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Spectroscopic examination of the Na/$111)-(3x 1) surface structure
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We have examined a recently proposed experimental model for the alkali-metal indtéd)-£8< 1)
surface structure, based on density-functional theory calculations and their comparison with experiments on the
structural and electronic properties of N&dil)-(3x 1). This model, characterized by the alkali-metal adsorp-
tion in empty channels and the resulting honeycomblike substrate reconstruction, is energetically favored and
reproduces well the experimental scanning-tunneling-microscope images, surface-state band structure, and Si
2p surface core-level spectra, which together provide a convincing theoretical demonstration that the employed
model is acceptable both in energetics and in spectroscopic examirj&@#63-182608)52444-1

Alkali-metal (AM) adsorbates are known to induce each of these two models could possibly explain the AM-
(3% 1) reconstructions of the @il1) surface! and very insensitive LEED-V curves>®the observed semiconducting
similar (i.e., AM-insensitivé low-energy-electron-diffraction property> and the chemical passivation for surface
(LEED) patterns>® scanning-tunneling-microscop¢STM)  oxidation® both had serious difficulty in reproducing the
images*® and surface core-level shift$SCLS%® have measured surface band structures and STM imade¥.
strongly suggested that the same substrate reconstruction is Recently, a structural model for Agi®il1)-(3X 1) was
induced by different AM adsorbates. More interestingly, proposed based on direct phasing of transmission electron
similar (3x 1) reconstructions were also reported for otherdiffraction datat® and a similar and more refined model for
than alkali metals, such as Ag and ¥id:° The construction the alkali adsorbatef.i, Na, and Rb was also derived by
of a correct structural model for the AMARiL1)-(3X 1) sur-  combining surface x-ray diffraction and LEED measure-
faces has been a longstanding issue. Of several qualitativeents and DFT calculatiort$.This model is characterized
structural models proposed earlier, only two survived the enby the AM adsorption in empty channels and the resulting
ergetics test based on density-functional thedBFT) reconstruction of the surface Si atoms in between the chan-
calculations:>*? which have been referred to as the nels(see Fig. 1 The channel in this model can be regarded
extended-Pandey-chain mod@PQ and the missing-top- as a removal of the Pandey chain in the EPC model, and
layer (MTL) (or Seiwatz-chainmodel (see Fig. L While  therefore we refer to it as a missing-Pandey-ch@itC)

@) (b) (©

FIG. 1. Schematic diagrams of structural models for ANIL$1)-(3X 1): (a) the missing-top-layefMTL ), (b) the extended-Pandey-chain
(EPQ, and(c) the missing-Pandey-chaiiMPC) models. The gray circles represent AM.
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FIG. 2. Equilibrium geometry of Na/§i11)-(3%X 1) within the MPC model. The gray circles represent Na. The characteristic surface
bond lengths are given in A, and the bulk reference value is 2.38 A.

model, hereafter. Since it is based on both direct methods toonvergence of the computations can be found in our previ-
surface diffraction data and DFT total-energy calculationspus work on theNa, K)/Si(111)-(3x 1) surface*?

the MPC model is very promising, but there still remains an  First, we determined the equilibrium MPC structure of
interesting question whether it can account for the experiNa/s(]_lj_)-(3><1) starting from the initial geometry shown
mental surface electronic data. This test is compelling since g Fig. 1(c) where the top-layer Pandey chain of the EPC
correctstructural model should survive quantitative spectro-model was replaced by a Na chain. In the final structure

scopic examination. shown in Fig. 2, the Na chain stays in a position of nearly

In the present work, we have theore_tically in\{estigated th%qual distance from the top-layer Si atoms labeled 1 and 4,
proposed MPC model for the prototypical NaMSIiD-(3X1) 50y noticeable is a large relaxation of the Si atom 2 resulting

\?v):fr:ec br?rie?]ton nDtET CI?ICl:I?tllc)nzdarlld ?r]er:: cormparrtliso[h a sp’-like plane bonding configuration. The physical ori-
experiments on the structural and electronic prope esgin of this interesting reconstruction pattern and the nature of

