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Surface phonons of Na-induced superstructures on A111)
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We report the surface phonon measurement by high-resolution electron-energy-loss spectroscopy of the
Na-induced superstructures on(AL1). Semiempirical simple lattice dynamical analysis using several central
forces is applied to understand qualitatively the vibrational properties of the system as a first step. The lattice
dynamical calculation for the A111)-(y/3x +/3)R30°-Na surface with a substitutional adsorption geometry
reproduces the observed strongly dispersing surface resonant mode, while the calculated dispersion curves for
a threefold adsorption geometry differ largely from the observed ones. This is explained in terms of the
structural difference which causes different restoring forces at Na atoms. The observed dipole active surface
resonant mode at thE point is assigned to a perpendicular motion of Na against the almost fixed substrate
which is similar to the one of which frequency was determined by salraitio calculations. For the AL11)-

(2% 2)-Na surface, the measured surface phonon dispersion curves locate very close to Rayleigh mode of the
clean A(111) and its backfold aM’ point.[S0163-182807)07416-X]

I. INTRODUCTION both the static and dynamic dipole, energy positions of
alkali-induced loss peaks change little with the coverage.
The adsorption of atoms on crystal surfaces constitutes However, their vibrational energies correspond fairly well to
wide area of study which still uncovers fundamental questhat predicted by the jellium theory. For the Na adsorbed
tions. Recently, the study of alkali-metal adsorption has atAl(111) surface, which is one of the most popular systems
tracted much attention in experimental as well as theoreticdbr ab initio calculations, the measured vibrational frequency
researcH’ Much of the interest has centered on the elec-has been found to correspond very well to the recently cal-
tronic structure, and phenomena related hereto, such as chaulated one byab initio pseudopotential theory. The ob-
acteristic coverage dependence of the work function, dyserved frequency for Na and Li adsorbed systems did not
namic dipole, and phonon frequency. From the standpoint ahow any coverage dependence within the precision of 0.3
structure analysis, recent studies have revealed that some wfieV while the work function and dynamic dipole change
the alkali-metal adsorbed crystal systems show thorough rdargely. This was explained in terms of the strong screening
construction of the substrate which sometimes involves thef the adsorbate-adsorbate interaction in the substitutional
intermixing (alloying) of adsorbed atoms and substrateadsorption geometry. The vibrational frequencies change
atoms® ! These structural results have cast a doubt upon thittle since the electron density forming the substrate-
widely accepted assumption of high symmetry adsorptioradsorbate bonding is well screened by the electrons of sub-
sites on the unreconstructed substrate surfaces, and addstdate Al atoms. On the contrary, the work functi(static
another dimension to the discussion of the nature of alkalidipole) and the loss intensitydynamic dipole¢ change
metal adsorption. For alkali-metal adsorbed14ll), which  largely due to the charge redistribution in the region above
was widely believed to take a simple adsorption site of highthe adatoms where the screening by the substrate electron is
symmetry sites on unreconstructed substrate, recent surfaabsent.
extended x-ray-absorption fine structu8EXAFS,*? and The purpose of the present paper is to investigate first the
low-energy electron-diffractiori (LEED) studies have con- phonon dispersions of the metal-induced superstructures on a
cluded the substitutional adsorption geometry. These resultsystal surface. The surface phonon dispersion measurement
are also consistent with the results of normal-incidence x-rayor a gas adsorbed system provides a good deal of informa-
standing-wavé?  high-resolution  electron-energy-loss- tion of substrate-molecule and intramolecule bonding, and its
spectroscopy (HREELS,® high-resolution core-level adsorption geometry, together with that of the substrate
spectroscopy® andab initio total energy calculations based atomic arrangement. The measurement of a metal-adsorbed
on density-functional theor¥. system is also expected to provide such a variety of noble
From the standpoint of the vibrational properties, severainformation. However, curiously enough, a study from the
theoretical and experimental studies were done for alkaliviewpoint of lattice dynamics has been lacking so far. In this
metal adsorbed systems. A theoretical calculation for jelliunmsense, to add new insight and understanding of the metal-
surfaces predicted the lowering in the vibrational frequencyadsorbed crystal system, we report the phonon dispersion
with the increase of coveradg®This was explained in terms measurement for Na adsorbed #11), which in a theoretical
of the electron redistribution around the adatom due to theense, is the most prototypical system among metal-adsorbed
orbital hybridization between alkali-metal atoms. By the usemetal systems. Since the Na-induced superstructure on
of HREELS, a decrease in the dynamic dipole with coveragd\l(111) takes a peculiar structure of substitutional adsorption
was reported for alkali-metal adsorbed (CLl), Cu(100), geometry(which, in a sense, can be called surface alke
Cu(110 surfaces®?° In contrast to the dramatic change in system is also expected to provide attractive vibrational in-
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formation from the side of structure analysis as well as from aluminum
the side of electronic properties which has been recently dis-
cussed in somab initio calculations.

