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Metallic surface states on semiconducting substrates provide an opportunity to study low-dimensional elec-
trons decoupled from the bulk. Angle resolved photoemission is used to determine the Fermi surface, group
velocity, and effective mass for surface states on Si(#AXV3-Ag, Si(111y3xv3-Au, and Si(111)/21
X \21-(Ag+ Au). For Si(111)3xv3-Ag the Fermi surface consists of small electron pockets populated by
electrons from a few % excess Ag. For Si(1¥2)1x \21-(Ag+Au) the pockets increase their size corre-
sponding to a filling by three electrons per unit cell. TH&1x 21 superlattice leads to an intricate surface
umklapp pattern and to minigaps of 110 meV, giving an interaction potential of 55 meV fof2be \21
superlattice.
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[. INTRODUCTION optimum annealing sequences. The technical details of the
Metallic surface states on semiconductors are special bé)_hotoemlssmn experiment will be described at the end of this

cause they are the electronic equivalent ofatwo-dimensionaﬁeglon' librated by ob ina LEED i
electron gas in free space. Electronic states at the Fermi leve| =vaporators were calibrated by observing Images

Er are purely two-dimensional since there are no bulk state&! @ range of coverages on(8i1) and comparing to optimal
inside the gap of the semiconductor that they can couple td:overages following the sequence<7, 5x2, a-v3Xv3,
The states neaEr are particularly interesting because they 8-v3Xv3 for Au, and 7x7, v3xv3 for Ag. Our LEED
determine most electronic properties, such as conductivitypbservationgnot shown are in line with previous work>1®
superconductivity, magnetism, and charge density waveds definition for the Ag and Au coverages we use units of
Recent reports include the effects of charge densitySi(111) atomic layers (1 MI=7.8x 10" atoms/cm). The
waves' 3 a two-dimensional plasmon in a metallic surface-Si(111)/3xVv3-Ag structure exists near 1 monolayer Ag
state band, increased surface conductivity via adatom coverage. Deposition of over 1 monolayer at 500 °C fol-
doping? and metallic umklapp bands arising from a discom-lowed by subsequent post-annealing at 500 °C ensures com-
mensurate overlay&rln particular, surface conductivity is plete coverage with no residual($11) 7X7 or S(111 3
receiving increased interest with the arrival of sophisticatedx 1-Ag, that occur below the optimum coverages. Extended
microprobes, such as four-point scanning tunneling microsannealing removes additional Ag adatoms that are present in
copy (STM) probes'” _ a typical preparation’ The Si(111y3xv3-Au surface
Therefore, we have set out to explore the Fermi surfacégomes in several varietiea;v3xv3 at about 0.9 monolayer
that characterize _su_ch tvv_o—d|men3|onal states using angl%'overage,ﬂ-\/ixﬁ at greater than 1.0 monolayer, and 6
resolved photoemlsslon with an energy resolution better thag<6 at 1.1 monolayer. The coverage phase diagrams for the
the t_hermal _broadenmg of the Fermi edge K@'B) Angulf_ir B-v3xv3 and 66 overlap and the preparation of the
multi detection allows us to covés space with a very fine V3x 3 differs onlv in a fast quench from 700 °C as op-
grid and to resolve electron pockets containing as little as § : y n qu S 0P
Rosed to a gradual cooling for€6. All three reconstructions

few percent of an electron per surface atom. That makes o I%V3 di : .
possible to explore the origin and the character of the band@XNiPit the same basie3xv3 diffraction spots only with

that make the surface metallic. A complex array of Fermidifferent surrounding fine structure spots. In our study we
surfaces is observed which the superlattice forms via surfaccus on theg and a phases. Both are formed at a large
umklapp. range of annealing temperatures. In order to study a range of

