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Evolution of Fermi surface by electron filling into a free-electronlike surface state
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We have studied the evolutions of surface electronic structiezmi surfaces and valence bahdsy
electron filling into a two-dimensional free-electronlike surface state, during adsorptions of monovalent metal
atoms(noble metal; Ag, and alkali metal; Nan the S«illl)\3>< V3- -Ag surface. The Fermi surfaceEerml
rings of a small electron pocket grow continuously with the adsorption. Eventually, wher2he 21
superstructure was formed by 0.1-0.2 monolayer adsorption of Ag or Na, the Fermi r|ng is found to be larger
than they21x 21-surface Brillouin zon€SB2Z), and to be folded d by obeying th@1x 21 periodicity. As a
result, the Fermi surface is composed of a large hole pocket 4t fiwént and small electron pockets at tike
point in each reduced21x 21 SBZ, meaning that the behavior of surface-state carriers becomes hole-like.
Despite a sharp chemical distinction between the adsorbates, a very similar surface electronic structure is found
for both the Ag-induced and Na-induce@1x y21 phases. Based on the Boltzmann equation, surface-state
conductivites of these surfaces are obtained from the measured Fermi surfaces, reproducing successfully the
results of previous surface transport measurements.
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. INTRODUCTION The S{111)\21x \21-(Ag,Au) and S{111)\21x \21-Ag

surface superstructures, which are induced by depositing

Surface superstructures formed by adsorptions Ofphout 0.2 ML Au or Ag on the $111)\3>< V3- -Ag surface,
alkali metals or noble metals on semiconductor CryStals hav%spect|ve|y, are found to possess surface-state bands dis-
been intensively studied as prototype systems of metaljersing across the Fermi levdt). Such metallic bands are
semiconductor interfaces for a long time, because of simplgelieved to bring about the high surface conductivity. Based
electronic structures of the adsorbatesBut they have on scanning tunneling microscopTM) images, several
tumed out to be very complicated in the electronicstructure models with different adatom coverages are pro-
and atomic _structures and contain rich physics. Theosed so far for these noble-metal induo@l X \21 sur-
Si(111)V3x \3-Ag surface superstructure, which is formed faces. A recent x-ray diffraction study have shown that,
by one monolayefML) Ag adsorption on a $111) surface, among them, the structure models W|th adatom coverage of
is one of the most popular, for which almost all kinds of 0.24 ML (five adatoms in they21x21 unit cel) are
surface-science techniques have been applied and its atonfavored4
and electronic structures are now well understoddit In contrast to the varieties of researches on the noble-
has an isotropic two-dimensional free-electronlike surfacenetal adsorption, there exists a limited number of reports for
state. Adsorption of monovalent atoms on this surfacethe alkali-metal induced/21x 21 superstructures; only a
furthermore, has attracted considerable interests becau@gh surface conductivity and STM images are repotted.
adsorption of tiny amounts of monovalent atoms on thisThus, the further researches on the alkali-metal induced ones,
surface is reported to produce electron filling into theespecially on the electronic structure, are highly requested
surface state, resulting in a high surface electricafor binary chemistry as well as for the future surface trans-

conductivity>® port studies with sophisticated microfour-point probes and
When the coverage of the monovalent adatoms reachesur-tip STM probes8-2°
certain_values(0.1-0.2 ML) on the V3% 13- -Ag surface, In the present research, we have performed comprehen-

V21X \21(+R10.89°9) phases are known to appear, which aresive studies on both of _the noble-and alkali-metal adsorp-
regarded as a model of binary surface alloys ontions on the SiL11)V3 % \3- -Ag in order to acquire a general
semiconductor$19-14 Since the\21x 21 phases induced picture on_electronic properties of the monovalent-atom-
by noble-metal adsorptions show high electrical conductiviinducedy21x 21 phases. We have chosen Ag and Na atoms
ties, they are nowadays an important playground to investibecause they have the simplest electronic states among noble
gate surface-state electrical conduction, i.e., electronic trangnd alkali metals, respectively, and they do not diffuse into
port through the topmost atomic layer on a cry$t&!®  bulk Si substraté:2! To make detailed comparisons, impor-
Since the conductivity is directly related to the surface electant parameters of alkali- and noble-metal atoms are summa-
tronic structure, several researches of angle- resolved photeized in Table 2 As is well known, sharp distinctions are
emission spectroscopARPES have been performedi®!®  identified between the two groups of monovalent atoms con-
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TABLE I|. Parameters of various monovalent ato(Ref. 22. y STM images presented in this paper were obtained at
is electronegativityl s, is the first ionization energieV), rmewis 65 K with a commercial ultrahigh-vacuum low-temperature
atomic radiug(A), andrig, is ionic radius(A). STM (Unisoku USM-50]. The base pressure during all the

experiments was better thanx1072% mbar. Temperature
X Ifirst I'metal Fion was monitored by thermocouples attached close to the

sample on the sample holder.

