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After our recent report on the formation of a X3) charge-density-wave phase in the quasi-one-
dimensional system Br/P10) we present a detailed investigation of X 2)=(3X 1) transition in the
Br/P{(110) adsorption system. This includes the atomic structure of thel(Bphase as determined by quan-
titative low-energy electron diffractioLEED) and density functional theory calculations. While in the parent
c(2x2) phase with coverag® =1/2 ML the Br atoms occupy every second short-bridge site on the unre-
constructed (kX 1)-P{110 surface, the adatoms in the X3) phase at coverag® =2/3 ML reside in every
third short-bridge and long-bridge sites. Charge densities and vertical relaxations of the Pt atoms forming the
short- and long-bridge sites are different, thus yielding a modulation of both, the charge and the position of the
outermost Pt atoms with a period of three nearest-neighbor spacings. For ¥M0.58 ML LEED inten-
sity and scanning tunneling microscof®TM) measurements reveal the nucleation oX(B) islands sur-
rounded by areas with a local coverage of 1/2 ML. Within the latter areas the STM measurements indicate
dynamical fluctuations of the Br positions at room temperature. In the time average every short-bridge site is
sampled by the mobile Br atoms, but in the neighborhood of 1} islands every third short-bridge site seems
to be preferentially occupied.
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[. INTRODUCTION reports a similarly precise determination of the(B) phase
[Fig. 1(b)] obtained for the ideal coverage=2/3 ML. Ad-

Low-dimensional systems own an extraordinary potentiaditionally, we offer an investigation of the transition from the
in materials design and development. This is due to the fadgt(2X2) to the (3x1) phase by LEED intensity and room-
that their ground state is the result of a delicate balance bdemperature scanning tunneling microscép&M) measure-
tween various interactions. Individual microscopic control ofments. We show that the ¢81) CDW phase is associated
these interactions allows to switch between different phase¥ith a soft mode of the Rayleigh phonon. The transition into
or eventually tune the material’s macroscopic properties in 1€ (3<1) phase apparently involves long-range fluctuations
quasicontinuous way:> One of these interactions is thé2 @t finite temperature and can be triggered by a variety of
electron-phonon interaction which, due to the divergence offifferent adparticles. While experimental data suggest that
the response function(2kg) at T=0 K in one-dimensional the phase transmon is caused by a CDW, DFT calculqt|ons
systems, can give rise to a Peierls transition into a charge\'fIeld a_suk_)stantlally higher energy for theX3) pha!se- This
density-wavegCDW) phasé' The periodicity of the resulting W(.)u.ld indicate that the CDW'is only accompanying but not
CDW can in principle be continuously tunédn real sys- driving the phase transition. A complete experimental deter-

tems more complex patterns mav evolve due to solito mination of the energetics of the phase transition is not pos-
367 plex p y Lible on the basis of quantitative LEED and room-

formatlon.l q he ob ) h temperature STM investigations alone. Temperature-variable
Recently, we reported on the observation of a CDW phas@y measurements planned for the near future should pro-

in the adsorption system Bri280 (Ref. § lacking, how- \ide the complementary information required to solve the
ever, the precise atomic structure for both the CDW and thg,zzje.

undistorted parental phase. Meanwhile, the latter has been

identified as ac(2x2)-Br/P(110 adsorption phasgFig. Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS

1(a)] with Br atoms at coverag® =1/2 residing in every

second short-bridge site along the close-packed atomic rows The experimental and computational details are much the
of the unreconstructed @10 substraté. Atomic positions same as described previously for the investigation of the
derived from low-energy electron diffractigh EED) inten-  ¢(2X2) phas€, so that a brief reumeis sufficient. All ex-

sity data and density-functional theoffpFT) calculations periments were carried out in an ultrahigh vacuum system
agreed to a precision of better than 3 pm. The present workith base pressurez8x10 ! mbar. Bromine was dosed
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FIG. 2. Energy distribution of Ne ions backscattered )
’ =160°) from Br/P{110. The primary beam was adjusted normal
Fes@®e® . Bawms to the surface, its energy was 5 keV.
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28 V% s abas scattering experiments were carried out. Figure 2 displays

isess s . sqe the energy distribution of 5 keV Neions backscattered
i "' ."_ .'." ."-""‘ ‘ from optimally p“repgredc(zx 2) an”d (3% 1)—Br/Pl_(110) .
T Y T T M phases. Hereby, “optimally prepared” refers to maximum in-
casbtetssraprase s tensities of the fractional order LEED spots in each phase.
"‘ﬂ‘)“ it e e | The ion signal in Fig. 2 is due to Neions elastically scat-
‘t:i:l:‘- -a o:‘."' - age tered from Br atoms. Its area is directly proportional to the
- " number density of Br atoms on the surface. The ratio of the
‘ ..a.'::-.-., v vy '."’ signal areas for the two phases is 1.38(07). With input of
, the 1/2 ML coverage of the(2X 2) phase as derived from
our earlier quantitative structure determinatfche coverage
FIG. 1. (8 Constant-current STM imag®.82 V, 1.14 nA; 50  for an optimally developed (81) phase is obtained as
x50 A?) and LEED pattern E=147 eV) of thec(2x2) phase  0.665 ML. This fits to the ideal coverag®;q=2/3 ML of
with a Br coverage of 0.5 ML(b) Constant-current imagé2 mV,  the (3x1) phase determined in the present work and thus
0.63 nA; 70<70 A?) and LEED pattern £=147 eV) of a global  aqditionally confirms the structural model. The exposures ap-
(3%1) phase with 0.58 ML Br. plied to induce the transition from the(2x2) to the (3
X 1) phase are derived from these calibration points. Despite
from a solid-state electrolysis cell. TheX3) structurgFig.  our efforts, we estimate that the uncertainty of the figures
1(b)] could be prepared in three different ways monitored byquoted for the additional coveragee., A@ =0 —0.5 ML)
room-temperature STM in the constant-current mode by @mounts to about 20%.
commercial STM! The bias voltages quoted in the figure LEED intensity data were recorded using a charge-
captions of the STM images refer to sample bias. We alwaysoupled device camera operated under computer control
started with the perfeat(2%2) phase[Fig. 1(a)]. Then at (AIDA-PC) (Ref. 12 allowing for both spatial spot profile
about 190 K eitheti) a small or(ii) a rather large additional measurements and the measurement of spot integrated data
amount of Br was deposited with most of the latter subseleading tol (E) spectra. The latter data were always taken at
guently removed by thermal desorption at temperatures 670low temperatures<£130 K) and in steps of 0.5 eV from 40
740 K. Alternatively, preparatiotiii) consisted of the ad- to 400 eV for normal incidence of the primary beam. In
sorption of small amounts of CO or NO on thé2x2)  contrast, spot profiles were recorded~a870 K in order to
phase, whereby the actual coverage was determined usirigllow the structural transitior(2X2)=(3X1).
the exposure time and the sticking coefficient available from For the retrieval of structural data from the measur(gs)
a temperature programmed desorpt{@®D) study° spectra the perturbation method tensor LEE®fs. 12,13
Preparation(i) deserves to be described in some morewas applied using th@ENSERLEED program packadé to
detail. When only little additional Br is to be added there is awhich 14 relativistically calculated and spin averaged phase
substantial uncertainty due to the difficulty to reach steadyshifts for Pt and Br were input. An energy dependent real and
state conditions for electrolysis, transport, and desorption oimaginary part of the inner potential was used as given be-
Br in the cell. The time to reach steady state is large comiow. For the structural search a frustrated annealing proce-
pared to the exposure time for adding only small Br doses. Imlure was used guided by the PendnRr factor® for the
order to obtain a reliable calibration, low-energy N®n  quantitative comparison of experimental and computed spec-
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tra. The variance of the latter was applied for the error esti- N Y& Yo
mation. ) " L . ’
First-principles DFT calculations were performed using " o W 4
two state-of-the-art methods, the all-electron full-potential — f-“J‘ ) ‘d
linearized augmented plane-wa@€LAPW) method!’ and ) . - . ;
the Viennaab initio simulation Packagévasp) (Ref. 18 -~ ." - ‘.‘
with the projector augmented waescheme as imple- ) . - . ;
mented by Kresse and Joub&HAs in our previous papér ~ “‘ ~ “1

