have studied the details of the scopic interpretation of the STM image for<x2-Al (Ref.
surface electronic structure of the Al-inducedx2 and 17) seems inappropriate, though the result itself is not in
2x 3 surfaces by aab initio molecular-dynamics method. If contradiction with our ARPES result.
we compare the calculated local density of st&€0S) on Other than the aforementioned five SS’s, another dispers-
an Al and a Si dimer atom of the parallel dimer structt#, ing state ) was found aroundl;; at ~2.5 eV, which is well
is evident that the Al dimer-bond SS is located at smalleiinside the bulk band gap. The same state could be observed
Eg than the back-bond SS’s. In addition, the LDOS on the Sfor Si(001)2Xx 2-Al, though its intensity was very weak.
dimer atom bonded to the Al dimer suggests two importanBased on the discussion given abo8anay be attributed to
natures of the back-bond S$%First the back-bond SS’s a back-bond or a dimer-bond SS of subsurface Si dimers. In
appears to have largé& than that of the dangling-bond SS fact, a very similar SS has been found on cleai®@l) sur-
of clean S{001)2X 1. This is natural because the dangling- face around the sanie with Eg=~2.0 eV?® This indicates
bond SS’s are saturated by bonding with Al ik 2-Al. Sec-  that these two SS’s have a similar origin. It was noted that
ond, these back-bond SS’s are stabilized by forminigonds  this state on clean &l01) could be interpreted as the dimer-
between them? Therefore, the back-bond SS’s are expectedoond SS of Si dimers or as a bulk band caused through the
to haveEg's greater than those of the dangling-bond SS's,surface umklapp proces<® The interpretation by surface
~1 eV, andw symmetry. Similarm symmetry for dangling umklapp process fo6 is also possible because the surface
bonds saturated by metal adsorbates has been establishguiklapp condition for X2 includes that for X 1. A state
theoretically and experimentally for alkali-metal adsorptionsimilar to the sharply dispersing sta® aroundJ;; men-
on S(001).** These results strongly support our assignmentioned above has also been observed on the cle@0Bi
for the SS’s observed for22-Al and -In as follows. First, surface with the same dispersions, but at smdllgrthan
the Eg's of dimer- and back-bond SS’s estimated above ruleS’. The origin of this state has been uncertafi.S’ ap-
out the possibility of assigning, as a back-bond SS. Sec- peared not to follow the symmetry of thex2 SBZ. From
ond, since the four back-bond SS’s are expected to have the above comparison to the clearidBil) surface, it can be
bonding between them, two of them should have even symeoncluded that andS’ are related not to In adsorbates but
metry and the others odd for a given mirror axis. This isto the Si atoms in the subsurface region; thus they are sub-
indeed the case in our result f&,, S;, S;, andS; of  surface SS’s. We also note that, fox2-In, S and S’ are
2X2-In at least alon§i110] as shown in Fig. @). Since the shifted to largerEgz by the same amount<0.5 e\) from
dimer bond is ar bonding, the SS due to the dimer bond their Eg on clean Si001).2® Since no concomitant shifts of
should be even for both mirror axes, which is in agreementhe bulk features are noticed, the shift should be attributed to
with the observed symmetry property 8f. the stabilization of the surface through the saturation of the
In addition to the assignments of the origins of observeddangling bonds by adsorption of In. This observation con-
SS’s, we can also deduce an important conclusion concerfims the argument given above that there can be no subsur-
ing the surface structure of thex2 phase from a compari- face related SS’s aboMeg=~2.0 eV for the 2X2-In sur-
son with the theoretical calculation. In the above theoreticafaces.
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V. CONCLUSIONS respect to the two mirror axes of the<2 phase were deter-
mined using the linear polarization of synchrotron radiation.

An ARPES study using synchrotron radiation has bee . .
done in order to elucidate the electronic structure of a SI%l and S, are even for both mirror axes, arg} is odd for

Si(001)2x 2-In surface. Through detailed ARPES measure20th axes. The symmetries of the two branchesSpfare
ments for seven different symmetric lines in the SB40), orp])posne fil‘?”ilio]r'] blét not clear alodng[110]. From the

> = = = A - teristics of the dispersions and symmetries, it is as-
[110]1[010]1 1—‘10'1—‘111 1—‘01'1—‘:]_1, ‘]00-‘]10’ and ‘]OO'JOI_We Charac : ' ’

have identified the dispersions of five SS bands, ogg ( SUMed thab, is due to the In-In dimer bond ar%} (S;) and

less than 1 eV and the otherS,( S}, S;, andS}) between Ss (S3) to the In-Si back.b(.)nds of the'ln dimers. This as-
1 and~2.2 eV inEg. It is also clearly shown that this signment reinforces the similar suggestion for 2-Al (Ref.

: i 20
surface is semiconducting with no spectral features betwee%g’)oaﬂd |shsuppr?rt?d bé g [)ece;nlb |n|t|o_calc(;1Ia't[)|on2. h
Er and~0.6 eV inEg. The SS nature of the five observed . ther than the five ands mentioned above, we have

bands was confirmed by their presence inside the bulk banentified two other spectral featur&and S’ in the bulk
gap and thehv independence of theg and dispersions. Pand gap aroundi;; andJyo, respectively, which are attrib-
This observation confirms our previous results for theuted to subsurface SS-related Si dimers because of a close

2x 2-Al surface?® and can be consistently interpreted with feSemblance to the electronic structures of the cle@0%i
pre\llzious ARPES studies on (801)2x 2-Ga (Ref. 11 and surface’
-In.
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