Alkali Metal First, a clean $111)7 X7 surface was prepared on an
Cs 0.79 3.894 267 1.67-1.88 n-type (2~ 15 Q cm) or ap-type (1~ 10 Q cm) Si(111) wa-
Rb 0.82 4.177 2.48 1.52-1.72 fer by a cycle ofin situ resistive heat treatments. The
K 0.82 4.341 2.35 1.37-164  5j(111)y3x 3-Ag surface superstructure was made by
Na 0.93 5.139 19 0.99-1.39 monolayer Ag deposition at substrate temperature of
Noble Metal ~520 °C. This preparation procedure ensured that the
V3 13- -Ag superstructure was formed up to the step edges
Au 24 9.226 1.46 1.37 and entirely covered the surface, as confirmed by STM
Ag 1.93 7.576 1.44 1.0-1.28 observatiorf® Although a postannealing at a temperature
Cu 1.90 7.726 1.28 0.46-0.77  higher than 600 °C was proposed to remove the “residual Ag

adatom gas” remaining on thé8 x \3- -Ag surface* we did
not employ the high-temperature annealing, because such a
cerning electronegativity and the first ionization energy. Orh_gh temperature annealing was found to destroy the
the other hand, a similarity may be found for atomic SIZES\3>< V3- -Ag structure close to step edg@s.
between Na and AgAu) atoms. The ionic radius of Na is  The deposition of Ag was done using a graphite effusion
almost the same as that of Agu), and the atomic radius is cell or an alumina basket. A monolayer, 1 ML, corresponds
much closer to that of AdAu) than those of other alkali to 7.83x 10 atoms/crf, the number density of Si atoms in
metals. TherEfore a Comparlson between the Ag and Nme topmost |ayer of thmll) face. The coverage and evapo-
depositions s effective for studying chemical and physicakation rate of Ag were determined by the completion of the
trends in the adsorption on the X V3-Ag surface. Si(111)y3x y3-Ag structure duringn situ observations of
Through detalled electron diffraction observations, Weelectron diffraction. The quality and cleanliness of the
have discovered g21x 21- <Ag,Na) superstructure around \3>< \3 -Ag surface was ascertained by sharp
0.1-0.2 ML Na adsorption at 65—130 K. We have, then, per-/3x \3-electron diffraction(low-energy electron diffraction
formed ARPES measurements on tRLx \21(Ag,Na) as  or reflection high-energy electron diffractippatterns, and
well as they21x 21-Ag surface. Both surfaces are found to strong surface-state signals in the valence-band photoemis-
be metallic and have very similar band structures. Thesion spectrd:}~13252650dium atoms were evaporated by us-
Fermi surfaces(rings), the surface band dispersions, theing commercial SAES-getter sources which were thoroughly
substrate band bending, and the surface conductivity argutgassed to minimize any impurity effect. The sodium cov-
determined. The present research reports a quantitativerage was calibrated through comparisons of the normalized
agreement between results of photoemission spectroscopya 2s photoemission intensity, the intensity ratio between
and surface transport measurements. The surface structuio core-level emission lines Nas£Si 2p, work function,
is discussed by comparing results of the Ag and Naand diffraction pattern with those of th&7x 7 phase pre-
adsorptions. pared by~1 ML Na deposition on the cleanX/7 surface at
room temperaturét27-2°

II. EXPERIMENTS
Ill. RESULTS AND DISCUSSION

The ARPES experiments were done with unpolarized He
| radiation (hv=21.2 eV} at the laboratory and with lin-
early polarized synchrotron radiati¢SR) at Beamline BL- Si(111)y3x \3-Ag surface at t temperatures below 2001 le re-
18A (Institute for Solid State Physics, University of Tokyo, Sults in the formation of a21x 21 ordered phase!®
Kashiwa, Japanof KEK-Photon Factory, JapahThe mea- Figure Xa) shows a low-energy electron diffraction pattern
surements were performed at 100—-130 K with commerciaPf the \21x \21(+R10 89°) taken after~0.15 ML Ag depo-
angle-resolved photoelectron spectrometers of Scienta SEStion on the\3X \3-Ag surface at-130 K. We found that
100 (laboratory and VG ADES 500(Beamling. A slight the samey21x \21(+R10 89°) diffraction pattern was also
energy shift due to the surface photovoltage effect has beegbtained by~0.15 ML Na deposition on the3x y3-Ag at
calibrated by photoemission signals from bulk Si bands, bulk~130 K, Fig. Xb). Morphological details of the phase for-
Si 2p core levels, and Fermi edge of the metallic surfacemation observed by STM will be described elsewera.
superstructures. For experiments with the deddiation, an ~ series of normal emission ARPES spectra from the
angle between the directions of incident photons and detecBi(111)7 X7, S(111)y3X y3-Ag, S(111)y21X y21-Ag and
ing photoelectrons was fixed to be 50°. The Fermi energ)SI(lll)\le \21 (Ag Na) phases are given in Fig.(d.
was determined by fitting the Fermi edge measured on a Tahrough they/3 x y3-Ag phase formation from the>77, the
holder attached to the sample. surface-state signals of thex77 denoted bySS (adatom

It has been reported that0.2 ML Ag deposition on the
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(@)- . = fuxI2 L L R A, shown as a circle centered at tlies point with a radius
: nrm © i hv_21.22eV(lsTl(l)) ke~0.1 A%, indicating_isotropic metallic nature of the sur-
: (110] face state. Despite the3 X \3 periodicity, the Fermi ring is
observed in the second, but not in the first surface Brillouin

8e=0° zones(SB2).1° This phenomenon was successfully repro-

/’g‘ ! 8, =45°
f

;
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INA 2 duced by a calculation of the optical transition matrix based
% t \ on a simple tight-binding approximation for the surface

’1. R topmost-layer Ag atoms; the intensity of the surface-state
A 'w\‘@(A&N@ emission in the first SBZ is diminished by destructive inter-
H
! L e

