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We have investigated the 1/3 monolayé§>< \f§-Pb/S(1ll) system with core level photoemission at
temperatures of 300 and 120 K. At both temperatures thedep &d 3/, core levels are split into two states
with an intensity ratio of 2:1, as in the related Sn(GE]) and Sn/Si111) systems. On doping the surface with
Cs (an electron dongror oxygen(an electron acceptpthe ratio of the intensities of the two states change
strongly, suggesting the states have filled or empty dangling bonds. The results are interpreted in terms of
charge fluctuations with one third of Pb atoms acting as charge donors and two thirds as acceptors in the
undoped phase. Four chemically shifted Bicre level peaks are found whose energies are almost constant
for the doped and undoped surfaces, and whose relative intensities change significantly on doping. These states
of Si are assigned to two distinct kinds of atoms bonded to the two states of Pb, and to deeper Si atoms. The
shifts are explained in the framework of the charge fluctuation mddeGothelid, M. Bjorkvist, T. M. Grehk,
G. Le Lay, and U. O. Karlsson, Phys. Rev.®, R14 352(1995], and the integer pseudo charge moe!
Ballabio, G. Profeta, S. de Gironcoli, S. Scandolo, G. E. Santoro, and E. Tosatti, Phys. Re89 426803
(2002]. Within the family of group IV metals adsorbed on group(11) semiconductor surfaces, Pb{BL1)
is similar to Pb/Gél11) and Sn/Gg&L11) with Sn/S{111) being the exceptional case.

DOI: 10.1103/PhysRevB.70.155334 PACS nuniber73.20.At, 79.60.Dp

I. INTRODUCTION in photoemission with a relative intensity of 2 in the

Considerable attention has recently been focused on thk/3 MLV3X 3 structure, even though the primitive unit cell
family of adsorption systems comprising group IV metalscontains only one metal atom, so that a single state should
(Sn, Ph on (111) surfaces of the group IV semiconductors Si exist for this structure. On cooling, both Pb/@&#1) and
and Ge'* Of particular interest are the properties of struc-Sn/Gé111) display a (3% 3) structure, which has three
tures with 1/3 monolayefML) coverage of metal, known as metal atoms per unit cell, and is consistent with two states of
the a phase for Sn systems and tjgephase(for historical  the metal, with a relative intensifyow binding energy peak/
reasons for Pb/S{111); in these phases, the metal atom is high binding energy pealof 2. Sn/S{111) also shows two
located in the T site. Alloys also form with the substrate core level states but with the binding energies reverseel
atoms substituting metal atoms, for example, théor mo-  higher rather than the lower binding energy peak is more
saig phase with 1/6 ML of metal and 1/6 ML of Si or Ge. intensg; in addition a(3x 3) phase has not been observed.

A notable feature of the Sn/@ill), Pb/G&111), and An early model to explain the existence of two core level
Sn/Gé111) systems is the existence of two core level statesstates and the phase transition was the fluctuating charge
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model® which was followed by, among other theories, the

hypothesis of a charge density wa®This has been chal- (d)- yphase :\?fge’ oV
lenged by further experimental findings and many alternative
explanations have been offeréde Gironcoliet al’” have
drawn attention to the importance of bonding between the
metal and the pair of substrate atoms directly below the
metal atom in determining the electronic structure. Their ex-
planation for the observed phase transition was termed a
“bond density wave.”

Currently a widely accepted model for Sn(Bil) and
Sn/Ge€11]) is that the metal atoms exist in two distinct
charge states with different vertical heights above the
surface! The (13 X \@)—>(3>< 3) phase transition which oc-
curs on cooling is considered to be displacive, with short
range order still occurring in théV3X y3) phase, which
gives rise to two distinct core level states in photoemission.
The high temperature phase fluctuates on a time scale much
faster than slow probes like scanning tunneling microscopy
(STM) so that it is not possible to directly image this local
order. There are still several open questions: for instance the
Sn/Si system shows a reversal in the relative intensities of
the core levels with respect to Sn/Ge, and it is not com-
pletely clear which of the two core levels corresponds to the
“up” and “down” atoms. Also there is not yet consensus on
why no phase transition occurs for Sn(&i1)2 in contrast to
Sn/G€111) and Pb/GEL1]), although Péreet al. have ar-
gued that it is due to differences in degree of phonon
softening?

