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Theoretical study of Na adsorption on top of In chains on the Sil11) surface
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The adsorption of Na on In-adsorbed8il) surfaces is investigated by first-principles density-functional
calculations. Charge transfer from Na atoms togherbitals of neighboring In atoms occurs, indicating ionic
bonding between Na atoms and In chains. Although a repulsive interaction between adsorbed Na atoms exists,
adsorption on everytwo inequivalent hollow site between In chains can be attained at saturation coverage.
Based on our results for the atomic and electronic structures of Na adsorbates @Lly/Sie discuss recent
low-energy electron diffraction, scanning tunneling microscopy, and electron energy loss spectroscopy data. In
particular, we find that the (42) Na chains observed at low coverage are slightly energetically unfavorable
and speculate that they are a consequence of growth kinetics.
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[. INTRODUCTION Si(111) surface where it occurs below 100 K was suggested
to be a 1D CDW along the In chamHowever, this is not
Impurities in a crystal alter the local electronic distribu- supported by subsequent x-ray diffraction experinfeatsl
tion; valence electrons screen charged impurities, producinfirst-principles calculation$.The HREELS data for the Na-
an attenuated charge density wa@DW) or Friedel oscil-  induced 4<2 structure showed two loss peaks at energies of
lation near the impurity sité.This local charge rearrange- 105+8 meV and ~1100 meV? Lee et al. attributed the
ment will generate forces on the ion cores, consequentjoWer loss energy to the interband transition between the
breaking the local symmetry and possibly causing a chang@Plit bandsigenerated by the CDW gapt the Fermi energy,
in the short-range ionic order. This scenario has been denfut could not identify the bands associated with the other

onstrated on the Sn/@kL1) surface in which upon cooling a P&ak:

phase transition from the3x 3 to 3x3 symmetry was In this paper we study the adsorption of Na on If1%$1)

observed Here Ge substitutional defects which act as local>UN2ces using first-principles density-functional theory cal-
. iti leate the 83 truct f f i culations. The potential energy surface mapped out by the
'mpunities nucleate the so Supersiructure for a few uni adsorption energies calculated at different positions on the
cells even above the transition temperatire.

; In/Si(111) surface has minima along the 1D channel between
_Recently at room temperature, using low-energy-electron,e wyo zigzag In chains. The activation barrier for diffusion
diffraction (LEED), scanning tunneling microscofTM), o a Na atom between these energy minima is onl.1 eV,
and h|gh-resolut|or1 electron-energy-loss  Spectroscopyesylting in easy formation of 1D Na wires. Here we predict
(HREELS, Lee et al” reported the observation of a local that the formation of a # 2 structure is preferred over the
impurity-derived Peierls-like reconstruction on a quasi-one4x 1 at low coverages because of repulsion between ad-
dimensional(quasi-1D system[i.e., the In/Sf111) surfacd  sorbed Na atoms, in accordance with the LEED analysis. The
from the 4X 1 to the 4x2 structure. They used Na adsor- calculated electronic structure of the<2 Na wire does not
bates as impurities. According to their LEED analysis, thesupport the metal-insulator transition claimed by the EELS
disordered & 2 structure domain begins to appear at aroundata of Leeet al,* but shows gaps opening along the’
60=0.2 ML and the 4& 2 long-range order is best developed andM'Y symmetry lines. Our simulated STM image for the
at 0.4 ML. Since Leest al. definedd=1 to be that coverage 4x2 Na wire shows a single bright spot per Na atom, quali-
which causes the work function to be a minimum, it is nottatively similar to the observed one. Our results of the poten-
clear whetherd=1 means that one or both of the bonding tial energy surface, surface-state energy bands, and simulated
sites are supposedly occupied in the& % unit cell. We sus- STM images lead us to believe that thx 2 order observed
pect they mean one is, and to avoid confusion, we will adopby the LEED and STM is not caused by a CDW around the
that convention. We will find that this is consistent with our Na adsorbate, but represents x2 Na line which has a
calculated work functions fo#=0, 1/3, 0.5, 1, and 2 ML. finite length at low coverages.
Even at a low coverage of less than 0.1 ML the filled-state The paper is organized as follows. In Sec. Il the calcula-
STM image showed local ¥2 short-range order where tional method is described. In Sec. Ill we present our results
bright spots appear around Na adsorbates along the In chagf the structural and electronic properties of 1D Na wires
direction. Since these bright spots are separated mostly witwith various coverages and discuss recent experimental data.
a 4X2 periodicity and resemble those of the low- Finally, conclusions are given in Sec. IV.
temperature reconstruction of the clean In/Si(111x@)
surface, they interpreted the observed2 STM image to be
caused by the Na-induced local charge density modulation
along the In chain direction. Initially, the origin of the phase = We perform the total-energy and force calculations by us-
transition from the &1 to the 4x2 structure at the In/ ing density-functional theofy within the generalized-

