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We consider the electronic structure and optical properties for several geometries of th@@@nA&t
X 4) surface using first-principles calculations. We find strong evidence that the best agreement with photo-
emission and reflectance anisotropy spectroscopy experiments carried out on surfaces prepared tlnger As
is obtained for a structure containing three Ga—As dimers per unit cell. The standard As—As dimer model yields
similar, but distinguishable results, while an asymmetric dimer model is found to yield completely incompat-
ible surface spectra.
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The GaA$001) surface is of prime importance in the fab- der As flux had previously been predicted in first-principles
rication of electronic and optoelectronic devices based omhemisorption studie¥'.
molecular beam epitax¢MBE) and metal-organic chemical On the other handjb initio simulations demonstrated that
vapor depositiofMOVCD) technologies.Although the sur-  the mixed dimer phase is less stable than b@k 4) and
face exhibits a wide variety of stoichiometries, epitaxialc(4x 4) symmetric phases across the full range of Ga chemi-
growth is optimal under As-rich conditions, which lead to cal potentiat? More recent work$®which considered the
(2x4) andc(4x 4) reconstructions. The latter is particularly thermodynamic properties of a wide range of G&®4) sto-
important for growth where relatively low temperatures areichiometries also found the mixed dimer structure to be un-
required, such as in the self-organized growth of InAs quanfavored, consistent with its observed metastable character
tum dot systenfsand in magnetic dilute semiconductdrs. under As flux. Nonetheless, the observation in STM of a
Nevertheless, it is astounding that so much controversy peixed dimer structure under Adlux remains largely unex-
sists over its basic atomic structure. The widely accepteglained. In fact, the apparently inconsistent behavior of the
model of the GaA®01)-c(4 X 4) reconstruction is the sym- ¢(4 x 4) surface may be due to dynamical factéts.
metric dimer structure consisting of three As dimers ad- Although the(2X 4) —c(4Xx 4) transition under As flux
sorbed on a complete layer of As atorffig. 1(@]. The  can be monitored with STM, a most convincing display of
existence of this structure was proposed on the basis @fow the surface composition evolves was provided by
grazing-incidence x-ray diffraction experimehtand STM  Ohtake et al? through the use of reflectance anisotropy

image$ and was further supported by first-principles calcu-spectroscopy(RAS). Many of the conclusions made about
lations of the total enerdyand reflectance anisotropydow-

ever, many unresolved issues remained that weaken this con- (a) Symmetric dimer (b) Mixed dimer
sensus, leading several authors to suggest alternative surface
structure$:®

For instance, two independent low-energy electron dif-
fraction (LEED) studied®!! proposed slight modifications to
the three-dimer model, in the form of asymmetrical,
variable-length dimers and considerable in-plane twisting
[Fig. 1(c)]. Much research has focused on structures with a
different stoichiometry. Based on reflectance anisotropy
spectroscopy(RAS) and scanning tunneling microscopy

(STM) measurements, Ohtake and co-workéfproposed cldxd) Joo K

the existence of a new phase having a mixed difhet- AN g
erodimey structure as illustrated in Fig.(H), existing inde- | v 1y
pendently of the symmetric dimer phase with preparation RN el R
conditions determining which phase is actually obtained. The @d) 1\ }

mixed dimer phase, illustrated in Fig(t, is found? to be

kinetically stable when th€2x 4) is cooled in Ag fluxes. &

{1x1)