two DFT potential approximations have been used: the gen-
eralized gradient approximatidGA) according to Perdew
and Wang(PW9) (Ref. 21 and the local density approxi-
mation(LDA) in the Perdew-ZungdiCeperly-Aldej param-
etrization schemé& A slab of up to 11 layers thickness, re-
peated along the surface normal faxsp, and a single slab i
with vacuum on both sides for FLAPW served as a surface ff_ )
model. InvAsP the repeated slabs are separated by a vacuum 2
layer of at least 9.5 A thickness.

In FLAPW calculations a symmetrigvith respect to the
middle layej nine layer Pt slab with additional Br atoms on
both sides was used. Br atoms and four Pt Iayers_were al- Fi1G. 3. Model of the (3 1)-Br/P(110) phase with structural
lowed to relax. Well-converged results were obtained foryarameters determined. Interlayer spacidgsrefer to the center-
plane-wave cutoff k,=3.7 a.u. Inside the muffin-tin of.mass planes of layeisandj. Adsorbate induced movements of

spheres, the angular momentum expansion was taken up &pstrate atoms leading to the buckling of laiyaith amplitudeb;
€ max—=8, both for the full-potential and charge-density rep-are indicated by arrows.

resentations. The core electrons, including tipestates for
Pt, were treated fully relativistically and the valence elec- With the (3X 1) phase best developed at coverage 2/3 and
trons derived from the atomicdh 6s, and 6 Pt orbitals and  with the additional information from the STM imagésee
4s, 4p Br orbitals are treated semirelativistically, i.e., drop- below) the structural model must be according to Fig. 3 with
ping only the spin-orbit term in the Hamiltonian. All the Br adatoms residing in long- and short-bridge sites of the
FLAPW results have been obtained using a Cunningfiam unreconstructed substrafene should note that the missing
type k-mesh of nine special points in the irreducible wedgerow reconstruction of uncovered (P10) had already been
of the strictly two-dimensional Brillouin zone. lifted in the c(2x2) phasé]. With the two adsorption sites
For thevasp calculations an energy cutoff of about 230 being inequivalent this is a (81) structure with two atoms
eV and a 6<6X1 Monkhorst-Pack typ&-point mesh was per unit cell rather than a(3x 1) structure. Consequently,
sufficiently accurate for the present purposes. Calculationthe corresponding Br adsorption heights can be different
have been performed for a 11 layers Pt substrate slab with aquivalent to a buckled adlayer, which was considered by the
adlayer of Br atoms on one side. All layers were relaxedfit parameterbg,. This buckling may also involve atomic
except four layers of the Pt substrate on the far side whiclmovements within the substrate, so that a layer dependent
had been frozen to bulk geometry. Such a setup allowed ndiuckling with amplitudesb; in substrate layer had to be
only a highly accurate determination of the relaxation in theconsidered as also indicated in Fig. 3. Additionally, the inter-
adlayer substrate complex but also for layers deeper in thiayer spacingslg, and d; ;; 1, which in the following are
bulk which turned out to be non-negligible. For both meth-given with respect to the center of mass planes of layers,
ods, the geometry was optimized until all forces wereentered the analysis. Also, isotropic thermal vibratiops
smaller than 0.01 eV/A. for Br atoms and, for top layer Pt atoms were included as
fit parameters, while the vibrational amplitude of bulk Pt
Ill. THE STRUCTURE OF THE (3X1)-Br/Pt(110 PHASE atoms was fixed at,=0.07 A according to the bulk Debye
A LEED analysis temperature. With bucklings and layer spacings up,tg,
' =4 and with two vibrational amplitudes considered, there
The accumulated data base width of intensities recordedias a total ofn=12 parameters to be determined. With the
for the (3X1) phase in the energy range 40-400 eVestimation that every peak in a spectrum provides an inde-
amounts toAE;=2325 eV andAE;=3375 eV for integer pendent piece of structural information and by the fact that
and fractional order beams, respectively, giving a rather largéhe peak width is aboutVy;~20 eV, the number of inde-
total of AE=5700 eV. The real part of the inner potential pendent information isN=AE/4Vy;~280. Compared tm

BUPSASALAS A ALY
T L S N
y qd q-J‘*JqJﬁJ%J A

_das

was allowed to vary with enerd$ according toVo,=Vo, =12 this is equivalent to a huge redundancy factor putting
+max—10.63,0.47 81.37/E/eV+13.99Y?) eV with Vo,  our analysis on rather safe statistical grounds.
determined in the course of the theory-experiment Vigo( The structural search converged rapidly producing a mini-

=—0.5 eV). The imaginary part describing the electron at-mum PendryR factor of Rp=0.22 which is of about the
tenuation was also made energy dependent accordihg;to same level of theory-experiment agreement as had been
=6(E/(230 eV+V,,)) eV, reached for the(2x 2) phasd¢ Rp=0.23(Ref. 9]. The vari-
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. them are given in Table I. They are compared to the DFT
2T P (1,0) exp. results to be described in the following section and we post-
c e calc ; ;
S L pone the discussion of the results to after that.
g
\(i B. DFT Analysis
5[ Stimulated by our previous results for tleg2x2) Br
5 phase we performed DFT calculations using, as described in
c [ Vi Sec. Il an almost identical setup. The stability of particular
' | LN YR adsorption sites as determined by the average adsorption en-
50 200 250 300 350 ergy per Br atom for the(2X 2) phase and the experimental
STM data—assuming the Br atoms to appear as
i 5 exp. protrusions—hinted towards a structure with both short and
z | amsy cale. long bridges occupied. The optimum relaxed geometry for
S i the (3X 1) structure using different theoretical methods and
e‘ i exchange-correlation potentials is given in Table I. It is in-
8 teresting to note that in accordance with #{@ < 2) struc-
>F ture, most of the mean interlayer spacings are found near the
‘D bulk value. In particular, these relaxations are much smaller
qC; - than bucklings within the layers, which are quite large even
E ) Jm~e in the second Pt layer below the Br adsorbate. The strong
50 - 100 150 ‘2(')0 550 360" 350 buckling of the first and even the second substrate layer may
energy (eV) be interpreted as a frozen Rayleigh phonon providing the