Much less evidence is available for the corresponding L L L
Pb/S{111)8 phase but STM has shown that at low tempera- 22 R 18 16
ture, limited regions of(3x3) and other reconstructions Binding Energy [eV]

appear.+? R_eflection high-energy electron diffraction FIG. 1. Pb %l core level, showing spin orbit splith,, and s/,
(RHEED) SltZUd'eS have reported thex 3) streaks appear .;mnonents, normal emission. An integrating background has been
on cooling,“ but no well ordered phase has been observedptracted from the raw data. Open circles: raw data; full lines:

by diffraction. fitted curves(a) 8 phase(b) B phase after Cs dopinge) 8 phase
Recently Yuharat al® showed that the Phcbcore level  after O, doping, and(d) y phase.

states can be fitted by two peaks with a relative intensity of

2. We have also reported a similar observation in a brief ) ) )
communicatio}? pointing out that the interpretation is progressively evaporating off the Pb by annealing at constant

equivocal as alternative explanations, such as the coexistent@nperature for fixed times. Carlisi# al ' have shown that

of more than one phase, are possible. A core level photot-he photoemission signal at saturation corresponds to a cov-
emission study of the phase has been reported by Carlisle€rage of 1.3 ML; growth is by the Stranski-Krastanov mode,
et al5 in which they did not consider the possibility of two @nd excess Pb forms islands that do not contribute signifi-
Pb states, and of the mosaic phase by Karlssioal ;16 we cantly to the photoemission signal. The Rbdnd Si 2 sig-

return to their results below. It appears that the Pa/g) ~ Nals were measured at photon enerd@sd resolution of

system is similar to the other members of this family insofar/3:0(0-1) and 150.0(0.18 eV, respectively. The PHOIBOS

as a splitting of the metal core levels occurs and there i¢50 hemispherical analyzer used has an angular acceptance

some tendency toward8 x 3) formation. of half cone angle 8°. We assume that the Fbsignal is
linearly related to the coverage at fixed photon energy and

angle of emission. The preparation conditions for {Be
phase were determined by correlating the low-energy elec-
tron diffraction(LEED) pattern with the Pb & intensity and

We have investigated this system using core level photothe relative photoemission intensities of Pb and Si. Follow-
emission and the method of doping pioneered by Le Lay anihg Carlisleet al.'® the saturation coverage is calibrated to
co-workers>!’ The measurements were carried out at thel.3 ML. Then thes andy phases should be observed when
Czech Materials Science Beamlitfelocated at the Elettra the photoemission intensity corresponds to coverages of 1/3
Synchrotron Light Source, Trieste, Italy. The coverage of Pkand 1/6 ML, respectively, and this did indeed occur. The
was calibrated by evaporating several ML of Pb at roomPb 5 lines were sharpest at a coverage of 1/6 ML or less,
temperature onto a cleai x 7)-Si(111) surface, and then while a clear doublet was observed for 1/3 ML. The LEED

(b)- Cs 0.04ML

Intensity [arbitrary units]

Il. EXPERIMENT
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TABLE |. Pb line shape parameters resulting from fitting.

Pb
Width of low BE component =0.52+0.01 eV Spin-orbit splitting Branching ratio
Width of high BE component =0.56+0.01 eV =2.62+0.01 eV =0.72+0.02
Binding energy Binding energy Difference(eV) Relative intensity

Phase +0.02 eV +0.02 eV (low BE peak/high BE peagk
B 18.11 17.72 0.39 2.0
B, Cs doped 18.15 17.76 0.39 12.6
B, oxygen doped 18.04 17.65 0.39 0.8
was checked and found to give the bég8x \3) patterns ll. RESULTS

for these coverages.