Metallic surfaces are uncommon on semiconductors, bufitermediate coverages we first deposited a high coverage
several structures of noble metals orf1%l) have been dis- (1.2 monolayers and then gradually annealed off Au at
covered recently that are clearly metallic. Here we focus or§30 °C which is close to the Au desorption temperature. The
two-dimensional  structures, i.e., Si(1¥3)XVv3-Ag, mixed Si(111)/21x \21-(Ag+Au) surface was obtained
Si(111V3xV3-Au, Si(111)y21x \21-(Ag+Au). Other by evaporating~0.2 monolayer Au at room temperature on
surfaces with one-dimensional features have been exploredp of the Si(111y3 X v3-Ag surface. We find little change
separately? in the photoemission for coverages withir0.04 ML of the
optimum. That is consistent with the observed phase separa-
tion into v3xv3-Ag and 21X 21-(Ag,Au)

Fermi surfaces and band dispersions were acquired at 200

First we will describe calibration of the Au and Ag cov- K with a hemispherical Scienta photoelectron spectrometer
erages by low-energy electron diffractidhEED) and the equipped with angle and energy multidetection. It was
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(a) A s . slices at a constant ener§y= E; we plot the Fermi surfaces
L ® ® o (Figs. 1-5. Cuis at constank;;19) map E versusk disper-
. ™ . ™ s & sions along 112] (Figs. 6, 7. The original coordinates are
< o © o ° o £ the polar angled;;10; and the multidetection anglé1.
AN . N @ Au These angles are converted to their corresponding parallel
0 i ] wave vectors according to
« . .
T e * k=K' = =#"2(2mEg) Y2 cosd,15 SN 13
‘®. © X" [110] in [112] [110]
> C e
R and
o -
I _ . _
(b) ky=k{112 =7 Y2mEyn) 2sin 117 -
0.5 NN Here 91117 is always smaller thant6°, and for simplicity
— we use the approximation cég; 1~ 1 in Figs. 1-5 with an
‘ < ]
< : % error <1%.
= » - The individual scans were normalized according to a pro-
~004------ e I ) \F - - -4 g p
= " - @X\E;’ cedure outlined in a previous repdftBefore measurement,
- s the alignment and angular transmission function of the mul-

y

0.5 y tidetector were carefully adjusted to provide homogeneous
! 3 intensity across the 12° angular range. Any residual inhomo-
geneities are removed by taking an additional set of refer-
T 1 - T ence scans at the same spectrometer settings as the data, but
-1.0 -0.5 0.0 0.5 1.0 with an 8 eV higher photon energy. At this energy we expect
k, [110] [A1] to see only secondary electrons _with little angular depen-
dence. The reference scans are integrated over energy and
FIG. 1. Two-dimensional surface structures of Ag and Au onthen Used to d|V|de out the tl’ansmiSSion fUnCtion in the raw
Si(111 in real and reciprocal spacea) Structural models of data. Each scan, including references, is normalized to the
Si(111W3xv3-Ag and Si(111)/21x 21-(Ag+Au). The latter is ~beam current to account for the steady decline in the incident
obtained by adding 5/240.24 monolayer Au to the/3xv3-Ag photon flux. The areal photon density within the acceptance
surface.(b) Surface Brillouin zones for the Si(111X11, v3Xv3, spot of the spectrometer changes slowly with the angle of
and 21x 21 structures. The experimental Fermi surface ofincidence of the light, causing a slow variation in the inten-
Si(111y/3Xv3-Ag is superimposed, which consists of two small sity that is roughly proportional to cas The intensity of
circles around thé 5,5 points atk,=+1.1 A~L. each scan was adjusted to account for this factor.
Our geometry allows us to cover most of th& 1 surface
Brillouin zone and nearly thre€3xXv3 zones[Fig. 1(b)],
with a grid dense enough to resolve fine structure within the
small /21 /21 Brillouin zone[Fig. 2(c)]. Even though the

k

coupled b a 4 mnormal-incidence monochromator at the
Synchrotron Radiation Centé8RCO in Madison. The pho-

ton energyhv=34 eV was selected, which gave the opti- : . . 4
ayhv W which gav pu rI|=_(k) band dispersions along thg and negativek, direc-

mum cross section for surface states in previous work Ot' tric. the phot larization i t Al
clean S{111) and S{111)-Au.'® The energy resolution was lons are symmetric, the photon pofarization IS not. “".‘i’g
the component perpendicular to the surface dominates,