——

ferences in the matrix elemeniise., photoemission structure

factor effecj. The details of the isotropic band dispersion
{21-Ag and the effect is described elsewh&té! Especially, the

band composing the Fermi surface is known to have a

Intensity (arb. units)

!hv‘ ¥ 1o parabolic energy dispersion with an effective mass of
\/“»1 m =0.13n,, meaning a two-dimensional free electronlike
Agdd ey state¥® B

b, & Y 3Ag After 0.07 ML Ag deposition on the3 x y3-Ag su_rfac_e,

. the Fermi ring is enlarged th-~0.2 A" as shown in Fig.
T T S 581 7x7 2(b), implying electron transfer from the Ag adsorbates to

the surface stateFurther deposition up to 0.15 ML results in
8 6 4 2 Egp

a formation of they21x {21 phase and the corresponding
Fermi rings are shown in Fig.(®. We can find a dark circle
(the radius being~0.26 A) which is larger than that in Fig.
2(b), and additionally we can observe parts of the Fermi
circles superimposed with each other in the whole obsekved
space. o

In Fig. 3(@), the Fermi ring of they21x 21 surface is
drawn on an extended21x y21-surface Brillouin zone
(SB2). Since the Fermi ring is larger than the first SBZ, the
first SBZ is fully filled with electrons. The Fermi ring covers
up to the third SBZs and the segments of the Fermi ring in
) . ~ the second and third SBZs are depicted in Figg) &nd
5:3:9 andS$ _(”ﬁSt'fﬁom 'sa\tabeperll(sh 6;”3_ V;”OUS electro)nlc 3(c), respectively. The Fermi ring of the second SBZ consists
ifa NeBS,e%S,p:g; g}_:fl—zlisrgs,zgéfriiasrison ':f ;r;%;?aengt\/E\;/een of a h.ole poclfet centered at thezi. 71 point, while that of
the V3x \3 and\21x 21 phases indicates a drastic changetn€ third SBZ is composed of electron pockets attha. 21
of electronic structure neaEr. On the other hand, the Points. On the $1L11)y21X y21-Ag surface, there are two
states of they3x 3 phase atEg=2-5 eV persist in the domains of they21x y21 periodicity which are rotated by
V21x\21 band diagram, but shift slightly toward higher 21.78°_ to t_each ot_he(rFlg. 1). Therefore, the ph_otoemlss!on
binding energies. Through the transition from tf@x {3 to ~ result in Fig. Zc) is an overlap of the Fermi rings coming
\21x 121 phases, ARPES peaks of the Ad Kvels have Tom these two domains as shown in Figed)3and 3e). By
become broader. In this paper, the electronic structure of thEKing these facts into account, these Fermi rings are tiled on
Si(111)\e"2_1>< \5’2—1-Ag and SQllDV’Tlx V21{(Ag,Na) are the _experlmentall'y mapped ones as shpwn in F(Q).Zé\s
described in three different energy regions, Fermi level reObviously shown in the fl_gu_re, the experlmental result is well
gion (Fermi surfack valence band regiondown to reproduced by the Fermi rings superimposed by obeying the
Es~5 eV), and Ag 4 band region(Eg=5~8 eV), sepa- V21X 421 penod’gty. T_h|s means that this surface stgte
rately. Finally, the surface-state electrical conductivity is dis-COMeS from they21xy21 superstructure. The photoemis-
cussed by combining the Fermi surface and band bendingi©" intensity of the rings is modulated due to the photoemis-

results.

FIG. 1. Low-energy electron foracion patterns df)
Si(111)y21x y21-Ag and(b) Si(111)y21x y21<Ag,Na) taken at
electron energy of~90 eV. Unit cells ofy21x y21(+R10.899) are
indicated by white lines(c) A set of normal emission ARPES spec-
tra for_ S(11)7X7 (7X7), Si(11DV3xy3-Ag (V3-Ag),
Si(11)v21x y21-Ag (V21-Ag), and S{111)y21x y21<Ag,Na)
(V21(Ag,Na) . The spectra were taken with synchrotron radiation
(SR of hy=21.2 eV along[110] azimuth. The incident angle of
photon(#;) was 45°.

ion matrix element effects.
Since, as mentioned above, the Fermi rings in Fig) 2
are a result of the band folding of a large Fermi ring in the
A. Fermi rings \V21x 21 SBZs, the Fermi ring is not a simple isotropic
Figure 2 shows the evolution of Fermi surfageermi  free-electronlike state anymore, rather composed of electron
rings) by Ag (Na) adsorptions on the Gi11)y3x \3-Ag sur- and hole pockets. The spectral weight of photoelectrons is

face at~120 K. The measurements were performed with HePeaked at envelopes of the electron and hole pockets, result-

. e . .
|« radiation and the data acquisition was made by recordind'd in the circle® Therefore, the radius of the large circle

the photoelectron intensity at-Ewhile scanning emission corresponds to the Fermi wave vector of the original free-
angles to produce the Fermi surface maps. In the figure, th/€ctron band. The electron density, can be related
large photoemission intensity is colored black. The energ);0 ke by

contour at E of the pristiney3 X \3-Ag phase, Fig. @), is ke = \27Nyp. (1)
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FIG. 2. Evolutions of the Fermi rings by Ag
or Na deposition on $111)y3Xx3-Ag at
I ~120 K. The additional Ag coverage (a) 0 ML
. [the pristine Sil11)y3x 3-Ag], (b) 0.07 ML,
" ©] 1 and(c) 0.15 ML [the S{111)v21x y21-Ag.] The
. data were taken with Headl radiation. A sche-
matic drawing of the surface Brillouin zone
P (SB2) of 3x\3 with symmetry points are
s shown in the inset. The SBZs of X1 and
: , : V3 V3 are drawn as thick and thin lines, respec-
00 % oAy M 13 tively. The measured region ¢f) is depicted as