Il. CALCULATIONAL METHOD
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gradient approximation. All atoms are described by
norm-conservinf pseudopotentials in the separable form of
Kleinman and Bylandel The surface is modeled by a peri-
odic slab geometry. Each slab contains six Si atomic layers
(not including the Si surface chaiplus adsorbed In and Na
layers and the the bottom Si layer is passivated by one H
atom per Si atom. The thickness of the vacuum region be-
tween these slabs is about 10 A. The electronic wave func- (b) (d) ) %d
tions are expanded in a plane-wave basis set with a cutoff P PY vdl
energy of 15 Ry. Thek-space integrations are done with 7= < v 0
meshes of 48, 24, and 16 points in the (4<1), (4X2), A A~ A A A S A b A A A
and (4x3) surface Brillouin zones, respectively. The posi- ] [ ] L
tion of all atoms, except the innermost Si layer atoms, heldat ~" " "~ I~ T~
their calculated bulk positionsag=5.47 A), are allowed to |
relax along the calculated Hellmann-Feynman forces until all FIG. 1. Equilibrium structure of the In/&il1)-(4x 1) surface:
the residual force components are less than 1 mRy/bohr. (a) the top view andb) the side view. Thé4x1) unit cell is indi-
Because we use standard periodic boundary conditionsated by the dashed line ii). The two adsorption sitesH(; and
and because the two surfaces of our film have different worlkd,) of Na adsorbed on In/§i11) are marked in a %1 unit cell in
functions, we can only estimate the work function on either(@. The side views of thél; andH adsorption structures are given
side. When the two sides of the film are identical, one merelyn (c) and(d), respectively. The distances between the Na atom and
subtracts the Fermi energy from the planar average of theighboring In atoms are denoted &by, d,, andds. Note there are
Coulomb potential at the midpoint between films to obtaintwo d, neighpors. The large, medium, and small circles represent
the work function. The planar average of the Coulomb poN& In, and Si atoms.
tential attains a constant value well before the midptint.
When the two surfaces have different work functions, thereatoms fixed at the positions of a relaxed In/Si(111)x(#)
is a constant electric field between the films. When we subsurface. The relaxation effect of the In(8i1) substrate will
tract off the Coulomb potential at the midpoint between thebe shown to be negligible for the relative energies of differ-
two outermost planes of atoms, we obtain an average of thent adsorption sites at the same coverége Table ). The
two work functions. This average is not exact because th@otential-energy surface obtained by the calculated adsorp-
midpoint is not unique; e.g., the midpoint could have beertion energies is displayed in Fig. 2. We find that the two
chosen between planes where the charge density falls teollow sites {H, andH, in Fig. 2) between the two In chains
some fraction of its average interior value. The determinatiorare the most stable sites with adsorption energies of 1.376
of the individual work functions requires determining the and 1.372 eV, respectively. In Fig. 2 we also see the zigzag
potential difference between the two ill-defined points wherevalley row along the Si zigzag chain. The hollow skig
the film potentials stop and the electric field begins. To mini-(H ) in this row is less stable than tie, site by an adsorp-
mize this error we obtained the hydrogenated surface workion energy of about 0.200.25 eV. Note that there is an
function for the case with the smallest potential differenceenergy barrier of about 0.35 eV for the diffusion path from
(clean In surfaceand used that to obtain the In/Na surfaceH, to H,. Using an Arrhenius-type activation process with a
work functions. It is ironic that the seminal self-consistenttypical valué* (~ 10 Hz) for the preexponential factor the
thin film calculation$® used infinite wall boundary condi- diffusion rate from Hs to H, is estimated as~1.35
tions which avoid these problems altogether, but all calculax 10° s~* at room temperature. Thus, we expect that 1D Na
tions of which we are aware since th@xcept those expand- wires can be easily formed along the channel between the
ing in localized orbitals have used periodic boundary two zigzag In chains.
conditions. Next we determine the atomic structures of adsorbed Na
atoms at theH, andH, sites for various coverages, ranging
Ill. RESULTS from 6=1/3 ML to 2 ML. Here we fully relax the positions
of both the adsorbed Na atoms and 1(131l) substrate. The
calculated work functions fof=0, 1/3, 0.5, 1, and 2 ML are
listed in Table Il. One sees that they are consistent with the
_ _ _ : minimum work function occurring at or somewhat abawe
Eaas= (Ensit NEna~ Enanns)/N, @ 1 ML.* We estimate the accuracy of the work functions to
where E,,s; and Eyinsi are the total energies of slabs with be 0.2 eV but the relative accuracy among #€0.5, 1, and
clean and Na-adsorbed In(801) surfaces, respectivel£y, 2 cases to be 0.05 eV. The calculated adsorption energies for
is the total energy of a spin-polarized free Na atom and various coverages are given in Table I, together with the
denotes the number of adsorbed Na atoms. We consider 2listances between the Na atom and the four neighboring In
different adsorption sites in half of thex4l unit cell[see atomg]i.e.,d;, d,, andds in Figs. 1c) and 1d)]. Note from
Fig. 1(a)]. Here, we use the large>d2 unit cell to make Figs. 1 and 2 that there are tvey neighbors. We find that
negligible the interaction between adsorbed Na atoms anthe adsorption energy decreases with increasing coverage,
relax only the height of Na atoms while keeping In and Siindicating a repulsive interaction between adsorbed Na at-

