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Ge(001) surface reconstruction studied using a first-principles calculation
and a Monte Carlo simulation
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The problem of the relative energetic stabilities of high-order reconstructions of tf@Gesurface is
revisited with more refined first-principles calculations. Deducing the parameters of the Ising model from this
result, we perform Monte Carlo simulations of the phase transition of the asymmetric dimer directions. The
Monte Carlo simulation reproduces fairly well the experimental transition temperature of an x-ray-diffraction
experiment. The potential-energy curve of the dimer flip-flop motion inpfi=x 1) structure is determined.

The obtained geometry of tlef4 X 2) structure also agrees fairly well with the results of an x-ray diffraction
experiment.

[. INTRODUCTION netic spin systems, where the spatial behavior of the spins
has been observed only in reciprocal space.

The G&001) surface has reconstructed structures similar Theoretical studies on the phase transition of th€é0G®
to those of the $001) surface. The neighboring surface at- surface have often used statistical mechanics simulations
oms form dimers, and each dimer buckles in order to stabisuch as the Monte Carlo method. To perform these simula-
lize, resulting in asymmetric dimer structures. The bucklediions, model parameters of the Ising spin system which
dimers line up along th¢110) direction and form “dimer mimic the tilting directions of the dimers must be deter-
row” structures. There are several possible surface recormined. The model parameters can be determined using first-
struction structures characterized by the ordering of therinciples calculations by comparing the relative total ener-
dimer buckle directions: thg(2x1) structure, thep(2 gies of a sufficient number of different reconstruction models
X 2) structure, the(4x 2) structure, eté.The Gé001) sur-  such asp(2x1), p(2x2), c(4x2), andp(4x1) struc-
face has ap(2x1) structure at room temperature, which tures. The accuracy of a first-principles calculation itself can
turns into ac(4x2) structure when it is cooled below 200 be evaluated by examining the reproducibility of the ob-
K. This phase transition of the G#1) surface, as well as served phase transition of this surface by a simulation based
that of the Sj001) surface has been theoretically studied withon model parameters determined using the first-principles
the model of an Ising spin system by treating the buckleccalculation.
dimers as interacting spirs’ However, the absolute difference in the stabilization en-

One reason why the dimer fluctuation dynamics on theergies per dimer between th®2X2) andc(4X2) struc-
surfaces of the G601) and S{001) have attracted so much tures, which determines the ground state of the reconstructed
interest is that these surfaces provide a simple ideal system siructures, is fairly small, estimated to be under 5 meV/
observe the fundamental processes of statistical mechanigdimer. The previous calculatiBrwas not able to determine
such as phase transitions and critical phenomena. In partictihis parameter.
lar, they can be observed both in real space by the scanning The charge transfer between up-atom and down-atom
tunneling microscopgSTM) and in reciprocal space by dimer causes dipole interaction among dimers, and this in-
x-ray diffraction, low-energy electron diffraction, etc. One of teraction “prefers” p(2x2).2 However, elastic interaction
the remarkable aspects of these systems is that, from obsdretween dimers prefer(4x2) (see Fig. 1 Therefore we
vation in real space, interesting behaviors of the dimer flucshould treat both interactions simultaneously. Since first-
tuation statistics induced by nonperiodic structures, such agrinciples calculations fully treat the electrostatic energy of
the defects and the steps, can be studied directly. This is ahe electron density and ions, they can determine the balance
attractive point of these dimer systems compared with magbetween the dipole interaction and elastic interaction.
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. TABLE |. Comparison between the Ceperley-Alder-type ex-
. change correlation potential applied to the bulk Ge, and the Perdew-
pushed O O> pulled Wang 91 exchange correlation potential applied to the bulk Ge. The
apart closer deviations from the experimental value are compased®, andE,
. are the lattice constant, the bulk modulus, and the cohesive energy,
o respectively.
I
® o o 00 o ¢ , 2 ° &
o0 Oo , 00O o0 Ceperley-Alder -0.2% 0.12% 15.0%
o & o 4 ' o ® o © Perdew-Wang 91 1.2% -13.1% 2.0%
c(4x2) p(2x2)

