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a-Ga„010… surface reconstruction: A LEED structural analysis of the „1Ã1… room temperature
and „2A2ÃA2…R45° low-temperature structures
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The geometric structure of thea-Ga(010)-(131) room temperature structure and its (2A23A2)R45°
reconstruction below 232 K have been determined using low-energy electron diffraction structure analysis. The
room temperature structure conforms to the cut-dimer model, forming a two-dimensional metallic structure
with only minimal lateral displacements of the atoms. The topmost interlayer distance is 1.53 Å, corresponding
to a spacing expansion of 2% from the bulk. In the low-temperature structure, the surface atoms shift to
dimerize within the top two layers, resulting in a network of mostly covalent bonds, which form both parallel
and perpendicular to the surface plane. The bond lengths of some of these dimers are about 10% shorter than
the bond length found in thea-Ga bulk and are thus shorter than any GauGa bonds reported so far.
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I. INTRODUCTION

a-Gallium is the stable phase of the gallium at atm
spheric pressure and the one that forms below the so
liquid phase transition.1,2 Its bulk structure is face-centere
orthorhombic with eight atoms per unit cell. Each atom h
only one nearest neighbor at a distance of 2.44 Å so that
structure can be viewed as being composed of covalent2

dimers or molecules. Metallicity is only present in the s
called buckled planes, where the ends of the dimers ove
leading to a strong anisotropy in the Fermi surface and
transport properties. In fact, it is appropriate to viewa-Ga as
a solid in which molecular and metallic properties a
present simultaneously.3,4 Another unusual property ofa-Ga
is its low melting temperature of only 303 K, which mea
that it should be an ideal candidate for the experimental
vestigation of surface melting. For the~010! face,5 however,
optical6 and Scanning Tunneling Microscopy~STM! ~Ref. 7!
measurements indicate a strong resistance against su
melting. Indeed, the surface melting temperature appear
be higher than its bulk counterpart.7 The properties of this
surface have been further investigated with x-r
diffraction,8 Angle-resolved photoemission~ARUPS!,9,10

spot profile analysis~SPA! low-energy electron diffraction
~LEED! ~Ref. 11! and first-principles calculations.12

Investigations of thea-Ga~010! surface have revealed
reversible phase transition from the~131! room temperature
~RT! cell to a (2A23A2)R45° reconstruction at 232 K.9,10

Later an additional splitting of the (61/2,61/2) spot was
found with SPA-LEED.11 It corresponds to a real-space p
0163-1829/2003/68~7!/075414~10!/$20.00 68 0754
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riodicity of about 18 times the size of the unit cell. Th
splitting is too small to be observed in a standard LEE
setup. Recent ARUPS investigations have suggested tha
phase transition is accompanied by a sharp decrease o
density of states at the Fermi level and favored by the p
ence of strong electron-phonon coupling.10

The delicate balance between being a metal and a mol
lar solid should be severely disturbed at the surfaces ofa-Ga
where the coordination of the atoms is changed and the s
metry is broken. Pronounced differences in surface and b
electronic properties have been found for other semimet
i.e., for materials where covalent and metallic bonding co
ist and the density of bulk states at the Fermi level is lo
Examples are the surfaces of Be~Refs. 13,14! and Bi ~Refs.
15–17!, which are much more metallic than the bulk. In th
case ofa-Ga~010! the situation is more involved because
the phase transition. It appears that the high-tempera
structure is more metallic than the low-temperature struct
and, indeed, such temperature-dependent metal-insu
transitions may be expected for cases like this.18 However,
the determination of the actual surface geometry is a ne
sary precondition for an in-depth understanding of the dr
ing forces that trigger the phase transition.

Thea-Ga elementary cell is depicted in Fig. 1. The@010#
direction is almost parallel to the direction of the dimers
the bulk. Two distinct terminations of an unreconstruct
a-Ga surface are possible. The so-calledA termination is a
configuration where the dimer bonds remain intact. In theB
termination these bonds are cut, creating a surface with d
gling bonds and a metallic surface state.12 In addition to
©2003 The American Physical Society14-1
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S. MORÉet al. PHYSICAL REVIEW B 68, 075414 ~2003!
these bulk terminations, a third structural model, theC ter-
mination, has been proposed by Bernasconiet al.12 It con-
sists of a (131) reconstruction, which can be thought of
two layers of GaIII, covering the~010! surface ofa-Ga. For
all three terminations, every odd-integer spot towards
@100# direction is missing in the LEED pattern at norm
incidence19 because of the glide plane symmetry of bu
a-Ga, which is preserved in the surface structure, see Fig
The topmost layer is identical for these three structures
therefore atomically resolved STM images, while confirmi
that in all likelihood one of these three structures might for
have not been able to reveal which one is actually prese7