periodic lattice distortion for the CDW phase. On the other
FIG. 4. Comparison of experimental and calculated best-fithand, it appears as a compromise for maintaining the opti-
spectra for (X 1)-Br/P{110) for a selected integer and fractional mum Br-Pt bond length without introducing too much corru-
order beam. gation into the Br layer. This can be inferred by comparing
the bond lengths for the short-bridgg and the long-bridge

ance of theR factor is varRp) = Rp2/N~0.02 from which  positionsL, respectively. Not unexpectedly, these values
error limits of about 0.02 A for layer spacings and aboutare also close to those obtained for t#{@x 2) phasé. The
0.03 A for buckling amplitudes are estimatédeglecting same is true for lateral pairings of the Pt substrate, which
possible correlations as uspaConsistent with theR-factor ~ never exceed 0.02 A. Again similar 6¢2 x 2),° the internal
level, the visual comparison of experimental and best-fit caldifferences betweewasp and FLAPW results are within the
culated spectra is favorable, too, as demonstrated for twexperimental error limits except for the bucklings andb,
selected beams in Fig. 4. We also mention that the ratievhich are smaller for FLAPW. We attribute this to the dif-
between the energy averaged intensity levels of fractionaflerent thickness and symmetry of the sldd layer asym-
and integer order spectrafig,=0.82 in theory compared to metric vs nine layer symmetpicLarger differences are found
the experimental value,,,=0.55. This is fair agreement in for the Br-P{110 distance depending on whether LDA or
view of the fact that the calculated value must be alwaysGGA potentials are used. Compared to GGA, the tendency of
higher because of the ideal order assumed. LDA to overbind leads to smaller values ofg,d by

The quantitative values for the model parameters as ded.07—0.08 A, clearly exceeding the experimental error mar-
scribed in Fig. 3 and the Br-Pt bond lengths calculated frongin of +0.02 A.

TABLE |. LEED and DFT (vasP-GGA, vasp-LDA, FLAPW-LDA) results for the (X 1)-Br/P{110
phase withdg, the spacing between the center-of-mass planes of the Br and top substratd thyes, the
changes of the substrate interlayer spacings compared to the respective bulk value and referring again to the
respective center-of-mass planes. The quantiijgsand b; denote the vertical buckling amplitudes in the
different layers according to Fig. 85 andL, are the Br-Pt bond lengths in the short- and long-bridge sites,
respectively. All values are in A. The error limits of the LEED analysis amount to abh@ud2 A for layer
spacings and-0.03 A for buckling amplitudes.

dgr Ls L. Ady; Adyz Ady, Adyy  dg bg, by by by by

LEED 191 253 254-0.09 +0.00 +0.04 —0.01 1.387 0.26 0.25 0.10 0.01 0.04
VASP-GGA 1.89 251 257-0.05 +0.01 +0.02 —0.01 1.409 0.24 0.22 0.11 0.02 0.04
VASP-LDA 1.84 245 251 -0.06 +0.01 +0.01 —0.01 1.382 0.25 0.21 0.10 0.02 0.02
FLAPW-LDA 183 245 252 -0.06 +0.01 +0.01 —-0.01 1.378 0.28 0.15 0.05 0.00 0.02
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Keeping in mind the arguments above, we chose the cal- Br/Pt(110) Adsorption Energies (eV)
culation for the thicker slab and GGA potentialgASP-

GGA) as a reference—denoted DFT—throughout this work. short long 1P hollow

C. Discussion

B
=
i

For the structural parameters determined and the resulting
Br-Pt bond lengths for the (81) phase there is an impres-
sive agreement between the LEED results and the DFT
calculations. For most parameters the discrepancies are
much below 0.05 A, very similar to our recent results for _,
c(2x2)-Br/P{110 (Ref. 9 (actually, in our reference DFT =
calculation onlyAd;, is slightly outside the experimental ——
error bar$. Due to the two inequivalent adsorption sites
(long and short bridggsthe adsorption heights of the re-
spective Br atoms are different, equivalent to a buckling of
the adlayer by as much as 0.24/0.26I/EED/DFT values,
respectively. As chemically reasonable, the corresponding
Br-Pt bond lengths I{; and Lg, respectively differ only

a)-3.27 b)-2.92  c)-2.88

i

O
)-231  h)-1.73

OO@®C)

e C

slightly (see Table)lin experiment, while the calculated dif- P K -3 1 ) 2 5
ference is about 2%. The experimental valueslfgiandL I)(_gigg) )(_?3'_2(1)) )(-2-.2:33) m)(-2:$z13)
are slightly larger than the short-bridge bond length deter- -
mined for thec(2x2) phase (2.47 AY. Similarly, in the [001]

calculationsl | is also larger, whild_g is the same as calcu-

lated for thec(2x 2) structure (2.51 A). Such similar bond ~ FIG. 5. Adsorption energies per Br atom for various sitg®rt-
lengths are accomplished by sharing the buckling with subbridge, long-bridge, top, and hollgvand arrangements with three-
strate layers. A substantial amplitude of 0.25/0.22LAED/  fold periodicity along the close-packed Pt rows. Empty circles de-
DFT) is found in the top Pt layer. It only gradually vanishes Note the top layer (X 1_) Pt atoms and Br atoms are represen?ed by
when going deeper into the surface. As indicated by the arfilled black and gray circles. For arrangeme(@s-(h) the energies
rows in Fig. 3, the atomic buckling shifts in the Br and top Pta'€ given for the additional Br atomigray). The values given in

layer are in opposite directions for the atoms involved in th(_i,oarentheses reflect the change when the substrate is allowed to relax
two adsorption sites, thus reducing the buckling. also along thd001] direction [which is not possible for (1)