As @
Under As flux, howevert? it is metastable and appears just Ga o T_) - {d) SBZs

for a narrow range of temperatures below the transition oc-

curring at 510—-490 °C; below this temperature the symmet- FIG. 1. Schematic representations of the G&@&4)(4 X 4) sur-

ric phase appears instead, albeit mixed with the heterodimé#ce:(a) symmetric dimer modelj) mixed dimer model(c) asym-

phase, and becomes “pure” as the temperature decreases heitric dimer model. In(d) the c(4x 4) surface Brillouin zone is
low 340 °C13 Growth of the symmetric dimer structure un- shown referred to the primitivél X 1), (2x 2), and(4 X 4) zones.
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the c(4 X 4) structure are based on phenomenological studies TABLE I. Dimer lengths for thee(4 X 4) surface models. Values
of RAS spectra changes during surface preparation. Howin parentheses are those of Ohtateal. (Ref. 8.
ever, correct interpretation of experimental spectra can gen

erally only be provided via first-principles calculations. In Mixed Symmetric ~ Asymmetric
this paper we study in detail the role of RAS in elucidating _

the structure of the(4 X 4) reconstruction of GaA§01). We Inner dimer(A)  2.44(2.4 2.49 1.93
give strong evidence that the conclusions of Ohtake and co-Outer dimersA) ~ 2.46(2.48 2.52 3.20

workers are correct, and we provide the link between the
observed spectra and the geometric structure. As there seemsgchematic diagrams of the reconstructions are shown in
to be a distinct lack of theoretical study of the electronicrig 1. nitial coordinates for the mixed dimer and asymmet-
structure of thec(4x 4) surface and its surface states, We ¢’ dimer surfaces were obtained, after normalizing to the
also consider the band structures of these phases and Coffeoretical lattice constant, from the DFT calculations of
pare them with experiment. . . Ohtakeet al® and the LEED fitted data of Romanyekal.!!
Calculations of the structure, wave functions, and opticafegpectively.
properties were carried out within density-functional theory  Considering first the asymmetric dimer structure, we
in the local density approximatioFT-LDA), USINGABINIT ~ found that it is higher in energy than the symmetric model by
(Ref. 17 and a molecular-dynamics Car-Parrinello code.1 79 ev/1x 1) cell. This is a prohibitively large value, cor-
Plane waveg18 Ry cutoff and norm-conserving pseudopo- responding to initial forces exceeding 1 eV/A. On relax-
tentials were used throughout, and relativistic effects wergjon the skewed dimers quickly return to the symmetric
not considered. The Ga#d01) surfaces were modeled using configuration of Fig. (a). We therefore conclude the asym-
a repeated slab scheme, with supercells consisting of 11 laynetric dimer structure to be physically unrealistic. In particu-
ers of GaAs and about 10 A of vacuum. The theoreticalar e note that the outer dimer length, indicated in Table I,
value for the lattice constant at 18 Ry=5.58 A, was used. s extremely large in comparison with the As—As distance in
The surfaces were allowed to relax until all forces were less\g pylk (2.49 A, Ref. 20 or in the As, molecule(2.44 A,
than 40 meV/A. The back two layers, as well as a terminatref, 10, and begins to approach the As—As distance of the
ing layer of fractionally charged H, were kept fixed to their fjy ynreconstructed surfac.95 A). Stretching the outer
ideal positions. We ir_1c|ude a dipole c_orre_ctior_l in the vacuunyimers by 0.7 A greatly weakens the bridgingrbitals (the
to remove the spurious macroscopic field induced by theneraction falls approximately as the square of the dimer
boundary conditions. A single optimized point was used |gngth and increases the overlap between the dimer atoms in
for the ground-state calculations. o adjacent cells, yielding a metallic ground state. The stability
The relative change of surface reflectivitieaR/R  of the mixed dimer model relative to the symmetric one has
=(Ri1101~Ri1g)/R, where R, denotes the reflectivity for peen studied by other authdfst®
light polarized along thex direction, is obtained from the In Fig. 2 we present calculated surface band structures
slab dielectric tensd® computed using 1& points in the  within DFT-LDA of the symmetric and mixed dimer struc-
irreducible part of the(4 X 4) surface Brillouin zongBZ).  tures. On top of the projected bulk band structure, we indi-
This yields spectral peak positions converged to a precisionate with(large dots those states in the slab calculation that
better than 100 meV. Finally, to enable meaningful compari-are identified as beingstrongly localized at the surface. To
son of energies with experiment, we apply a rigid scissorsivoid use of nonstandard nomenclature, points lying on the
shift!® of 0.5 eV to the unoccupied states; this is an opti-c(4 X 4) BZ edge are named according to the corresponding
mized value chosen to account for self-energy and excitonipoints of the primitive(2x2) and (4X4) Brillouin zones
shifts in energy. (Fig. ).