29 meV for the photons and 27 meV for the electrons. TheWhereas along negativie, the in-plane component domi-
light wasp polarized with the plane of incidence along the g neg P P

— k _ o nates. That allows us conclusions about the symmetry of the
[110] azimuth (horizontal in Figs. 1-b The polar angle gyrface states using polarization selection rules.

between photons and electrons was 50°. The polar emission |n Fig. 1 we plot a variety of unit cells together, both in
angle of the photoelectrons was varied in steps of 0.5° byeal spacétop) and reciprocal spad@ottom. The real space
rotating the sample with the analyzer staying fixed. This ro+/3xv3 schematic is of the HCT model for Ag.The extra
tation corresponds to the long, horizontal axis of our Fermiau atoms show a possible model for the Si(1§2}1
surface plots in Figs. 1-5, which is th#10] component of X \21-(Ag+ Au) surface that is consistent with recent x-ray
K'. The perpendiculaf112] direction was covered by mul- diffraction data®®*°The structure for the3x v3 Au-a phase
tidetection over a 12° range with the data points 0.24° aparfS Similar to that of thev3Xv3 Ag (for the differences see

Scans were taken with an energy window of about 1 eV ifRefs: 21-28 The wave vectors of the various symmetry
0.005 eV steps. points areK,,,=2+2/3-2m/a=1.09 A", M, ,=v2/V3

In this fashion we acquire the photoemission intensity in &27/a=0.95 A", K3,,5=0.63A™%; M 5,,;=0.55 AL,
three-dimensional parameter space, i.e., the eriemyd the  The reciprocal lattice points of thg21x /21 structure cor-
two in-plane k componentsk;;19; and kj115. By taking  respond to the center of the circles in Figc)3
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FIG. 2. Two-dimensional Fermi surfade= lines) obtained from the photoemission intensityEt. High intensity is shown darkk
=0 is at the center of each fran@mpare Fig. L The electric field vectoE is close to thex direction on the left and close to tlalirection
on the right.(a) Si(111W3Xv3-Ag exhibits two small electron pockets around fhg,; points due to doping with excess Ag. The circle
on the left is split by a node in intensity due to polarization selection r@®sSi(111)x-v3Xv3-Au exhibits two small electron pockets
similar to those with Ag. The node is missing, indicating different symmetlySi(111)y21x \21-(Ag,Au) exhibits large Fermi circles
related to electrons donated by the extra Au. A horizontal intensity node indicates a band similar t0VSiKid3)Ag. The starting
Si(111)3 xv3-Ag was stoichiometric with no excess Agl) Schematic of(c) obtained by shifting the bold circles by reciprocal lattice
vectors of they21x /21 structure(surface umklapp

Ill. FERMI SURFACES AND BAND DISPERSION Previous photoemission reports on the Si(3/Bl)
This section presents the Fermi surfaces in Figs. 2-5 an v3-Ag surface have painted a complicated picture of po-

R H ,26,28 ; H
the E(k) band dispersions in Figs. 6, 7 for each of the threear'za_tlon dep‘?”de”t, effects: ) By mapping the entl_re
surfaces studied. The bands are mapped alongfhirec- Fermi surface in 2D instead of just a single line, we derive a

. — . . . . more complete picture of these matrix-element effects. In
tion (=[112]) using angular multidetection, which allows us _. .

. Figs. 1b), 2(a) one observes an asymmetry between positive
to resolve small Fermi surfaces and band gaps.

and negative, that is due to polarization dependent effects.
A. Si(11)vV3XV3-Ag For negativek, the angle of incidence of the light is nearly
normal (f;=27° k=—1.09 A1) and the resulting polariza-
tion vector is in the plane of the sample aldriglO]. In this
case the emission intensity has a node intd@ection. This

Figures 1b) and Za) map the Fermi surface for
Si(111v3 xv3-Ag with excess Ag, using an energy integra-
tion interval of =0.025 eV aroundEg. (The stoichiometric i . . .
surface is semiconductig) High photoemission intensity matrix element effect agrees with the original findiffgs

is shown dark. The3Xv3 Fermi surface consists of a single While recent work® finds that the metallic surface staSe
circle of radiusk=0.076 A1 that is centered at the extra €XNibits no measurable polarization dependence. This can