Cs was dosed from a well outgassed SAES™ dispensc?r
source. The coverage was calibrated by measuring the wo
function as well as the Csddkignal, and it was found that the trum of the 1/6 ML PB-1/6 ML Si y (or mosaig phasé®

shape of the work function curve was very similar to that Ofis also shown for reference, but detailed results will be re-

_Sj 19 . .
Cs on(7x7)-Si(111).” We assume that the coverage Versus_’ported elsewhere. The spectra have been aligned with respect

deposition time has. the same shape and use the saturatigf ine top of the valence band to eliminate effects due to
value 0.4 ML to calibrate. The coverage was crosscheckedyface band bending after adsorption of the dopant. The
by calculating the Csed signal expected relative to the pp 55 core level has a clearly asymmetric line shape inghe
Pb & signal, using known values of cross section, and founthhase, which becomes slightly sharper after cooling from
to be consistent. For the evaporation time used in this studgo0 to 120 K, but is symmetric and narrow in the mosaic
we found a coverage of 0.04 ML. phase. TheB phase spectrum can be fitted by two slightly

Oxygen was dosed at a pressure of 68 ' mbar for  asymmetric spin-orbit split doublets with a relative intensity
100 s to give an exposure of about 50 L. As the stickingof 2, and slightly different widths and asymmetries, Table I.
coefficient of oxygen on this surface is not known, we mea-We label the low and high binding energy states &id P13,
sured the intensity of the Oslevel, and the coverage was respectively.
estimated to be 0.02—0.05 ML. This was quantified by com- On doping with 0.04 ML of Cs, the spectral envelope
paring the intensity to that observed in previous experimentsecame much narrower, and the spectrum was fitted again
on Zr and Si(same experimental setup, signal normalized towith two peaks with the same line shape parameters as pre-
flux). viously except that one peak was very weak. Thé &tate

Fitting was performed using the Igor® program with a was strongly reduced and the Rlieak became more intense
line profile consisting of a convolution of a Doniach-Sunjic (relative intensity 12.6 Conversely, on doping with oxygen,
and Gaussian line shape for Pb, and a Voigt line shape for Sihe spectral weight shifted to the Ptate, and the PHPb"
The B phase is metallic while the mosaic phase is semiconrelative intensity was 0.8 instead of 2(8ee Table )l The
ducting, but the Doniach-Sunjic profile is used merely as &inding energies and intensities were optimized for indi-
convenient choice for modeling asymmetric profiles, and wevidual spectrgwithout simultaneous fittingto test for con-
do not attempt to extract physically significant information sistency. The binding energies changed by only a very small
from the line shape parameters. Both linear and integratingmount, +40 for the Cs doped surface, and =70 meV for the
(Shirley typg backgrounds were tried and gave similar re-oxygen doped surface, demonstrating that the main effect is
sults with small changes in fit parameters that were not contransfer of spectral weight from one peak to the other, rather
sidered physically significant. than a continuous peak shift.

To ensure consistency, we fitted the pairs of spectra simul- For oxygen adsorption we also identified a broad, higher
taneously. This was done by constraining the fit routine tdbinding energy state at 18.44 eV binding energy which is
apply the same parameters to both spectra and optimize tlassigned to direct bonding between Pb and oxygen atoms.
fit accordingly. For pairs of spectra taken at different anglesThis has an intensity of 14% of the total Pb intensity,
of emission(normal and grazingall parametergbinding  amounting to about 5% of 1 ML. The presence of such a
energies, branching ratio, spin orbit splitting, and Voigt line peak for oxygen but not for Cs can be understood in terms of
shape except the relative intensities were constrained to behe different atomic sizegmetallic diameter of Cs, 5.3 A;
the same. For pairs of spectra that were doped and undopechvalent diameter of O, about 1.2) And the strong affinity
only small binding energy shifts were permittédsually  of oxygen for Si and Pb. Oxygen is evidently able to pen-
20 meV, with 110 meV for one peak on Cs dopinghile  etrate between the surface Pb atoms and bond directly to Pb
the peak shapes were constrained to be the same for both Si, whereas Cs probably remains above the surface. Simi-
spectra. lar results were obtained by doping at 120 K and room tem-

In Fig. 1 we show a comparison between the [hcbre
] vel spectra of thgg phase(1/3 ML), and the same surface
doped with either 50 L of oxygen or 0.04 ML of Cs. A spec-
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binding energy side for the more surface sensitive geometry,

hV=h150 eV ’:." e and a lesser change on the lower binding energy side. It was
B-phase $ 3 not possible to fit the spectra using only three doublets, as
A-normalemission  $ /\& was done by Carlislet al® Instead we found it was neces-

sary to use five doublets to obtain an adequate residual curve
(difference between fit and datarhis is partly because of
our higher resolution, and partly because we have a much
more extensive data set, with variations in angle and doping.
For example, in some cases it was possible to fit data from a
single angle with a lesser number of peaks, but then the other
angle of emission was not reproduced well.