Turning now to the adsorption energies, we find a value of:e”S]'
6.14 eV per (X 1) unit cell, i.e., a mean value of 3.07 eV
per Br atom. This has to be compared to the numbers for thdenote the energy gain upon adsorption of a single Br atom
c(2X2) phase, which we recalculated using the samse- (chain, while the repulsions are a measure of the cost in
GGA setup, whereby 3.25 eV and 3.11 eV per Br atom reenergy when two or more Br atontshaing approach each
sulted for the short- and long-bridge sites, respectialy other. The main conclusions concerning site energies, barri-
Ref. 9 a slightly different setup was used, so the numbersrs, and repulsions drawn from the energies given in Figs. 5
differ from there slightly, top From our previous work we and 6 are the following.
learned that @(2x2) and (2<1) phase are almost degen- (&) Site energiesgie. The sequence of relative stabilities
erate in energy, which means that there is almost no enerdpr chains of Br atoms adsorbed in the various adsorption
penalty for a registry shift of the short-bridge Br chain. sites in ap(3x1) structure[see Figs. t)—5(d)] are the
Therefore, we may assume that the adsorption energy for same as for the(2x2) phas€. The energytg,o,; for a
Br atom in a short-bridge site of the ¥3L) phase is the p(3X1) short-bridge site is only (3.273.25) eV
same as forc(2x2), and estimate a cost of ¥3.25 =0.02 eV lower than the corresponding value for a
—6.14) eV=0.36 eV for transferring a Br atom from the c(2X2) phase, so that Br atonishaing separated by two or
short-bridge site in the(2x2) Br phase to the long-bridge more short-bridge sites may be considered as noninteracting
site in the (3< 1) structure. This is a large value in view of along the Pt rows. In contrast, for the corresponding energy
the only 0.14 eV difference between the two sites for thet|nq for the long-bridge site we find a value of considerably
c(2X2) phase, so that the Br-Br repulsion across the chainsmaller modulus for the(3x 1) than for thec(2X 2) struc-
for Br atoms residing in long-bridge sites must be muchture (—2.92 eV vs—3.11 eV)?® This can be attributed to
larger than for short-bridge sites. Since these energetics plahe Br-Br repulsion in[001] direction being larger for the
an important role in the stability of phases, we will discussp(3xX 1) phase. This attribution is inferred from the configu-
this issue in the following in terms of site energies and mu+ation shown in Fig. &) which yields an energy of
tual repulsions. —3.10 eV for Br atoms separated by an empty site along

For the discussion we chose adsorption models as showi®01] and—3.21 eV when the substrate is relaxed also along
in Figs. 5 and 6 with a (&n) cell, i.e. with threefold peri- the[001] direction[note that lateral relaxations of the surface
odicity along the close-packed Pt rows. The site energie®t atoms perpendicular to the chains are not possible for
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Br/Pt(110) Adsorption Energies (eV) the substrate is frozen laterally to its bulkigh-symmetry
positions. Perpendicular to the substrate chains, the barriers

A depend again strongly on possible lateral substrate relax-
ations which influence mostly the energies in the long-bridge
position. Allowing the substrate to relax one finds a barrier of

a) 2.87 b) -3.01 ¢) 2.92 d) 0.19 eV which almpst completely vanishes .for high symme-
= (-3.10) (-0.04) try arrangements, i.e., when the substrate is frozen laterally.
— This latter result, which should be compared to the 0.28 eV
— above also clearly shows the sensitivity of the barriers to the

number of substrate layers allowing to relax, which had to be
restricted to the three top layers in a five layer thick slab, due

e) 277  f)2.81 g) 2.90 to computational constraints.

(-2.82) (c) RepulsionsThe Br-Br repulsion, viewed as the loss of
[001] - adsorption energy for Br atoms close to already occupied

sites, varies in a very characteristic way. It is rather short
FIG. 6. Adsorption energies oadditional Br atoms (gray ~ fanged as can be seen from comparing both Figg-5(h),

circles between (X1) short-bridge Br rows(black circles. and Figs. §)—5(m) to Figs. 3a)-5(d). Thus it is very large

Empty circles denote the top layer X11) Pt atoms. The values for nearest-neighbor occupations along the close-packed

given in parentheses reflect the change when the substrate is fllTO] Pt rows, in particular, for the short-bridge sités21
lowed to relax also along th€001] direction, not possible for eV). Perpendicular to the Pt roWj801] distances are larger,
gﬁ:ifi)g dC:t”fHeFiﬂ di';f‘:)r(agnf)ergﬁoﬁfb%cim ;Ziig:]?k Bratoms ¢ repulsion is still present showing the largest value for the
gep ' long-bridge sit€0.18 eV or 0.29 eV with substrate relaxation
included. In other words, repulsion is larger along bond di-

(nx 1) structures by symmetry argumeptSuch a behavior ections, which is plausible as, on average, fewer substrate
is not quite unexpected ag,,, depends strongly on the for- states are available per Br-Pt bond when two neighboring Br
mation of the Br-Pt bond at an optimal bond length along&{oms “share” one substrate Pt atom. Figure 6 describes the
[001] which amounts to an energy loss of 0.11 eV if this €Nergy barriers for Br atom movement within a(3) struc-
requirement cannot be fulfilled in p(3x 1) arrangement. ture consisting of rows with every third short-bridge site oc-
As only subsurface substrate atoms relaxations ajoeg] ~ cupied. The repulsion between short- and long-bridge Brin a
are possible at short bridge and top sites, substrate relaxatiéd < 1) arrangement is smalD.05 eV, compare Figs.(5)
plays no role fortg and topt,,, and is very small for and Ga)]. Long-bridge Br atoms are more or less trapped
thollow- between the short-bridge Br-Pt chains in the perfect
(b) Barriers. For short-bridge Br atoms hopping along P(3%1) phase. For them, hopping is only possible perpen-
atop close-packed Pt rows the barrier is 0.35-0.39 eV gedicular to_the Pt rows, i.e., in tH®01] direction. Movement
pending on whether “single” or chain@lifferent filling) of  in the[110] direction would imply a passage between two
Br atoms movdgcompare Figs. 6)—5(I) and 5a)-5(c)]. Per-  occupied short-bridge sit¢5ig. 6(d)], which energetically is
pendicular to the Pt rows, short-bridge Br atoms would haveextremely unfavorable. In contrast, hopping[B01] direc-
to cross the most unfavorable hollow sites, yielding a 0.23ion implies transient occupation of a top sit€ig. 6(g)],
eV higher barrier, which can be avoided by traveling viawhich is less demanding energetically. At the same time, the
long-bridge sites. Compared to the short-bridge sites, the barepulsion between neighboring long-bridge sitegy. 6(c)]
riers for long-bridge Br atoms moving via top sites areis relieved and therefore, the barrier almost disappears ren-
smaller and depend on the filling of the long-bridge sitesdering diffusion in this direction facile. Finally we observe
The barrier changes from 0.17 €0.28 eV with[001] sub-  that the removal of every second long-bridge Br atom re-
strate relaxationfor half filled to 0.04 eV for completely lieves the long-bridge Br-Br repulsion and thereby lowers the
filled long-bridge Br chaindcompare Figs. &)—-5(1) and  energy by 0.14 eV, or—including substrate relaxation—by
5(b)-5(c)]. It is interesting to note that the barrier along a 0.23 eV[Fig. 6a) vs Fig. 6b)].
close packed rowshort-bridge to topis much less sensitive This analysis provides important insights into the mecha-
to changes in the local symmetry than the barrier perpendicuiism of thec(2x2) = (3X 1) phase transition discussed in
lar to the rows(long bridge to tojp Obviously, substrate the following section. Putting an additional Br atom into a
relaxations around the adsorbate, if allowed by symmetryshort bridge of the(2Xx2) phasecoverage 1/2 Ml would
facilitate the formation of an optimal Br-Pt bond length. require occupation of neighboring short-bridge sites with an
Consequently, if one traces the movement of individual adenergy cost of about 1.2 eV. This is more than the energy
sorbate atoms, many different local symmetries will bebarrier for diffusion, hence a rapid rearrangement of Br at-
reached and hence also the barriers will be affected. In ordeyms around an additional Br “impurity” is expected. Ac-
to shed some more light on this important aspect, we pereording to the calculated energies one would predict that
formed calculations for Br adsorption in a largef4x3)  long-bridge occupation is introduced to avoid the unfavor-
cell. Not quite unexpected we find the barrier along the chairable occupation of nearest-neighbor short-bridge sites, but is
to be 0.35 eV and to change only slightly to 0.34 eV whenkept at a minimum, since short-bridge sites are principally
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more favorable. Interestingly, this consideration does not ap-
ply for ®=0.5 ML. Here, a mixed short-bridge/long-bridge
(3X2) structure exists which is almost degenerate with the
c(2x2) arrangemenfFig. 6(b)]. The energy difference per