‘ shaded area(d) Tiling of the Fermi rings and

SBZs of the twoy21x 21 domains, overlapped
on the experimental result dt). Three straight
lines (A-B, C-D, and E-F in (d) are scanning
axes of ARPES measurements shown in Fig. 5. A
photoemission _ Fermi surface map of the
Si(111)v21x v21<{Ag,Na) surface prepared by
Na deposition at~-120 K is shown in(e).
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Then, then,, can be calculated from thé values, tip bias smaller(large) than~1 V, the \21x y21{Ag,Na)
0.16, 0.64, and 1.X10"cm™ for the pristine y3Xy3  domains are separated by3x 13" domains (nanometer-
[Fig. 2a)], the 0.07-ML-added surfadgig. 2b)], and the  scale protrusions The protrusions are likely Na clusters
V21X +21-Ag [Fig. A0)], respectively. One can find that the formed on the $i11)\3x y3-Ag surface. Details of the
increase in electron density is nearly proportional to the adsTM observation are reported elsewh&@n the contrary,
ditional Ag coverage. The electron density of f21X V21 the S{111)21x21-Ag surface is fully covered by
phase_app@xim_ately corr(_asponds to _three e!eqtro_ns i[?s\rge J21x 421 domains of the y21x \52—1-Ag phase
the 21X 21-unit cell. It is worth noting a similarity a5 reported in the previous reseatéherefore, we attribute
between the present result and the Fermi surfaces ghe gifferences in the Fermi rings between Figs) 2nd 2e)
bulk aluminium or indium which contains three electrons inyg their surface morphologies. Namely, while tHe-

a unit cell® o contour _measured by photoemission spectroscopy of
_ Let us, now,_ move on to the Fermi rings of the Na-gj111),21x 21-Ag are originated only from/21x 21
induced Si111)y21X y21<Ag, Na) surface. The experimen- domains, those ofy21x \52—1-(Ag,Na) are from both

tal result is shown in Fig. @). A large circle is identified in {21x 21 and Na-cluster-covered,3x 3" domains. The
the second/3x y3 SBZ, while a faint circle is also seen in following discussion is given below.

the first SBZ. Compared to the Fermi surface map of the
Si(lll)\s’2_1>< \52_1-Ag [Fig. 2c)], the Fermi ring for the
Si(111)v21x 21(Ag,Na) has a smallek radius with a . _ .
broaderk width. To find the reason for the difference be-  Figure 5 shows three series of ARPES spectra and disper-
tween the two\21x 21 phases, we have performed Sion curves observed along three lines indicatekispace in
STM observations. Figure 4 shows STM images of theFig. 2d) for the S{111)y21x y21-Ag surface. The ARPES
V21 \21-(Ag, Na) surface taken at 65 K. Through the vari- Spectra taken along the line A-B corresponds to those along
ous Na coveragg0-1 ML), we have found formations of [110] direction. As reported previously, in the energy region
only small patches of the21x \21{Ag,Na) domains at the aboveEg~ 0.8 eV, there are two surface-state bargjsand
coverage around 0.2 ME. In the STM images taken at the S;.}' The notation of the surface states are based on this

B. Valence band dispersion
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(a)

BN 34 SBZ

(b)

Knx i

FIG. 4. Filled-state STM images of a surface prepared-Byl5
ML Na deposition on SiL11)\3x \3-Ag at ~65 K. The left and
right images were taken at the same area with tip bia_s of 0.5 and
3.0V, respectively. The black lozenge indicates t&l1x 21
unit cell.

Mq‘zlxdzu

(C)

of band folding and the multiple rings observed in Fi¢c)2
with the V21221 periodicity. The Fermi rings shown in
Figs. 4c) and Zd) are composed of th§, band. Along the
line E-F which passes through the electron pocket in the
FIG. 3. (a) Superposition of a free-electron ring for valence 3 third SBZ, the band dispersion shows a similar energy gap
on an extended hexagonal Brillouin zori) The Fermi rings in (~0.1eV) at the zone boundary‘relative wave vector”

the second Brillouin zonéc) The Fermi rings in the third Brillouin =~ _ 36A°Y). The electron pocket is also composed of
zone. (b) and (c) are given in a reduced zone scheme. Thethe'S4 ban.d

shaded areas correspond to electron-filled regidds. (e) The -
Fermi rings in the two different21x \21 domains with +10.89° Figure 6_shows sets of ARPES spectra taken along

rotation. (@, (b) [110] and (c) [112] directions from the
Si(111)v21x \21<(Ag,Na) surface at k=21.2 eV. In Fig.