The spectra also suggest the existence of five peaks, Fig.
2. The bulk peak gives rise to the strongest feature, and the
intensity at lower binding energy labeled S1 is the most ob-
vious surface peak. However at grazing emission the filling
of the minimum between the bulk peak and S1 cannot be
modeled by a single peak of constant width, so it is neces-
sary to add a second peak, S2. Similarly the minimum be-
tween the spin orbit split components of the bulk peak is
filled at grazing emission, implying the existence of a surface
component around this energy, labeled S3. Last, the change
Lo e of shape of the tail of the spectrum implies a fourth surface
peak, S4.

The parameters of the bulk pe&B) and the four surface

FIG. 2. 8 phase: Si P, 300 K, after subtraction of an integrat- Peaks are summarized in Table II. At 60° emission, peaks S2
ing background. Open circles: raw data; full lines: fitted curves. and S3 increase in intensity by an average of 60% relative to

the bulk peak intensity, S4 increases by 100%, while peak S1

perature. At low temperature diffusion is reduced, so thdncreases by only 6%. Clearly S1 is associated with Si atoms
similarity of the behavior is an indication that the effects arethat lie deeper in the surface than the others. The ratios of the
due to long range doping effects, rather than local chemicahtensity of S3 to S2 are 2+0.2 at both normal and grazing
interaction involving diffusion and rearrangement of theemission.
atomic structure. On doping with Cs, Fig. @), the same binding energies

Figure Xd) shows that the Pb core level in the mosaicare found to within 20 meV except for S1, which shifts by
phase(in which the surface has a composition of 1/6 ML of 0.11 eV to —0.45 eV. States S3 and S1 are more intense
Pb and 1/6 ML of Sj consists of a single state, namely the while S2 is weakened. S4 retains the same relative intensity.
Pb state. This is consistent with STM reséftsvhich indi-  Vice versa, oxygen enhances state S2 and weakens state S1
cate charge transfer from Si to Pb. [see Fig. 80)]; S3 has about the same intensity relative to the

The Si 2 core levels were also investigated: spectra werebulk peak as for normal emission from tjephase, and S4
taken at both normal and 60° emission and the core levelappears to be slightly stronger. As in the case of the ®b 5
were fitted as described earlier. The results for the und@ped core level, there is an extra peak S5 in the specifwith an
phase are shown in Fig. 2. Comparing the normal emissiointensity of 5% of the total intensifywhich is assigned to
spectrum, Fig. @), and the more surface sensitive $i 2 direct bonding of oxygen to Si. This state is not considered
spectrum, Fig. @), there is a marked increase on the highfurther here.

Intensity [arbitrary units]

Binding Energy [eV]

TABLE Il. Si line shape parameters resulting from fitting.

Si
Width =0.35 eV Spin-orbit splitting =0.61 eV Branching ratio =0.52
Phase, state and emission angle Binding energy relative to bulk peak/ intensity relative to bulk
peak intensity, +0.02 eV
S1 S2 S3 S4

B, normal emission -0.56 eV/0.32 -0.33eV/0.13 0.32eV/0.25 0.68 eV/0.07
B, grazing emission -0.56 eV/0.34  -0.33eV/0.19 0.32eV/0.42 0.68eV/0.14
B, Cs doped, normal emission -0.45eV/0.36 -0.31eV/0.09 0.30eV/0.28 0.67 eV/0.08
B, Cs doped, grazing emission -0.45eV/0.49 -0.31eV/0.14 0.30eV/0.50 0.67 eV/0.15

B, oxygen doped, normal emission -0.57 eV/0.22 -0.32eV/0.23 0.29eV/0.24 0.62eV/0.11
B, oxygen doped, grazing emission  -0.57 eV/0.23  -0.32eV/0.35 0.29eV/0.32 0.62 eV/0.17
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(a)- Cs doping
normal emission

(b)- O, doping
normal emission

Intensity [arbitrary units]

O® m atoms, first layer

O O Siatoms, second layer, bonded to Pb",Pb+
Si atoms, third layer

Si atoms, fourth and fifth layer

Si atoms, bulk

® 00

Binding Energy [eV]

FIG. 3. Si 2 core level spectra. An integrating background has ~ FIG. 4. Schematic diagram of th@ phase. Top: plan view;
been subtracted from the raw data. Open circles: raw data; fulpottom: side view. Th¢3 < 3) unit cell is indicated by a dashed line
lines: fitted curves(a) Cs dopedB phase, andb) oxygen doped3 in the plan view. The second layer Si atoms underneath each Pb
phase. atom are shown connected by a line to the Pb atoms in the side

view.