To find plausible adsorption sites of Na on the G1%1)
surface, we calculated the adsorption energy defined as
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TABLE |. Calculated adsorption enerdper adsorbed atonof Na adsorbed on In/8i11) surfaces with
various coverages. The values in parentheses represent the results obtained using the fixed substrate where
the positions of In and Si atoms are the same as those of a relaxed 11)§4 X 1) surface. The distances
d;, d,, andd; between the adsorbed Na atom and the neighboring In dmeesFigs. (c) and 1d)] are also
given. For theH; andH, 4X 2 structure the values of the two differesy neighbors are given.

Site Unitcell  g(ML) Eaus (€V) d; (A) d, (A) ds (A)

H,y 4x1 1 1.177(1.167) 3.32 3.20 3.39
4x2 0.5 1.424(1.376 3.23 3.23 3.43
4% 3 1/3 1.452 3.22 3.24 3.44

H, 4x1 1 1.156(1.147) 3.29 3.21 3.35
4x2 0.5 1.420(1.372 3.18 3.25 3.40
4% 3 1/3 1.446 3.21 3.28 3.43

Hy & H, 4x1 2 1.115 3.86; 3.75 3.40; 3.39 3.31; 3.29
4x2 1 1.127 3.39;3.32 3.09,3.37;3.09,3.39  3.22;3.23
4% 3 2/3 1.383 3.15;3.17 3.18; 3.23 3.40; 3.42