The STM data do suggest an additional surface relaxation
the Ga atom in the center of the unit cell appears to
shifted by 0.2 Å towards one of the corner atoms. In
same study, the authors have reported a LEED pattern
no missing spots, consistent with the proposed relaxat
which would break the glide-line symmetry. However, a
cent x-ray scattering investigation of the RT (131) phase
revealed only very small lateral atomic shifts below 0.02 Å8

not confirming the large shift of the center atom. Moreov
the RT LEED patterns reported here and in Ref. 9–11 exh
its the expected missing spots. The x-ray study ofa-Ga~010!
has also shown that the surface structure is aB termination of
the bulk, i.e., a structure with cut Ga2 dimers, in contrast to
what was found with first-principles theory.3 The structure of
the low-temperature~LT! phase has not been determined
far.

FIG. 1. a-Ga elementary cell for theA ~intact-dimer! termina-
tion, B ~cut-dimer! termination, and theC ~GaIII! termination, as
discussed in the text. The lines joining two atoms symbolize
covalent Ga dimers. The angle between the surface normal an
dimer bond is 17.16°.

FIG. 2. LEED diffraction pattern above~left! and below~right!
the phase transition. The glide plane is in the vertical direction.
missing spots in the left pattern are evident.
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Using two similar formulations of LEED calculations w
have determined the geometric structure ofa-Ga~010! both
for the LT and the RT phase. We find that the RT structu
can be described as a ‘‘cut-dimer’’ surface, in agreement w
the x-ray result. Below 232 K atoms from the top lay
dimerize within the top layer and with atoms from the lay
beneath. The bond lengths of some of these dimers are a
12% shorter than the bond lengths found in thea-Ga bulk.

II. SAMPLE PREPARATION AND LEED MEASUREMENT

An a-Ga crystal was mechanically cut from a larger bu
single crystal. The~010! surface was subsequently polishe
using diamond paste. The surface was then cleaned by s
cycles of sputtering with 0.5–1.0 keV Ne1 at about 273 K
and annealing at the same temperature. At 273 K a sharp
(131) LEED pattern was observed. Every odd-integer s
in the @100# direction was missing, consistent with the glid
plane symmetry of bulka-Ga. Cooling the sample resulte
in a reversible phase transition from the (131) to a (2A2
3A2)R45° pattern at 232 K.

Three LEED data sets were used for the calculations
ported in this study: one was measured in Berlin for the
phase; another data set for the RT and one LT data set w
measured in Trieste. All three data-sets were measured in
normal-incidence geometry. Symmetry-equivalent bea
were averaged.

For the RT data set from Berlin, intensity versus ene
curves~I-V curves! were measured using video LEED in th
rear view geometry at a sample temperature of about 265
The cleanliness of the sample was monitored by Auger E
tron Spectroscopy as well as by the quality of the surfa
state and the Ga 3d core levels.9 The LEED patterns from
the clean (131) surface as well as from the reconstruct
~LT! surface exhibited very sharp spots. Five I-V curves w
taken, consisting of cumulative energy range of 790 eV. T
energy of the electron beam was varied in steps of 1 eV fr
40–50 eV to 300 eV. The background pressure was be
10210 mbar.

The second RT data set was measured in the experime
chamber of the SuperESCA beamline of ELETTRA, Tries
at T5240 K, using a similar sample preparation and als
video LEED system. The cleanliness of the sample w
monitored by x-ray photoemission spectroscopy~XPS!. Five
beams with a cumulative energy range of 1215 eV w
taken for the RT data set. The LT data set consists of n
beams with a cumulative energy range of 3064 eV and w
obtained at 130 K. The background pressure was
310210 mbar.

III. LEED I –V ANALYSIS

A. Calculation

1. Room-temperature structure

The RT LEED data from Berlin were analyzed using
fully dynamical multiple-scattering code developed
Moritz.20 The program uses the layer KKR and the ‘‘laye
doubling’’ method,21 combined with a search method bas
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a-Ga~010! SURFACE RECONSTRUCTION: A LEED . . . PHYSICAL REVIEW B68, 075414 ~2003!
on analytic derivatives of the scattered amplitudes: we la
this method ‘‘analytic-derivative LEED’’ in the following.
The agreement between the calculated and measured
curves was quantified by theRP reliability factor.22 The fol-
lowing high-symmetry geometries were considered in
analysis: the intact-dimer surface~terminationA), the cut-
dimer surface~terminationB) and the GaIII surface~termi-
nation C) @Fig. 1#. The first three interlayer distances we
optimized along with the position of the two Ga atoms ins
the cell, using the Debye temperature for bulk Ga also for
surface layers.