previous report! In the energy-versus-wave-vector diagrams®(@®: sharp dispersing bands, for example denoted bgre
along the lines C-D and E-F, the logarithmic intensities ofSONSPicuously observed &;=2~5 eV. As shown in Fig.
the spectral features are represented by the darkness in tAE?): in the energy range frorx to E;=0.8 eV, there are
gray scale. As shown in Fig. 2, a diagram along the C-DAISO two bandss, ﬂ‘d S; [we use primes for names of the
direction has photoemission signals only from the holeSUrface states OR’Zl/ﬁV'Zl'(Ag’Na) phasg¢. At the zone
pocket of theS, band. At the zone boundari¢gBs) of the ~ boundaries in the\21x \21 SBZ (the emission angle
V21x 421 SBZ (“relative wave vector’=0.087 &), one can  6,=38~39° along the[110] axis), the two bands are ener-
obviously find that theS, state is energetically separated getically separated by-0.2 eV atEgz~0.3 eV. The energy
from the S by 0.1-0.2 eV atEg~0.3 eV. This energy splitting at the zone boundary is also_consistent with the
splitting at the zone boundary is consistent with a picturediscussion for the Ag-inducedy21x V21 surface, and

B
T T T T T oy
| "S5 k(A™h o Bph oo R
\ 144 3
A \_\ g
) 2
140 =04 ,

\I\\.,-I\ E FIG. 5. A series of ARPES spectra and
> : 7 E photoemﬁsion_ dispersion plots for the
21 ANES mO.S Si(111)y21x y21-Ag surface. The data sets have
£ ! . 0.0 . been compiled from photoemission spectra by
L 4\ 7B Relative Wave Vector (A™) mapping angle scans along lines A-B, C-D, and
£ I' . 1.32 E-F indicated in Fig. @). The dispersion plots
5 NSy ) = are represented with the photoemission intensities

L9 ~~127 i in a logarithmic gray scale. The data set has been
RS f;“ taken with He b radiation. The zone-boundaries
\*'\ =l (ZB) of the V21X 21 SBZ are indicated.
1 =]
z @
Lo} % 118
1 Ep 0.0 0.2 0.4 0.6
Binding Energy (eV) Relative Wave Vector (Z’l)
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by <2126V (Hel) | (a) hv=212ev R) | (b)| [w=zl2evisr) | (o) shifted downward as depicted by the shaded region in Figs.

- = 20° 7(b)-7(d). Similar changes in band bending to higher binding
energy have also been reported for the Cu- or Au- induced
\21>< \21 phaseé5 40

At least, six statesS,—S;, are found in the bulk band

gap for S{111)y21X21-Ag, being consistent to the
previous reports!? and seven statesS|(S)~S;, for
S|(111)\21>< V21<(Ag,Na) as shown in Fig. 7. One can con-
firm a close similarity for the overall band structures between
the Na- and A_glnduced21>< V21 phases. Around the zone
boundary of\21x 21 SBZ[k~1.3 At in Figs. 71b) and
7(c)], both surfaces show the band folding 81(S;) and
S4(S) and, furthermore, the energy gaps at zone boundaries
due to they21x 21 Bragg reflect|on$F|gs 2 and Bhave
the similar values of 0.1-0.2 eV. It is now obvious that the
surface band structures of the Ag- and Na-induced

X 21 phases are identical to one another and, therefore,
their Fermi rings are essentially the same. It is_worth
noting that the filled STM |mages of the21x21-
(Ag,Na) superstructure, shown in Fig. 4 have a close resem-

K4

Photoemission kntensity (arb. units)

4.0 20 Ep 2.0 Ep
Binding Energy (V) blance to those of they21x21- -Ag and V21x\21-
(Ag,Au) superstructure¥ Concerning the results of Fig. 2,
i the photoemission signals observed inside 21X 21
X \214Ag,Na) surface taken alonga), (b) [110] and (c) [112]  Fermi rings presented in Fig.(@ are likely originated
directions with changes of emission anglé&’'s). The spectra  fom the Na-cluster covered\3>< \3" domain (Fig. 4.

FIG. 6. A collection of ARPES spectra fgr the (511)\5‘?1

(S:)o""g i?;isre 'ttikennvc\:lliwtho:rf: r:gﬁ:ﬁ;g;’{)"“g? :]hoszel i;@bg \7”2 Furthermore, clearer spectral appearances of the Fermi
ar Wi Syl r raaiati V= . . %
plane of surface normal and incident photon directiorials (b) r>|<ng;1_f(opr\ S&:;Lg;:iatarzaﬁlA(gaxtrll;rr;etg(z)setr:grlafli?(;(fiwa|n
parallel and(c) perpendicular to the one of surface normal and . " 9. y €xp y 9
photoelectron detecting direction. size for the former surface than that of the latter one.

Since the adsorbed Ag or a Na atoms provide electrons to

the Fermi rings of the surface are composed of 8je the S{111)y3x \3-Ag surface, their similarity of ionic ra-
band, too. Figure 7 shows the summaries of ARPES specti@dus, described in Table I, seems to imply that adsorption
presented by band- dlsperS|on curves along[thkﬁ)] direc- sites of monovalent atoms on the surface are mainly gov-

erned by the adatom size rather than their electronegativity
tion for (a) Si(111\3x3-Ag, (b) S|(111)\21>< V21-AG, Ot first ionic energy. Furthermore, the similar gap size in

(0) Si(111)y21x 21-(Ag,Na), and along th§112] direction  the band splitting at the21x 21 zone boundaries indicates
for (d) Si(111y21x \21{Ag,Na). The bulk valence band that the amplitude of thg21x \21-periodic potential which
maximum (VBM) of the S{111)y3x \3-Ag surface is at is responsible for the Bragg reflection is almost the same
~0.16 eV belowEg, and the bulk band projection region between the Ag- and Na-induced21x 21 phases?