Br atom is only (2<3.27+3.10)/3-3.25=0.04 eV. How-
ever, increasing the coverage beyond 0.5 ML requires occu-
pation of nearest-neighbor long-bridge sites and hence nucle-
ation of a local (3 1) structure[Fig. 6(c)]. Comparison of
Figs. Gc) and Gg) indicates that diffusion barriers in a de-
fective (3X1) structure are low and hence rapid dynamics
could be expected. At finite temperatures this could yield a -
considerable entropic contribution to the total free energy of 0.5 0.6 0.7 0.8
the adsorbate structure, facilitating the transition from the coverage (ML)

c(2X2) into the (3x1) phase.

FWHM (arb. units)

spot maximum  |nax (arb. units)
| )
[ §
—
Wl
=)
i

——067ML| (|
IV. THE TRANSITION c¢(2X2)=(3x1) | W$¥ Q1 | .. _ ( )

According to our previous workand that described so far
in the present paper the atomic structures ofdf#ex 2) and
(3X1) phases are reliably resolved for the corresponding
ideal coverage in each case, i.e., 1/2 and 2/3, respectively.
We now turn to a detailed investigation of the transition re-
gime 1/2<®<2/3 ML between the two phases. Preparation
procedure(i) described above was used, i.e., first a perfect
c(2x2) phase for®=1/2 ML was prepared followed by
additional Br deposition af <190 K. We will show that . Ly .
there is no continuous compression proceeding from the 150 200 250 300 350 400 450
c(2X2) to the (3X1) phase. Rather, thgf2X2) is imme- energy (eV)
diately destroyed and fluctuating ¥3L) domains appear
within a disordered (X 1) phase as soon as the coverage FIG. 7. (&) Maximum intensity of the(5/3,0 LEED spot as a
exceeds 1/2 ML. At small additional coverages(B) an- function of Br coveragésolid ling), full width at half maximum of
tiphase domains are observed. The domain boundaries disdﬁe same spadotted line with symbolsand maximum intensity of
pear for ®>0.58 ML and a globally developed 31) the centered spot_ln the(2x 2) pattern of the parent Br/@iL0
phase results. A small additional coverage of NO and CO o#tructure(dashed ling (b) LEED I(E) spectra of the5/3,0 spot
thec(2x 2) phase, in contrast, leads almost immediately to 4°" three different Br coverages.
well-developed global (3 1) phase.

intensity (arb. units)

E
| 2N

LEED I(E) spectra of theg5/3,0 spot are displayed in
Fig. 7(b) for different values of Br coverage. Although the
average intensity levels atend must bedifferent, the spec-

In order to study the emergence of the{8) phase when tral structure of the data is very similar if not identical. Al-
the coverage is increased beydna- 1/2 ML, we monitored most every single peak characteristic for the ideal coverage
the variation of LEED beams during additional Br deposition2/3 ML appears already at 0.55 ML. This indicates that the
at a fixed primary energ§100 e\). Figure {a) compares the local structure in developing ¢81) islands is the same as in
evolution of the maximum intensitly, 5, of the (1/2,1/2 spot  the perfect (X 1) structure at 2/3 ML coverage from the
profile of thec(2X2) pattern with that for a fractional order very beginning of the development. As apparent from the
spot of the (X 1) phase. Also, the development of the full broad beam width[see FWHM curve in Fig. (8] the
width at half maximum(FWHM) of the latter spot is in- (3% 1) islands at 0.55 ML coverage are still smaller than the
cluded. Clearly, long-range order of tlg2x2) phase— transfer width of the LEED opticgtypically 100 A), but
which focuses intensities into the half-order spot—is rapidlytheir local structure—which determines the integrated
destroyed by additional Br deposition. Simultaneously, intenintensity’>—is already the same as in the long-range ordered
sity is picked up by the third-order spot, but a significantphase at 2/3 ML coverage.
increase is observed only after some induction period, i.e., In this context it is interesting to investigate also the de-
starting only at abou® ~0.53 ML. Immediately above that velopment of integer-order beams. Figur@)8&displays the
coverage the growth of,,, is consistent with a quadratic spectra of, e.g., the(1,1) beam for the well-ordered
coverage dependence up to about 0.58 ML. From there ore(2X2) and (3x 1) phases at coverage 1/2 and 2/3, respec-
ward the increase seems to have a short linear section btively. They are substantially different from each other and,
quickly saturates a® =2/3 ML is approached. The FWHM in addition, both are markedly different from the spectrum
of the third-order spot reaches its minimum already at aboutor ® =0.55 ML given in Fig. 8b). However, this latter
0.58 ML. spectrum can be very closely reproduced by a linear super-

A. LEED and STM results
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sity modulation in the domains is continuously fading away

(11) _;@‘ﬁg a 12% mt N (a) into areas with a more or less simpleX1) contrast. Close

inspection shows that in the central areas of th& {3 do-
mains there is always a bright spot centered in th& {3
unit cell, while in the peripheral regions of the X3) do-
mains the structure is essentially of X1) type with a
(3X1) intensity modulation. The STM results are comple-
mented by the observation that @=0.58 ML a complete
global (3X1) structure with a centered §31) unit cell is
observed[Fig. 1(b)]. Similarly, exposure of thec(2X2)
phase to CO or NO leading to a molecular coverage of
: A . , . . . . ~0.02 ML also triggers the transition into aX3l) structure
100 200 300 400 (without any additional Br exposurewith a centered
(3% 1) unit cell as shown in Fig. 18). For comparison, a
(1 1) —3x1atos5ML (b) calculated STM image of the global ¥3L) phase at®

....... Superpositon =2/3 ML is shown in Fig. 1(b).
0.73 ¢(2x2) + 0.27 p(3x1)

intensity (arb. units)

B. Discussion

The LEED results shown in Fig(& prove that the nucle-
ation of (3X 1) islands starts already at a very small increase
of the Br coverage above 1/2 ML. Even rather small
(3X1) islands own already the same atomic structure as the
well-ordered and long-range ordered domains @t
=2/3 ML. In the coverage range 0.52 MLO®<0.58 ML
o T T the maximum in the spatial profile of third-order spdtg,y.,