V3xv3 T points[Fig. 1b)]. The 1x1 I point atk=0 ex-  Perhaps be understood because of the narrowness of the
hibits no detectable trace of an equivalent circle, in agreeMissing intensity around thle, symmetry line in Fig. 2. A
ment with a previously identified surface state labeleddeviation of only a few degrees from thel2) plane might
S,.2472" Most of the unmapped portions of the firstxll ~ disguise the polarization dependence. Reference 28 also re-
Brillouin zone can be inferred by symmetry. ports that the5; state is excited only by the component of the
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FIG. 5. The Fermi surface for Si(1143 Xv3-Au with the cov-
erage increasing frorta) to (c). A continuous opening of the pocket
at" 5,3 is observed from the phase in(@) to the 8 phase in(c).

—_

b)|

B. Si(111) y21X \21-(Ag+Au)
The evaporation-0.2 ML of additional Au onto the sto-
ichiometric v3xv3-Ag surface yields a Si(111p1

k. [110] X \21-(Ag+ Au) superstructure that exhibits a much larger
* Fermi surface due to the extra electrons provided by the Au.

k. [112]

0.1

FIG. 3. Energy surface atEr-0.1eV for Si(111)/21
X \/21-(Ag+Au), using a starting surface with excess Ag. The Si(111) \Bxx@-Ag
small electron pocket of the3 X v3-Ag substratddark doj is sur-
rounded by a large, dark circle originating from the electrons of the @) r I' (b
additional Au atoms. Fainter circles originate from surface um- ! !

klapp.(a) Raw data with high photoemission intensity shown dark.
(b) Smoothened data on a logarithmic gray scale, showing fainter
umklapp features.

-0.5

Energy (eV)

photoelectric vector parallel to the surface, i.e., the state con-
sists mainly ofp, and p, component$*?® However, we
clearly observe the state for grazing incidence of the light
[ 6,=73° corresponds tk,=1.09 A~1 in Fig. 2@)] with the
polarization nearly perpendicular to the surface. This appar-
ent discrepancy is likely due to the different photon energies
used, 21.2 and 34 eV, respectively. Past studies have found Si(111) aV3xV3- Au
that the perpendicular components of surface states on

Si(112) and on S{111) with noble metal adsorbates are ex- () 1; F| (d
cited preferentially at 34 eV and are much weaker at 21

92 02 -02 02
k [112] [A]

eV1213182%9Th 5 it is not surprising that in previous studies 00 .
at 21.2 eV the surface state was hardly visible for grazing
incidence of the light. —~
>
05
(a) V3x\3-Ag (b) V21xV21-Ag Au_ ()  +anneal 23
—
Q
02 i
=
E'O.O— ’ -
- -
02 02 02 -02 02
T T I o) -1
10 12 10 12 10 12 ky [112] [A"]
k [110] [A"]

FIG. 6. E(k) band dispersions obtained by multidetectibigh
FIG. 4. Close-up of the Fermi surface around thg.,; point photoemission intensity is darkEz=0). All panels are cuts along

(compare Fig. L (8 Si(111W3xv3-Ag with a coverage slightly  k, through the pockets aF;.,; (see Fig. 1 (a) Si(111)y3
larger than a monolayer, giving rise to small electron pockets for thexv3-Ag for k,=1.1A"1 (b) Si(111W3xv3-Ag for k,=
excess electrongb) After depositing 0.2 monolayer Au onfa) to —1.1 A1, showing the node at,=0. (0) Si(111)a-v3XVv3-Au
produce Si(111)21x 21-(Ag+Au). (c) After annealing(b) to for ky=+1.1 A~1. The outer band does not reach the Fermi level.
300°C for 20 sec. The central Ag-induced pocket widens to its(d) Si(111)x-v3Xv3-Au for k,=—1.1 A~1. The node ak,=0is
original size. absent.
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circles is obtained by translating the strongest outer circle by
reciprocal lattice vectors of thg21x 21 lattice, i.e., via
surface umklapp. In addition to the unit cell shown in Fig.
(@) 1(a) there is a seconfmirror) domain rotated by an angle of
21.8°2® which has been included in Fig(d. The result is in
excellent agreement with the experimental Fermi surface.
The umklapp features have much lower intensity than the
original circle, and there is a rapid decrease in intensity away
(b) from the twov3 Xv3I" points. A similar effect has been ob-
05 S served in LEED from Si(111)21x \21-(Ag+Au) where
' —_— : the \21x |21 spots surrounding th€3xv3 spots have
00— ) . , . much stronger intensity than those surrounding the integer
\ J_/ ©) prder :spots}.ﬁ_W@T migh_t expept s_imilar effects to be observed
A g in photoemission since it is a time-reversed LEED