Symmetric dimer Mixed dimer

FIG. 2. DFT-LDA band structure of the
GaAq001)-c(4x 4) surface, for the symmetric
and mixed dimer modelgLarge dots indicate
states (strongly localized at the surface. The

5 shaded region marks the@omputed projected
bulk band structure.
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TABLE II. Energetic positiondin eV) of the main electronic C «—— Mixed RS ]
surface features identified in Fig. 2, compared with experimental 0.005F dimer 3
values of possible surface states identified in ultraviolet photoemis- C .
sion spectroscopfUPS. Energies are shown for tHépoint, unless 0.000F ]
stated otherwise, and are relative to the valence-band maximum
VBM). o ]
( ) -0.005- Symmetric B
[ dimer . ]
Mixed dimer Symmetric dimer Experiment 0.010F (a) Experiment ]
-I L1111 I 11 lIlIIIIlIIIlIIIIIIIIlIlIIIIIIIII-
A -0.3 -0.4 -0.50.0P -0.# " Mixed Cy ]
B -1.8 -1.8 ~2.00-1.3P ~1.7 (Kyq) 0.005k /. dimer [, \'-A y.
C -4.2 -4.5 S ,\/:
14 e Al
D -6.8 -6.02 -6.5 -6.&° o 0-000F s Symmetric .\ 1]
_ _ g r dimer " \ ll:
E 7.8, -8.3 0.005F SN ; Byx
aStrasseet al. (Ref. 21). e £, Asymmetric ]
bOlde et al. (Ref. 22. Position of VBM may be slightly shifted -0.010 (b) Th?ory | et d"“elr -
(Ref. 22, s S
‘Larsenet al. (Ref. 23. State D assumed to derive from bulk. L Sa {1 Mbeed )\ ¢ ]
0.005 Y/‘ “ dimer ; I\ 7
L " ‘\ ]
Overall, the band structures appear quite similar. Both y \‘ ’l/\)’\ /
feature a distinctive unoccupied surface st@#) lying just 0.000[ LY \éj_ Symmetic v
below the conduction band edge which becomes resonant C g dimer N
with the bulk band structure around tfiepoint. The state 0.005 (c) Theory: topmost layers \ /]
shows almost no dispersion along theJ direction, i.e., e 1"9_:'3""5\

erpendicular to the dimer rows, and a stronger dispersion
berp 9 P Energy (eV)

(of about 0.4 eV in the ')’ and J’—K directions. A few

filled and empty surface states are visible inside the bulk gap FIG. 3. RAS spectra of the GafB01)-c(4x 4) surface. ()
around the)" andK points in both cases, as are a cluster OfLines: experimental data from Ohtake al. (Ref. 12; points: data

