PHYSICAL REVIEW B VOLUME 60, NUMBER 19 15 NOVEMBER 1999-I

STM study of a Pb/Si(111) interface at room and low temperatures
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The coexistence of 8i11)-(1X1)-Pb and Sj,¢Phy 7»/Si(111) phases was investigated using scanning tun-
neling microscopy. Reversible phase transitiofl $1)-(1x 1)-Pb=Si(111)-c(5 X /3)-Pb atTc~—30 °C was
observed. Simultaneously, small regions with surface charge ordered states were fouguRin SV Si(111)
indicating a charge density wave phase transition. Both phases were found to be stable in the temperature
interval fromT~ —240°C up toT.. [S0163-182609)10243-1

Phase tran_sitions anq ordering in two d!mensiQZ) Tc~—30°C. Below T¢, regions with CDW’'s were ob-
represent an important field of surface physics, both from gained in parts of the/3-Pb phase. Both phases were found
theoretical and applied point of view. Recently, the under, pe stable at temperatures beldyw.
standing of these processes in metal/semiconductor inter- 1 experiments were carried out in a variable tempera-
faces has '”_‘pro"‘?d due to the gr?_";"”g availability of SCaNY,re STM(VT STM Omicron, Germanyequipped with low-
ning Funnelllr)g mlcro.scop)(S.TM).. .STM has played a energy electron-diffraction Auger-electron spectroscopy
decisive role in revealing that in principle there are two kinds EED-AES faciliies, sample transfer, heating/L-He-
of temperature-driven 2D phase transitions possible. The firsQ;)oling capabilities an’d a UHV water—coo’le d evaporator of
type involves the rearrangement of adsorbate atoms at a ¢ b The Sil1 I d i the f fb h
tain transition temperaturé:, e.g., the transition of a close ing. thg Sf(gllojjv;i;mzi?e%z?ongegigo ?fn?rrr? OA 2{:& av-

acked B-(y3X{3)R30°=(1X1) in Pb/G&111) at T . : ' N
1180°C€2(o\{—sim\/il—a)rly ing&men)sulrate closéed-j;ackea‘[_g( Si(111)-(7x7) surface was prepared by flashing the sample
. . 34 ) up toT~1250 °C, followed by a subsequent slow cooling to
X V3)R30°=(1x1) in Pb/S{111).3* The second type incor- RT. Heating was achieved by passing a direct current

t try-| i distributi f I
porales. a symmelry-lowenng redistribufion of va encethrough the sample. About 0.6 monolay@iL) of lead (1

charge, resulting in surface charge density wa\@3W'’s), ) , 4
with a negligible lateral displacement of adsorbed atoms.ML is defined as 7.84 10" Pb atoms/crf) was evaporated

Two illustrative examples of CDW's have been published®n the clean $111)-(7X7) surface at RT. The base pressure
recently: (1) Pb/Gé111), where the room-temperatuf®T) N the system was<5X 10~ ** mbar and during Pb deposi-
a-(\3X \B)R30° structure is transformed to the low- tion it remained below 1810 *° mbar.
temperaturgLT) (3% 3) ground state af o~ — 20 °C (Ref. After lead deposition(~0.6 ML), the sample was an-
5) and(2) Sn/Gé111) with the same structure transformation nealed for 5 min al ~380 °C in order to prepare ordered Pb
at Tcw—60°C.6 The RT Pb/Si111) and Pb/GéL11) over- phaseg. Filled- and empty-state STM images taken at RT
layer topography and several electronic properties are shardgee Fig. 1revealed a mixture ofLx1)-Pb andy3-Pb struc-
by other structurally similar adsorbate/substrate combinatures. Statistics of images showed that {f&Pb phase was
tions, such as Al/$111) (Ref. 7 or In/Si(111).2 Therefore, composed of 28% Si atoms and 72% Pb at¢Atem iden-
motivation to find the general rules governing the processetfication is explained beloy This is not consistent with two
in these systems is obvious. widely used designations (1/3 Mi3x 3 and 1/6 ML/3