In a second step the surface Debye temperature was
mized alongside another refinement of the above-mentio
parameters. The optimized surface Debye temperature fo
topmost layer was 180 K, theRP factors for the refined struc
tures were 0.36 for the intact-dimer surface and 0.42 for
GaIII model. The cut-dimer model gave the best fits with
RP of 0.25. Without an optimization of the surface Deb
temperature, theR factors for both the intact-dimer and th
cut-dimer model were very close, with the intact-dim
model resulting in a slightly better fit than the cut-dim
model. An change of the Debye temperature of lower surf
layers did not improve theR factors significantly, possibly a
the energy range of the beams of Berlin data set was q
limited, a lower Debye factor, however, did not lead to
worse fit, either.

The second RT data set~measured in Trieste! was subse-
quently analyzed with tensor LEED~TLEED!24 using the
SATLEED package developed by Barbieri and Van Hove25

This is also a fully dynamical multiple-scattering cod
which differs from the analytic-derivative code by Moritz
the use of renormalized forward scattering in the sea
method: it is based on the tensor-LEED approximation, a
reaches equivalent accuracy when iterated. The muffin
potential and the phase shifts were calculated using
Barbieri/Van Hove Phase Shift Package.26 In particular, a
self-consistent Dirac-Fock approach was used to compute
self-consistent atomic orbitals for each element. The muf
tin potential was then computed following Mattheiss’ pr
scription and the relativistic phase shifts were evaluated
numerical integration of the Dirac equation. The progra
also incorporates domain averaging into the analysis of thR
factors. Three differentR factors were used here in order

FIG. 3. R factor valuesRP , R1, and R2 as a function of the
Debye temperature in the LEED calculation.
07541
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quantify the agreement between theory and experim
namely,RP , R1, andR2.27 The four models analyzed wereA
termination ~intact-dimer!, B termination ~cut-dimer!, the
structure resulting from our analysis of the Berlin LEE
data, and the x-ray structure.8 As the GaIII structure had bee
ruled out by a rather highR factor in the Berlin LEED analy-
sis, it was not included in this search. For theA and B ter-
mination the bulk values were assumed for the interla
distances. For the first optimization only displacements p
pendicular to the lattice plane were allowed, resulting in aRP
of 0.33 for the intact-dimer structure and 0.46 for the c
dimer model. Subsequently, a detailed optimization of
surface Debye temperature~for the topmost layer only! to-
gether with the layer distances and an additional possib
for buckling in the first layer was carried out.

From Fig. 3, we can see that theR factor depends strongly
on the value of the surface Debye temperature between
and 320 K. The lowestRP factor is obtained for the cut
dimer model as 0.21 with a surface Debye temperature
175 K. In Table I, a comparison ofRP for both models at
uD5175 K anduD5350 K is presented. The experiment
and theoretical I-V curves from the Trieste data set and
TLEED calculation, respectively, are compared in Fig. 4.
this calculation only the Debye temperature of the topm
surface layer was optimized. The value for the other lay
were kept at the bulk value of 350 K. In the analyti
derivative LEED analysis the influence of lower Debye Te
perature values for the second and third layer were addit

TABLE I. R factors of the different terminations from TLEED
as a function of the Debye temperature.

Debye temperature~K! R factor RP

TerminationB TerminationA

~cut-dimer! ~intact-dimer!
175 0.21 0.36
350 0.34 0.30

FIG. 4. LEED I-V curves for the RT~room temperature! surface
structure. Dashed lines: experimental curves. Solid lines: theore
curves for the best model obtained for thea-Ga(010)-(131) sur-
face, with best-fit atomic coordinates in the first two layers.
4-3
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S. MORÉet al. PHYSICAL REVIEW B 68, 075414 ~2003!
ally investigated and found to improve theR factor slightly.
The analytic-derivative analysis also considered ato

displacements parallel to the surface as well as a rumplin
the top layer~which would break the glide-plane symmetry!.
The new minima in theR factor were not significantly
smaller such that the error margins for respective shift
ceeded the size of the shift. In the T LEED study only t
possibility of rumpling was investigated.