40
Il. EXPERIMENT %.
The experiments were carried out in a two-stage ultrahigh g
vacuum chamber with the base pressure maintained in the >
10~° Pa range. In the upper stage, a rear-view type of LEED g 20
optics and the cylindrical deflector analyzer for Auger elec- |5

tron spectroscopyAES) are equipped. The lower stage con-
tains a tandem type of HREEL spectrometer which is
shielded triply by permalloy tubes to reduce the magnetic [ T <110>
field below 1 mGauss. The energy resolution of the HREEL 0
spectrometer in the straight through mode was 1.2 iifaV r X r L
width at half maximum(FWHM)] and the typical energy- Wave Vector
width of the electron beam that scattered from th¢1AL)
sample was 2 meVFWHM).** Work function changes were  FiG. 1. The solid lines denote the calculated bulk phonon dis-
also measured to a precision 0f2.5 meV by retarding po- persions of Al by a force constant model. In spite of the small
tential method using the monochromatic electron beam in th@umber of the fitting parameters used in this calculatibmo
HREELS instrument. stretching and two tangential SFC’s up to 2NN bondse overall

The Al(111) sample(12 mm diameter, 2 mm thigkwas  agreement between the calculated dispersion curves and the mea-
cut by the spark erosion method and polished mechanicallyured ones by inelastic neutron scatterifided circles is reason-
to a high optical finish with alumina powder. The surfaceably good.
was cleaned in the UHV chamber by repeated cycles of 4
KV Ar ion bombardment and following annealing up to 600 of this work is to understand the vibrational property of the
K. After this cleaning procedure, the AES signals of C and Osystem qualitatively as a first step, we start with employing a
were well below 1% of the Al signal and the sharp LEED simpler scheme by reducing the number of FC’s. In the cal-
pattern was observed. Alkali metals were deposited onto theulation, two stretching and two tangential FC’s up to 2NN
clean surface from a thoroughly outgassed SAES gettasonds are introduced. The reproduced dispersion curves
source. The coverage of the alkali metal was monitored bghow some deviation from the measured ones. However, an

LEED, AES, and work function measurements. overall fit to the measured dispersion curves is reasonably
good in spite of the simplicity in the model. The unique
IIl. RESULTS AND DISCUSSIONS solution of BFC'’s determined in the present model is listed

) ) ) _ _ in the left hand side of Table I. The values are deviating from
In this section, first we show the phonon dispersion curveshose reported in the previous work, for example, the 1NN
of the clean A[111) surface, and then we present the disper-stretching FCa, differs 15% compared to that reported in

sion curves of the Na adsorbed(AL1) surfaces. Lattice dy- Ref. 23 since the effect of the further 19 parameters are
namical calculations for bulk Al and Al11) are briefly missing.

mentioned, and afterwards, the analysis for(1Af)- Prior to the measurement of the Na adsorbed A1) sur-
(V3% /3)R30°-Na is discussed. Finally, the phonon disper-faces, the clean AL11) surface has been measured. Figure 2
sions of Na-adsorbed £111)-(2 X 2) are presented. shows typical angle-resolved HREEL spectra of the clean
Al(111) surface taken with 35.3 eV primary energy. Gain
A. Surface phonons of the clean All11) surface and loss peaks of Rayleigh phonon appear clearly in each

