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Metastable phase of symmetric dimers on $001)
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The reconstruction of the ®01) surface is reexamined by using first-principles density-functional calcula-
tions. We find that a symmetric dimer structure in which symmetric dimers are alternately displaced up and
down along the dimer rows is more favored by 21 meV/dimer than the conventional symmetric dimer structure
where all the dimers have an identical height. In this metas{a{fie 2) structure, the up and down symmetric
dimers accompany the lateral movements of the second-layer atoms: i.e., on the two sides of the dimer the
second-layer atoms bonding to the (@own) dimer move equally towartbutward each other by 0.15 A. With
this predicted symmetric dimer structure we discuss the symmetric dimer phase observed in a recent low-
temperature scanning tunneling microscopy experiment.
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Over the past several decades th€é0®l) surface has the existence of relatively slow flip-flop motion of the buck-
been extensively studied because of its technological impoited dimers, equivalent to flicker noise measured by other
tance in the fabrication of semiconductor devices as well aSTM studies™****Kondoet al*® also observed that at 20 K
for many fundamental issues of chemical reaction, epitaxiathe surface is dominantly covered with the third phase. Con-
growth, and surface dynamics. Thé@l1) surface exhibits a sequently, they claimed that the apparent symmetric dimers
surface reconstruction in which pairs of surface atoms bonat 20 K, which were imaged as two bright spots per a dimer,
to each other, forming dimefs’ It is well established that are not associated with the flipping motion of buckled
the ground-state structure of Si dimers is buckled, accompadimers, but due to their static symmetric configuration. Since
nying a charge transfer from the down atom to the up atom.this claim that the ground state of (801) consists of
At room temperature, scanning tunneling microscé®yM)  symmetric dimers rather than buckled dimers is con-
experiments have shown symmetric dimer patterns whiclirasted with most of the previous theoretit@!’~*° and
were interpreted as due to thermal activated flipping motiorexperimentdt'**#4*3yorks, the observed symmetric dimer
of the buckled dimeré*°Such flipping motion becomes fro- images at 20 K need to be explained.
zen at low temperatures below120 K, pinning to ac(4 In this paper we predict a reconstruction of(8i1) where
X 2) phase where dimers are alternatively buckled along angymmetric dimers are alternately displaced up and down
perpendicular to the dimer roWsTherefore, the surface dy- along the dimer rows [see Fig. 1c)]. This
namics causes an order-disorder transition with increasing(2x 2)-symmetric dimer structure is found to be favored
temperature, leading to the room-temperaturg (3 surface  over the conventional symmetric dimer structure (2
symmetry’ 10 x1) [Fig. (@] by 21 meV/dimer. Thisp(2x2) structure

However, recent STM experiments performed at lowhas a local minimum with respect to some buckling distor-
temperaturés~*°have shown a new aspect which seems notion, indicating a metastable structure. Note, however, that
to be consistent with the above picture of the reconstructiothe p(2x 2)-symmetric dimer structure is less stable than the
of Si(001). Yokoyama and Takayandgobserved a reappear- buckled dimer structures of(2x2) [Fig. 1(b)] and c(4
ance of symmetric dimer patterns upon cooling down to 5 K.X2). In view of experimental evidences that the low-
This symmetric dimer image has flicker noise which wastemperaturgp(2x 1) phase is induced by the STM tify®
interpreted by slow dynamical flip-flop motion of the buck- the metastablg(2X 2)-symmetric phase might be induced
led dimers. As a matter of fact, Hata, Sainoo, andby the STM tip. Then, it is expected that a dynamical motion
Shigekaw® measured the dynamics of the flip-flop motion between the up and down dimers within the
of the buckled dimers at 70 K and found that the activationp(2X 2)-symmetric structure easily takes place at 20 K be-
energy between the two stable buckling configurations sigeause of a shallow energy barrier between the two kinds of
nificantly varies for dimers in different domains. Thus, the configurations. The rapid up-down motion of symmetric
above two experiments!? argued that the reemergence of dimers produces an apparep{2x 1)-symmetric phase,
the symmetric dimer image at low temperatures would bevhere every dimer is simulated to be imaged as two bright
attributed to reduction of the barrier height for the dimerspots. This may provide an explanation for the observed
flipping. Interestingly, using a variable-temperature ST, p(2x 1)-symmetric phase at 20 K, i.e., the above-mentioned
Kondo et al’® observed a coexistence of three differentthird phase'®
phases at 50 K, i.e.(i) the c(4%X2) phase,/ i) the The total-energy and force calculations were carried out
p(2x1)-symmetric phase with streaks, afidl) the p(2  using density-functional theofy (DFT) within the
x 1)-symmetric phase without streaks. Here, streaks implgeneralized-gradient approximati6hThe Si atom is de-
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TABLE |. Calculated stabilization energimeV/dimey of the
p(2x1)-buckled (B), p(2%2)-buckled (B), and
p(2x2)-symmetric (S)  structures  relative to  the
p(2X1)-symmetric structure. All data are given from DFT calcu-

lations.
p(2x1)-B p(2x2)-B p(2x2)-S
Inoueet al? 169.9 259.3260.5
Ramstacet al®  120+10 16818 (171+13)
Lee and Kang 150 220
Healy et al® 225
This 178 264 21

aReference 10.
bReference 17.
‘Reference 18.
dReference 19.