100 200 890 400 grows approximately as®—0.52 ML)?. Such a law is ex-

energy (eV) pected for the growth of islands with sizes smaller than the
transfer width of the LEED opticéypically 100 A) and the
simultaneous decrease of the spot FWHM supports this in-
terpretation. The transition to an almost linear growth at
~0.58 ML indicates that the mean island diameter exceeds
the transfer width, again consistent with the FWHM, which
position of the spectra of the(2X 2) and (3<1) phases, as saturates at about 0.58 ML. In agreement with LEED, the
is also demonstrated in Fig(l8. In addition, the total cov- STM imagedFig. Aa)] show that (3 1) islands are already
erage calculated from the relative weights, i.e., 0.73nucleated at coverage values of 0.51 ML.
X 1/2 ML+0.27x2/3 ML=0.545 ML, reproduce the real Interestingly, the intensities of the half-order beams which
value (0.55 ML) quantitatively. Spectra at other coverage are representative far(2x2) ordered domains break down
values between 1/2 and 2/3 ML can be composed equallguickly, in particular, before third-order beams representative
well whereby the weight of the (81) spectrum increases for (3 1) ordered domains gain appreciable weight as dis-
with coverage. In order to understand this behavior, onglayed in Fig. 7a). The disappearance of half-order spots
should note that the spectra of the integer-order beams at 1firrors the disappearance of2x2) long-range order, so
ML Br coverage are expected to be sensitive to a coveragthat constructive interference at half-order spot positions is
increase, as new adsorption sites must be populated. Ydgcking. Additional to the traces of smai(2x2) domains
they will be insensitive against the disordering of thepreserved and pinned at defef$ee Fig. 9a)] there must be
c(2%2) layer, because as long as a local coverage of 0.5 Mistill extended areas with a local coverage of 0.5 as they con-
is not exceeded the Br atoms in general still occupy everyribute considerably to integer-order beams as demonstrated
second short-bridge site and thus the local scattering clusten Fig. 8b). In these areas with 0.5 ML Br coverage, the Br
and presumably also the Pt layer relaxation remains thatoms occupy in average every second short-bridge site, but
same. the presence of additional randomly distributed and rapidly

STM results for selected coverages are shown in Figsmoving empty short-bridge sites causes ax(l) pattern,
9(a) and 9b) for the 0.51 ML and 0.54 ML phases prepared resulting from time averaging over a fluctuating disordered
by additional deposition onto thg(2x 2)-Br/P{110) phase. structure.

Figure 9c) displays the 0.54 ML phase, yet prepared by Yet, the described LEED observations and interpretations
desorption from a Br layer with higher coverage. Consistenseem to be—at least partially—in contradiction to the STM

with LEED results the formation of (81) islands is ob- images. First, the latter show a decreasing strength of the
served. It is, however, impossible to determine the extensiofi3X 1) modulation as one moves from the center towards the
of the islands from the STM images, because th {3  edges of an island. The central corrugation maximum, which
domains exhibit no clearly defined edges. Rather, the interis characteristic for the well-ordered phase at coverage 2/3

intensity (arb. units)

FIG. 8. (a) Spectra of the(1,1) beam for the well-ordered
c(2%x2) and (3x1) phases at coverage 1/2 and 2/3, respectively
(b) Spectrum of thé11) beam at coverage 0.3l line) fitted by
the superposition of the curves displayedan
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FIG. 10. (a) Constant-current image—1.28 V, 1.44 nA; 71
x 71 A?) of a global (3x1) phase obtained after depositing 0.02
ML of CO onto thec(2X2)-Br/P{110 surface.(b) Calculated
constant-current imageEg ,Ex+12 meV, Tersoff-Hamannof a
global (3x1) phase at®=2/3 ML. Bright spots, Br atoms in
short-bridge sites. Darker spots, Br atoms in long-bridge sites.

ML, fades away being compensated by the appearance of
two additional maxima between the corner points of the unit

cell in[110] direction. For®<0.58 ML it is not even pos-
sible to clearly define the edge of aX3) domain in the
STM image. The different appearance of{3) domains in
the STM seems to contradict the LEED results which proves
that the local structure of the domains is always the same
from the very beginning of their developmeiftig. 7(b)].

In order to identify the cause of this contrasting behavior
d’t(ijs important to consider the genuine differences of the two

gxperimental methods. A LEED pattern reflects the lateral

(b) Constant-current image{(33 mV, 0.74 nA: 16160 A2) as order of the surface, the integrat_ed intensities of sp_ots §tand
in (a3 but with an additional coverage of 0.04 MLO(, for the structure of the'unlt cell with the latter extendmg into
=0.54 ML) dosed onto the(2x 2)-Br/P{110) phase. There are the surface as determined by the electron attenuation length.
three (3x1) antiphase domains(c) Constant-current image IS includes both Br adatoms and Pt atoms in the first few
(—~17 mV, 0.63 nA; 7676 A2) as in (b) (®,,,=0.54 ML pre- layers. Lateral disorder is mirrored by the spatial spot inten-
pared by thermal desorption from a higher covejagleowing a  Sity profile whereby, e.g., antiphase domains lead to a reduc-
closeup of the area between adjacenk (3 domains clearly dem- tion of the central spot intensity,.,. The integrated spot
onstrating the continuous change in strength of the {3 modu-  intensity is representative of the number of scatterers in an
lation. arrangement with periodicity corresponding to #evector

FIG. 9. (a) Constant-current STM imagé&5 mV, 0.64 nA,
210x 210 A?) of thec(2x 2) phase with a Br coverage of 0.01 ML
additional to 1/2 ML @®,,;=0.51 ML). Thec(2X2) structure is
only preserved close to steps and defects. On the terraces, exten
(3% 1) domains surrounded by 1) disordered areas are visible.
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of the spot under consideration. If a scatterer fluctuates be- .00000 .

tween different positions, the signal is proportional to the

corresponding residence times provided they are, as usual, Ooomaa 0
large compared to the scattering time, which is of the order
of 10 % s. In contrast to this LEED scenario, STM “sees” OCIANCINCIC) o

only the local density of states. DFT calculations simulating 0. O
the STM contrast show that in the present case the local
protrusion(bright spots in STM are associated with the Br .o so%
adatoms. As there are only two types of Br adatoms, i.e.,

short-bridge and long-bridge adatoms, one should only ex- 000 0.000

pgct two levels of STM SpOt. intensifgee .F.lg' 1)]. Yet, in . FIG. 11. Ball model of the transition from the2X 2) into the