In this paper, we will report on the STM study of two X\/§) of the \/3-Pb phasé.These notations, which imply
coexisting Si111)-(1x1)-Pb and Si(lll}(\/§>< \/§)R30° just two possible Pb atom concentrations, do not describe a
—Pb structures[briefly (1x1)—Pb and y3—Pb, respec- layer composition unambiguously: TR&-Pb layer is in fact
tively] in a temperature interval ranging froff=—240°C  a 2D solid solution of Pb and Si adatoms sitting in a hexago-
up to RT. The (1X1)-Pb phase undergoes a reversiblenal array ofT, sited"? and can accommodatevariable num-
transition Si(11)-(1x1)-Pb=Si(111)<c(5X 3)-Pb at ber of Pb and Si atoms. Depending on initial coverage, an-

A - empty states B - filled states

FIG. 1. Selected area of 20
X 14 nn? displaying the coexist-
ence of flat, smootl1x1)-Pb is-
lands and a SQbdhy7,/Si(111)
solid solution at RT.
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FIG. 3. Detailed structure of §jdPhy 7»/Si(111) at RT. Sample
bIaS (A) Usamp|e: +1V and (B) Usamp|e: -1V Wlth IT
=0.51 nA. Image dimensions: 7xG+.8 nnt.

state image Si atoms appear dark, unlike Pb atoms which are
bright. This phenomenon is accounted for by a large charge
transfer from the Si adatoms to the Pb adatdr(®. Cumu-
lative neighbor-dependent imaging contrast means that there
FIG. 2. Detailed structure of €1X1)-Pb island at RT. Sample is an observable contrast difference among Pb adatoms
bias was set tdJgampe= +0.12 V, with a tunneling current;  themselvessee the filled-state imagedepending on their
=0.1 nA. Image dimensions: 2:%.8 nnf. chemical environment3) The imaging contrast between Si
and Pb adatoms is less pronounced in the empty-state image.
nealing temperature, and annealing time, layer compositiohlowever, the contrast is strongly bias dependé#t. We
can be continuously varied from 100% Pb and 0%{c®r- have never succeeded in preparing @P8j _x/Si(111) layer
responding to 1/3 M3 /3) up to the most stable mosaic with more than 50% Si atomsX(>0.5). The layer with
structure with 50% Pb and 50% Si (1/6 MBx3).%°  equal amounts of Pb and SK¢&0.5) corresponds to the
Therefore, the notation @Ph,_y/Si(111) as a solid solu- mosaic structure, which is stable up to relatively high
tion, recently introduced by Carpinéflifor a similar Pb/ T [600°C(Ref. D].
Ge(111) interface, appears more adequate. We will follow Following cooling the sample down f6c.~—30°C, we
this designation throughout the paper, with-0.28+0.05 in  observed the appearance of a new structure in place of the
our experiment. (1X1)-Pb islands—see Fig. 4. The empty state image reveals
Figure 1, obtained at RT, displays a fraction of(h  aninner island structure in the form of parallel straight rows,
X 1)-Pb phase island of irregular shafiaright flat region ~ While the filled-state image displays a very low corrugation
coexisting with the S,k 7,/Si(111) solution. Surface With the rows being hardly noticeable. We observed up to
corrugation at RT(1x1)-Pb is about ten times smaller than three possible row orientations within one islaimadbt shown
that on Sj ,gPhy 7o/ Si(111). Therefore, it was not possible to here. These were rotated by-120° with respect to each
obtain atomic resolution on both formations simultaneouslyother, reflecting the existence of three different domains.
While the (1x1)-Pb island in the filled state image appearsThe parallel rows are directionally aligned with the/3
quite flat all over the area, the empty state image displays & V3)R30° arrangement of the neighboring,SPh, 7,/
valley running along the inner part of the island border. ASi(111) solution. Details of the new phase are shown in Fig.
detailed island structurgFig. 2) exhibits a (1X1)-Pb- 5. The filled- and empty-state images were takenTat
terminated surface and is aligned with tt@&x<7) substrate —240°C in order to demonstrate the following) The new
structure(not shown here The image was taken at a sample phase topographytaken with a positive sample biasvas
biasUsampie= +0.12 V and a tunneling currehy=0.1 nA.  stable in a wide temperature interval frdm- — 240 °C up to
Atomic resolution was not obtained at negative sample bi-T- and(2) at such low temperatures the rowlike arrangement
ases. A high-resolution image of the,&Phy7,/Si(111)  was obtained aboth polarities of the sample bias. Neverthe-
structure is presented in Fig. 3. The general rules, as enuitess, the rows are also less pronounced in the filled state
ciated by Carpinell’ for Ge,Pb,_y/Ge(111) and similar image and the contrast is continuously weakened with in-
systems, can be easily applied here as w#Jlin the filled-  creasing temperature. Each row is composed of round-
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FIG. 4. Selected area of 19
X 14 nn? displaying the coexist-
ence of Si(111)e(5x y3)-Pb and
a SpodPhy70/Si(111) solid solu-
tion atT~ —35°C. The two white
arrows indicate two rows of
brighter Pb atoms, which are ar-
ranged with a3x3) periodicity.
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FIG. 5. Empty-statgA) and filled-state(B)
image of Si(111)e(5X+3)-Pb at T~
—240°C. The rectangulac(5%3) and 3
X \/3)R30° unit cells are indicated in the left and
right part, respectively. Sample big8) Usampie
=+1V and (B) Uggmpe=—1V with I
=0.16 nA. Image dimensions: 10x¥.1 nnt.