Energy (e V)

05 _.'\ process.

- If Au is deposited onto the Ag rict3 X v3-Ag surface an
additional electron pocket is observed at the center of the
02 01 00 01 02 03 large Au-induced circle. This situation is shown in Figa)3

kV (A'I) (at EE—0.1eV) and in Fig. &) (at Eg) with an energy
’ integration interval of-0.025 eV. The central pocket is remi-
niscent of the Fermi surface for Ag riol3 Xv3-Ag [com-
pare Fig. 2a)]. A more detailed comparison can be seen in
R Fig. 4. Also, the polarization dependence of the small pocket
[ )

.-ﬂvf\'.. (not shown is identical to that onv3xXv3-Ag, indicating
Pf‘\ = that it has the same origin. Our best interpretation of the two
e

004000000 ) - A !
o0q0 (d) superimposed Fermi surfaces is a separation of wBe

Xv3-Ag phase with they21x \21-(Ag+Au) phase. The
*®ecseece two phases have been shown to coexist by S¥Mdnce

®eee o more surface umklapp generates faint circles throughout the

Photoemission Intensity

. rest of the Brillouin zone. As compared to the stoichiometric
| | | [ouwens o Ag preparation these bands are less distinct, and the Fermi
06 04 02 0.0 02 surface is re-plotted using a logarithmic scale in Fidp) 30
Enietgy (&%) better observe them. o
' In contrast to the large Fermi circle, the small central
FIG. 7. E(k) band dispersions for Si(114pix \2i-(Ag POCket is not replicated by thg21x 21 [compare Figs.
+Au) showing minigaps induced by th@1x 21 superlattice po- () and 3. The only umklapp of the small pocket that does
tential V. The strong outer band produces the intense Fermi circlegPpear is at the X 11" point which corresponds to a shift by
in Figs. 20), 2(d), and 3. Fainty21x y21 umklapp bands form @Vv3XV3 reciprocal lattice vector.
avoided crossing at the zone boundd®B). (a) Raw data.(b) Comparing our data to the literature elucidates why the
Smoothened data on a logarithmic gray scale, showing fainter umgentral electron pocket is not always observed. Some photo-
klapp features and a small central pocket from excess@giwo  emission studies of Si(114P1x 21-(Ag+Au) have re-
band model using a/21x /21 interaction potentiaV=55meV. ported two band$-3° consistent with the two Fermi circles
(d) Energy distributions corresponding to vertical cuts jratithe  we observe for excess Adrig. 4(b)] (for the band disper-
zone boundary ZBmiddle curvg and on either side of ittop,  sions see Fig.)7 However, in other studies the central pocket
bottom. was absert*3! similar to our stoichiometric Ag preparation
[Fig. 2(c)]. We attribute this difference to the presence or

It is shown in Fig. Zc) with an energy integration interval of absence of excess Ag in the initial preparation G
+0.012 eV aroundEg . The two strongest features are dark Xv3-Ag. Indeed, the similarity of the inner Fermi surface of
circles on the right and left that are located at the sdme Figs. 4c) to 4(@) suggests that the inner pocket gB1
points as the two small circles faf3 Xv3-Ag in Fig. 2(a). X \21-(Ag+Au) is actually a vestige of the initial/3
They also exhibit the same polarization dependence with &v3-Ag surface.
horizontal node across the circle on the left and a nearly full Since the outer Fermi circle is directly linked to the extra
circle on the right. Such similarities suggest that the saméu atoms, simple electron counting arguments can be used to
band is filled in both cases but with more electrons in thetest the stoichiometry of Au and the number of bands in the
case of Au. \21x /21 unit cell. The radius of the Fermi surface Ks

