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We present theoretical studies for the Bi chemisorbed GASb surface usingab initio pseudoptential
calculations. Our results give strong support that the metastaid ] bhase is best described by the epitaxi-
ally continued layer structure. We also investigate a number of structures for the stab® (hase and
conclude that the system is best described by the modified epitaxially continued layer structure mechanism
reported by van Gemmerest al. The calculated electronic structure is found to be in excellent agreement for
both phases with angle-resolved ultraviolet photoemission spectroscopy data presented by &aloy
whereas geometric parameters agree excellently with those obtained by van Geratrsdren

. INTRODUCTION lattice parameter close to that for Gal$. Likewise, Bi
Single-monolayer(ML) coverage of IlI-V semiconduct- deposition on an InS&10 substrate, which has a lattice

ing surfaces by group-V materials has received considerablgarameter larger than GaShb at 6.48 A, results in 2} and
attention over the last decddeoth experimentally and theo- (1x 3) phases®
retically. In the case of 1-ML Sb coverage on 114.0) sur- Various explanations have been put forward for the pro-
face of GaP,GaAs® InP and InAs® a clear (1x 1) surface  cess behind the (21)— (1X2) transition of a Bi ML on a
symmetry is observed by low-energy electron diffractionGasSt§110) surface, and proposals made for the final struc-
(LEED). In contrast Bi appears to behave somewhat morgure of the surface. From their photoemission experiments,
unpredictably. Full .singlel—monolayer coverage of Bi on Mcllroy et al!! support a picture where the K12) recon-
GaAq110 surfaces is difficult to achieve. Due to the sub- giction is composed of a combination of the ECLS model

strate lattice parameteb.65 A being too small to accom-  onq the epitaxially on top structuf€OTS. They are also
modate the Bi atom chains, missing adatoms are observeﬂot entirely convinced from their results that thex(1)

e Sher et sttt i s nice parametors sullase of BUGASHLL) [or BUINAS(1L0) (Ref, 8] s due fo
as INP(5.87 A) % InAs (6.06 &) *° and GaSH6.10 A) 10-13 . e ECL_S, bgt only that trf stru_cturg is based on the forma-
are better able to sustain a full monolayer coverage of Bi. tion of Bi chains along thg110] direction. In a recent paper,
The general consensus for 1-ML Bi deposition on Ill- van Gemmereret al' report a mechanism for the {12)
V(110 surfaces is a (¥ 1) phasé®'* with the epitaxially —reconstruction consisting of two Bi chains similar to those of
continued layer structurdECLS) proposed by Skeatt alt® the ECLS, but this time with a top layer Ga-Sb basis pair
In this model, two Bi adsorbate atoms occupy the sites thamissing. For this model to work, significant charge transfer
would have been occupied by the next IlI-V basis pair.has to take place from one Bi chain to the other. This model
Simple electron counting considerations show that this aris somewhat more complicated than that put forward by
rangement produces fully occupied bonds between the addAclliroy et al. However, a point that is not stressed in the
toms and the substrate and between the two adatoms in eaphper by Mcllroyet al!! is that the concept of a mixed EOT
unit cell. The two adatoms having identical electronegativityand ECL structure corresponds to at least four distinctly dif-
means that only small charge transfer between them can talterent structures. These four structures are shown in Fig. 1.
place resulting in an adatom chain that has a small tilt withThe main reasoning behind this model was that Mcllroy
respect to the surface. This is in contrast to clean (1-\M) et al. concluded that the Bi chains remained intact during the
surfaces where the atomic chain in the top layer is tilted 1X1)—(1X2) phase transition. However, the model pro-
considerably due to different electronegativities of the aniorposed by van Gemmeren al. does not violate this principle.
and cation leading to an asymmetry in the charge distributiotMore detailed accounts of the geometrical results obtained
across the chain. The tilt and the considerable substrate disy van Gemmereret al. have been published in another
tortion associated with it are almost entirely removed bywork by Lottermoseet al’
deposition of a group-V adlayer, with the top layer substrate One point in the literature that would appear crucial in
atoms returning close to their bulk positions. determining which of these models might apply to the (1
In the case of 1-ML deposition of Bi on a Ga&h0 X 2) structure is the ratio of Bi-Sb to Bi-Ga backbonds. In
substrate, van Gemmeren and Johh$aonfirmed, using the model proposed by van Gemmeksral. these two types
photoelectron spectroscopy, low energy electron diffractiorof backbonds are present in equal ratio, whereas in the model
and more recently using x-ray diffractidfthat for the (1  proposed by Mcllroyet al. these backbonds are in ratio of
X 1) phase the ECLS is the correct geometrical model. How2:1 or 1:2. For example in Figs(d) and Xc) there are twice
ever, this phase is only metastable, and indeed after anealliregs many Bi-Ga backbonds as Bi-Sb whereas in Fi@®.dnd
a stable (X 2) reconstruction is observé#® A similar ob-  1(d) it is the other way around. Though Gavieli al 1® found
servation is made for Bi deposition on INA40 with its  that there were more Sb-Bi than Ga-Bi bonds, van Gemme-
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i —_— zinc blende(110) surface as well as an atrtificial periodicity
introduced in the surface normal direction. The unit cells
have a length equivalent to 14 atomic layers of bulk GaSb in
the[110] direction. The slabs contain nine layers of GaSb of
which the middle three are kept frozen. In all cases Bi cov-
erage is considered on both sides of the slab. This introduc-
tion of reflection symmetry allows us to split the Hamil-