LEED was also performed and we found that on cooling  The surface sensitive peaks S3 and S2 have a relative
below room temperature, thex 3 phase developed rather intensity close to 2 for theg8 phase so we assign them to
diffuse extra spots corresponding t®x 3) symmetry. This  second layer Si atoms bonded to"RB3) and P (S2) at-
confirms earlier studies with RHEEBthat showed streaks, oms. The Si core level shifts are in the opposite direction
but to our knowledge &3 3) pattern has not been previ- with respect to the Pband PB core level components, so
ously observed with LEED. In STM, various reconstructionswithin an initial state picture of chemical shifts it is natural to
have been observed, including t@x 3) phase, but over consider these Si atoms as charge don&3 to Pb), or
limited areas only. On doping with oxygen the LEED patternacceptorgS2 from PB), in relation to the Pb atoms. This
became even more diffuse, but the extra spots did not disafssignment is qualitatively consistent with the doping experi-
pear completely. This is consistent with the fact that dopingnents: on doping with Cs, the intensity of S2 decreases rela-
with oxygen does not fully convert all the Platoms to the tive to S3(as does Phin the Pb core level spectrymwvhile
Pb" state, but only changes the relative intensities. on doping with oxygen, S2 increases.

We assign the most surface sensitive peak S4 to defects in
the top layer, for example, step atoms, or those bonded to
IV. DISCUSSION residual contamination.
Peak S1 changes in intensity by very little between the

We interpret the core levels in terms of the schematicsurface and bulk sensitive geometries for the cl@amd the
model shown in Fig. 4. As outlined earlier, there are twooxygen doped phase, Table |, and so we assign it to deeper Si
distinct states of Pb in the first layer, Pand PB, with two  atoms. Our tentative assignment is to the Si atoms located
Pb- atoms and one Pbatom per(3x3) unit cell. The  directly under the Pbatoms in the third and fourth layers, as
phase structure contains a second layer of Si atoms in twevell as to the same Si atoms under Si defects. According to
chemically different state@onsidering only nearest and next the calculations of Gironcokt al.’ the third and fourth layer
nearest neighboysthose bonded to Pbatoms(6 atoms per Si atoms are involved in bonding with the surface atoms,
unit cell, light gray circlesand those bonded to Patoms(3 ~ with the wave function of the metal induced surface state
atoms per unit cell, dark gray circlesThe third layer con- having a significant density between them. This assignment
sists of Si atoms in three states: those bonded to two “lighttorresponds to 4 atoms per uf®&Xx 3) cell, whereas the S3
and one “dark” first layer Si atorf6 atoms per unit celiand  state corresponds to 6 atoms per unit cell, but has lower
those directly under the Platoms(1 atom per unit ceJlor  intensity.

Pb™ atom(2 atoms per unit ce—these are not visible in the On doping with Cs, the intensity of the S1 state relative to
top view drawing. the bulk increases, and on doping with oxygen it decreases,
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but the changes do not quantitatively reflect the changes ialectron from one atom to another, but refers to the localiza-
the intensities of the Pb states. The core level shift suggestion of an occupied state that may be nearer a Pb or Si atom.
these atoms are negatively charged, and thus doping changesAs noted in Sec. | the method in these experiments was
the charge state of these third/fourth layer atoms. The lack dhspired by the results of Géthelit al® who studied doping
quantitative agreement may indicate that other Si atoms alsgf Sn/S{111) and Sn/GéL1). In the first study, much
contribute to this peak. While other core levels appear tQarger coverages of alkali metélp to 1/3 ML) were used,
change only their intensity, the S1 state behaves slightly difyile in the second study the doses were more similar to
ferently on Cs doping. It becomes more surface sensitive ang, yse sed her@.04—0.11 ML, but the effects on the metal

shows an anomalously large shift of 0.11 eV, compared with, : L
a maximum of 0.02 eV for S2, S3, and S4. This is an indi-nme shape were dramatic and similar to those observed here.