2. Low-temperature structure

Due to the complexity of the (2A23A2)R45° LT recon-
struction, it was solved exclusively with TLEED. No add
tional modeling was performed to take into account the lo
periodicity found in the SPA-LEED study.11 This can be jus-
tified by the relatively long domain size that makes a pert
bation of the local lattice arrangement unlikely. The spl
(61/2,61/2) spot was treated as one single beam; the res
ing individualR factor of this beam was, however, marked
higher than those for the remaining beams.

The (2A23A2)R45° unit cell has eight atoms per laye
Since all the symmetry is lost in this reconstruction, ea
atom in the unit cell can move independently in thex

(@001̄#), y (@ 1̄00#), andz ~@010#! directions.
Therefore, a LEED analysis allowing three-dimension

~3D! displacements only in the topmost layer will have
least 25 independent fit parameters~24 structural parameter
and the real part of the inner potential!. It is clear that allow-
ing more fit-parameters, for example, by including the d
placements in more than one layer, necessarily lowers thR
factor. The question is whether the improved fit actually i
plies a better structural solution. This question has been
swered by the Hamilton ratio test used in bulk x-r
crystallography.28,29 We use a modified Hamilton ratio, de
fined as follows: we compare a ‘‘constrained’’ model that h
q fit parameters and gives anR factor RC , with an ‘‘uncon-
strained’’ model, which has more fit parametersp and gives a
betterR factor RU . Suppose we usen5DET /(4uV0i u) ex-
perimental data points; this is a common estimate mad
LEED, where the peak widthDET /(4uV0i u) in an I-V curve
is counted as one data point. Then the Hamilton ratio can
described as depicted in the relations below:30

H5S RC
2 2RU

2

p2q D S n2p

RU
2 D .

Based on our experience in LEED, the Hamilton ratioH
should exceed 3.0 to indicate real improvements, while v
ues below 1.0 indicate merely a better fit due to additio
parameters.

In order to investigate the influence of the number of
parameters on the final structure and on theRP value, we
carried out the LEED analysis allowing displacements in~1!
only the first layer~24 structural parameters!, ~2! the first two
layers ~48 structural parameters, givingH52.95 relative to
structure~1!, and ~3! the first four layers~96 structural pa-
rameters, givingH51.1 relative to structure 1!. In each case
several different models were used as starting point du
the fitting procedure. In these models various Ga-Ga dim
07541
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ization in the first Ga plane were tested. As long as all to
surface Ga atoms were forced to bind to a dimer partne
the top layer theR factors remained (.0.60). After the at-
oms were allowed to relax inx, y, andz directions, minimum
R factors between 0.18 and 0.21 were obtained.

The RP and H values for the best models for the thre
different numbers of fit parameters considered for this fitt
procedure are presented in Table II. As we can see,
Hamilton ratio is lower than 3 in all cases. It is, howeve
quite close to 3 in the case of 49 parameters. The ato
displacements of the second layer can, therefore, be jud
to reflect the actual geometry of the reconstruction, alb
within a somewhat larger error margin than those of the fi
layer. The surface Debye temperature optimization resu
in a value of 160 K for the topmost Ga layer. The expe
mental and best-fit theoretical LEED I-V curves are shown
Fig. 5.

B. Geometry from the LEED analysis

1. Room-temperature (RT) structure

The best-fit structure for the room temperature (131)
structure corresponds to a nonreconstructed surface, whi
terminated by a layer of cut dimers. The angle between
dimer direction and the surface is 17.4°. Both the analy
derivative and the tensor LEED structures agree in the li

TABLE II. RP and H values for the best models for three di
ferent numbers of fit parameters to evaluate the significance of
number of fitting parameters.H is calculated with respect to the firs
model.

Number of layers Number of fit parameters RP H

1 25 0.30
2 49 0.21 2.98
4 97 0.18 1.13

FIG. 5. LEED I-V curves for the LT surface structure. Dash
lines: experimental curves. Solid lines: theoretical curves for
best model obtained for thea-Ga(010)-(2A23A2)R45° structure,
with best-fit atomic coordinates in the first two layers.
4-4
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TABLE III. R factors and geometrical parameters of the different models for the high-temperature (131) a-Ga phase:d12 throughd45

are the topmost four interlayer spacings; the buckling refers to the topmost layer only;D(x-y) represents displacements parallel to t
surface in the@00-1# and @-100# directions. The values in brackets result if a buckling is permitted and arises only for theRP optimization
with the TLEED program, but not if theR factor is changed toR2 or R1. The bulk interlayer spacings are 1.47 Å and 2.36 Å, alternatin

Geometrical parameters~Å!