FIG. 1. Top: substrate relaxation around a dimer. Second-layewith that obtained in an x-ray-diffraction experiment at 150
atoms under the up-atom dimer are pulled closer. Second-layer ak.!
oms under the down-atom dimer are pushed apart. Bottom: interac-
tion of substrate relaxation between dimer roet X 2) is prefer-

able top(2Xx2). Il. METHOD OF FIRST-PRINCIPLES CALCULATION

In the present work we attempt to reexamine this energy The framework of our calculations is the density-
difference with a better precision insofar as possible by mordunctional theory>*3To select the exchange correlation po-
accurate calculations than the one reported previously. Actuential, we compare the Ceperley-Alder-typ& and
ally, the present calculation indicates that the most stabl®erdew-Wang-91-tyd€ exchange correlation potentials.
structure is the& (4% 2), which agrees with the experimental (“Perdew-Wang 91" is a gradient-corrected functional.
fact. This comparison is based on the bulk Ge calculation shown

Using the values of the parameters determined by thé Table I. The Ceperley-Alder-type exchange correlation
present first-principles results of the relative stability datajpotential reproduces the experimental lattice constant and the
we perform a Monte Carlo simulatioMCS) for arrange- experimental bulk modulus better. On the other hand, the
ments of asymmetric dimers on the @@1) surface. We Perdew-Wang-91-type potential reproduces the experimental
shall see below that the coupling constants for th¢0G®  cohesive energy better. As far as we know, the origin of this
surface have nearly the same anisotropic character as thogéference is not well known. However, this difference is
for the S{001) surface® It will be shown that in thermal empirically well known®’
equilibrium, the statistical behavior of a defect-free(@X) We suppose that the subtle stability difference between
surface is almost the same as that of é€0&1) surface. We thep(2Xx2) structure and the(4x 2) structure is governed
shall see that the order-disorder phase transition occurs aainly by the elasticity. Hence we select the Ceperley-
about 315 K, which is nearly equal to the middle of the Alder-type exchange-correlation potentfa®for the present
transient temperature region observed by an x-raytudy. The core electrons of the Ge atoms are treated by the
experiment? Troullier-Martins-type norm-conserving pseudopotental.

The dynamics of the dimer flip-flop motion can be ob- The surfaces were simulated by the repeated slab model.
served by the STM. The theoretical simulation of this dy-To prevent the unphysical torsion of the slab, we used a
namics requires the potential surface of the dimer flip-flopcalculated bulk lattice constant to construct the slab model,
motion. In the present study, the potential curve of the Gdixing the atom positions of the bottom layer. The calculated
dimer flip-flop motion in thep(2x 1) structure is obtained. bulk lattice constant is 5.64865 A. The slab was eight-
This potential surface should be parametrized by a multiatomic layers thick. The bottom of the slab was terminated
dimer orientation relation. However, due to the computa-by one virtual hydrogen atom layer. The vacuum region was
tional cost, we treat only the minimal case. The geometry ofight-atomic layers thick for the comparison of tké¢4
the c(4X 2) structure of the present study agrees fairly well X2) and p(2x2) structures, and four-atomic layers thick

TABLE Il. Convergence check®, is the total number of the sampliepoints in the first Brillouin zone.
G§ is the cutoff energy of the plane wave basis set in Rf.is the total energy difference per dimer in units

of meV.
p(2x1)-sym—p(2X1) p(2x1) —p(2X2)
values AE values AE
Ny 12, 24, 32 251.0, 293.7, 294.4 16, 32 86.7, 85.4
G, 3.66, 4.0, 4.5, 5.0 294.4, 289.8, 290.7, 294.9 3.66, 4.0 86.7, 88.7
p(4x1) —p(2X1) p(2XxX2) —c(4X2)
values AE values AE
Ny 8,12, 16 31.8, 30.6, 29.8 8, 24, 32 1.1,1.2,1.3