In addition to these main features, there are faint replicas=0.26+0.01 A~ which means that the circle subtends an
of the Fermi circles which occur on @21x /21 reciprocal area of =X (0.26 A~%)2=0.21+0.01 A=2. This is 0.069
lattice, as indicated in Fig. (8). The resulting pattern of times the area of the 1 Brillouin zone (3.09 A2 and
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1.44 times the area of thg21x 21 Brillouin zone. This and STM. However, x-ray diffraction studies of thev3
area corresponds to 2:@.2 electrons per/21x /21 unit ~ Xv3 Au reveal a conjugate honeycomb-chained-trimer struc-
cell using Luttinger's theorem and assuming a single bandure (CHCT) that represents a reversal of the silicon and
containing electrons with both spins. A recent x-ray diffrac-noble metal atoms as compared to the honeycomb-chained-
tion study® and a STM stud} support a model with 5 Au  trimer structure(HCT) for v3xv3-Ag. **~2* At higher Au
atoms pery21x /21 unit cell as shown in Fig.(&). Since  coverages the more complicat@dv3 X v3 begins to form.
each Au atom contributes one unpaimeg electron we can STM results have demonstrated a continuous transition be-
compare the number of electrons with the model Au covertween thea and 8 phases, with the addition of Au observed
age. The observed extra band can only accommodate three @ an increased density of domain walls. Various structural
the five electrons in a naive single band interpretationmodels have been propos&d® but for the purposes of this
Clearly, one has to go beyond that. We can think of thredgdaper it is sufficient to note that Si(138xv3-Au is able
possible scenarios. A pair of degenerate bands could accori® accommodate a large range of Au coverages in a continu-
modate six electrons. Alternatively, an extra, filled band atous fashion.
lower energy would provide two additional electrons and Observations of the Fermi surface as a function of the Au
thus accommodate a total of five electrons. The second ofoverage demonstrate the continuous filling of an electron
tion clearly appears closer to the experimental coverage, apocket with increased Au coverage. In Fig. 5 we map the
though we cannot completely rule out a third option whereFermi surface near the€3xv3I' point for three different
only three extra Au atoms are contained in t{i21x 21  coverages of Au. Figure(§ corresponds to 0.9 ML Al
unit cell. phase, Fig. 5(c) corresponds to 1.2 M(B phase, and Fig.

The band dispersion for the Si(11@1x21-(Ag 5(b) corresponds to an intermediate coverage. The size of the
+Au) surface is shown in Figs.(@, 7(b) together with a Pocket at thd” point increases as a function of the Au cov-
model calculation in(c). The umklapp bands show up as €rage. The increase in area is attributed to the addition of
faint lines in(a) and (b) and are represented as dashed line§lectrons to the unit cell accompanying the extra Au. The
in (c). An additional dashed parabola represents the centr&iand also becomes very broad, especially for the intermedi-
pocket left over from the/3xv3-Ag starting surface. The ate Au coverage, which is consistent with the lack of long-
Brillouin zone boundary of the/21x 21 lattice is atk, range order observed by STM for the higher Au coverages.
=0.210 A"1, which coincides with the intersection of the
strong primary bands with the umklapp bands. The band dis- IV. DISCUSSION
persion deviates from a straight line, showing a vertical dis-
placement at the zone boundary. This distortion can be ex- For the Si(111y3Xv3-Ag surface the data in Figs(H),
plained by a minigap induced by the periodic potential of the2(a) provide two main pieces of information. The area of the
J21x |21 lattice. The gap can be quantified using the energy €mi surface gives the band filingable ). The strong
distribution curves in Fig. @), which are vertical cuts in dependence of the photoemission intensity from one Bril-
Figs. 7a) for three momenta close to the zone boundary zlouin zone to the next and its polarization dependence are
The bands avoid crossing each other and form a double pedRlated to the wave function symmetry. .
with equal intensities right at the zone boundary, instead of a The filling of the surface state band was attributed to ex-
single peakFig. 7(d) middie]. After determining the peak C€€SS Ag in a recent core level and ARPES study on
positions from a fit with constrained, equal widths for all Si(111)3Xv3-Ag. It was found that the surface state band
curves we find a gap energg,=110 meV. It is directly IS €mpty at the optimum Ag coverage of 1 monolayer
related to an interaction potentidl =E./2=55meV. A (ML).”"The surface state band became filled when additional
similar gap was observed for Si(lkzlqa_lx J21-Ag in _Ag_atoms_ were present in small quantities beyond the sto-
Ref. 31. ichiometric coverage. Our preparation, in which more than 1
ML of Ag is deposited and the excess is annealed off, is
. consistent with some filling of the surface state by excess Ag.