The lattice dynamical analysis in the present work iSspectra. It is clearly visible that the peak positions shift as the
based on the central force model the interatomic force con'—ncIdent angle of the electron beam changes. In Fig. 3 we

stants of which are determined phenomenologically via fittngShOW the dispersion curves along thél symmetry of the
to the experimental dispersion curves. Bulk force constants ) )

(BFC’s) in the present calculations were determined by fit-  TABLE I. The uniquely determined FC's values of bulk Al
ting to the phonon dispersion curves of the bulk Al measuredPPtained by fitting to the neutron inelastic scattering dkth hand

by inelastic neutron scattering. Figure 1 shows the measureg/d®: A solution of the SFC's obtained by fitting to the Rayleigh

bulk phonon dispersion curves by Stedman and Nil&son mode measured by AR-HREELS for the (AL1) surface (right
(filled circles and the calculated phonon dispersion curves inhanOI sidg

this work (solid curves. Lock et al. succeeded in reproduc-
ing very precisely the measured bulk phonons by introducin
23 FC's for up to ten nearest neighbdt NN).2% In the

Bulk force constant Surface force constant
%BFO) (N/m) (SFQ (N/m)

present work, on the contrary, only essential 4 BFC’s up toa;=20400 a,=20400
2NN were used. The simple model with a small number ofg,=—1800 B1s=0
FC's will possibly degrade the fit to the experimental data,=3000 a,s=3000
and may lead to an erroneous conclusion concerning the pgs,= — 400 Bos=0

larization of the vibrational modes. However, since the goal
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Energy Loss [ch] FIG. 3. Observed Rayleigh mode of (A1) measured by

HREELS (filled circleg and He atom scatteringvhite oneg. The
FIG. 2. Typical angle-resolved HREEL spectra of the cleangbserved dispersion curves measured by the two different tech-
Al(11]) surface taken at 35.5 eV primary energy. Gain and losshiques were found to correspond well. Solid curves show calculated
peaks of the Rayleigh phonon are clearly visible. phonon dispersion curves for a 31-atomic-layer slab terminated

two dimensional Brillouin zone. The data points, taken atWIth (111 faces using four BFC's and two SFC's.

several primary energie}, 12, 16.5, 35.5, 36.7 eVare  B. Surface phonons of Na-adsorbed AL1D-(\3% y3)R30°
indicated by the filled circles. When we compare the present The alkali induced reconstruction of the (A11) surface

data with the preceding results of He atom scatering bXNas recently studied by several groups. Surface extended

Lock et al. (indicated by open circlég?* good agreement
© (indic y open circlgs®*g adr " ray-adsorption fine structure dataand ab initio density-

is found for the measured Rayleigh mode except for slightly<"&Y: X X
lower energy around point. In this measurement, clear functional calculations showed that Na atoms displace Al

evidence of the longitudinal surface phonon was not recogtoms at 300°K and occupy sixfold coordinated holes in a
nized except for the blurred background above 20 meV. (V3% y3)R30° geometry(see Fig. 4 A recent study of a
Solid curves in Fig. 3 are the results of the calculated-EED intensity analysis also concluded the substitutional ad-
dispersion curves using a slab method. Here, the fitting wagorption geometry® From the standpoint of atomic vibra-
done for the observed Rayleigh mode using stretching 1NNions, twoab initio calculations have been done for the same
and 2NN SFC's of the bonds between the first and the seddl(111)-Na system and have derived the vibrational frequen-
ond layer. This preliminary calculation fits well to the mea- cies of a mode in which Na atoms move perpendicular to a
sured one, and its vibrational amplitude is strongly localizedrozen substraté”*® The validity of the assumption of this
at the surface top layer & point, which is the characteris- polarization, however, is not clarified yet, and thus the evalu-
tics of Rayleigh mode. However, compared to the precedingtion by lattice dynamical analysis is expected to be useful
works?2* the present model is much simpler and should beor it.
tested, for example, by seeing other surface modes. In fact, In the present work, we show the result of the angle-
the longitudinal surface phonon—which is not yet experi-resolved HREELS measurement together with the lattice dy-
mentally detected but reported in a first-principlesnamical analysis to understand the correlation between sur-
calculatiof®—is not reproduced in this calculation. The de- face structure and the vibrational properties of the Na-
termined SFC's values are listed in the right hand side otdsorbed A(Illl)-(\/§>< \/§)R30° structure. It should be
Table I. addressed that the scheme employed here is very simple and
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FIG. 4. “Substitutional” adsorption geometry of A11-
(/3% \/3)R30°-Na is shown by a “hard-ball model.” Na atoms are