into the 1X1 SBZ is depicted by the shadow in Fig. According to Table I, ionic radius is a possible criterion to
7().1*#34-%%rom a comparison between the ARPES resultestimate the periodic potentials and ZB gaps. Recently,
of Si(11)7Xx7 (not shown, the dispersing bands at ARPES measurements on the12i1) 21X \21{Ag,Cs as
Eg=2-5 eV in theshaded region are likely assigned to thewell as 5(111)\21>< \21-(Ag,K) surfaces have been

Si bulk bands. For example, a band labeledhy associated performed**? The researches have reported that the
with a direct transition from the uppermost8i1) bulk band  surface band structures near Fermi level are similar to the
of Az symmetry?’**Within the bulk band gap, there are five present results, but the gaps at zone boundaries are larger
surface statesS®, % SP S5 and §% as reported (~0.3 eV). As shown in Table I, K and Cs atoms have
previously/10-12252638931The Fermi ring in Fig. 23) is  larger atomic or ionic radii than Na, which supports
ongmated from thesf_band30 31 Through the SiL11)v21  our model.

X y21-Ag or S{111)\21x y21{Ag,Na) formation, the Si _The band structures of the Ag- and Au-induced
bulk bands( b, for example as well as the surface reso- V21x 421 phases have also shown a close resemblance to
nances have shifted by 0.4 eV to higher binding energy each other, and they have been interpreted as modified states
[Fig. 7(b)], indicating that the bulk bands bend downward soof the pristiney3 X \3- -Ag substrate; the original states are
that the valence band goes away fr&p Comparing with  energetically pulled down by electron transfer from the
the S{111)y 3>< V3- 3-Ag surface, the valence band maxima for adatoms?~23Since a Na atom is also a monovalent atom as
these twoy21x 421 surfaces are estimated to be located aAg and Au, and since Na has much lower electronegativity
Ez~ 0.56 eV, meaning that the- is located at the middle of than that of Ag or Si, the observed band structure is reason-
the band gap so that their surface space-charge layers aably ascribed to the same pictdfeThe Si(S],S]) and
depletion layers. The bulk band projection regions have5,(S;,S;) states of the/21x 21 phases are assigned to the
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0.0 . 0 1 ). : 1.0 the[112] direction. The small and
k (A_l) large symbols represent the rather

distinctive and the weak spectral
« 31(111)[21x[21 (Ag, Na) © fgatures, respectl_vely. Sollq

circles and open diamonds indi-
cate peak positions obtained by
He la radiation and synchrotron
radiation (hv=21.2eV. The
shaded region is the bulk band
structure projected onto thexil
SBZ. (c) and(d) are plotted from
ARPES spectra in Fig. 6.
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S;® state of the originah/3x y3-Ag surface that has been the S; band dispersion could arise from the surfa@x \3

pulled down toEg~0.9 eV. TheS,(S,,S) and S(S;,S;))  umklapp scattering of the bulk direct transition. T@

surface-state bands have also pulled down compared to ttsgéate, which corresponds to ti$g, and S} states in the 21

bands of the or|g|na{3>< \3- -Ag surface while thé%(ss Sel phases, may be ascribed to Si back-bond states through com-

bands appear at the simildg's to the pr|st|ne\3>< y3  parison among the previous ARPES studies on metal-on-Si

bands’*122>26Although there has been no 0 report on the surface superstructuréghe bands aEg~ 4.5 eV observed

band assglnment for the (S[Ll)\21>< V21- -Ag and Wwithin bulk band gap may be Agddrelated states as previ-

SI(lll)\ZlX \21{Ag Na) Surfaces these facts seem to in- ously proposed® As a consequence, the overall band struc-

dicate that the surface states of tf@x \3-Ag surface split tures are similar among3x \3-Ag, \21x21-Ag, and

into two groups, downward-shifted ones and nonshiftedV21x V21{Ag,Na) superstructures and the difference_near

ones, as described in the previous resedtdccording to Er is also explained by electron transfer into th@x 3

the recent structure models of th@1x \21 structure, the bands.

V3x 3 sites in the y21x\21 unit cell are partially

occupied;**** implying that there coexists the perturbed C. Ag 4d level

and the unperturbeﬂﬁx V3 sites. Sites in the superstructure

unit cell with and without an adatom may result in the for- AS shown in Fig. 1, two peaks are found &5.6 and

mation of two band groups that ha&’'s similar to and ~6.4 eV for they3x {3 phase while two prominent ones at

different from the original bands. A proper theoretical calcu-~5.7 and~6.8 eV for the twoy21x V21 phases. By ARPES

lation on the surface structures and surface state bands dfeasurements of the Agd4evels, we found that thesed4

highly required to clarify this issue. states have little band dispersion. From Flg_l one can notice
Concerning the downward-dispersiBgstate(which cor- that these two Ag d peaks for they21x 21 phase have

responds to thS)l in the \3x \3- -Ag), the energy position at broader widths and Iarger energy differences between them
than those for the/3x 3 phase. Furthermore, the intensity

I'zix zz point withk~1.1 At in Fig. 7(c) (which is equiva- ratio between the two_geaks are also found to vary through
lent to I' 3 point in Fig. 2 corresponds to the uppermost the 3x 3-to~21x 21 phase transformation. Drastic
Si(111) bulk valence band ofA; symmetry atl’ point with  changes of the spectral features clearly indicate notable
k=0, and the dispersion is similar to the bulk ba&idhus, perturbations of the Agdiband structures. The origin may
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be inferred ag1) significant changes of chem|cqjhys|ca} TABLE Il. The values of Fermi wave-numbeg, effective mass
environments of Ag atoms in the3x y3-Ag substrate M /m, density of stateD?®, Fermi velocity v, conductivity o,
or (2) additional Ag 4l signals from the Ag adsorbates. How- relaxation timer, and mean free pathfor the S(111)\3% \3-Ag
ever, the similar spectral Ag 4 features between and the Si111)\21x V21-Ag surfaces.