C. Si(11)v3Xv3-Au If we assume a single ban@vith two sping crossing the

In Fig. 2(b) the Fermi surface for Si(11&/3xv3-Auis  Fermi level, as in first principles calculatioffs®’ the area
plotted. The region irk space is identical as for that of the inside the Fermi surface gives an electron count of 0.01 elec-
v3Xv3-Ag allowing for direct comparison. As with the Ag, trons per <1 unit cell, which would correspond to an ex-
the Fermi surface ofr v3XVv3-Au has a single pocket cen- cess of 0.01 monolayer Ag.
tered at thev3Xv3T point. This corresponds to a metallic ~ The surface state band is absent at the ceitrabint,
surface state reported in earlier photoemission and inversahich is common to the X1 andv3xv3 lattice [see Fig.
photoemission studig€s:*2333*The exact shape of the Fermi 1(b)]. This observation is consistent with earlier work on
surface is difficult to determine because of its asymmetrySi(111)/3xXv3-Ag.?® Such behavior can be explained by
across thel” point in both thex andy directions, and the coupling with bulk states at the valence band maximum,
general broadness of the band. These asymmetries must tich is located at thid™ point. The other twd™ points on
related to the dipole matrix element. the left and right are characteristic of th@xv3 lattice and

Of the Si(111y3 Xv3-Au family of phases, thex phase fall into a gap of bulk states. Surface umklapp would be
is most similar tov3xXv3-Ag. Both occur near 1 ML of required to bring bulk states frork, =0 to these twol’
coveragg0.9 ML for Au) and have some similarity in LEED points.
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TABLE I. Band minimumE,, Fermi wave vectokg, effective  perlattice spots seen in low energy electron diffraction
massmey, and group velocityvr of metallic surface states on (LEED). The superlattice is also felt in the(k) band dis-
Si(11D). persions, where it induces minigaps at the zone boundaries.
These minigaps are directly correlated to the superlattice po-

Eo kf JF tential, thereby providing quantitative information about the
Surface ) AT me (10 mis) interactions ofy trl?e electr%r?s with the superlattib meV in
Si(111)3 X V3-Ag? -0.32 008 007 13 this casg
1+& monolaye? Ag The measured Fermi surface area of the Si(121)
Si(111)y21x \21-(Ag+Au)® —0.78 0.26 0.35 0.9 X \/21-(Ag+Au) surface can be combined with the electron
1 monolayer Ag count to reveal some unexpected electronic features. The ob-
0.24 monolayer Au served size of the large electron pocket can only explain
Si(111)3xv3-Au —032 015 025 0.7 three of the five electrons introduced into t{i21x /21 unit

a: 0.9 monolayer Au cell by the five adsorbed Au atoms. Assuming that the cov-

aPrevious work(Ref. 24 reportedEq— —0.18 eV, k.=0.11 A L,  erage model in Fig. 1 is corrett’’we would conclude that
andmg;=0.25. The bottom of the bari, lies higher than in our ~the remaining two electrons are accommodated by a second
work because of less additional Ag, corresponding to lower ban®¢ompletely filled band. The extra band accommodating two
filling. The larger effective mass is probably due to the use ofmore electrons could easily fit into a region of high density
energy distribution curveEDC's), where the Fermi cutoff makes Of states observed in the energy region betwed&h9 and