oms. For theH, site the adsorption energy difference be- structures to the exclusion of Nax3 and isolated Na struc-
tween the 4« 3 (1/3 ML) and the 4x2 (0.5 ML) structure is  tures could be growth kinetics. A sodium at ldp (H,) site
only AE,4—0.028 eV, whereas the one between the24  strains the indium chain so that the neighboridg (H»)
(0.5 ML) and the 41 (=1 ML) structure is AE,4s  Sites become more attractive to other Na atoms. At a second-
=0.247 eV. This trend is also shown for tHg site at which  neighbor end site this attractive interaction may actually be-
the adsorption energy is slightly smaller than that ofthe  come larger than the Coulomb repulsion which is smaller at
site (see Table)lL Considering that this energy difference is the end of the chain than in the interior; thus the energy
much smaller than the magnitude of the adsorption energyarrier for escape to a neighborifgsite is raised, allowing
one might expect that thex43, 4x2, and 4x 1 structures the formation of the &2 structure’® Note that the &1
will be sequentially formed with increasing Na coverage. Asstructure with#=2 ML where Na atoms occupy both th
a result, for 1/3 MI<6<0.5 ML (0.5ML <6<1 ML) andH, sites ha€ 3= 1.115 eV and therefore the saturation
both the 4<3 and the 4 2 structure (42 and the 4 1)  coverage of 2 ML is easily attained as the ground state for
should coexist. Note however that the¢; and H, 4X3 Na adsorbates on In/&il1).
structuré® has a greater adsorption energy than 1/3 of the Our previous calculatiodsfor the clean In/Si(111)-(4
surface in theH; 4X1 structure and 2/3 in thél; 4x2 X 2) surface found that the outer In atoms are displaced
which also hag)=2/3. This expectation is not in agreement alternatively to form pairs, i.e., (inln,) and (Iry,Ing). For
with the LEED analysiSwhere the LEED pattern originating the labeling of In atoms, see Fig. 3. The distances of the
from the 4x2 structure starts to grow quickly when the Na paired In atoms are reduced ml_,n2=3.59 A andd,nTInB
coverage exceeds 0.2 Mtather than 0.33 MLand itis best  =3.60 A, compared with the corresponding distance of 3.87
developed at 0.4 ML. The explanation for the LEED patternA in the clean |n/S|(111)_(gk 1) surface. However, upon Na
showing the indium &1 structure and isolated Na>x&  adsorption such a paring of the outer In atoms disappears to
yield dy, 1n,=3.87 A andd,, .,,=3.84 A. For the clean

In/Si(111)-(4X 2) surface the In-In bond lengths of the left-
hand (right-hand In chain are 3.01, 3.03, 3.05, and 3.09 A
along the positivgnegative x direction, but for the Na ad-
sorbed 4x 2 surface those bond lengths show a large differ-
ence between the left and right In chaisse Fig. 3. This is

TABLE Il. Average work function of the hydrogenated and
In-Na surfaces of the film and the estimated In-Na surface work
function for five Na coverages defined in the text. Ber1/3, 0.5,

1 ML the H, adsorption site was chosen.

0 Average In-Na
0 4.206 eV 3.89 eV
1/3 3.818 eV 3.12 eV
FIG. 2. Potential-energy surface for Na overlay@/s ML) on 0.5 3.546 eV 2.57 eV
the In/S{111)-(4x 1) surface. The contour spacings are 0.05 eV.1 3.318 eV 2.12 eV
The local minima points are representedHby, H,, H3, andH,. 2 3.497 eV 2.47 eV

The dark and gray circles represent In and Si atoms, respectively:
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FIG. 4. Simulated filled-state and empty-state STM images of
Na-adsorbed In/§111) surfaces with respect to the Na coverage.
The filled-statg empty-statéimages for 0.5 ML, 1 ML, and 2 ML
are given in(a), (c), and (e) [(b), (d), and (f)]. The filled-state
(empty-statg image is obtained by integrating the charge from
Fermi levelEg to Er—1.0(+1.0) eV. The images were obtained at
2.3 A above the Na atoms.