TerminationB TerminationA TerminationC
~cut-dimer! ~intact-dimer! ~GaIII!

Tensor Analytic-derivative x-ray Tensor analytic-derivative
LEED LEED study8 LEED LEED

d12 1.5260.03 ~1.49! 1.5360.03 1.337
d23 2.3860.03 2.3660.03 2.597 2.35 2.35 1.66
d34 1.4360.05 1.4360.05 1.459 1.47 1.48 1.52
d45 2.3860.05 2.36 2.3759 2.35 2.38 2.29
buckling none~0.09! none none none none
R factor (RP) 0.21 0.25 LEED-RP50.82 0.30 0.36 0.42
D(x2y) none none smaller than 0.05 Å none none 0.332, 0.03
DebyeT ~K! 175 180 175 175 175
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of their respective error margins. The structural parame
are given in Table III. The analytic-derivative LEED stud
finds no rumpling of the top-layer atoms, yieldingR1 andR2
the best-fit values ofR150.11 andR250.22, respectively.
The RP value from the TLEED study, however, suggests
small rumpling of 0.092 Å. In the TLEED analysis, the su
face Debye temperature was found to be 175615 K. Assum-
ing an isotropic vibration of an harmonic oscillator23 this
value corresponds to an isotropic vibrational amplitude
0.13 Å, which amounts to 5.5% of the Ga-Ga covalent bo
length. The vibration of the top-layer atoms are thus in
same range of the rumpling on the topmost layer, which
suggested by the TLEED analysis’sRP . If half of the rum-
pling distance~0.048 Å! is added to the top-layer spacin
the resulting value of 1.52 Å becomes almost identical w
the corresponding value of 1.53 Å from the analyt
derivative LEED study and theR150.11 andR250.22 R
factors. A likely interpretation of the rumpling is thus
strong ~anisotropic! vibration of the top-layer atoms, rathe
than an actual lattice displacement.

2. Low-temperature (LT) structure

The low temperature structure is depicted in Fig. 6. T
atomic coordinates are given in Table IV.

This phase exhibits the same cut-dimer termination as
room-temperature structure, complicated by individu
atomic displacement within the surface unit cell: the first a
second layers display a partial rumpling as well as in-pla
displacements. The first interlayer spacing is reduced on
erage by 1.5% with respect to the bulk value, while the s
ond and the third layer spacings were set to the bulk val

This structure exhibits a large variation in the individu
bond lengths. The variation is considerably larger than
uncertainty of about 0.1 Å in the bond lengths. Dimerizatio
of top-layer Ga atoms occur both parallel and perpendic
to the surface. The top view of the low-temperature rec
struction shows the dimerizations in the plane, Table V gi
a detailed overview over the next-neighbor distances of
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atoms involved. The bonds that can be classified as predo
nately covalent dimer-bonds are listed under the notation
‘‘ultra-short’’ and ‘‘short’’ bonds, depending whether they a
equal to the dimer-bond length of the bulk or significan
shorter. ‘‘Medium’’ and ‘‘long’’ bonds indicate atomic dis
tances which are in the range of metallic interactions. T
3.2 Å shell corresponds to the Ga-Ga Van der Waals rad
while the 2.95 Å value is derived by increasing the avera
Ga-Ga metal bond length by 10%.

The structure can be characterized in detail as follo
Two ultrashort Ga dimers form within the surface layer a
similarly two Ga dimers form bonds between the first a
second layers. All these bond lengths average 2.1960.1 Å,
which is about 10% shorter than the Ga-Ga dimer bo
length of 2.44 Å in bulka-Ga. This arrangement, howeve

FIG. 6. Top view of the LT structure model. The atoms a
labeled according to Table IV. Topmost atoms are black, the at
in the layer below are dark gray, atoms in the third layer are li
gray, and atoms in the fourth layer are white.
4-5
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TABLE IV. Geometrical parameters of the LT structure; atomic displacements are given asD5(x,y,z) reconstruction-(x,y,z)bulk in Å;

layer spacingsdi , j are given in Å. Thex, y, andz directions are the@001̄#, @ 1̄00#, and@010# crystallographic directions, respectively. Th
error margins for the topmost layer atoms 1–8 are 0.2 Å in thex andy directions and 0.05 Å in thez direction. The error margins for the
second layer atoms 9–16 are 0.2 Å in thex andy directions and 0.08 Å in thez direction.