““’] tonian into two matrices each nearly half the size of the

[001] (@ M4 original matrix. All nonfrozen atoms are allowed to relax

into their minimum energy configuration by using a conju-
gate gradient techniqufé.Surface geometries were obtained
using a 8-Ry cutoff for the plane-wave basis. This cutoff was
found adequate, as test results for thex() ECLS model
with a 10-Ry cutoff showed only smalwithin 1%) changes

Qs O Osi in key structural parameters. Four speéiadoints were used

) ) ) ) for sampling the irreducible segment of the Brillouin zone
FIG. 1. Diagram showing the four different models consistente,. poth the (1X 1) system and the (£2) system
with the idea put forward by Mcllrogt al. (a) has the EOTS chain '
to the other side of the ECLS chain than(b), which is the version

shown by Mcllroy, whereas the chains (o) [and (d)] have the IIl. RESULTS
same relative orientations as {g) [and (b)] but with the reverse
vertical relative orientation. A. GaSh(110(1x 1)/Bi(1 ML)

ren et al!° later found that these bonds were in fact present 1. Energetic and electronic comparison of ECLS and EOTS

in equal proportions. This was concluded from almost equal Calculations were carried out at the theoretical lattice con-
intensities for shifts in the core-level spectra for the compo-stant of 6.00 A for GaSb. Results for both the ECLS and
nents Ga & and Sb . It should be noted that for the (1 EOTS models for the Gaghl0)(1x1)/Bi(1ML) revealed
X 1) system these shifts were not observed, since the sulhat the ECLS has a lower energy than the stoichiometrically
strate atoms were close to their bulk configurations. Thigquivalent EOTS structure. The difference in energy was
indicates that substantial reconstruction of the substrate afound to be 0.43 eV per (1) surface unit cell in favor of
oms must be occurring in the K12) case. This was seen to the ECLS. This supports the view held by van Gemmeren
be at variance with the assumed almost bulklike substrate iand co-workerS™* that the GaStL10)(1x 1)/Bi surface is
the model proposed by Mcllrogt al. described by the ECLS in the same way that(&nd Sb

The present study sets out to do two things. First, we willbond to other 111-\(110) surfaces.
compare the (X1) EOTS and ECLS models and predict  Our electronic band-structure calculations reveal that the
which of the two we believe that the Ga3h0(1  EOTS system is close on the boundary between semicon-
X 1)/Bi(1 ML) system will take up. Second, we will address ducting and semimetallic whereas the ECLS is clearly semi-
the (1x2) reconstruction. This part will itself be divided conducting. We can make such a distinction with confidence,
into two stages. Initially, just the four Mcllroy models will despite the application of the local density approximation,
be compared to one another in order to determine which ighe use of a lattice constant slightly smaller than found ex-
the most favorable of these. This structure will then be comperimentally and our choice of kinetic-energy cutoff. With
pared to the stoichiometrically inequivalent structure pro-the two types of surfaces available, the preferred option is
posed by van Gemmerast al. These two structures can also uUsually semiconducting. Furthermore, despite the findings of
be compared to the (41) metastable phagaugmented to a van Gemmereet al.that the GaSti10)(1x 1)/Bi surface is
(1x2) unit cell for the sake of compatibilify This should —metallic, Mcllroy et al. do find it to be semiconducting and
enable us to predict a theoretical structure for the 2) report surface states in good agreement with those that we

reconstruction and enable us to discuss it in the context opbtain for the ECLS model. Figure 2 shows our band struc-
existing experimental data. ture results along with the angle-resolved ultraviolet photo-

emission spectroscopy resulSRUPS obtained by Mcllroy
et al. The projected band structure shown in their paper has a
larger stomach gap than ours, but as can be seen in Fig. 2,
The results of all calculations presented in this paper ar¢he calculated state which in our diagram lies close to the top
obtained by using the density-functional theory in its localedge of the large stomach gap shows very similar dispersion
approximation. The Ceperley-Alder electron correlationto that reported by Mcllroyet al. (shown as squargsThe
scheme is used in the form parametrized by Perdew andgreement between the experimentally obtained ARUPS data
Zunger*® lon-electron interactions are treated by using theand the occupied surface states from our calculations is very
norm-conserving pseudopotentials of Bachelet, Hamann, angbod indeed. Agreement between the ARUPS data and our
Schiiter?® Relaxation of atomic and electronic degrees ofcalculated EOTS bandsot presented heravas also found
freedom is achieved by solving the Kohn-Sham equationsto be quite good. Based upon the ARUPS measurements
Wave functions are expanded using a plane-wave basis selicllroy et al. could not confidently distinguish between the
We model the surface system in a periodic slab geometryeCLS and EOTS models as was indeed the case with our
Our unit cells have the (X1) or (1X2) periodicity of the  own calculations. However, we would argue that this agree-

IIl. METHOD
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FIG. 2. Band structure for the Ga@HO(1x 1)/Bi(1 ML) sys-  StAtes: respectively ari to the stomach gap state.

tem with ECLS termination. The hatched region corresponds to the . . .
bulk projected band structure for GaBh0). Occupied surface not surprising then that the energetic separation between the
states are shown as thick black lines, whereas unoccupied surfaz:\go sbands is much smaller f(_)r a GaSb substrate than fc.)r. the
states are shown as thin black lines. The plot additionally shows th@uCh more polar substrates in Ref. 21. The actual positions