Intensity [arb.units.]

located at sixfold coordinated holes of Al vacancy. A rhombus cor- g d 0.47
responds to a unit cell of the/8x /3)R30° mesh. o5 83’%
has a severe limitation for a precise reproduction and a very ’ o - . 0.30
detailed analysis of the phonon structure. However, it is still % 0.25
expected to be useful for comparing and discussing the dif- 0.21
ferences in general features of dispersion curves or their po- 0.16
larizations of the system with very different surface struc- 0.09
tures. In this sense, the measured phonon dispersion curves N , : 0.06
can be compared with the calculated two results based on the —2() 0 i() 0.00

substitutional adsorption geometry and on a threefold ad-
sorption geometry which can be regarded as a representative
of normal adsorption geometries. Displacement vectors of
the reproduced modes at tlhepoint in each calculation are
also checked whether they correspond to the measured

pole active mode af point or not.

Energy Loss [meV]

FIG. 5. A typical angle-resolved HREEL spectra of(#11)-
O(iﬁx \/§)R§O°-Na taken at a primary energy of 8.04 eV. At
around thel’ point, the 12.5 meV dipole active mod®l is ob-

Fiqure 5 shows the measured anale-resolved HREE served. When the wave vector is increased towardlthe direc-
9 - ang Iﬁon, the strongly dispersing surface resonant mB2eis clearly
spectra taken at the energy resolution of 2.3 niEWHM). observed

Na coverage was monitored by a LEED observation and by a
work function measurement_done in the same series as thgith the neighboring bulk modes, and hence the vibrational
HREELS measurement. At tHépoint, a strong dipole active amplitude is energetically distributed over neighboring bulk
mode (R1) was observed at 12.5 meV, the coverage depenmodes and also spatially distributed over deeper atomic lay-
dence of which we have reported previouSiyAs the geom-  ers from the topmost layer. Where the wave veapris
etry of the HREELS measurement goes off from the speculaiarger than 0.6 A%, the surface localized mod#l appears
reflection, i.e., as the incident angle of the impinging electrorbelow the bulk accoustic phonon band.
beam decreases, the loss energy of the acoustic mir@le ( Next, we show the calculated results for the threefold ad-
increases gradually and its intensity ratio to the elastic peakorption geometry. A schematics of the threefold structure is
also becomes higher. shown in Fig. 7. A slab thickness was set to 31 atomic layers
The plots of the loss energies versus momentum transfas in the case with clean @l11) to avoid the interference of
qy provide the energy dispersion relations of the surfacghe two surface phonons of which amplitude is localized at
phonons. Obtained phonon dispersion curves along ththe upper and the lower surfaces. This layer thickness was
I'K’'M symmetry of the two dimensional Brillouin zone are evaluated to be thick enough since almost no differences
shown in Fig. 6. The data points based on the positions of thBave been found between the calculated phonon local density
EELS peak maxima are indicated by the filled circles. For 0f stateSLDOS) for the 31 atomic layers and that of the 121
comparison, the measured and calculated results of the cleatomic layers. The Na-adsorbed (AL1)-(1/3X y3)R30°
Al(112) surface are also included in the same figure by opestructure of the threefold adsorption geometry is formed at
circles and the solid curves, respectively. In contrast to théhe upper and the lower edges of this slab crystal. The spac-
case with clean AlL11), the observed acoustic modeR1l( ing of the topmost Na layer and the second Al layer is set to
and R2) appear in the surface-projected bulk phonon con2.88 A so that the Na-Al bond length is 3.31 A, which is
tinua, which are the characteristics of surface resonant modeonsistent with the results of Schmatz al'> When we
Lattice dynamical analysis for such surface resonant modeghange this Na-Al bond length to the value of 3.13 A which
is often more complicated than that of the pure surface lois derived by ab initio calculation by Neugebauer and
calized modes which resides isolated from the bulk phonor$cheffler;’ the value of phonon frequency decreases slightly
bands. This is because surface resonant modes often coug®5 me\j at theI' point which does not affect the overall
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Wave Vector [A ] FIG. 7. Schematics of the atomic arrangement and the SFC's of
a threefold adsorption geometry. The upper figure is the magnified
FIG. 6. The measured phonon dispersions of(1Al- view of a unit cell in the lower figure. Three essential SF@isb,