(C) represents the model of atomic arrangement:
the white balls denote the last layer of Si atoms in
an ideal unreconstructed($11) surface; the grey
balls denote Pb in the first surface layer; and the
dark balls represent protruding Pb atoms forming
the rows.

O Si atoms .‘ Pb in first and second surface layer

shaped single protrusions that are equally spa¢@d(a  Which are arranged with €x3) periodicity. Close resem-

—0.384 nm), which is the same distance as among neigtRlance to systems with CDW's at LTRefs. 6 and 5is

boring adatoms in $hgPhy 7o/ Si(111). Since the protrusions ©bvious. Small regions=10 nnt with (3x3) ordering can

are visible in the same positions at both polarities, we athe e_asny found on the surface, in p_art|cular in the vicinity of

tribute them to thesp, orbitals of single Pb atoms. The dis- PP-fich islands. Locally, there are just Pb atoms afiEi

tance between neighboring rows equas/s The island Nereé &=0). Indications of(3x3) ordering were noticed,

border is sharp, with an atomic arrangement different fromfVen On large areas of the,giPhy, 7,/Si(111) phase. This,

that of the inner island parts. howe\{er, requires _further study. Temperature—d_ependent ob_—
Th t | % it cell of this ph . servations in real time are necessary to determine the transi-

__he reclangu ac(5_ \/§) unit cett of this plase |s°dra_vvn tion temperatureT; of Si(111)-(1Xx1)-Pb=Si(111)<c(5

in Fig. 5(c) together with thg1x1) and (\/§>< \/§)R30 unit /3)-Pb dTw of CDW . ) /

cells. The white balls denote the top layer of Si atoms in gt ¥V3)-Pb, andT¢ of C transition on- S,y 72

ideal unreconstructed @il1) surface. The gray balls corre- Si(111). e th | foll ) "

spond to Pb atoms in the second surface layer and the dark We summarize the results as follows: a PEsY system

balls represent the protruding Pb atoms of the first surfac&@S prepared with thelx1)-Pb and S,k 7,/Si(111)

layer forming the rows. The position of the gray balls is merephas_e; coexisting. RT STM _stud|es conflrme_d Fhe general

speculation and we expect charge redistribution to affecpredictions que by Carp|ne1ﬁ|for .structL'JraIIy similar sys-

their displacement. It is possible to find non-rectangular celld€Ms: There is_a phase tran5|t|o°n(1511)—(.1><1.)—Pb(:>

(reflecting hexagonal substrate basiach as(5x5) or (y3  Sit1D—c(5X V3)—Pb atTc~—30°C, resulting in a row-

% 54/3)R30°, both with 60° between translation unit vectors.IIke ordered structure. Simultaneously, regions W.'th gharge

Since the area of these cells is larger, we prefer dte ordered states were found O.n?-gfb’-nls'(lll) indicating

% \/3) designation ’ a charge density wave transition. To conclude, further stud-
We would like t(.) draw attention briefly to the structure of ies f_ocusing on the phase transition dynamics in real time are

the Sj,Phy 7o/Si(111) solution belowT - (Fig. 4). We as- desirable.

sume that at LT Si atoms appear considerably darker than Pb This research was supported by the Grant Agency of the

atoms(as at R7. On closer inspection, in the direction of the Czech Republi¢Grant No. 202/99/P0Q1We thank Dr. Igor

two white arrows, there are two rows of brighter Pb atomsBartosfor valuable discussions.
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