ARUPS data reported by Mcllrogt al. shown as squares, triangles, Of these states relate largely to the energy ofststates of
lozenges, and circles. the two atoms involved, a view that is easily verified by

comparing the band structures for a Bi overlayer on various

ment between the ARUPS and calculated EOTS states is ndi-V (110 substratescf. Fig. 2 and Ref. 211 As the position
as good as in the case of the ECLS bands, particularly in thef the bulks-like states does change considerably for differ-
band gap region where the dispersion of our EOTS surfacgnt llI-V substrates, the positions of these surface states may

bands is somewhat different, with positive dispersion of the® ‘?ggesrtz?tzogt?sgrrvie(jlﬂ\rl\vttr?s igﬁiﬁgrg;]pu?sms.lightly different
g(lagghrﬁzzfccupled state along the second half ofltite X in nature for this system than those labe®din Ref. 21,

; . I . ._where it was reported as beingsas antibonding combina-
The dispersion of all the states shown in Fig. 2 is CoNsiSy " batween the top-substrate anion and the Bi atom to
tent with the generic picture established for Bi overlayers on ™~ — ]
other 111-V(110) substrates within the (1) ECLS surface Which it was bonded. At th&” point, though there is some

reconstructiort:?! In our discussion we will follow the no- Bi—Sb sso antibonding character, this state is in fact pre-

menclature used in Ref. 21 as far as possible. dominantly sso antibonding between the two Bi atoms of
The two states below the bulk valence bagq éndS, i the ECLS chain. u
Ref. 2 are strongly localized and are due to #herbitals of The ARUPS data presented by Mcllrey al.™" relate to

the Bi atoms and the underlying substrate atoms. The split if?® four highest occupied states corresponding to the states
energy arises from the two different chemical environments>s t0 Sg in Ref. 21 and as such itis these states that allow us
experienced by the two Bi atoms—one is bonded to a G&° r_nake the comparison between experiment _and theo_ry. In
atom, the other to an Sb atom. For Bi on G&&) and thelr_ paper, Mcllroyet al. conclude from bandwidth consid-
InAs(110) substrates, the higher of these two states wa§rations thgt the two states at the top of the stomach gap are
found just in the ionic gap, whereas for IR0 it was due to an interaction between the top-layer substrate atoms
found to be resonant with trelike bulk state$* There are ~@nd the Bi chains. Though we find the higher of these two
of course many factors contributing to the positions of thesétates to be resonant with the bulk, the lower of the t8o (-
bands. In all cases the lower of thaype bands is localized N Ref. 2] is localized around the B|-substrate.|nterface asis
on the Bi atom bonded to top-layer substrate anion wherea3!own by the planar averaged charge density plot for this
the higher of the two is localized on the Bi bonded to cation.State in Fig. 3. The orbital nature of this state is found to be
The electronegativities of Ga, In, P, As, Sh, and Bi, pre-@n interaction between thp, orbitals of the top-layer Sb
sented in Table I, are a very useful parameter in determiningtom with the adjoining Bi atorfsee Fig. 4a)]. This is very
and understanding the trends outlined above. Considering trfémilar to the analogous state reported for the systems in Ref.
immediate environment of the Bi-Bi chain we see that to one21 and for the InPL10-Sb systen? In contrast to the two
side it is bonded to a catiofGa in this casg which has a
lower electronegativity than Bi, and to the other it is bonded
to an anion(Sb in this casg which has a larger electronega-
tivity than Bi. It should be noted that the difference in elec-
tronegativities of the substrate cations and anions in Ref. 21 81 1.78 2.19 2.18 2.05 2.02
were much larger than is the case for GaSb. It is therefore

TABLE |. Pauling electronegativities.

In P As Sb Bi
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FIG. 4. Planar partial charge
density plot atX’ for (a) vertical
slice through chain containing a
Ga atom in the top substrate layer

X , for the state in the stomach gap,
\ / (b) horizontal slice through the Bi
.' - chain for the second-highest occu-
4 \ . .

\ pied surface state, arn(d) vertical
slice containing Bi chain for the
. . highest occupied state. These cor-
/

respond, respectively, t8s, S;,

.' - '. andSg in Fig. 3.

® Sb

stomach gap states, Mcllrogt al. concluded that the two good. Our top-layer Ga-Sb bond length is the same as our
highest occupied surface states were entirely localized on thieoretical bulk bond length in agreement with van Gemme-
Bi adsorbate layer. This is at variance with the generic picrenet al!® who noted from their x-ray data that the top-layer
ture observed in Ref. 21, where both these states showeada-Sh bond length corresponded to the bulk value. Further-
some interaction with either the top layer cation or anion.more, we find that all our Ga-Sb bond lengths differ little
However, in the case of the Bi/Ga@l10 system we must from the bulk value in this calculation.

concur with Mcllroyet al, finding both of thes_e states to be  The bond length parameters obtained for the EOTS are
entirely localized on the top Bi layer. At the’ point the  very close to ECLS values. The tilt angle of the Bi-Bi chain
second highest occupied surface state is sharply localized agith respect to th€110) plane in our calculations was ob-
the Bi layer[Fig. 3b)] and is associated withpo bonding  tained usingw;;=tan *(A, ;/A,,). This leads to a small
between Bi atomgFig. 4b)]. This is considerably different yajye of about 1.3° for both the ECLS and EOTS. The value
from the analogous states reported in Ref. 21 where this Staff%ported by van Gemmeren is about:32°, which is not far
corresponded to an interaction between the top layer aniogs ang also very small. However, there is a significant dif-

pxy Orbitals and the adjoining Bp, orbitals. The highest fgrence between the ECLS and EOTS for the angigand
n

occupied state is seen to be localized more broadly arou
; . . : . w3. For the ECLS they are close to the tetrahedral bond
the Bi layer he!ght and is found to be due t@rdlke_ bondln_g angle, in agreement with Refs. 13 and 17. For the EOTS
arrangemenfFig. 4(c)]. The top two states remain localized o
these are close to 90°.