G, 3.66, 4.0, 4.5 29.8, 28.8, 29.8 4.0,4.5,5.0 12,12,12
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TABLE lIl. Energetic stability per dimetmeV). Our results show that thg(4 X 2) structure is more stable
than thep(2X2) structure. This result agrees with the ex-
perimental fact below 200 K, which shows tl€4Xx2)

p(2x1)-sym p(4X1) p(2x1) p(2X2) c(4X2)

present 3823 1177 879 12 o  Structure as the most stable phak&’*®

Ref. 8 — 101 66 -3 0

Ref. 21 290 — 50 — 0

Si: Ref. 9 260.5 117.6 90.6 1.2 0 IV. GEOMETRY OF THE c¢(4%x2) STRUCTURE

The obtained geometry of thef4 X 2) structure shown in
. . Table IV is compared with the geometry determined from an
for the other comparisons. For each comparison of the recon-

structed structure, the supercell of the lateral direction Wag-ray-dﬁfractlon experimerit in Table V. Since the bulk

o . . . “Tattice constant of the present calculation and that of the
set to be the minimum cell which simultaneously contains . . )
above experiment are slightly different, we compare these
the two compared structures.

We took the cutoff enerav of the plane-wave basis set ttwo results in following manner: first, we compare them in
. gy € p %he lattice coordinate; then we transform the obtained differ-
be 13.4 Ry except in the comparison between df#ex 2)

. ence in the lattice coordinate to the difference in the Carte-
23?71%(;? gf) tf\téu;:;l#r:ﬁe’é%roxlcpo\rNgat(c:)r? tc}r?]p?a{iszzevcztrael sian coordinate using the experimental lattice parameters.
32, 16, 16, and 24 fop(2x 1)-sym vsp(2x 1), p(2X2) The differences between the two results are small for the

vs p(2X1), p(4x1) vs p(2x1), and p(2X2) vs c(4 lateral direction. However, the differences for the vertical

%2 tivelv. Th hecks of th toff direction are somewhat larger. The accuracy of the experi-
), respectively. The convergence checks of the culolt eng, o geometry for the vertical direction is worse than that
ergy and the total samplddpoints are shown in Table II.

Svmmetrv-restricted metr timizations wer form f the lateral direction. The(4X2) symmetry also strictly
» y I (t_}h y- fs cte ge(:[) the yop th a ? ‘ci hede pe OI €Gestricts the lateral geometry. Therefore, it is not strange that
or all the atoms except those in the virtual Nydrogen 1ayely,q yitrarence between the experiment and the numerical cal-

and the lowest Ge layer. The remaining force acting on the, 5tion s larger for the vertical direction. The obtained

relaxed atoms in the optimized geometry was 3. ilti e R . .
1 hich [l with th I
X104 Hartree/a.u. We used programs developed bydlrner titing angle is 19°, which agrees well with the value

. i . ; ' 19°+1° determined by the above experiment. Needels,
Igmauchlet al, the details of which are described in Ref. Payne, and Joannopoulos obtained 14° as the dimer tilting

angle?!® Spiess, Freeman, and Soukiassian obtained 15.4°
as the dimer tilting angl&
Ill. RELATIVE STABILITIES OF THE DIMER
ARRANGEMENTS
V. MONTE CARLO SIMULATION OF THE PHASE