Fig. 9 one observes a_contlnuoqs transition from very brlght3x 1) phase. Black circles are substrate Pt atoms, white balls are
spots to normal spotsin a é(L'I.)-III_<e_ arrangement. With th? Br atoms. In the lower left a (8 1) island is nucleated. At the right
coverage being close to 1/2 ML it is impossible to associatjge of the island the(2x 2) structure is locally converted into a
every spot with a Br atom. Attempts to assign the Spots,2x 1) structure. A possible fluctuation process is indicated: One
partly to Br, partly to Pt atoms are implausible in view of the By atom jumps from a short-bridge site into a long-bridge site
continuously varying intensity. Also, such a model would thereby augmenting the ¢31) nucleus. The vacancy left behind in
yield considerably different LEED intensities. Therefore wethe Pt-Br chain may migrate to the right and convert another stripe
interpret the STM spot intensity as a result of time averagingfrom ac(2x 2) into a (2< 1) structure. With such processes occur-

If the temporal fluctuations are much faster than the timeing at high frequency every short-bridge site has the same Br oc-
needed by the STM to measure one pixelQ.3 ms) the cupation probability. The result is a fluctuating disordereck (9
STM image mirrors the time average of the spatial adatonstructure with local coverage 0.5 ML. A ¢81), a (2x1) and a
distribution. It is of course possible that the tip-sample inter-c(2x2), unit cell are delineated by black rectangles.

action influences the temporal fluctuations, but STM scans

taken with different tunneling resistance always reveal qualimay fluctuate locally although their total area remains ap-
tatively the same structure. In the following section we focusproximately constant. If the decomposition of the adsorbate
on the issue of fluctuations and their possible relation to aayer into local (3<1), c(2x2), and (2<1) structures

charge-density wave. would result in a static pattern, it should be detectable in
STM images in view of the large corrugation of the Br at-
V. THE FLUCTUATION MODEL oms. Therefore it has to be a dynamical process associated

. . . - with rapid fluctuations. No (1) andc(2x2) domains are

The most plausible interpretation reconciling the LEED reqq|yable(apart from the immediate neighborhood of de-
and STM results invokes temporal fluctuations. In thiStacty The actual STM contrast is therefore most plausibly
model, additional coverage yieldin@>1/2 ML leads t0  gyplained, if one assumes temporal fluctuations between
nucleation of the (¥ 1) phase with a local coverage close t0 naches with (X 1) and disordered (£ 1) structures. With
the ideal value of 2/3 ML. Initially, most of these nuclei form ¢ fictuations taking place on a short enough time scale the
antiphase domains, which keeps the central intengjfy of  ayverage tunneling current is proportional to the occupation
the third-order spots smaII' during the nucleation stage. S'probability of the corresponding site. Accordingly, the STM
multaneous to the nucleation of the X3) phase a long- jmages indicate the formation of ¢31) islands with a static
ranged disordering of the(2x2) structure takes place and cenral region. This is the area, where a cleax (3 contrast
results in a (1) LEED pattern, the central spots of the j5 gpserved. At the edges of the islands the Br atoms fluctu-
c(2X2) structure being converted into a streaky back-ate into a disordered (21) structure with a local coverage
ground. The disorder is interpreted to arise from the nuclegs 05 ML. Thus the characteristic corrugation for the (3
ation of (3x1) nuclei. At the phase boundaries of the » 1) structure diminishes. Further away from thex(B)
(3X1) islands vacant sites belonging either to th&«@ or  pycleation centers an almost evenly distributed occupation
the c(2x2) mesh are formed. Br atoms from either phaseyopapility for every lattice(short bridge site is observed.
may hop into those vacancies thus allowing the vacancy Qe resulting STM contrast is that of a X11) structure. A
“evaporate” from the phase boundary into the neighboringyery weak modulation with threefold periodicity indicates
phase. One such process |s_|IIust_rat_ed in Fig. 11: A Br atoMnat even far from the center of the %3) domains the
hops out of a short-bridge site within a loaz(2X2) con-  gccypation probability is slightly higher for every third
figuration into a long-bridge site belonging to theX(3) short-bridge site.
mesh. This creates a vacancy in t(x2) phase, which This model is supported by temperature-dependent STM
then travels along the (1) direction, converting a stripe measurementéon Br/P{110) with ®<0.5 ML. They show
from a localc(2x2) into a local (2X1) structure. A few a high mobility of the Br atoms along the close-packed Pt
such events can give rise to a complete destruction of thatom rows at room temperature. Only f6x 140 K the Br
long-range order of the(2x2) and the development of a mobility freezes out. The fluctuation model presented here
disordered (X 1) structure. Conversely, Br atoms hop from can also be quantified to some extent by quoting the calcu-
long-bridge sites in the (8 1) mesh into vacant short-bridge lated DFT barriers. Consider for instance the first step of the
sites. With both processes taking place, thex(3 nuclei  process illustrated in Fig. 11: It involves a transition from a
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c(2X2) short-bridge site into a long-bridge site. The energy
of the former is=3.25 eV, the energy of the latter can be
estimated as 2.92 eV from Fig(d. Thus, this step costs
about 0.33 eV(not taking into account energetically more
unfavorable transition statesFurthermore, hopping of the
resulting vacancy in the(2 X 2) structure along the Pt rows,
which creates locally a (1) stripe, involves transport of
Br atoms across top sites. From Fidl)3he barrier for such

a process is estimated to be of the same orded.B5 eV).
Assuming an attempt frequency of #& ™2, these barriers
yield hopping frequencies of the order of®1® ! at room
temperature. A high mobility of the long-bridge Br atoms in
[001] direction is expected from the DFT calculations, if
there are vacant sites in the long-bridge sublattice. The bar
rier for such a transport is of the order of 0.04 pdmpare
Figs. 8b), 5(c), and Gc¢)]. Although vacant sites in the long-
bridge sublattice are energetically favorapbee Fig. €)],

the LEEDI(E) curves are not consistent with a preferential
depletion of the long-bridge sublattice. Rather, they indicate

that for coverages exceeding 0.5 ML immediately compact 0.5 1.0 15 05 1.0 1.5
(3x1) islands with local coverage®g=2/3 ML are ki (A1)
formed.

So far, following the DFT results we based our discus- F!G- 12. (8 ARUPS spectra as a function of polar angle ob-
sions mainly on local repulsive interactions. In a previoustdined on ac(2x2)-Br/P(110 surface k) points along the Br-Pt
papef we proposed an alternative explanation to account fof@ins- (b) A similar series of ARUPS spectra obtained on a
the c(2X2)=(3X1) phase transition, namely, a Peierls (3x1)-Br/P(110) surface (c) Gray-scale image of the spectral in-
transition into a CDW ground state. This involves an elec-1e"Sities observed i@ plotted overk; . The thin black line serves
tronic interaction which is localized ik space(at q= 2ke) as a guide to the eye an_d |nd|catt_as _the dispersion of a surface
and is therefore delocalizele., long ranggin real space. resonance band. Its crossing wilty indicates the presence of a

e . ) . Fermi surface generated by this bafd). Gray-scale image of the
The CDW could stabilize the (81) adsorption sites, i.e., spectral intensities observed {ib) plotted overk;. The curved

every third short-bridge and long-bridge position, thus reny,ck jine indicates the back folding of the band markedcin As
dering the (3<1) structure energetically almost degeneratethe band no longer crossgs , the Fermi surface has been removed
with the c¢(2x2) structure. Accordingly, fluctuations be- around this point in the SBZ. Vertical black lines show the position
tween the two structures would result as a natural consest the new surface Brillouin zone centeid and I'” in the
quence. The presence of a CDW is actually indicated by the3x 1) structure(Ref. 28.