on the Bi layer throughout the Brillouin zone,_but their or- The tilt of the Bi ECLS chain in this study differs in two
bital character does change. For example, atXhmint the ways to that encountered for GaAs, InP, and InA40

highest occupied state is associated with paestate of the g hstrated! The tilt angle of the Bi chain is smaller in mag-

Bi atom bonded to Ga. nitude and different in direction for a GaSb substrate than for
GaAs, InP, and InAs substrates. In the latter cases the tilt of
the Bi chain was found to cluster around 5° witpposite
Tables Il and Il show our geometrical results for both theinclination to the tilt of the top-layer substrate chain. The tilt
ECLS and EOTS corresponding to a theoretical lattice conef the Bi chain on the Ga%b10) is only 1.3°, with thesame
stant of 6.00 A. The x-ray diffraction measureméhshown inclination as the top substrate layer GaSb chain. However,
in Table Il are obtained using the fractional coordinates fronthe  tilt  of the  top-layer  substrate chain
Ref. 17 and a lattice parameter of 6.096 A. Agreement beeotz[:tan‘l(Alz/Ayz)] for the present ECLS case is very
tween our results and the x-ray diffraction results is verysimilar to those reported in Ref. 21 at 5.0° with the cation

2. ECLS and EOTS geometry determination

TABLE II. Structural length and separation parameters in A obtained fori()lLstructure as defined by

Fig. 5.
Bi-Bi Bi-Ga Bi-Sb Ga-Sb Ayq Ay Ag A,
(top laye)
ECLS (LDA) 296 2.63 2.88 2.60 2.07 1.50 0.04 0.13
EOTS(LDA) 3.00 271 291 2.56 2.13 1.43 0.05 0.16

X-ray diff. (Ref. 13 3.03 2.68 281 2.64 2.#30.12 1.6%0.18 0.09:0.17 0.6:0.17
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TABLE IIl. Structural angular parameters in degrees obtained TABLE IV. Relative energies per (22) surface unit cell ob-

for (1 1) structure as defined by Fig. 5. tained for our density-functional theory calculations for the four
different structures shown in Fig. 1. The lowest energy structure
w1 Wy w3 0 w2 M2 is used as a reference.
ECLS(LDA) 914 1079 1079 13 50 1 M2 M3 M4
EOTS(LDA) 89.9 84.9 85.0 1.3 6.4
X-ray diff. (Ref. 13 ~ 93+2 107 109 32 0.0 0.91ev 0.0ev 143 eV 0.71ev

vertically higher than the anion. This demonstrates that thet Taple IV and Fig. 1 a little more closely. The two struc-
substrate relaxation mechanism remains very similar to tha{,res that offer the lowest energ@ andM4) are those

for all the other Ill-V substrates, but that adsorbate layeknhat have more Bi-Ga than Bi-Sb bonds. From simple tight
relaxation changes as a function of the substrate. In all thginding considerations Bi-Sb bonding is usually lower in en-
Bi/lll-V (110 cases the Bi atom bonded to the anion will ergy than Bi-Ga bonding, so the energy difference upon
have more charge than the Bi bonded to the cation since théhange in the backbond ratioe., betweerM1 andM2 or
anion is able to “draw” electrons from the top-layer cation petyveenM 3 andM4) must be largely dependent on some
through the Bi chain. However, whereas Bi has a muchyher energy, perhaps that of the dangling orbital on the ex-
smaller electronegativity than P or As, it has an electroneggsgsed top layer substrate atom. Since less charge transfer
tivity very close to that of Sb. This should result in more fom the Bi chains is required to saturate the Sb-dangling
extended covalent type bonds between the Bi and Sb than fgjogs than the Ga-dangling bonds, it would be energetically

the Bi-As or Bi-P bonds in Ref. 21. This argument could t5,0raple to have Sh-dangling bonds rather than Ga-dangling
account for the difference in the magnitudes of the tilt of thepon4s On this basisl2 is preferable toM1 and M4 is

Bi chain on different substrates. The tetrahedral radii of th%referable to M3. This is indeed borne out by our calcula-

substrate atoms are also likely to affect the tilt of the surfacgjons. This clearly shows that the backbond-type ratios play a
chain. In fact for all the substrates in Ref. 21, the anionyiy part in determining the stable geometry. Additionally, the
radius is smaller than the cation radius. However, with GaSlyeometric considerations for the vertical ordering of the
the ratio is inverted with Ga having a tetrahedral radius ofgc| 5 and EOTS can produce significant energy differences.

1.26 A and Sb a tetrahedral radius of 1.36 A. So Bi/From our calculations we find that a change in the backbond
GasH110 differs in two important ways from Bi on GaAs, (415, fromM2 to M1, results in an energy penalty of 0.91

InP, and InAs(110) substrates(i) the adatom has an elec- g\, On the other hand, a change in the vertical ordering of
tronegativity close to the anion ard) the anion is larger .o ECLS and EOTS chains. froM2 to M4. raises the

than the cation. It seems plausible that the second differenc‘éhergy by 0.71 eV. Changing the structure froid to M3
could account for the change in orientation of the tilt of the(i.e. changing the backbond ratieads to an energy penalty

Bi chain. of the same order as changing fra#t2 to M1. Thus ener-
getically speakingv 3 is the poorest choice of the four struc-
B. GaSh(110)(1x2)/Bi(1 ML) tures considered, since it is disfavored by both the presence
1. Energetic comparison of the combined ECLS and EOTs ~ Of the Ga-dangling bondsather than the Sb dangling bonds
models and the ECLS chain above the EOTS chain.