S|(111)\21>< V21- -Ag and 8(11])\21>< V21- (Ag,Na) as

shown in Fig. 1 denies the second possibility. \3-Ag V21-Ag

Concerning.electronic ba_nlds .originated from chalizgd ke(A-1) 010 0.26
states ad orbitals, the modification may be described in N

o . C m /me 0.13 0.25

terms of variations of Ag-Ag atom distance, which is an 0 3 1o
: : : : - D?P (108 eV icem?) 5.4 10.4
important parameter for transfer integrals in the tight-binding
approximatiorf> The adsorption seems to induce new ve(10° cm/9 0.9 12
chemical bonds between the Ag or Na adatom and Ag atoms (107 Q7/00)° (meas) ~0.75 ~3.2
composing the/3x 3 framework, resulting in a change of (1075 s) ~2.2 ~2.7
Ag-Ag distance in the Ag trimer. Furthermore, the local I (A) ~19 ~32

variation likely unbalance the3 X \3- -Ag atomic configura-
tion, as reported in STN® and, finally, induce significant
variations of the Ag—Ag distance or rearrangement of the
whole Ag atoms in they3x \3 substrate. Therefore, the
overall spectral feature of Agddpeaks changes significantly (2D) electrical conductivityoz; of the V21X 21 phase
as shown in Fig. 1. The Ag rearrangement was also Sugquantltatlvely from the measured Fermi surface.
gested by x-ray diffraction studﬂAccordmg to the_prewous The relation between the 2D conductivity and Fermi sur-
researches on the noble-metal induceg21x 21  face is given by the Boltzmann equation as the integral con-
structured314 the adatoms are proposed to sit on Ag or Sitaining the velocity tensor of,jvy; (See Appendix Because
trimers of the honeycomb chained triangldlCT) or in-  of the definitionv,;=(1/%)(JE/ Jk;), detailed band dispersion
equivalent triangl€lET) models?*®4” The adsorption on the curves of the metallic bands & is required to calculate
Ag trimer is likely much efficient to induce such Ag arrange- o,z1. Although the photoemission signals are complicated
ment than on the Si trimer. It is also reasonable in terms oflue to superposition of the Fermi rings of electron and hole
the electron transfer described above since a metallic surfageckets as well as those of two domains with rotation of
stateS; of the 3 x 3 substrate has large density of states at:R10.89° as shown in Fig. 2, a summation of all the portions
the Ag trimer*” The adsoption site is consistent to a study ofof the Fermi rings of the second and third SBZs produces a
the first-principles calculation which has reported that ad-Single Fermi circle in an extended zone as shown in Fig. 3.
sorption on the Ag trimer is much stable than on the SiAs described above, furthermore, tBeband dispersion near
trimer34 Eg is fairly reproduced by extrapolation of parabolic fit of
the S; band dispersion. This approximation is reasonable for
the present system since the gap formation at the zone
_ __ boundaries is so small that it hardly perturbs the energy dis-
One of the intriguing phenomena of th@ X \3-to-\21 persion atEg. Since the SiL11)\3X \3-Ag surface has also
X 21 transition is its electrical conduction charigéit has  an isotropic 2D electronic systéPn as__shown in
been found that conduct|V|ty of thé1x 21 phase is larger Fig. 2, conductivities of both thg3 < \3 and21x 21 su-
than that of they3x 3 phase83649The previously mea- perstructures are written by a simple relation (8ge the
sured conductivities were originated from three electricalAppendix
channels of surface-state bands on the topmost atomic layers,
bulk-state bands in a surface space-charge layer beneath the _ e 2D
surface, and bulk-state bands in the inner crystal. Since the o= (7-ve) vp DT, 2)
measurements have been perfornreditu in UHV with the
same Si wafer, the transport change is only described iwherer is the carrier relaxation timeye the Fermi velocity,
terms of channels except that of a bulk Si. From the bandnd D?° the 2D density of states &:. A change in the
bending change dlscussed above, an accumule(trmer— surface state conduct|V|ty by the transition from the
sion) layer formed for the/3x 3 phase on @-(n-) type Si V3 13-Ag to V21X 21 phases corresponds simply to the
wafer becomes a depletion layer when the surface transforntéifference betweew z; and o3 given by Eq.(2) with their
to the \21>< \21 phase. Therefore, carriers in the spacdndividual parameters. Since the two systems are fairly rep-
charge layer are depleted and the conductivity decreaségsented by the nearly free-electron model, density of states
through they3x \3-to~/21x 21 transition, which is oppo- at Fermi level is written a®?P=m’/ 7% The Fermi veloc-
site to the experimental fact. Judging from the above, thdty is given asvg=fike/m’. As obtained beforem” is 0.25m,
surface-state channel is responsible for the increase of elegndkg is ~0.26 AL for Si(111)y21x 21- -Ag, wherem, is
trical conductivity and the phenomena is qualitatively ex-the free-electron mass. On the other hamd=0.13m, and
plained by increment of carriers in the surface superstructurks~0.1 A1 are for 8(111)\3>< V3- -Ag.3° From these pa-
as found by the present and previous photoemission specameters, one can estimaf#® andug for these two super-
troscopy researchés316We now discuss two-dimensional structures, which are summarized in Table Il. Th& and

4Reference 30.
bReferences 16 and 36.