(V3% \/3)R30 °-Na taken at 8.04, 16.5, 19.5 eV primary energiesa“dc) are.mainly u§ed as fitting parameters. Other parameters up to
(filled circles. Dipole active surface resonant moié is observed 2NN are included in the program but set to 0 for the present dis-
at 12.5 meV. The strongly dispersing acoustic mB@eis observed ~ CUSSION.

above the bulk phonon edge. At aroukd point, a strongly surface . i . - .
localized modeS1 appears within the bulk band gap. For a com- blurred in their energy position and fitting by a single branch

parison, calculated and measured phonon dispersions for cleaifould lead to a wrong conclusion.
Al(111) are shown together by solid curves and open circles, re- 1he calculated best fitted dispersion curves for the surface

spectively. phonons are shown in Fig.(@. In Fig. 8b), the phonon
local density of states at the topmost Na layel gboint is
1plotted. Bold lines in Fig. &) correspond to the energy po-
Eitions of peak tops in LDOS’s at the surface top layer at
each wave vector. The surface resor@iht mode has a Na

feature of the dispersion curves. BFC's of the inner part o
the slab are the same as those listed in Table I. In this ca

culation, to make the fitting procedure simpler and assure thgtre’[ching motion against the substrate. Hence, its energy and

uniqueness of the solut|on,.we dared- 0 res,tnct the .f'tt'ngdisplacement vector seems to be consistent with the observed
parameters to three essential stretching FC’s while in thﬁipole activeR1 mode. In the calculation. an observed

program, 14 parameters up to 2NN stretching and tangentia), 4e is not reproduced by any combination of SFC’s. In-
SFC's are available. These three parameters are the stretcfiaaq theR1’ mode stretches oveq;=0.0-0.5 and the

ing SFC's of a 1NN Na-Al bond, a INN Al-Al' bond in the 51" mode emerges within the lower phonon band gap for
first Al layer, and a 1NN Al-Al bond between the first and pigher wave vectors. These two modes have displacement
the second Al layers. All the tangential SFC’s and 2NNyectors almost perpendicular to the surface but their disper-
stretching SFC’s were neglected since their values arejon is rather small unlike the observB@ mode. The small
smaller than 1NN stretching SFC’s by about one order ofjispersion oR1’ andS1’ is explained in terms of the small
magnitude. The observed surface modes were fitted by theurface parallel component of the restoring force applied to
peak tops of the LDOS at the topmost Na layer since in théNa. The orientation of the Na-Al bond is steep like the case
case of the resonant modes, the amplitude of these modes atith adsorbed gaseous molecules on an unreconstructed sur-
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Na/Al(111) nified view of a unit cell in the lower figure. Three essential SFC’s

(a, b, andc) are used as fitting parameters. Other parameters up to
2NN are included in the program but set to 0 for the present dis-
cussion.

thre_e fold site
I’ point

face and thus the restoring force parallel to the surface is
small. Also, the appearance of the extremely-low-frequency
longitudinal (y-polarized surface mode is easily understood

in terms of this small restoring force parallel to the surface.
From the present HREELS measurement, any clear evidence
of this mode was not observed.