The main results_ we .W'" report in this paper includg an AM bonding will be discussed later in connection with the
energetical confirmation of the MPC model as the lowest-

energy structure(2) a successful theoretical reproduction calculated electronic structure. We also found another stable

within the MPC model of the measured angle-resolved phol\,Ia adsorptlgn sitédenoted as Crosses In Fig: &s adsorp-
toemission spectroscofARPES band structure, STM im- tion energy is only 0.03 eV/Na higher than that of the _refer-
ages, and SCLS data, a8) an electronic-structure-based €Nce minimum-energy structure, and the energy b_arrler be-
explanation of the interesting substrate reconstruction founfveen them is as low as 0.1 eV/Na. In both adsorption cases,
in this system, which together are sufficient to provide ahowever, the underlying Si substrate geometries were found
convincing theoretical confirmation that the MPC model isto be nearly identical. In energetics, the MPC structure is
correct both in energetics and in spectroscopic examinatiorinuch more favored than the previous MTL or EPC model
The total-energy and force calculations were carried outsee Table)l The present results on the equilibrium structure
by employing the norm-conserving pseudopotentidiéand  and the energetics of Na($L1)-(3x 1) are very similar to
density-functional  theory within  generalized-gradientthe DFT results on Li/$111)-(3X1) by Lottermoseret
approximationt”*We simulate the $111) surface by a pe- al.**
riodic slab geometry of 12 atomic and 6 vacuum layers with The calculated MPC band structure is shown in Fig).3
the use of a plane-wave basis of 10 Ry. More details and th&/e found four surface-state bands near the bulk gap: three
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TABLE |. Surface energie&g, (relative to the extended Pan- |ess stablg,, where the;p2 bonding leads to a strengthened

dey chain and band gap&, calculated for different models for
Si(11D)-(3x 1). Energies are given in eV/Na fdEg,; and eV for

=
Structural models Egsurt Eq

EPC 0.00 0.49

MTL —0.09 0.27

MPC —0.62 0.74

filled (S, S,, andS;3) and one empty $,). The filled-state
band dispersions and relative positions compared well wit
recent ARPES data on Na($i11)-(3x1).}® This good

honeycomb-like flat lattice and the remaining orbital

would be the main character of the empty surface-state band.
More interesting in this sense is the characteSpfand

S,. The character o§, is apparently not the, orbital of the

Si atom 3. As a matter of fact, the main characteBp{S,)

is essentially that of ar bonding (=* antibonding between

the p, orbitals of the Si atoms 2 and 3, slightly modified by

subsurface interactions. This can be understood as follows:

By thes p?-like relaxation of the atom 3, the Si atom 2 is also

left in a very similar plane bonding configuration. This

irives the otherwise stab#p® bonding between the atoms 2

and 6 so unstable as to break, allowing the atom 2 to undergo

agreement is in contrast with the previous MTL and EPC2 favorable rehybridization intsp® andp, . Then, two elec-
models, which had difficulty in reproducing ARPES datatrons released from the broken bond favorably fill the stable
available on the Li and K casés?
The charge character of representative surface statel) this way, the in-plane bonding of the atoms 2 and 3 is
shown in Fig. 8b), provides insights into the Na-induced much strengthened while the interlayer bonding becomes

interesting substrate bonding configuration. The st8jemnd

7r bonding state, newly formed between the atoms 2 and 3.

weaker(in fact, there exists no direct bondings between the

S; represent clearly the saturated dangling-bond states of thetom 6 and any of the surface atoms 2 and 3, and this is why
Si atoms 1 and 4. It is apparent from simple counting ofwe denoted the corresponding bonds by dashed lines in Fig.
surface electrons that the electrons needed for their saturatic),

are supplied from the Na atom and the Si atom 3. Hence, the The band gap in this system, defined as the energy differ-

bonding of Na atoms on &i11)-(3x 1) is mainly ionic, and

ence between the bar®} and the bulk valence band maxi-

the major factor governing its equilibrium will be the Cou- mym, is 0.74 eV in good agreement with a STM measure-
lomb interaction with the saturated dangling-bond states ofyent of about 0.8 eV.This gap is associated with a large
both Si atoms 1 and 4. With its dangling-bond state emptyspnt of the bandsS, andsS, (i.e., themr-7* split between the
the Si atom 3 can get a large electronic energy gain assockioms 2 and B In the MTL and EPC models, on the other

ated with a rehybridization frorap® to more stablesp? and

Energy [eV]

® s

o ©)o

_ [e]

FIG. 3. (a) Surface band structure of Na($11)-(3x1): All
energies are given relative to the valence band maximurnpatint.