Atom Positions~bulk! Displacements
x y z Dx Dy Dz

1 0.000 0.000 0.000 20.46 0.27 20.05
2 4.526 0.000 0.000 20.44 0.06 0.00
3 6.065 2.256 0.000 0.04 0.67 20.27
4 6.065 22.256 0.000 20.28 20.22 0.11
5 10.590 22.260 0.000 0.22 0.45 20.04
6 9.052 24.519 0.000 0.14 20.37 20.04
7 10.590 26.779 0.000 20.41 20.65 20.03
8 4.526 24.519 0.000 0.21 20.25 20.01
9 2.233 0.000 1.472 0.11 0.27 20.20
10 6.789 0.000 1.472 20.00 20.04 0.03
11 8.328 2.260 1.472 20.05 0.13 20.03
12 8.328 22.260 1.472 0.27 0.38 0.07
13 12.860 22.260 1.472 0.05 20.14 20.11
14 11.315 24.519 1.472 20.01 20.06 20.03
15 12.860 26.779 1.472 20.27 0.21 0.09
16 6.789 24.519 1.472 20.27 0.36 20.03
di , j Ga bulk Ga LT reconstruction
d12 1.49 1.472
d23 2.38 2.38
d34 1.49 set as bulk
d45 2.38 set as bulk
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leaves two atoms per cell without any dimer bond, i.e., ‘‘da
gling.’’

A clear difference can be seen between the population
bond lengths for the first two layers, the ultrashort bon
occurring only for atoms bound to top-layer atoms or para
to the top layer. The ultrashort bonds towards the sec
layer, which are on average contracted 9% from the bulk,
slightly longer than those inside the~010! plane, which are
contracted 12%. Within the topmost layer a third dim
forms, which is 4% longer than the bulk value.

The ultrashort dimer bonds, while being the most strikin
are, however, not the only bonds within a covalent bond
distance for Ga. Seven to eight additional dimer bonds fo
between the first two layers. Assuming that a short or
trashort next-neighbor distance indicates covalent bond
mation, the degree of covalency~average number of short o
ultrashort next-neighbor distances per atom! is 1.5 in the first
layer, which is 50% higher than that found in the bulk. Ad
ing the dimer bonds to the smaller number of bonds in
range of 2.62–2.84 Å, which is the range of Ga-metal bo
lengths, leads to an average coordination number of 3 wi
a 2.95 Åshell. This is, in fact, the coordination one wou
expect for a fully covalent Ga structure. If a 3.2 Å shell
considered, the average coordination for the top layer in
LT phase is 6.0. This is still smaller than that of the semim
tallic bulk, where seven atoms are in the range below 3.2
however, occupying there exclusively the range betw
2.44 and 2.79 Å.
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The second layer exhibits two dimers roughly inside t
~010! plane; their bond length of 2.43 Å equals that of t
bulk Ga-Ga dimers. This layer should dimerize with the th
layer, if the simple cut-dimer surface model from the R
structure is considered. What happens to these dimer bo
Our analysis indicates that the corresponding dimer bo
are indeed present, each atom of this layer having exa
one partner in the third layer at an average distance of 2
Å. These bonds are, therefore, slightly elongated. Atoms
the second layer display an average of 4.75 coordina
partners within a 2.95 Å shell and an average number of
within a radius of 3.3 Å~80% of the Van der Waals radius o
Ga!. Although Ga is a trivalent element, this is an und
coordination, since not all 4.75 neighbors are within the
valent distance. In the bulka-Ga case, seven atoms can
found within a radius of 2.9 Å. Possible factors that mig
contribute to this surface reconstruction are discussed in
following section.

Also in this structure, the distance in the range of 2.6
2.84 Å is well populated: about one-third of the bond leng
fall into this range, as these bond lengths are in most ca
very close to those found in either liquid Ga,a-Ga, orb-Ga.
Note that bond distances between the second and the
layer have, however, to be treated with care since the at
in the third layer have been held at the bulk position.

An attempt to coordinate the bonds in a more symme
fashion yielded worseR factors. LEED is, however, less sen
sitive towards distances parallel to the surface than perp
4-6



TABLE V. Near-ne struction. Listed are also the total number of bonds per atom in the
metallic and covalent me,’’ ‘‘2nd,’’ ‘‘3rd’’ and ‘‘others’’ refer to bonding atoms in the same
or different layers.