The four structures shown in Fig. 1, corresponding to four _
generic but different geometries consistent with the model 2- Structural results for the combined ECLS-EOTS and the
suggested by Mcllrogt al. were allowed to fully relaxM 1 modified ECLS GaSb(110)@2)/Bi surfaces
has the EOTS chain bonded above the ECLS chain to one In Ref. 10, van Gemmereet al. proposed their modified
side and bonded to the top layer Sb atom at the ofli&. ECLS model accompanied with geometrical data. More de-
also has the EOTS chain bonded above the ECLS chain tmiled geometrical data is given in Ref. 17. They have com-
one side, but this time the other side is bonded to(tBs  pelling experimental evidence to support their structure using
structure corresponds to that drawn by Mcllrelyal. in Ref.  scanning tunneling microscopy, surface x-ray diffraction,
11). M3 has the ECLS chain bonded above the EOTS chaimand photoelectron spectroscopy. Mcllreyal. do not sup-
to one side and bonded to the top-layer Sb to the other. Angort their model with any geometrical data, and stress that it
finally, M4 has the ECLS chain bonded above the EOTSs just one of many possible structures compatible with their
chain to one side and bonded to the top-layer Ga to the othephotoemission results. Our calculations have shown that in
The total energy of these four structures were then comparegeneral the combined ECLS-EOTS model is stable, and so
to one another, and these energies are summarized in Table are in a position to compare such structures to that pro-
IV. Clearly modelM?2 is the lowest in energy, by about 0.71 posed by van Gemmerest al The modified ECLS model
eV per surface unit cell compared to its nearest contendemay be seen in Fig. 6, with certain parameters indicated
M4. This difference is significant enough to rule adutl, upon it.

M3, andM4, and therefore it i812 that we will continue to Table V shows the values of the angular parameters for
study further, and compare this structure to that proposed bthe M2 combined ECLS-EOTS and the modified ECLS
van Gemmereret al. models. The calculated values obtained for the modified

However, before proceeding with a comparison\R ECLS are in excellent agreement with those of van Gemme-
with the modified ECLS (X 2) structure, it is worth looking renet al. A point of interest are the tilt angles of the Bi chain
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unclear about the location of the second Ga-Sb bond length
in the top substrate layer reported by van Gemmexieal.
(and listed in Table VIi. We found all Ga-Sb bonds to be
essentially the same length with a value close to our theoret-
ical bulk bond length of 2.60 A, in accord with the concept
of bond-length conservation, a point already made in many
previous works for the clean surface, other 1[(10 sub-
strates with a Bi adsorbate and theq(1) reconstructions in
this paper.

Tables V, VI, and VIl also show certain structural quan-
tities obtained by us for the combined EOTS and ECLS
model that correspond more or less to those presented for the
modified ECLS model. It is certainly unlikely that such a
structure could be consistent with the measurements of van
Gemmereret al. Key differences between the two structures
lie obviously in the Bi overlayer region. Whereas the modi-
fied ECLS gave rise to two different Bi chain tilt angles, they
were very close to each other in size and indeed, van Gem-
meren et al. only quoted the one value. The combined
ECLS-EOTS has two vastly differing tilt angles, one which
is just a few degrees off horizontal, and one which is just
slightly larger than the larger of the two obtained for the
modified ECLS. The distortion in the substrate is quite dif-
ferent for the two models. The vertical bucklidg 5 of the
(remaining top layer substrate chain for the modified ECLS
is only about a quarter of the average buckling of the top
layer substrate chairge., average ofA  , andA ) for the
combined ECLS-EOTS. For both K12) models this buck-
ling is much larger than for the ¢11) ECLS or EOTS
, model. The unexpected substantial substrate relaxation ob-

®c: @ @si tained in our work for the combined ECLS-EOTS means that

FIG. 5. Schematic diagram showif@ the top-view andb) the thi_s model cannot be disqualified on the pasis of cqre—_level
side view of the ECLS model(c) shows the side view of the EOTS S_h'ft measurements aloneWhile the buckling of Fhe _'nF“'
model. Certain calculated parameters are indicated in the figures.Vidual second substrate layer chais ¢ andA o) is simi-
lar for the two models, there is a significantly larger vertical