process with the usual attempt frequency -fL0' Hz,
the flipping rate of the buckled dimers is estimated as
~3.7x10° sec ! at room temperature. Such a rapid flipping
motion of the buckled dimers can produce an averaged sym-
metric dimer image since it takes about £0sec to obtain
STM image of a dimer. This flipping rate becomes negligible
FIG. 1. Optimized structure of the ®01) surface: the two side at low temperatures bglow 7% 14Ki5However, recent I,OW'
views of (a3 the p(2x1)-symmetric structure, (b) the temperature STM experiments?1415observed symmetric

p(2x 2)-buckled structure, an(t) the p(2x 2)-symmetric struc- dimer images with flicker noise which was interpreted by
ture. The arrows irfb) and(c) show pairing patterns of the second- SIow flip-flop motion of the buckled dimers. Our simulated
layer atoms. The, y, andz directions ard110], [110], and[001],  filled-state imagdFig. 3a)] of the p(2x2)-buckled dimer
respectively. structure shows a bright spot on top of the up atom of the
buckled dimer. As a result, slow flip-flop motion of the buck-
scribed by norm-conserviAg pseudopotentials. A periodic led dimers produces a change of the position of the bright
slab geometry was employed with 12 atomic layers, and thepot, resulting in the presence of streaks in the STM image.
vacuum spacing between these slabs is about 10 A. A plan®ased on a statistical analysis of the flip-flop motion of the
wave basis set was used with 20 Ry cutoff. Thespace buckled dimers at 70 K, Hata, Sainoo, and ShigeKawea-
integration was done with 16 and 32 points in the surfaceimated a barrier for flipping of about 13616 meV, smaller
Brillouin zone of the 22 and 2< 1 unit cells, respectively. than the present and oth&!’'~1°DFT results(see Table)l
All atoms except the two central planes were allowed toThis flipping energy barrier is still too high to explain sym-
relax along the calculated Hellmann-Feynman forces until almetric dimer images observed in STM experiments at low
the residual force components were less than 1 mRy/bohr. temperatures below 20 ¥:*3In this sense, the barrier height
We first examine the buckling of dimers of(801) within ~ for the dimer flipping may be sensitive to the tip-surface
a p(2x1) periodicity. The buckled dimer structure is found interaction through experimental conditions such as bias
to be favored over the symmetric dimer struct[f&y. 1(@)] voltages and tunneling currelt!® However, as pointed out
by 178 meV/dimer. The buckled dimer structure of
p(2x2) [Fig. 1(b)] in which Si dimers are alternately buck-
led along the dimer rows is further stabilized by 86 meV/
dimer, compared with that ofp(2X1). Therefore, the
p(2x2)-buckled structure is more stable than the
p(2X1)-symmetric one by 264 meV/dimer. In Table I, we

symmetric | -

Energy

compare our calculated energy differences of various recon- buckled 1264 meV
struction structures with previotfs’~1°DFT results. There ; ,
are some deviations for the stabilization energy of dimer & 0 £

buckling among several DFT calculations, but all DFT cal-
culations agree that buckled dimers are more favorable than gig, 2. Double-well potentials of the dimers in the
symmetric ones. p(2x2)-buckled andp(2x 2)-symmetric structures+ ¢ in the

The calculated potential-energy barrieE,& 264 meV)  former structure represents the tilt angle-o18.5° of the buckled
between the two buckled dimer configuratiofg@e Fig. 2  dimer, while that in the latter structure is the displaced height
within the p(2x2) structure allows the flip-flop motion of (*+0.37 A) for the up and down dimers from the
the buckled dimers. Assuming an Arrhenius-type activatiorp(2x 1)-symmetric structure.
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TABLE Il. Calculated bond lengths for thp(2Xx2)-buckled  movements on both sides are opposite to each other: that is,
(B) structure[Fig. 1(b)] and thep(2X2)-symmetric(S) structure  the second-layer atoms bonding to the(dpwn) atom move
[Fig. 1(c)]. dp and d;, denote the dimer-bond and back-bond equally toward(outward each other by 0.11 Asee Fig.
lengths, respectivgly. The.value in parenthesgs represents the baq(b)]_ Therefore, the tw(2x 2) structures induce the dif-
bond length associated with the down atonpi{f2x 2)-B. ferent types of strain on the surface. We note that apparent
symmetric dimer rows were observed at the antiphase