cation that this peak may also contain another contribution iﬁA‘n alkali metal, potassium, suppressed_ the high b!nd!ng
the case of Cs doping. metal energy state while an electronegative dopant, iodine,

In previous studies, Carlislet al1 fitted the 8 phase Si increased its intensity as in the present work. These authors

core level spectrum with a single low binding energy peaknoted an increased width of the Si core level for the undoped

labeled P2(corresponding to our peaks S1 and),S2nd a surface and assigned it to the existence of two different Si

high binding energy peak Rtorresponding to our peaks S3 states influenced by the two Sn states. It is then natural to

and S4. These were assigned to second layer Si atom§XPect that these two states of Si can be resolesdthe

bonded to PiP2) and third layer Si atomgP1). Our assign- me.tal core levels ajggiven swtgble circumstances, and we

ment is different and takes account of the fact that there arBelieve that our study of Pb/@il1) provides this favorable

two states of Pb present. case, in terms of the system studied, the experimental reso-
An initial state model implies the lower binding energy lution available and the use of two angles of emission.

peak is a state in which the Pb is more negatively charged,

that is, the dangling bond is filled, whereas the higher bind- V. CONCLUSIONS

ing energy state corresponds to Pb with an empty dangling |, summary, on the basis of Spzand Pb 8 core level

bond. Obviously final state effects may also play an impor'photoemission spectra, we have shown that ghghase of

tant role, but the observation of Pb core levels with an intenPb/S(llD is a fluctuating charge system, similar to Pb and
sity ratio of 2, and Si core levels with a ratio of 0.5, strongly ¢, 2 4sorbed on G&11) or Sn adsorbed on @i11). Within
suggests that an initial state model is adequate to descrit{ﬁis family the Sn/Si11) is the anomalous member as no
this system. The changes on doping, are also qualitativel 3% 3) low temperature phase is observed, and the relative

consistent with this initial state model. Final state effects ca . .
always affect results so that the Pand Pb states may be intensity of the Sn core levels is reversed. Two states of Pb,
labeled as Pband PB, exist with a stoichiometric ratio of

better labeled as Riy) and Plgdowr), but the present model ™ 1 doping with Cs the Pb atoms can be almost com-

explains an extensive data set with few assumptions. el red 1o the low bindi tat hil
The simultaneous existence of two charge states of Pb angle ely converted 1o the low binding energy state, wnile on
a oping with oxygen the stoichiometric ratio can be changed

of the underlying Si atoms, and ¥ \3 LEED pattern, : o .
confirms that¥hig system in the same c\lass as Pbp/Ge Sp/ 49 about 0.8:1. The Si core level spectra indicate that bonding
' involves at least the third and fourth layer Si atoms. The

and Sn/Ge fof11l) surfaces. The anomalous member of this . . S ..
spectral changes on doping, in which intensities of states

group 15 Sn/S{[Lll)_, as the |nte_nS|_t|es_ of the core level lines change rather than binding energies, indicate that these re-
are reversed, and it shows no indication @Ba< 3) structure , . Lo
sults are consistent with the model of Ballal®o al=* in

at low temperature. The doping experiments show that the . : -

core level shifts for both Pb and Si are initial state effects an trcl)lrcnhs an integral pseudo charge exists on the surface metal
unlikely to be due to final statescreening effects. Further- '
more, the near constancy of the binding energy in this wide
range of data, and the fact that primarily intensity changes,
supports the “pseudo integer charge” hypothesis of Ballabio The Materials Science Beamline is supported by GAAV
et al2* The Pb surface atoms switch from one binding energyunder Grant No. IAA1010413 and by the Ministry of Edu-
to another, and do not adopt intermediate chemical states ication of the Czech Republic under Grant No. INGO LA
the B, Cs doped, and oxygen doped systems. Concomitantly,51. N.T. thanks the ICTP. V.D. acknowledges support from
the underlying silicon atoms switch, with only very minor the Italian-Czech protocol for scientific collaboration, Project
changes in binding energy. In this context the charge transfédo. 3 PH 6. The authors thank J. Cechal for experimental
is not defined in the ionic sense of complete transfer of arassistance.
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