bonded to Sb and the Bi chain bonded to Ga, respectivelygeparation between the two chains, ) for the combined
with the (110 plane, labeled  wy; and ECLS-EQOTS than for the mod|f|ed ECLS_. Interestlngly, the
w’[3[:tan71(AL3/Ay3)]- van Gemmerest al. refer only to values forAL.D, correspondllng to the vertical separation be-
the tilt of the Bi chains without distinguishing between the tween the highest lying Bi and the bottom of the surface
two types of chain present, i.e., one bonded just to Ga atomélley, are very close to one another for the two models.
and the other only to Sb atoms. The value that they report iPespite these differences, the various calculated bond
34°+3° and is very close to our calculated valug for the lengths for the two models are very close to each other.
Bi chain bonded to Sb atoms only for the modified ECLS.
We find that the tilt on the opposite facing chaia{) is a
little larger at 38.4°(only just outside their reported erjor The band structures obtained for the two structural models
This chain is only bonded to Ga atoms, and as such experare quite different. The combined EOTS and ECU82
ences different charge transfer through its bonds with thenode) gives rise to a semimetallic situation with the surface
substrate. conduction states penetrating below the bulk valence-band
Table VI gives certain key vertical and horizontal separa-maximum at the zone boundaries. The modified ECLS, how-
tion parameters and Table VII gives selected calculated bondver, does produce a semiconducting band structure, with the
lengths. The experimental values given for Bi-Ga, Bi-Sb, andundamental band gap almost clear of any surface states,
Ga-Sb bonds are those reported in Refs. 10 and 17 whereasth the lowest surface conduction state only just penetrating
the Bi-Bi lengths are obtained from the fractional coordi-the fundamental band gap.
nates in Ref. 17 using a lattice parameter of 6.096 A. The Figure 8 shows our electronic band structure for the modi-
calculated values for the modified ECLS shown in Table Vlified ECLS along with the data from Fig. 6 in Ref. 11 trans-
provide good agreement with the experimental bond lengthposed upon it. The lowest two occupied bands correspond to
obtained by van Gemmeregt al The biggest discrepancy the lowest band for the ECLS §1) and result from the
relates to the lengths of the two Bi-Ga bonds. We obtaircombined effects of foldingidue to doubling of periodicity
considerably smaller difference between the two lengths, builong the[001] direction with respect to the (11) ECLS|
also find that even the longer of the two lengths falls short ofand the modified ECLS chain geometries. The lowest of
the error margins on their shortest length. We also remaitthese two bands is essentially the Bidgir bonding state of

3. Band structure
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FIG. 6. Schematic diagram of modified ECLS
model proposed by vam Gemmerenal.

®::0 s O Bi

the Bi chain bonded to Sb atoms only. However, along thgyap at and around thk!/2 corner of the surface Brillouin

M/2 segment this band becomes degenerate with one CoMiB@ne. This state agrees very well ne@mwith the ARUPS
out of the valence continuum. This doubly degenerate nongata reported by Mcllrogt al. The localization of this state
dispersive state is now more Bi-Siso- bondinglike. These s ot straightforward, but is essentially similar to the stom-

two bands correspond to the lowest surface state for thgq, gan state observed for the ECLS structure, localized on
ECLS (1x 1) phase. The higher of these two states is alsqhe lower Bi-Sb pair of the Bi chain bonded to Sb.
essentially the Bi-Bisso bonding state of the Bi chain

bonded to Ga. Again this band becomes degenerate with an-bAlon?] theM/Z?X ditr)ectg)n(;cheri\arg t'\INO flat bgndls just
other along theM/2 segment. In this region, the state be-a ove the top valence-band edge. A similar state is also seen

comes Bi-Gas bonding like, and also takes up a significant for the ECLS (1x1) geometry. The energy location of these

Sb slike character from the substrate. These two states COI_IWO pgnds has excellent agreeme_nt W'th_ the highest state
respond to the second lowest occupied surface state for tgentified from the ARUPS data. It is possible that the state
ECLS (1x1) phase. detected by ARUPS was in fact two states very_clos_e to one
The two states seen in the lower part of the ionicity gapanother that were difficult to resolve. Along ttie—X'/2
correspond to the third state for the ECLSX1), and are direction we have calculated a flat band, again in excellent
the antibonding counterparts of the two states seen below thegreement with the ARUPS data. The dispersion of this band
the valence-band continuum. At tIiTepoint the lower of the can be readily differentiated from the similar band for the
two is localized on the Bi chain bonded to Ga and the higheECLS (1x 1) geometry, which is more dispersive. We find
on the Bi chain bonded to Sb, with a splitting consistent withthe bandwidth of the highest occupied state to be about 0.7
the folding of the analogous state from the ECLS band struceV for the (1X2) phase and and 1.0 eV for the X1)
ture. However, along th€ —X'/2 direction, the two bands Phase. This is very close to the experimentally determined
split considerably in energy, interacting such that both bandyalues of 0.83 and 1.09 eV, respectivélyThe two bands
have components on the Bi atoms of each chain. that we observe in the gap region are essentially localized on
Due to the folding of the bands for the ¥12) reconstruc- the lone pairs of the Bi atoms, and as such have most in
tion there is no stomach gap at and around the zone boundaepmmon with the highest occupied state of the ECLS band

at X'/2. However, the state for the ECLS X1L) geometry Structure. However, we are able to compare the localization
maintains its energy location at the upper end of the stomacbf the highest occupied state at thgpoint directly with that
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FIG. 7. Schematic diagram showing our re-
laxed geometry for the combined ECLS-EOTS
structure indicating certain calculated parameters.
Bonds are recognized as A, ECLS-like, B, EOTS-
like, and C, link.(See Table VII).