The relative surface energies per dimer are summarized in TRANSITION

Table III. Those for the $001) surfacé are also shown in
this table. Thep(2X 2) structure is higher by 1 meV thanthe ~ We introduce the model for the defect-free surface as fol-
c(4X2) structure per dimer. Thp(2x1)-sym structure is lows. It is considered that only the arrangement of the asym-
higher than thep(2Xx 1) structure by 294 meV. For the Si metric dimers is affected by a temperature up to several hun-
case, this difference was reported as 169.9 meV in Ref. dred K. Because the equilibrium angles of the four
Thus the barrier of the dimer flip-flop motion of Ge is sig- asymmetric structures take almost the same value, the tilting
nificantly higher than that of Si. angles of each dimer are assumed to take only two values
The convergence error of the comparison between the:qg. The thermal flip-flop motion between the two angles is
p(2x2) andc(4X2) structures is estimated from Table Il considered in the Monte Carlo simulation. The real system of
to be 0.1 meV/dimer. The influence of the thicknesses of tha&imers is thus projected onto the Ising spin model, in which
slab and vacuum on the energy difference per dimer betweethe two degrees of freedom of an Ising spin correspond to the
thep(2X2) andc(4 X 2) structures was also checked by testtwo possible tilting angles of an asymmetric dimer. We con-
calculations. Changing the slab thickness from eight to 14irm that the Ising spin model which has been used in de-
atomic layers thick resulted in an energy difference of lesscribing the arrangement of the dimers and the flip-flop mo-
than 0.1 meV/dimer. Changing the vacuum thickness frontions on the S0D01) surface is also adequate for the(G&1)
four to eight atomic layers thick also resulted in an energysurface. The model is described by the Ising spin Hamil-
difference below 0.1 meV/dimer. tonian

TABLE IV. Obtainedc(4 X 2) structure. Thex andy coordinates refer to the(4x 2) unit cell. The unit
of the z coordinate is the bulk lattice constant. The labels of the atoms are shown in Fig. 3. The asterisks
denote agreement with the assunoéd X 2) symmetry.

1 2 3 4 5 6 7 8
X 0.1874 0.3354 0.3692 0.25 0.5¢ 0.0¢ 0.2513 0.3
y 0.5¢ 0.5¢ 0.2670 0.25 0.2511 0.5 0.5¢ 0.5¢

z -0.0252 0.1230 -0.1607 -0.4435 -0.3946 -0.6492 -0.6893 -0.6541
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TABLE V. c(4X2) structure difference from Table | of Ref. 1Ax, Ay, andAz denote the differences
in each axis of the Cartesian coordinata. denotes the distance between the atom position of the present
work and that of the experiment referred to. The asterisks denote agreement with the asédmag
symmetry. The atom numbers 1-8 refer to Fig. 3

1 2 3 4 5 6 7 8
Ax (1072 A) -3.07 0.69 -3.87 0 o o 0.01 o
Ay (1072 A) 0* o* -1.99 o 0.56 o o* o*
Az (107! A) -0.001 0.0 0469  1.33  3.09 1483  -0.042  1.137
Ar (1071 A) 0.307  0.069  0.640  1.33 309 1483 0042  1.137

B. Method of the Monte Carlo simulation

H :Viz;‘ SiSet H.EJ: S We perform a MCS on a system of 50 dimer row4000

dimers, employing periodic boundary conditions. The
. _ _ Metropolis algorithm is used to update the spin configura-
+D%“ SFICEEFEE I REVESIE 5. tion. A set of trials updating the configurations of all the
] spins in the system is counted as “one Monte CANC)
whereS; ;== 1 corresponds to the angteq, of the dimer  step » At each temperature, the system reaches thermal equi-
at the site {,j) defined in Fig. 2. The coupling constants are |jprium after 1¢—1F MC steps, and the succeeding*10

also illustrated in Fig. 2. The values of the parametéri, 5% 10°) MC steps are employed to calculate thermody-
andD are determined by the energetic stability data obtaine\amic averages. The latter MC steps are divided equally into
in Sec. IV. The details will be discussed in Sec. VA. ten segments, and sectional averages are calculated over each
segment. Such data points are used to estimate the standard
A. Model parameters of the Monte Calro simulation deviations which are shown as error bars in the figures pre-