do di boundaries of the two alternaté4x 2) phases? Consider-
p(2x2)-B 236 2.40(2.39) ing that the direction of strains of the second-layer atoms in
p(2x2)-S Up dimer 255 239 the p(2Xx 2)-symmetric phase is identical to that of the two
Down dimer 2.32 233 alternatec(4 X 2) phases along the boundaries, we anticipate

a future experiment identifying the presence of thg
X 2)-symmetric structure at those boundaries.
by Kondoet al,™ it is hard to explain their observed sym-  There have been experimental evidences that the low-
metric dimer imagegwithout flicker nois¢ as due to the temperaturg(2x1) phase is induced by the STM tip2°It
flip-flop motion of the buckled dimers. was experimentally observed that a buckled dimer is easily
For interpretation of the observEdsymmetric dimer flip flopped as the tunneling current increases, implying that
images without flicker noise at low temperatures, we pro-the flipping barrier of the buckled dimer can be lowered by
pose ap(2x2) structure which consists of the symmetric the tip*1°A previous theor$® suggested that the tip-surface
dimers with alternate up and down displacements along thiteraction would enforce a flip-flop motion, producing a
dimer rows[see Fig. Ic)]. We find that thisp(2X2)-  p(2X1)-symmetric configuration in STM images. In this
symmetric structure is favored over the conventiop&2 sense, the tip-surface interaction is possibly associated with
X 1)-symmetric ongFig. 1(a)] by 21 meV/dimer. To con- the p(2X1)-symmetric dimer images observed at low
firm the stability of the former symmetric structure with re- temperature$:=° Although the detailed description for the
spect to dimer buckling, we reoptimized the structure startindip-surface interaction is beyond the present study, the stabi-
from an initial geometry in which the two dimers of the lization of thep(2X2)-symmetric structure induced by the
p(2x2)-symmetric structure are alternately buckled bytip is examined by a simple model. Here, we assume that one
5° and found it to be converged to tipg2x 2)-symmetric  buckled dimer in thep(2X2) unit cell is transformed to be
structure. This indicates that thE®2Xx 2)-symmetric struc- symmetric by the tip-surface interaction: that is, one dimer is
ture is metastable. In Table Il we list the calculated dimer-constrained to be symmetric. This assumption is marginally
bond length and the back-bond length of theconsistent with several experimental evidentés!*!®
p(2x2)-buckled andp(2x2)-symmetric structures. We where the flipping barrier of buckled dimers is lowered by
find that the dimer-bond length of the up dimer in thg2  the tip-surface interactioftherefore reducing the tilt angles
X 2)-symmetric structure is 2.55 A, much longer than thatof the Si dimers and is well consistent with the
(2.32 A) of the down dimer. Note that the back-bond Iengthobservatioﬁ3 of the static symmetric dimer configuration.
(2.39 A) of the up dimer is longer than th&2.33 A) of the ~ We optimize the structure of the other dimer within a sym-
down dimer. This back-bond length of the (gown) dimer  metric or buckled configuration. The height of the con-
is close to that of the up(down) atom in the strained symmetric dimer is displaced upward from the equi-
p(2x%2)-buckled structurg¢see Table ). We also note that librium height of the p(2Xx1)-symmetric structurgFig.
the height difference between the up and down dimers id(a)]: this displacement is denoted By. For a givenAz all
0.74 A[see Fig. 1c)], being equal to that between the up andthe atoms are fully relaxed within thp(2x2) unit cell,
down atoms of the buckled dimer in Fig(hl. Thus, it is  except the two central layer atoms and the two Si atoms of
likely that the local bonding character as well as the bondhe constrained symmetric dimésut the dimer bond length
reordering around Si atoms composing the(dpwn) dimer  is optimized. The calculated energies for the two kinds of
in the p(2x2)-symmetric structure are similar to those of configurationdi.e., symmetric and buckled configurations of
the up(down) atom in thep(2x2)-buckled one. It is well the second dimérare displayed in Fig. 4 as a function &f.
known that the underlying mechanism of alternate dimeWe find that the energy curves of the two configurations
buckling on S{001) is a bond reorderingdi.e., sp’>- and  cross at about\z,=0.22 A, therefore indicating that the
sp?-like hybridization for the up and down atoms, respec-buckled(symmetrig configuration favors over the symmet-
tively) of dangling orbitals by charge redistribution, therebyric (buckled one below(above Az,=0.22 A. This result
diminishing repulsive Coulomb interaction between rehy-implies that, if the tip-surface interaction is enough to bind a
bridized dangling bonds’ buckled dimer to the tip and transform it into a symmetric
It is noticeable that in thep(2x 2)-symmetric structure configuration, thep(2x2)-symmetric phase will be stabi-
the second-layer atoms bonding to the (gown) dimer lized atAz greater tham\z.. The less stability of the buck-
move equally towardoutward each other by 0.15 Asee led configuration abovAz is possibly due to an increase of
Fig. 1(c)], as a consequence of the upwadbwnward re-  the reversed straitwhich favors the symmetric configura-
laxation of the ugdown) dimer. Here, the lateral movements tion) in the second-layer atonisee Fig. )].
of the second-layer atoms have an identical direction on the In order to account for the symmetric dimer imagas20
two sides of a dimer. On the other hand, in theK) observed by Kondeet al,'® we estimate the up-down
p(2x2)-buckled structure the directions of such lateralmotion of the symmetric dimers within the(2Xx2)-sym-