Q®:: @s» Osi

for the ECLS bands at th¥ point, since this point is not modified ECLS geometry with the combined ECLS-EOTS
affected by folding effects. As was the case for the ECLSgeometry, one should adduz,syto the total energy of the
this band is highly localized on a Bi atom bonded to Ga. Inmodified ECLS geometry. This leads to an energy that is 1.5
this case it is associated with tipg orbital of the higher- €V lower than the combined ECLS-EOTS geometry. This
lying Bi atom of the chain bonded to Ga. tells us that the modified ECLS geometry is 0.75 eV per (1
On the basis of our investigations we therefore suggesk2) surface unit cell energetically more favorable than the
that whereas the experimentally determined band structure ombined ECLS-EOTS geometry. This very significant en-
Mcllroy et al! was found to be inconsistent with the com- ergy difference is further reason to support the opinion held
bined EOTS and ECLS model that they propose, their mealdy van Gemmereret al. that the GaSb(110)(12)/Bi(1
surements do vyield excellent agreement with the structurdlL) reconstruction is accounted for by their modified ECLS

model put forward by van Gemmere al. model. _
However, it is worth comparing the energy of these two

(1X2) reconstructions with that of the original Xil1)
ECLS. By augmenting the (£1) ECLS geometry to a (1
X 2) unit cell and repeating the total energy calculation we
The calculations for the modified ECLS and the combinedare able to compare the energies between the ECLS and
ECLS and EOTS models containing a different number ofcombined ECLS and EOTS directly, and between the ECLS
atoms means that the two cells may not be energeticallgnd modified ECLS through the chemical potential.
compared directly. In order to be able to make the link be- The (1x2) augmented ECLS calculation yields a total
tween the energy of the two structures one must consider thenergy that is lower than that of the combined ECLS-EOTS
chemical potential of the GaSb substrate. We have calculatesly 0.73 eV per (X 2) surface unit cell. This tells us imme-
a value forugagpequal to—15.609+0.001 Ry. diately that there is no energetic gain in thex(1) ECLS
The two (X 2) supercells differ in composition by two system making the transition to the combined ECLS-EOTS.
GaSb pairs. That is, in order to compare the energy of th&his essentially means that we can disregard this appealing

IV. ENERGETIC COMPARISON BETWEEN THE TWO
(1x2) MODELS AND THE ECLS

TABLE V. Angular separations as defined in Figs. 6 and 7. All values are in degrees.

w7 wi w3 w3 Wy w5 Wi W3
Modified ECLS 90.3 90.7 97.8 102.3 99.8 101.1 334 38.4
ECLS-EOTS 90.0 92.4 104.1 101.3 96.6 116.0 39.5 6.8

X-ray diff. (Ref. 13 90+x2 90+2 =~100x1 =~100=1 =~100x1 ~100+1 34+3 34+3
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TABLE VI. Relative atomic displacements for the GaSb(110%@)/Bi(1 ML) phase as defined in Figs.
6 and 7. All values are in A.

Ayl Ay3 ALD Ail ALZ ALS AL4 ALS ALG AL7 ALS ALQ ALlO
Modified ECLS 1.76 1.64 586 1.16 0.05 1.30 0.10 0.01 0.10 0.16 0.02
ECLS-EOTS 159 2.01 594 130 164 024 045 035 0.15 002 0.18 0.12 0.06
X-ray diff. (Ref. 13 1.71 170 6.12 129 0.0 134 0.0 0.17 0.17 0.17 0.0

structure all together. On the other hand, the energy differwhether this is also true for other Bi/lll-Sb systems. If these
ence between the (42) augmented ECLS and the modified systems are indeed different because the anion has a similar
ECLS favors the latter, but by only about 0.02 eV. Ideally, electronegativity to the adsorbate species, then one might
we would require a larger energy difference to be able texpect Sb/lll-Sb systems to behave in a similar fashion.
safely predict that the modified ECLS was preferential to theHowever, Fordet al*® were unable to deposit Sb epitaxially
ECLS structure. on either GaS{.10 or InSK110). This would further sug-
gest that the particular relationship between the cation and
adsorbate electronegativities could be crucial in determining
the physics of the resulting surface. However Bi on

The first part of this study confirmed that the ECLS wasInAs(110 behaves very similarly to Bi on GaSH0 in
the lowest energy structure for the X1) phase of the terms of the reconstruction domain sizes and their tempera-
Bi/GaSk110 system. It did however show that it was dif- ture dependence. This would suggest that the substrate lattice
ferent to the ECLS for other Bi/lll-Y110) systems in that parameter is the main contributor into deciding whether a
the tilt of the Bi chain was smaller for a GaSb substrate andull epitaxial (1X1) layer is stable or not upon annealing
that the tilt of the Bi chain was in the opposite direction. It since InAs and GaSh have very similar lattice parameters.
has been postulated that two properties contribute to this Our modified ECLS results were very satisfactory indeed.
observation. The first is that since Sb and Bi have similatHowever, there are a few points that merit further discussion.
electronegativities, the Bi atom bonded to the substrate aniohhe main differences that arise between our results and the
experiences less of a pull than it does from the more elecx-ray diffraction results are that our Bi-Ga bonds were sig-
tronegative anions encountered in previous studies. Secondificantly shorter than the x-ray diffraction results and that
for GaSb the cation is smaller in size than the anion whereagur two Bi chains were more different to one another than
for most of the other 111-W110 substrates studied it is the those reported by x-ray diffraction measurements. The Bi-Ga
other way around. One substrate that would have the sanf®nd lengths that we obtained for theX2) modified ECLS
ratio as GaSh is AISb since Al and Ga have similar atomiovere very close to those that we obtained for the simple (1
radii. However, Al is much less electronegative than Ga, anx1) ECLS, which were also in good agreement with the
effect that might also determine the nature of the tilt. x-ray diffraction results for the (X 1) ECLS. This discrep-