The values of the coupling constantsH, andD for the ~ Sented below.
Ge00Y) surface are listed in Table VI together with those for . 1he long-range order parameter for g 2) structure
the S{001) surface(Fig. 3).° It is remarkable that the values IS defined as
of V, H, andD for the G&001) surface are almost the same
as those for the 8301 surface. This is because the relative (W)= < S (—1)itis > / N
energy differences between the four asymmetric structures ™, 'l '
on each surface are almost the same. On both surfsdss,
much larger than the others, and its sign is positive. TherewhereN is the total number of sping\(= 50X 1000), and the
fore, the interaction along the dimer row strongly tends to sebrackets(---) denote the average over MC steps. The
the orientations of the neighboring dimers along the dimesquared fluctuation of the long-range order paramwteis
row “antiferromagnetic,” i.e., opposite to one another. This defined agx)=((¥ —(¥))?). We calculatg ¥) and(x) at
reflects the fact that the energies of th€2x?2) andc(4 each temperature.
X 2) structures are much lower than those of the other struc-
tures on both surfaces. When the asymmetric dimers in each
dimer row are perfectly ordered antiferromagnetially, the in-
teraction energy per dimer between the nearest-neighbor
rows is given byH—2D. As H—2D is a small but finite We shoyv the results of a MCS for the defect-freq@d)
value with a positive sigri0.6 meV for both surfacesthe surface. Figure 4 shows the temperature dependence of the
c(4Xx2) structure is energetically preferable to tpg2  long-range-order parameté¥). (V) fluctuates around zero

(5.2

C. Results of the Monte Carlo simulation
and comparison with experiments

X 2) structure on both surfaces. at high temperature. When the temperature is lowered below
around 315-310 K, the absolute value{df) increases rap-
A A idly to almost unity. A similar feature has also been observed
for the defect-free $001) surface’® At a lower temperature,
Y AL the structure transforms into a single domain of t{&
N X 2) structure with asymmetric dimers. We show the tem-
A dOA perature dependence ¢f) in Fig. 5. It fluctuates around
\ zero at higher temperatures. As the temperature is lowered
W ny
\ I
—H( \ * ; TABLE VI. Model parameters of the §101) and G€001) sur-
A N7 A faces.V, H, andD are defined in Fig. 2.
. 4
L ¥ A v H D
L)j(dimer row) Si(001) 51.9 -6.6 -3.6

Ge001) 51.1 -7.2 -3.9

FIG. 2. Ising model of thec(4X 2) structure.
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FIG. 5. Temperature dependence of the fluctuajion

modify the feature of the phase transition. The broad transi-
tion observed by LEED on the @01) surface has been well
reproduced by the MC3The type-C defect influences the
ordering of the nearby dimers and plays the role of “phase
shifter.”?® The type-C defects are typically seen in many

FIG. 3. Top: top view of thec(4x2) structure. Bottom: side STM images of the $001) surface, but not in those of the
view of thec(4x 2) structure. Ge00)) surface. It is considered that tle§4x<2) domain
structures on the G@01) surface are sensitive to some other
defects. If such defects are identified by STM observations,
we can more precisely analyze the order-disorder phase tran-
ition of the real GE01) surface by MCS, which treats the
efects on the basis of the STM observations.

and approaches 315 Ky) increases abruptly, and a sharp
peak appears at 315 Ky) becomes nearly zero again when
the temperature is lowered below 310 K. From the preseng
MCS, the transition temperature of the defect-freg(D&)

surface is estimated to be about 315 K. This is almost equal
to the middle point of the broad transition regi@50—350 VI. DISCUSSIONS

K) observed by Lucasetal. in an x-ray-diffraction We comment briefly on the dynamics of the((&i1) and