Ultrashort Very long Total Total

i same 2nd same 2nd ,2.95 ,3.3
1 2.08 3.19 3.22 4 6
2 2.27 3.05, 3.06 3.06 3 6
3 3.19, 3.04, 3.14, 3.01, 3.03 1 7
4 2.22 3.06, 2.95, 3.13 3 6
5 2.21 3.19 3.37 4 6
6 3.19, 3.03, 3.07, 3.03,~3.4! 2 5
7 2.08 3.03,~3.33! 2.99, ~3.43! 3 6
8 2.21 2.96, 3.31 4 6

same other same other Total Total

i 1st 3r rd 1st 3rd ,2.95 ,3.3
9 2.27 ~3.56! 3.22, 3.14,~3.36! 5 6
10 2.96, 2.95, 3.01, 3.06 3 7
11 3.31 7 7
12 3.08, 3.32 3.07, 3.13 3 7
13 3.32 6 7
14 3.22 5 6
15 2.99, 3.03 5 6
16 2.22 3.08, 3.32 3.03 4 7
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075414-7
ighbor distances~bond lengths! found for the atomsAi in the first two layers of the LT recon
bonding range (,2.95 Å) shell and the Van der Waals bonding range (,3.3 Å). The labels ‘‘sa

First layer atom distances~Å!

Short Medium Long

same 2nd same to 2nd same 2nd
2.45, 2.39 2.79

2.69 2.84
2.84

2.54 2.51
2.57, 2.59, 2.61
2.64 2.89

2.36,2.37
2.54 2.35, 2.45

Second layer atom distances~Å!

same other same other same other

d 1st 3rd 1st 3rd 1st 3
2.51, 2.37 2.49 2.77

2.49 2.58 2.85
2.51 2.41 2.59, 2.69 2.77, 2.85 2.84
2.35 2.54 2.58

2.37, 2.38 2.49 2.61 2.71 2.89
2.41 2.45 2.38 2.64 2.71

2.51, 2.41 2.57 2.84, 2.79
2.45 2.54 2.57
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dicular to the surface. Table V shows not only a detai
overview of the individual atomic distances but also giv
the average values, grouped into regions, to highlight
bond length distribution most effectively. It should be not
that the separation between short and medium lengths
mains an arbitrary one. We believe, however, that ‘‘sho
lengths have mostly covalent character, while the ‘‘mediu
ones are mostly in the ‘‘metallic’’ range.

IV. DISCUSSION

A. Room-temperature phase

Table III gives the analytic-derivative and tensor LEE
structure results as well as a comparison of our data with
x-ray analysis.8 The two LEED analyses lead to the sam
structure, which is characterized by a cut-dimer terminat
of the topmost layer, strong atomic vibrations, and a sli
expansion of the topmost layer distance. Our study is in g
agreement with basic outlines of the ‘‘cut-dimer’’ model pr
posed by the x-ray scattering study but differs significantly
the interlayer spacing values. As LEED is much more se
tive to the vertical interlayer spacing than x-ray scatteri
we believe that our values are more reliable. As similar s
ation we would like to cite the case of the system
33)Cu(100)-N where also a LEED study leads to an im
proved accuracy in the determination of interlay
spacings.31

The agreement for the lateral displacements with the x-
study is very good. Neither the x-ray nor our TLEED inve
tigation show a 0.2 Å lateral shift of the top-layer atoms
proposed by the STM study;7 this shift is also not supporte
by our observed LEED diffraction pattern. Such a shift
therefore, most likely absent. The uniform step height of~3.8
Å! found in that study is, however, consistent with our LEE
result.

The B termination disrupts the dimer bonds of the t
layer. The resulting dangling bonds give rise to a surfa
state with a parabolic dispersion around theC̄ point of the
surface Brillouin zone, as predicted by Bernasconiet al.12

and observed in angle-resolved photoemission.9,10 Similar
states are, however, also predicted for the other terminati
More importantly, theB termination is the only structure tha
is not predicted to support any surface states in the lo
lying gaps of the projected band structure and, indeed, it
not be possible to find such states in angle-resolved ph
emission. In this way, the limited ‘‘structural’’ information
that can be obtained from this technique when combi
with calculations agrees well with our result.

A remarkable result of the structural determination is
low-surface Debye temperature and its unusually strong
fluence on the agreement between experiment and theor
the most simple picture, a low-surface Debye tempera
just means that the atoms vibrate strongly. Further disor
such as the presence of a small fraction of surface dim
could also lead to a low value of the surface Debye temp
ture. The sharpness of the LEED diffraction spots mak
however, an extended presence of surface disorder unlik
although in principle a lattice gas disorder of the abo
mentioned defects might still be present. Genuine surf
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melting can be excluded based on the STM results.7 Thus, an
anisotropic component of the strong vibration seems to
most likely. This is likely, as the melting point of Ga is clos
to room temperature.