it difficult to determine the band position ne&g . In our study we  —1.5 eV. There are two alternative but less likely options.
use momentum distribution curve@IDC's) to determine the The electron pocket could be doubly degenerate and thus

bands, which avoids this problem. accommodate=6 electrons rather than 3. That leaves a mis-
P¢~0.01 estimated from the area inside the Fermi surface, assunmatch by about one electron. Finally, there could be only
ing a single, nondegenerate bafiefs. 19, 22, 31 ~ three extra Au atoms in thg21x /21 unit cell which is
‘Reference 24 reporteH,=—0.62 eV andmef.,=.0.29. nge again - marginally compatible with our coverage.

the Au the Ag coverages are lower, explaining the highgrby In addition, the polarization dependence of the

lower band filling. The band is highly nonparabolsee Fig. 7. Si(lll)\/2—1>< \/ﬂ-(Ag-i— Au) surface state closely resembles

that of the Si(111y3Xv3-Ag (Fig. 2). It appears that both

A strong polarization dependence has been observed prarise from the same surface state, only with different levels
ViOUSly, and it is clarified in our data by ObserVing the State&)f band f||||ng Maive|y, the |arge difference in effective
in theky, ky plane, not only along thi, or k, direction. A mass might suggest different states for the two surface. How-
node is observed in the photoemission intensity alongkthe ever, the density of dopant atoms is much less in the case of
direc_tion when the polarization vectd is parallel tox J3x\3-Ag resulting in a decrease in the overlap as the
=[110] [left side of Figs. 1), 2(a)]. Such a node in a high pandwidth narrows. Assuming the interaction is similar, we
symmetry plane is reminiscent of dipole selection rules for gyould thus expect the effective mass to scale with the band-
mirror plane, although one has to keep in mind that yhe \yidth.
=0 plane corresponds to {2), which is not a mirror plane. The Si(111xv3Xv3-Au phase is similar to Si(11¥3
For a mirror plane the node would indicate out-of-plane  xv3-Ag, with both exhibiting electron pockets that are cen-
orbital character because odd states can only be excited witered around the3xv3 T points that coincide with the 1
the E-vector perpendicular to the plane, as long as the emisy 1 points, but not at thé point k=0. Likewise, adding
sion is within the plane. The node is absent on the far righhg to v3XV3-Ag and Au to av3XV3-Au leads to an in-

side of Figs. ib), 2(a), where theE vector is close (@, the ;o556 of the electron pockets which accommodates the extra
surface normal. Such behavior would be consistent with 0 trons

orbital character. The effect of aB-vector parallel toy

=[112] has been studied elsewhéfeé? In this case one of
the twov3 Xv3I" points shows strong emission and the other
is almost extinguished. This corresponds to a threefold emis-
sion pattern if theE vector remains perpendicular to the  In summary, we have used recent developments in energy
emission plane. Such strong modulations should be able tand angle multidetection to map the complete, two-
provide incisive information about the wave function sym- dimensional Fermi surfaces of several metallic surface struc-
metry when modeled theoretically. tures induced by Ag and Au on(@iL1). The results show that
Si(111)y21x 21(Ag+Au) exhibits a striking Fermi  silicon surface states can have well-defined Fermi surfaces
surface that can be attributed to thi21x \21 superlattice of despite a tendency to form localized surface orbitals with
adsorbed Au atoms. Replicas of the Au-induced electromorrelation gaps®=* The metallic states at the Fermi level
pocket induced by translation wit{i21x \21 reciprocal lat- are well suited to study low-dimensional electrons because
tice vectors form a complex maze of Fermi surfaces. Thesthey are decoupled from the bulk in an absolute band gap,
surface umklapp features may be viewed as photoelectrorend not just in certaitk' regions as on metal surfaces.
diffracted by the Au superlattice, analogous to the extra su- The surface metallicity comes about by doping the surface

V. SUMMARY
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