. O .
experiment.” Therefore, we can conclude that the Ising Ge001) surfaces. It is considered that the flip-flop motion

r_nodel parameters determined _by the f|rst-pr|nC|pIes_ .CaICU|aBet\Neen the two stable configurations of each dimer occurs
tions can reproduce an experimental phase transition ten)-

via a symmetric dimer configuration. Therefore, the energy

perature of th€(4X2)Hp.(2X2)' .. difference between the symmetric and asymmetric dimer
We note that the experimentally observed phase transmoRE concerns the time scale of the flip-flop motion. We see
of the G&001) surface is not as sharp as that predicted by the _s2 i

present MCS for a defect-free system. It was shown in thzrom Table lll thatAE,, of Ge(00Y) is larger by about 120

experimen]t0 that the real surface consists of multidomainsLnei\yvégﬁnt;heaiv%gggaggfn]'cimE:'gﬁ;ggtgr(ﬁngtﬁzgﬁte

of the c(4%2) structure which are not fully ordered into a 9 .
single domain. The domain sizes of thé4x 2) structure smaller than that of 8001). On the other hand, the coupling
We?e estimated 10 be about 50 dimels dimer rows at 170 constantsv, H, andD, and the transition temperature region

K from the half-width at half-maximum of the quarter-order for Ge(001), are almost the same as those fol0BL). This
spot®® This is much smaller than the(2x 1) domain sizes means that the thermal equilibrium structures of both sur-
estimated from the half-order spot@bout 250 dimers faces are almost the same at each temperature, but the time

%125 dimer rows° Lucaset al. concluded that this is due scale of the thermal fluctuations of the @@1) surface is

1o the pinni Fthe(4%2) d ins by defect ; i much larger than that of the ®01) surface. The lower the
0 the pinning o &( ) domains by defects or impurity temperature the larger the difference becomes. It is expected
atoms. If this is the case, we are unable to observe any un

. . y - that an extremely long observation time will be required to
\éersal lcrltllcal rt])ehavkljor.MAésSfct)rr] tthe ®Ol?l surfabce, '2‘ thas Cobserve the thermal equilibrium @®1) surface at low tem-
een clearly shown by ata smafl number ot type-Lya atyre. In order to interpret the experimental data theoreti-

defects influence the formations of the local domains an ally, the influence of surface defects and the scales of space
and time of the observations should be taken into consider-

W T ] ation. Such studies are now in progress.
08} "'. As a first step, we calculated the total-energy curve of the
06 F ] Ge dimer flip-flop motion in thgp(2x 1) structure(the solid
% 04k ] line in Fig. 6. The interpolation of the extreme points by a
- 025 ] fourth-order polynomial is shown by the dashed line. The
T L ] difference between the two curves in the figure shows that
00t Tos———e—— the interpolation of the extreme points by a fourth-order
-0-225;0 300 350 4'00 polynomial is not sufficiently small for a quantitative treat-
Temperature ment of the dimer flip-flop motions. For example, the

second-order derivativeA at the minimum point in
FIG. 4. Temperature dependence of the long-range order parand0 °[eV/ded] is 2.52 and 6.76 for the calculated curve and
eter. the interpolated curve, respectively. Since the pre-
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_ 0.8+ ! lations. The most stable structure turned out to bedf¥e
506— / X 2) structure, which has a lower energy than g{@x2)
B / structure by 1.2 meV per dimer. The potential curve of the
g 0.4+ dimer flip-flop motion in thep(2X 1) structure was also de-
%02_ ~ / termined. The parameters of the Ising model for describing
e ) \ / the arrangement of the dimer tilting directions were deduced
0 . 1 . I from the relative surface energies. A Monte Carlo simulation
0 10 20 30 40 based on the Ising model reproduced fairly well the phase
Angle [deg] transition temperature of the @®1) surface determined by

an x-ray-diffraction experiment. The obtaine@ X 2) struc-

FIG. 6. Total-energy curve of the dimer tilting angle. The solid . . :
line denotes the present calculation. The dashed line denotes trtlure reproduced fairly well the structure obtained by x-ray

interpolation of the extreme points by a fourth-order polynomial. (ﬁﬁraalon'
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