NN

N N
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/ for 4x2 (0.5 ML) agrees well with that of the experimental
L--=--=-- o . 4 STM data, but the detailed shapes of the bright spots cannot
: be compared to each other because of the low experimental
resolution in Ref. 4. For the filled-state and empty-state im-
. ages of 41 (1 ML) and 4x1 (2 ML) there is a superposi-
|n/S|(1lp-(4_><2) surface and the N_a-adsorbega surface. The tion of the bright spots, producing a 1D line pattern along the
andy dlr.elctlons are[110] and [112], .respectlvely. The arrows In chain directior{see Figs. &) and 4d) for 1 ML and Fig.
show pairing patterps qf the outer indium atoms on the_clea_n Suer(e) and 4f) for 2 ML].
face. The interatomic distances between In atoms are given in A. In their HREELS spectra from the Na-adsorbed 2 sur-
. . . . face Leeet al? observed a significant decrease of the line-
induced by the stretching of the In interchain bondg (in,  width of the elastic peak which originates from the con-
anddn_in,) around the Na atoms. tinuum of interband transitions near the Fermi energy,
At a low coverage of less than 0.1 ML the filled-state causing them to conclude that a metal-insulator transition
STM images of Leeet al* showed the local 42 short- was induced by Na adsorbates. They also found a loss peak
range order around Na adsorbates, where the bright spots &8.) at a loss energy of 1858 meV with a linewidth of
well separated with a %2 periodicity along the In chain 73=30 meV. This peak grows in intensity with increasing
direction. They claimed that the observed STM images maniNa coverage and becomes dominant n#ai0.4 ML where
fest the Na-induced local charge modulatiome., a short- the 4X2 surface is best developed. Thus, they believed that
range CDW. They also reported that such a Na-inducedthe peakS; is related to the formation of the Na-induced
CDW was fully developed even at high coverages. We simu€DW gap. An additional loss pealSf) was measured at a
late the STM images for42 (0.5 ML), 4X1 (1 ML), and loss energy of-1100 meV. It is notable that the pe&k is
4x1 (2 ML). The results are shown in Fig. 4. Here the at a higher loss energy than ti& peak(at ~750 meV)
filled-state (empty-statg images mapping the electron den- observed on the clean In/Si(001)%4) surface.
sity integrated over an energy range between the Fermi en- In order to provide the theoretical basis for the interpre-
ergy Er andEg—1 (+1) eV are taken at about 2.3 A above tation of the above-mentioned HREELS peaks, we calculate
the Na atom(1 V was the voltage at which the experimental the band structures for the Na-adsorbed24(0.5 ML) and
datd were takeh The filled-statdFig. 4a)] and empty-state  4x 1 (1 ML) surfaces. For both surfaces thig adsorption
[Fig. 4(b)] images of 42 (0.5 ML) show a single bright site was chosen. The calculated surface-state energy bands of
spot per Na atom. The bright image in the filled-state case i X2 and 4x1 are shown in Figs. (8 and 3b), respec-
somewhat displaced toward three of the four neighboring Iriively. Here we find that the dispersions of the surface-state
atoms. The pattern of our simulated filled-state STM image®ands are very similar to those of the corresponding clean

4

FIG. 3. The top view of the optimized structure of the clean
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FIG. 5. Surface band structure of Na-adsorleg 4x2 (6
=0.5 ML) and(b) 4x1 (=1 ML) surfaces. The energy is given
relative to the Fermi energy. The two insets (@ magnify the
calculated energy levels, and the inset(b) shows the surface
Brilloin zone for the (4x1) and (4 2) unit cells with that for the
(1X1) unit cell as a reference. Shaded areas are the projected bulk-
band structure(c) Density of states of the clean In($11)-(4
X 1) (dotted ling, Na-adsorbed %2 (black solid ling, and Na-
adsorbed & 1 (gray solid line surfaces.