If one were to consider an In§HL0) substrate that also ancy is consistent with identical tilts reported by van Gem-
disfavors a (& 1) reconstruction then the first difference merenet al. for the two Bi chains of the modified ECLS
would hold, but not the second since In atoms are larger thawhich we found to be different from one another. The Bi-Ga
Sb atoms. As such we might expect the Bi tilt on such abond length reported in Refs. 13 and 17 are quite close to the
substrate to be in the same direction as that on GaAs, InfBi-Sb bond length and as such lead to more symmetry be-
and InA4110 substrates due to the relative atomic sizes oftween the two Bi chains. It is possible, therefore, that the
the substrate atoms, but very much smaller in angle due toodel used by van Gemmerenal. does not permit enough
the similar electronegativities of Bi and Sh. Preliminary cal-asymmetry between the two Bi chains, hence evening out the
culations support this prediction, but further investigationstilt of the two chains and increasing the length of the Bi-Ga
are required to address the nature of the tilt as a function dbonds. However, such differences are only minor and agree-
the substrate. Such a study might prove useful in gaining anent between both theoretical and x-ray diffraction results is
better insight into the reasons why Bi/G4$b0)) and so good as to give very strong support to this model.
Bi/InSb(110 prefer higher order reconstructions and One final question arises, and that is that of the stability of

V. DISCUSSION

TABLE VII. Selected bond lengths in A for the GaSb(110)2)/Bi(1 ML) phase.

Bi-Bi Bi-Ga Bi-Sh Ga-Sb
Modified ECLS 2.98Bonded to Ga 2.64 2.86 2.59Top)
2.99 (Bonded to Sp 2.66 2.89
ECLS-EOTS 2.94ECLYS 2.68(ECLY 2.84 2.59(Top)
2.96 (LINK) 2.69(EOTY 2.57(Top)
3.00(EOCTY

van Gemmeremt al. 3.06 (Bonded to Ga(Ref. 17 2.79+0.08 2.87-0.07 2.57-0.06
[X-ray diff (Ref. 13] 3.04 (Bonded to Sh(Ref. 17 2.87+0.08 2.96-0.08 2.770.07
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this is largely cancelled by the increased strain in the sub-
strate and charge redistribution. The stability therefore
comes from the irreversible nature of the process by which
the surface loses the Ga-Sb rows.

M VI. CONCLUSIONS

X In the case of the simple GaSb(110)X1)/Bi(1 ML)
system, we have given support to the view held by van Gem-
merenet al.that the surface is described by the ECLS model.
We have shown that this structure is more favorable than its

8 i main rival, the EOTS model. Our geometric results are in

excellent agreement with those obtained by x-ray diffraction.

The tilt of the Bi chain was found to be much smaller and in

the opposite direction to that obtained for Bi on other sub-

A2 ' | strates containing As and P as the anion. Furthermore, we

present an electronic band structure, which is in good agree-

ment with the ARUPS results of Mcllrogt al. for the (1

2 2 X 1) reconstruction of the GagHL0)(1x 1)/Bi(1 ML) sur-

) ) face, and confirm that the two highest surface states for this
FIG. 8. Band structure for GaSb(110XR)/Bi(1 ML) with  qyqtem are localized on the adsorbate layer only. The orbital
modified ECLS termination. Hatched regions show bulk-projected i,y e of these surface states have also been determined. In
band structure for GaSb(110)(12). Occupied surface states are agreement with Mcliroyet al, we find that the two highest

shown as thick lines and unoccupied surface states are shown a - . . T

occupied states are strongly localized on the Bi chain, in

thin black. ARUPS data reported by Mcllrat al. are shown as . .
circles, squares, lozenges, triangles, and bow ties. contrast to these states on previously studied substrates con-
taining As or P anions.

the (1x 2) structure over the (X 1). We saw in Sec. IV that  For the stable GaSb(110)¥12)/Bi(1 ML) phase, we
the energetic difference is very small indeed, at only aboupave explored a number of different possible structures and
0.02 eV. This in itself would not be enough to give strong have concluded that the best candidate is the modified ECLS
support for the relative stability. However, the loss of theStructure reported by van Gemmerenal. For this model,

Ga-Sb chain on annealing makes the process irreversible 28 calculated structural pararmeters agree very well with
was found by Ford etal’® van Gemmeren and those obtained by van Gemmeretnal. Furthermore, the

co-workerd®7 argue most reasonably that the main driving substrate distortions for this model differ considerably from

force behind the change in a reconstruction is an attempt t8'0S€ for the combined ECLS-EQOTS, despite sharing similar
improve the size of the bond angles that the Bi chains makdalues of .bond lengths. Our band-structure calculaugns for
with the substrate. The extent to which Bi bond angles foithe modified ECLS showed excellent agreement with the
the (1x1) are unfavorable is determined by the extent to"RUPS data presented by Mcllrost al. The band width
which the substrate constrains these overlayer chains. In oféduction of the highest occupied state upon the<t}
der to improve the geometry close to the interface between (1% 2) phase transition obtained theoretically agrees with
the overlayer and top substrate layers, the substrate has %perlment. The orbital nature of the s_urface states was glso
distort considerably. In order to relieve some of this straindéteérmined, and could be understood in terms of originating
missing substrate rows are formed, leading to the modifiedfom their analogous states for theX1) reconstruction.
ECLS with an associated redistribution of electronic charge
between the two Bi chains. This can account for what is only
a small energy gain in going from the XI1) to (1X2)
structure. There is a definite energy gain in improving the S.C.A.G. is grateful to the EPSROK) for financial sup-
relative orientation of the Bi-Bi and Bi-substrate bonds, butport.

energy (eV)

rx MX )
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