2

hand, the band gap is caused by the buckling of the Seiwatz
or Pandey chain, which leads to a somewhat weaker split and
thus a smaller band gaee Table)l

Simulated STM images could be another crucial test for
the MPC model. We have shown in Fig. 4 some images
simulated by integrating the electronic charge density near
the Fermi level. The filled-state image of a double-row
zigzag chain represents the saturated dangling-bond Sates
and S; shown in Fig. 3. It is noteworthy that the triangular
image of the electronic states is nearly equilateral while the
underlying lattice is not. The main character of the empty-
state image is an AM-related line image, but th&é anti-
bonding character of the barfs) also weakly appears. In
fact, these simulated images are in perfect agreement with
the STM data on the Li or Na adsorbed(Hi1)-(3X1)
surface®® The previous MTL and EPC models were not so
successful: the MTL model has serious difficulty in explain-
ing the double-row filled-state imadéand the EPC model
produces a double-row image with too narrow width to be
properly compared with the STM dat.

In their SCLS experiment on Naf&il1)-(3x1), Okuda
et al. ® obtained two well-resolved Sip2surface core-level
spectra of equal intensityone in higher and the other in
lower binding sides Since SCLS reflects well the underly-
ing surface geometry and bonding configuration, it is also

The (3x 1) surface Brillouin zone is shown as a reference. Shadednteresting to see whether the MPC model is compatible with

areas are the projected bulk-band structure. Surfaesonance
states are represented by sdlithshedl lines. Filled circles repre-
sent the ARPES data of Okudd al. (Ref. 19, which were uni-
formly shifted by 0.42 eV for a better comparisgh) Charge char-

acter of the representative surface state&.aEontour spacings are

0.006 e/,

the measured SCLS data. We have examined it within initial-
state theory, where SCLS is defined as a binding-energy dif-
ference of core electrons at different sites and can be esti-
mated in pseudopotential formalism by the expectation value
of the self-consistent potential on the Sp Atomic orbital
located at each sit€. As shown in Fig. 5, the calculated
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FIG. 5. Calculated Si @ core-level shifts on the MPC Na/
Si(111)-(3% 1) surface using initial-state theory in comparison with
the experimental data of Okud# al. (Ref. 6. The numbers over
the calculated core levels represent the corresponding surface Si
atoms as denoted in Fig. 2.

FIG. 4. Simulated STM images of Na($11)-(3%x 1). (@) The
empty-state image obtained by integratipfr,e) from e¢ to e available experimentalARPES, STM, and SCLSsurface
+2.0 eV.(b) The filled-state image fronrep—1.0 eV toer. The  electronic data. The origin of the interesting substrate recon-
images were taken at 3.0 A above the top Si atom. struction has also been addressed in connection with the

charge character of surface electronic states. Hence, the
SCLS is in quantitative agreement with the experimentaprese”t study provides an extensive theoretical confirmation
data and reflects well the underlying structural feature; thaPf the proposed experimental model asarectone that is
is, the lower(highe) binding shifts for the Si atoms 1 and 4 e}cceptable both in energetics and in spectroscopic examina-
(2 and 3 can be attributed to a gailepletion of electronic tion.

charge associated with the aforementioned charge transfer I{ Note added.A density-functional electronic-structure
is also noticeable that the Si atoms 2 and 3 show the samseUdy of the(Li; AQ)/Si(111-(3x1) surfaces has just been

core levels in their symmetric bonding configurations, whilepUb“Shed by Erwin and Weiterirj. The reported structural

the core levels of the Si atoms 1 and 4 are separated by abo&?d electrotnlc p::)?erttlre]:s ,f\?r the Li case are very similar to
0.1 eV due to their inequivalent bonding with Na. € present resuft for the Na case.

In summary, on the basis of density-functional calcula- This work was supported by the Korea Ministry of Edu-
tions for the Na/SiLl11)-(3X1) surface, we have demon- cation(Grant No. BSRI-97-2440and the Korea Science and
strated that the recently proposed structural méM#C) is  Engineering Foundation through the ASSRC at Yonsei Uni-
not only energetically favored, but also can incorporate thesersity.
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