D. Surface-state conductivity

235315-8



EVOLUTION OF THE FERMI SURFACE BY ELECTRON. PHYSICAL REVIEW B 71, 235315(2005

vF(vﬁ) of the \21x 21 phase is 92% and 88)% larger  Aid from the Japanese Society for the Promotion of Science.
than those ofy3x 3, respectively. As a consequence, The experiment on synchrotron radiation is performed at
the conductivity has become 3.5 times larger through thé&KEK-PF, Japan, with the pac number of 2002G029. M.D.
V3X 3-t0-/21X 21 transition. thanks the French Ministry of Foreign AffairéBourse
The previous researches have performed extensive cohavoisiey for financial support.
ductivity measurements on th&x y3-Ag phase and noble-
metal induced y21x 21 phases by four-point probe
method!®-364°They have found that the surface conductivity =~ The relation between the 2D conductivity and Fermi sur-
has increased by 210* Q™0 through this structural face is given as follows, based on the Boltzmann equation
transformation. With proper calculations on conductivities ofand assuming a constant relaxation tizwer(k) irrespective
space charge layers based on their x-ray photoemission spagf-electron wave-vectok33:50.51

APPENDIX

troscopy (XPS) results, the experimental surface state con- 1 & q
ductivity has become 4-6 times larger through the oy :__Tf M_kF (A1)
transition*16-36For an examplé® conductivities through the b2 h vy

V3 V3 andy21x 21 surface superstructures was estimate
about 0.75 and 3.2 10* Q~Y/J, respectively. The rate of
conductivity increase is nearly the same as one obtaine
from the metallic band$Fermi surfaces described above. . .

. - If a surface state can be regarded as an isotropic free-
Therefore, we can naturally explain that conductivity of the . _ s
P A ) = » electronlike state|v,j|=|vyj|=|vi=vF at Er and the Boltz-
V21X 21 superstructure is larger than that of thgx v3 P :

. . . mann equation is written as

one because of the higher Fermi velocity and the larger num-

QNherekF anduv;=(1/%)(dE/ Jk;) are the Fermi wave vector
nd Fermi velocity along direction, respectively. The inte-
gral is done on the Fermi surface.

ber of Fermi electrons. Inserting the experimental conductiv- GZTU,Z: dke

ity values in Eq.(2), carrier relaxation time and mean free o= 42k m (A2)
path of the phases are estimated and listed in Table Il. The

relaxation time is similar to that reported for the(Hil)4 2

X 1-In surfacé® and one order of magnitude smaller than :4772f: f dke. (A3)

that in bulk Ag metal at room temperatuieAs a conse-

quence, the Boltzmann picture reasonably describes the sur- Tyo-dimensional density of stat@3?® per area at Fermi
face state transport of the8 X \3-Ag and\21x y21 phases. |evel is given as

o1 [ _dk
\VA CONC_LUS|0NS DT=23 GEIoK” (Ad)
We have found a21x 21 surface superstructure by Na

deposition of ~0.15 ML coverage at 65-130 K on the 1 dke
Si(111)-V3x \3-Ag surface. We have extensively studied o2t m (AS)
the evolution of electronic structure during the transforma- o )
tion from the V3x \3-Ag to the \21x 21 phases during ando is simply rewritten as
adsorption of monovalent adsorbai@sgy and Na. Despite
the sharp difference of chemical properties between noble == (7-vg) -vg - D, (AB)
and alkali metal adsorbates, the surface electronic structures,
Fermi rings, valence bands, and Adl fevels, show close It is an important consequence of the Boltzmann equation

similarities between the twg21x 121 phases. Through the thato is proportional to relaxation timér), Fermi velocity
Fermi surface mapping by ARPES, th1x 21 phases (vg), density of states at Fermi levéD?P), and mean free

were found to have the Fermi rings of a hole pocket atithe path I(=7-vg). In the Boltzmann regime, surface electron

point and an electron pocket at tKepoint in each reduced transport is governed by the number and velocity of 2D
surface Brillouin zone. The conductivity of th€21x 21  Fermi electrons. o .
superstructure is estimated from the measured Fermi surface 'f We adopt(nearly free-electron approximation, the in-
using the Boltzmann equation and it successfully reproduce§€9ra! in Eq.(A3) and electron density in the surface-state
the previous transport resuftd®*¢The adatoms likely sit on andnyp are given as

Ag trimers of the Si111)\3 X 3-Ag surface and the adsorp-

tion is seemingly governed by atomic or ionic radius rather Jdkp =27k, (A7)
than chemical propertiggonic energy or electronegativity

1 2
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e mMop In the Drude regime, surface electron transport is ex-
o= I (A9) pressed bytotal) electron density in the surface-state band

n,p and mobility u(=er/m").335051Despite the simplicity of
the Drude formula compared to the Boltzmann equation, the
latter formula has much generality to describe electron trans-

=eun,p. (A10) port and we adopt the formul@6) for the discussion.
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