B. Low-temperature phase

Before discussing the details of the low-temperatu
structure as summarized in Tables IV and V we start wit
few more general comments. In a certain sense, we may v
the a-Ga structure as a layered crystal where quasi-tw
dimensional and metallic buckled layers are separated by
valent molecular bonds. Our room-temperature results sh
in agreement with previous experiments, that theB termina-
tion is present and thus the crystal surface is a meta
buckled plane. In addition to this, it supports a dangli
bond-type surface state, which should increase its meta
character even more. At a lower temperature, however,
surface chooses to change its structure and to reduce its
tallicity, as suggested by the reduced Fermi level intensity
photoemission.10 Such a scenario is not entirely unexpect
because of the fact that a two-dimensional metal should
more unstable than its three-dimensional counterpart.

An important characteristic feature of the LT structure
the formation of very short dimers both within the first lay
as well as between the first and the second layers~see Table
V!. This leads to a removal of dangling bonds, but some
the first-layer atoms also remain undimerized. At first glan
the removal of dangling bonds could be achieved in a m
simpler way, by dimerizing the two atoms in the unit cell a
keeping the periodicity (131). Such a type of reconstruc
tion can, however, be excluded by the work of Bernasc
et al. who have shown that the dangling bonds point in d
ferent directions and ‘‘repel’’ each other.12 The formation of
a three-dimensional dimer network apparently seems
evade this repulsion. Thus, short bonds also form betw
the first and the second layers, i.e. to a layer in which
atoms are already dimerized.32

The remaining next-neighbor bond lengths fall well in t
range of atomic distances typical fora- and b-Ga.1 The
single-dimer bond in the~010! plane in the second layer ha
the bond length typically associated with Ga dimmers, 2.4
while most of the longer next-neighbor distances in the fi
layer fall into the region of 2.68 Å and 2.85 Å; typical dis
tances forb-Ga. Asb-Ga is metallic, these distances can
judged to facilitate an orbital overlap compatible with met
licity. The undercoordination of only 3-4.7 next neighbors
the Ga atoms in the first two layers can therefore, be in
preted as a compensation for the strong covalency in
reconstruction. Our interpretation of the short distances
the evidence of a formation of covalent bonds is in agr
ment with both photoemission data9,10 and the observed
lower coordination numbers: an increased covalency dim
ishes the need for a higher, metal-like coordination. The
terlayer distance between the second and the third laye
slightly enlarged and we assume that these bonds are w
ened.

Having said this, we have to keep in mind the limitatio
of our experimental approach. The long range structure s
4-8
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a-Ga~010! SURFACE RECONSTRUCTION: A LEED . . . PHYSICAL REVIEW B68, 075414 ~2003!
gested by the small spot splitting in SPA-LEED~Ref. 11!
suggests that the situation is much more complex t
sketched here. However, the very long range of this struc
and the good agreement between experimental data
LEED calculations lead us to the conclusion that we ha
obtained a fair description of the local structure.

In this context, as for the RT phase, the low-surface D
bye temperature is an interesting point that requires an
planation. There are two possible reasons. The first, like
the RT phase, is the presence of disorder caused by the
that the LT phase is not fully formed and fluctuations a
present. A more likely reason, however, is that the true lo
range order indicated by the weak split of the~1/2 1/2! spot
in the SPA-LEED data is not included in our analysis and
interpreted as surface disorder.

The LT phase can consequently be characterized as
lows: whereas in bulka-Ga, where layers with covalen
dimer bonds and layers in which metallic bonds dominate
normal to each other, at the surface this symmetry is bro
and both binding mechanisms become mixed in one plane
long as the temperature is sufficiently low. This dimerizati
leads to a lateral dimerization involving the formation
ultrashort Ga dimers within the first two layers. At high
temperatures the strong lattice vibrations prevent the for
tion of the necessary ultrashort dimer bonds and the di
network is, therefore, disrupted.

The emerging picture of thea-Ga surface phase trans
tions between 200 and 350 K is, therefore, dominated b
disruption of covalent bonds with increasing temperatu
Metal to covalent phase transitions have been found for b
nontransition metals, in particular, Sn,33 which transforms
into covalent, nonmetallic modifications at lower tempe
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