bands inside the bulk-forbidden region below 7.5 @V. o Ref. 24, for a surface prepared with Aux. (b) Theoretical
In Table Il we have summarized the main features of thgesyits.(c) Spectra from topmost layers only.
surface band structures and compared them with experimen-
tal values obtained from photoemission experiments, whicl21-23 with the mixed dimer phase, as we would expect on
are reported to about —-8.5 eV. In both reconstructions, @omparing their experimental conditions with those of
strongly localized surface stat@\) is observed at about Ohtakeet al. (Ref. 12.
-0.4 eV around thd" point. At least for the mixed dimer In Fig. 3(b) we presentab initio calculated RAS spectra
case, this statéindicated as V1 appears to be weakly dis- for the three surface models depicted in Fig. 1. These are
persive along thd'-J andI'-J’ directions. This would ap- plotted with the experimental spectra, shown(a, for the
pear to coincide with the surface state identified in experitwo proposed phases of Ga@91)-c(4 X 4). The agreement
ment between 0.0 and -0.5 eV. Weaker states appearirngetween experiment and theory is generally very good. Spe-
around -1.8 eV may correspond to that experimentally decifically, we note thati) the mixed dimer model shows in the
tected between -1.3 and -2.0 eV, although, as noted bgheory a double-peaked feature at 1.8 eV and 2.0 eV, corre-
Strasseret al,** states at this energy are strongly resonanisponding to the broad experimental peak at 1.9 eV, whereas
with the bulk and hence difficult to resolve in the calculation.only a single weaker feature is present in the symmetric
Several clear differences, however, allow us to distinguishdimer spectraf(ii) the negative structure around the bk
between the two band structure§) The strong surface- critical point at 2.9 eV is narrower and sharper for the mixed
localized bands appearing at -4.5 eV and around —8.0 eV idimer spectra; andii ) the peak(plateal nature exhibited by
the symmetric dimer case are not observed in experimentgie experimental symmetriémixed dimer phase around
(the mixed dimer model shows only a weak feature around; eV is generally recovered in the theoretical spectra of the
—-4.2 eV); and (ii) in contrast to the symmetric model, a corresponding models. In contrast, the spectrum correspond-
weakly dispersive bandD) occurs for the mixed dimer ing to the asymmetric dimer model is dramatically different
model near the valence-band minimum at —6.8 eV, close tédrom the experiment.
experimental features noted between —6.0 and —-6.8 eV. Al- Comparison of our mixed dimer calculation with the care-
though the latter feature has been attributed toXhdulk  fully obtained data of Arcipretet al?* reveals an agreement
critical point?223 it was not reproduced within theoretical that is remarkably good below 3.5 e¥yen in the intensity
UPS spectra assuming the symmetric dimer phas&he agreement worsens at higher energy where the calcula-
structure?! and a superposition of bulk and surface contribu-tion becomes more sensitive to the convergence with respect
tions cannot be excluded. These observations lead us to ideté the number of slab layers arid points. The excellent
tify the c(4X4) surfaces observed by the authors of Refs.agreement obtained at the level of DFT-LDA points to a
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strong cancellation of errors, as noted by Schreidl,?> or  In particular we have offered strong evidence that, of the
even to an absence of higher order efféetg., excitoniton  various models proposed in recent years, the mixed dimer
the line shape. model provides the best fit to photoemission and RAS ex-
A clear difference between the experimental spectra of thgeriments for measurements performed on surfaces obtained
mixed and symmetric dimer phases is the peak at 4 eV 0gyy cooling the sample under Aflux. For c(4X 4) surfaces
curring only for the latter structure. The calculated spectrg)piained with As cooling and As decapping procedufetbe
shown in Fig. 8b) confirm this finding, although the experi- s yetric dimer model seems to be suitable. Conversely, we
mental line shapes are not fully reproduced. The feature iﬁave shown that asymmetric dimer models, derived from,fit—
more distinct when we extract that part of th_e signal comingting to LEED datd®™! are not able to expla{in such experi-
from the top three atomic layers, as shown in Figg) 3Ac- mental results. This work is a step towards a better compre-
hension of the geometry and electronic structure of both

cording to our analysis of the wave-function localization, this
structure is related to transitions, again alohgJ, be- :
(o) 9 ) c(4x 4) models and should help to solve many controversial

tween low-energy dimer bonding orbitals existing only on. : . .

the symmetric dimer structur@/2), and the chainlikeC1 interpretations present in the literature.

state. The strong surface localization and anisotropy of this We thank I. Barto§ and A. Ohtake for providing atomic

transition enables it to be used as a signature of th@osition data prior to publication. This work was funded in

c(4 < 4) symmetric dimer phase. part by the EU's 6th Framework Programme through the
In conclusion, we have presented a theoretical study oNANOQUANTA Network of ExcellencgGrant No. NMP4-

the electronic and optical properties of G&aB@1)-c(4 X 4). CT-2004-500198
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