In/Si(111)-(4x 2) and In/Si(111)-(X 1) surfaces, except
that the Fermi energy rises by simply filling the In-derived
surface bands. Therefore, the density of sta3S) of the
Na-adsorbed %2 (4% 1) surface shifts to a lower energy
relative to the Fermi energlsee Fig. &)]. For the clean
In/Si(111)-(4x 1) surface the high DOS peak denoted by
P, in Fig. 5(c) is located at 810 meV below the Fermi en-
ergy, whereas for the Na-adsorbetk2 (4% 1) surface the
corresponding pealR, (P3) is at 1130(1410 meV. These
peaks originate from the flatband character of the In-derived
surface statefsee Fig. Pa) of Ref. 7 and Fig. B)]. Since
the positions ofP; and P, as well as the energy difference o
between these two peaks are quite comparable to those of the FIG. 6. Contour plots of the charge density in {Hel0] plane
loss peaksS; andS, in the HREELS daté,it is likely that ~ and through the Na atom fde) the Na-adsorbed 2 surface(b)
the loss peakS; (S,) stems from an interband transition @ superposition of the charge densities of the clean (hl$i-(4
contributed by the peaR, (P.). X2) surface_ anql an isolated half monola_lyer_ of Na atoms. The
Figure 5c) shows that near the Fermi energy the occupiedharge density difference betweé and (b) is given in(c). Two
DOS for the Na-adsorbed>42 surface decreases compared !(lnds of contour sp§0|ngs |€a_1) and(b) are used. The flrs_t thln_llne
with that of the clean In/Si(111)-(41) surface. This de- 1S & 0.004e/bohP with spacings of 0.004/bohef. The first thick
crease contributes to diminishing transitions from just below/® |shat 0.;)_2e/bohr?_ with & Sﬁac'n? 0f 0.01 between thick hng;. n
to just above the Fermi energy, consistent with the HREEL%C)0 5034 /'LSthrsso I'dh (das _eai ':Feo 0§o4a;b r(])r.30004e/bo
datd in which upon Na adsorption a wide Drude tailith a e efbohr) with spacings of:-0. erbonr

full V\.”dth at half maximum(FWHM) of 33'6 meV of the face energy bands in Fig. 2 of Ref. 7 one sees that, up to 1
eIast|q peak at the clean In($1Y) surface is changed to the ML, Na adsorption simply fills the In-derived surface-state
;)ne Wf'th tt?]e FNWH(';A ofb11d>5<42mev. fHO;'[VE.Veré(OL;]r bﬁnd struc- bands without the appearance of Na-derived states near the
ur.((—:‘js or fetha—a sorbe f égﬁc 9. d?h S fOW r:jo Fermi energy. Thus, we expect that upon Na adsorption elec-
evidence for the opening of a gap and theretore go noltron transfer occurs from adsorbed Na atoms into In atoms.

support the _metal—lnsula}tor transition claimed by latal. As expected, our calculated charge density difference defined
It is interesting to note in Fig. (&) that the band gaps par- as

tially open along thd’X” andM’Y symmetry lines by 162
and 156 meV, respectively. These pseudogaps may be re-
lated to the loss peaR; in the HREELS data, which appears
to be most prominent at off-specular geometéy=62° and clearly shows that electron charge is transferred mainly from
0;=58°). Although the possibility of Sbeing a phonon line the region on top of the Na atoms into the region above the
was dismissed because of its width,could, because of the neighboring In atoms, corresponding to the position ofgihe
disordered nature of the surface, represent a spread of phorbitals of In atomgsee Fig. €c)]. Here the charge density
non frequencies(Note the near equality of thel; andH,  of the Na-adsorbed In/8i11)-(4X 2) surface pnains) and
adsorption energies in both thex2 and 4x 3 structures. the superposition of the charge densities of the separated
Finally, we examine the bonding nature of Na atoms onsystems[clean In/S{111)-(4X2) (pns) and isolated half
In/Si(111). Comparing Figs. &) and §b) with the clean sur- monolayer of Na atomspla.iaye) |, are shown in Figs. @)

Ap:pNa/InSi_(pInSi"'PNa-I.styeQ (2
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and 8b), respectively. Thus, adsorbed Na atoms become efsorbates, but can explain the most of the HREELS spectra
fectively positive ions, giving rise to repulsion between Nawhich show a significant decrease of the linewidth of the
atoms and decreasing the work function as manifested abowastic peak and the shift of t1® peak with Na adsorption.
from the calculated adsorption energies and work function®©ur calculated potential-energy surface showed that Na at-
for various Na coverages. This repulsion causes the ibh at oms can easily diffuse along the channel between the two In
(H,) in Fig. 2 to move to the leftright). Both ions move chains, forming a locally 1D Na wire even at low coverages.
further off the surface to prevent the decreasé4r(Fig. 1)  Thus, it is likely that a finite line of Na atoms in thex2
from becomming too large. Thus we see in Table | that at thestructure would be related to thex®2 LEED pattern as well
saturation coverage of 2 ML the interatomic distandeand  as the local &2 short-range order observed in the filled-
d, significantly increase whild; decreases relative to lower state STM image.
coverages.
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