13
L,
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FIG. 4. Energy curves for thep(2x2)-buckled and
p(2X 2)-symmetric structures where one dimer is constrained to be
symmetric with varying the height. The opésolid) circles repre-
sent the energies of the buckl¢symmetri¢ configuration.Az is
defined in the text. The enerdyneV/dimey) is referenced from the
total energy of thep(2Xx1)-symmetric structurg¢Fig. 1(a)]. The
optimized buckled configuration &tz = 0.18 A is insetted.

Therefore, at low temperatures the up-down motion which is
coupled with the lateral movements of the second-layer at-
oms could be allowed without a collapse to the
p(2Xx2)-buckled structure. However, with increasing tem-
erature thermal effect will be dominant to produce that col-
pse, leading to formation of thE(2x 2)-buckled structure.

In conclusion, we have predicted a reconstruction struc-
ture of symmetric dimers on the (8D1) surface. This meta-

metric structure. Using a double-well potential between thestablep(2><2)—symmetr|c structure is found to be favored

L ' : : over the conventionap(2X1)-symmetric structure. With
up and down symmetric dimer configuratiofzee Fig. 2, a . .
simple Arrhenius analysis yields the up-down motion with athe presence of thp(ZX?)-symmetrlc structure and its (.jy'
rate of~5.2x 107 sec * at 20 K. We believe that the energy namics as well as its simulated STM image we tentatively

barrier €,=21 meV) of this potential is possibly underesti- interpret the STM data of the static symmetric dimers ob-

13 :
mated compared to the actual situation where the observe rved_by Kondcelt all. . Hovyevelr » @ fuLthe_r dem%r‘;strﬁtmn
symmetric dimer is placed under the STM tip. As a result, €.g., rigorous calcu ‘."‘“O“S Involving the tip e_ff)e rthe
the above estimated rate of the up-down motion can be fability of the dynam|ps pf thp(2><2)_-symmetr|c structure
upper limit. Considering that our simulated filled-state STM IS necessary fo convincingly establish a connection to the
image[Fig. 3b)] for the p(2x 2)-symmetric structure shows observation of Kondet al. We hope that our predictions will

! . : timulate further experimental works for identification of the
the two bright spots above the two Si atoms composing thé . . .
up dimer, ?[ is gxpected that at 20 K every dimper Wr?ich P(2x2)-symmefric phase which could be formed by the tip-

involves the rapid up-down motion would be imaged as thesurface interaction or might exist at the antiphase boundaries

two bright spots, identical to the STM data of Koneipal23 ~ ©f the two alternate(4x2) phases.

It is notable that at the crossing poidiz. in Fig. 4 the This work was supported by the KOSEF through the
nucleus positions of the dimer atoms as well as the secon@@uantum Photonic Science Research Center, the research
layer atoms in the(2X 2)-symmetric structure differ from fund of Hanyang University HY-2003, and the Research In-
those of thep(2x2)-buckled structure. This indicates that stitute for Natural Sciences at Hanyang University in 2003.
the transition from the p(2X2)-symmetric to the K.S.K.acknowledges the supportfrom KISTEP/CRI. J.-H.C.
p(2x2)-buckled structure does not appear adiabatically ascknowledges helpful discussions with Professor Leonard
the metastable former structure traverses the crossing poirleinman.

FIG. 3. Simulated filled-state STM image of(@21): (a) the
p(2x2)-buckled structure an¢b) the p(2x2)-symmetric struc-
ture. These images were obtained by integrating the charge fro
occupied states within 1.5 eV of the highest occupied state. The
images were taken at 3 A above the outermost Si atom.
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