following observations(i) The formation of a charge-density

wave is associated with a spontaneous symmetry breakingation by LEED and the independent DFT calculations show
giving rise to a band back folding and opening of a band gap strong vertical periodic modulation in the topmost Pt atom
at a position where the undistorted ground state exhibits aws, which can be interpreted as a frozen Rayleigh phonon
Fermi surface. Thus the Fermi surface is removed and tham agreement with a CDW modéFig. 3). (v) The DFT cal-
occupied electronic states drop to beld@y. This is pre- culations of the total charge density associated with the vari-
cisely what we observe, as shown in Fig. (&2e also the ous types of Pt atoms within the slab indicate the existence
discussion in Ref. B (i) The (3xX1) domains seen in STM of a charge-density modulation on the topmost atom rows.
(Fig. 9 are not sharply delineated as one would expect foWithin about 1.5 eV below the Fermi level the charge den-
well-defined adsorbate islands. The gradual increase and dsity around the Pt atoms forming short-bridge sites is signifi-
crease of the (3 1) corrugation can be attributed to tempo- cantly higher than around the Pt atoms supporting long-
ral fluctuations. The interaction causing the threefold modubridge sites, although the Br-Pt bond length is almost the
lation seems to be long ranged, as expected for a CDV8ame in both caséfgig. 13. Thus both, the charge density as
mechanism(iii ) The transition into the (1) phase can be well as the atomic positions in the Pt substrate are periodi-
triggered by widely different adsorbates, from heavy,cally modulated as one would expect for a CDW phagp.
strongly bonding Br atoms to light, weakly bonding mol- The structural changes observed in the adlayer upon shifting
ecules(NO, CO).%>7 Both, local bonding as well as direct the Fermi surface deliberately by adsorbfesgyree with the
adsorbate interactions are rather different for these speciegredictions of theory for a CDW.

Hence it is tempting to attribute the ¥3L) structure evolv- The above scenario describes the transition from the
ing in both cases to a more general mechanism which des(2X2) into the (3x1) phase by assuming an energetic
pends more on the properties of the parent system than astabilization of the (X 1) adsorption site via a CDW. The
those of the additional adsorbate:) By definition, a CDW  DFT results, however, are at variance with such an explana-
is associated with a periodic lattice distortion which derivestion. According to the calculations, the adsorption energy of
from the freezing of a phonon mode. The structure determiBr in the long-bridge sites iss380 meV less favorable than
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A ™ discussed here is apparently of the weak-coupling type, be-
8L Pt \ o] cause the ARUPS results show that the energetic down shift
a| Surf. T b of the electronic states is confined to a narrow region around

10 8 B 4 2 o0 2 2 ke (see Fig. 12 Furthermore, the STM images show that the
Energy (eV) (3X1) correlation fade away rather slowly at the edges of

the (3X1) domains, indicating a long-range interaction.

We conclude with a word of caution concerning the DFT
results. The DFT calculations were extremely successful
with respect to predicting the geometric structure. Therefore
one would tend to accept the total energy values as quite
reliable. However the DFT results were obtained without

FIG. 13. Top:d derived local density-of-states{LDOS) asso-  taking spin-orbit splitting into account. Therefore, they do
ciated with Pt atoms in the topmost layer. Black linetDOS for ~ Not correctly represent the Fermi surfaces and the corre-
Pt atoms coordinated to Br in short-bridge sites. Gray heDOS ~ sponding Xg interaction. Furthermore, the DFT band struc-
for Pt atoms coordinated to Br in long-bridge sites. Note the chargéure is difficult to reconcile with the ARUPS results: Angle-
depletion within states just below the Fermi level for long-bridge Ptresolved photoemission data show pronounced surface state
atoms. Bottom: Schematic cross section of thex (3-Br/P1(110) bands, which are not reproduced in the DFT band-structure
surface showing Pt atoms coordinated to Br in short-bridge sites asalculations. In addition, ARUPS reveals strong many-body
filled black circles and Pt atoms coordinated to Br in long-bridgeeffects in surface-resonance bands C|OSE|{030 which ar-
sites as filled gray circles. Br atoms are indicated by empty circlegues for a considerable electronic correlation. Thus, while
on top. The arrows within the Pt atoms indicate the direction of thepET calculations may go a far way describing the ground
relaxation relative to the ideal layer spacing of 1.39 A. state even of correlated systems, they are of limited value for
interpreting photoemission results in such materials.

in the short-bridge sites. Population of theX{3) long-
bridge site is, according to DFT, essentially due to the local
Br-Br repulsion. Therefore, we have two models to describe
the c(2x2)=(3x 1) phase transition: One is based on the The atomic structure of the (81)-Br/P{110 phase has
assumption of an energetic stabilization of the<(B) struc-  been determined by quantitative LEED and DFT calcula-
ture due to a CDW mechanism. tions. While in thec(2X2)-Br/P{110 structure every sec-
The second model suggested by the DFT calculations enond short-bridge site is occupied, it is only every third short-
phasizes the role of local repulsive interactions. Here thdridge site in the (X 1) phase. The other half of the Br
energy gain resulting from the CDW is not sufficient to pull atoms occupy every third long-bridge site in between. In the
the (3x 1) below thec(2x2) surface free energy. Hence, c(2X2) adlayer all Pt atoms in the top layer are coplanar,
formation of the (3<1) phase would not occur without ad- whereas in the (81) phase the Pt atoms forming the Br
ditional local repulsion. The CDW is then facilitating but not occupied long-bridge sites are outward relaxed by about
driving the phase transition. We call this a CDW-assisted.23 A. In the (3< 1) structure the Pt substrate bears all the
phase transition. hallmarks of a CDW phase including periodic modulations
Quantitatively, the energy gain from thek2 interaction  of the charge density associated with the top Pt atoms. The
evident in Fig. 12 is clearly smaller than the calculated 0.18ransition from thec(2X 2) to the (3X 1) phase can be trig-
eV total energy difference between th€2x2) and the (3 gered by a variety of adsorbate particles and seems to in-
X 1) structure. Although the electronic stateskatare low-  volve critical fluctuations at finite temperature as suggested
ered by about 0.2 eV, this stabilization is restricted to a smalby a comparison of STM and LEED results. The role of the
area ink space. In principle, there is a gradual transition fromCDW as compared to the ¢(81) repulsive local interactions
weakly-coupled to strongly-coupled CDW%.The former  within the Br adlayer in the total energy balance of the
feature a well-defined i interaction, which is long-ranged c(2X2)=(3X1) phase transition remains to be clarified.
in real space, the latter involve a much larger set of elec-
tronic states withk values being spread out significantly
aroundkg . Accordingly, the interaction is locally more con-
fined in real space for the strong-coupling case. The CDW This work was supported by the Austrian Science Fund.
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