Density of States [arb. units]

1=3 From the discrepancies between the observed and the cal-

! Lo culated phonon dispersions, especially from the fact that
20 40 largely dispersingR2 mode is never reproduced by this
Energy [meV] model, we exclude the possibility of the threefold adsorption

geometry. Other adsorption geometry like an on-top site or
FIG. 8. (a) Calculated R1’, S1’) and measuredRl, R2,  Dridge site is also excluded since the orientation of their

S1) phonon dispersions for fA11)-(y3x 3)R30°-Na with a Na-Al bond is steeper than the threefold site and their pho-

threefold adsorption geometry are shown. Tevpolarized modes Non branches must be more dispersionless than those of
R1’ and S1’ (thick curves can be fit to the experimentally ob- threefold site.

servedR1 andS1 modes. However, it is impossible to reproduce ~ Next, we discuss the calculated results of the substitu-

the strongly dispersinR2 mode by this modelb) Calculated pho- tional adsorption geometry. Figure 9 shows the schematics of
non LDOS of the topmost Nd € 1), first Al (I=2), and second Al  the substitutional adsorption geometry. Again, for the sake of

(1=3) at thel point are shown. The stronglypolarized resonant a unique determination of the best SFC’s combination, we

modeR1 appears as a broad feature around 12.5 meV in the topadjusted the value of only three essential 1NN stretching

most LDOS (=1). FC'’s as fitting parameters while all the other tangential FC'’s
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and 2NN FC’s were omitted. The distance of the topmost Nadsorption geometry is the most possible surface structure
layer and the first Al layer was set to the value of 1.69 A, for the Al(111)-(y/3X \3)R30°-Na surface. According to
which is consistent with the results of Schmalzal** The  our simple semiempirical analysis, the obser®idmode is
best-fitted calculated phonon disperSion curves are shown i@scertained to be a Stroagpo|arized motion of Na atoms
Fig. 1qa) a}nd the CorrESpondihg LDOS's &t point are  against the almost fixed substraféig. 11) which is often
shown in Fig. 10b). The determined combination of SFC's assumed in some first-principles phonon calculatfériIn

are listed in Table Il together with that of the threefold g€-this sense, the phonon modes dealt with in those works can

ometry. Roughly speaking, the value of the 1NN Na-Al SFChe directly compared with our experimental results of 12.5
is several times larger than that of the 1NN Na-Na bulkyey.

stretching FC and is almost the same magnitude as that of the
1NN Al-Al bulk stretching FC.
The calculated result based on the substitutional site is

very different in two points from_that of the_ threefold_ site_. C. Phonon dispersion curves of Al111)-(2 x 2)-Na
First, the low-frequency longitudinal mode is absent in this ) ) ) )
result. Second, the experimentally obser®2l mode is re- In this section, we show the phonon dispersion curves of

produced as well as tHel andS1 mode. These features are he Na-adsorbed (22) structure which is formed after fur-
clearly explained in terms of the characteristics of the subther deposition from the\(3x \/3)R30° structure formation.
stitutional adsorption geometry. Since the Na atoms are haifhe specular HREEL spectrum shows a peak at the energy of
embedded into the sixfold coordinated hole of the Al sub-15 meV which is not formed by the continuous shift from the
strate, the bond angle is more slanted than the cases wi#2.5 meV peak of the \(3x3)R30° structure. This
other ordinary adsorption sites, e.g., threefold site. Thétrongly indicates the reconstruction to an atomic arrange-
slanted bond makes the surface parallel component of theent different from that of the\(3x \/3)R30° structure. At
restoring force stronger and this strengthened restoring forcdée deposition time 1.5 times larger than that corresponding
along the surface makes the surface longitudinato the sharpest and the most inteng8X \/3) LEED pattern
(y-polarized mode go up into the bulk phonon band. Also, a (6=1/3), the EELS 15 meV peak intensity shows an abrupt
stronger restoring force along the surface means that the inacrease which is probably due to the completion of the
teraction between the adsorbai@sediated by topmost Al 2X2 structure. This deposition time correspond®tel/2 if
atoms is stronger and phonons are easily propagating alonthe sticking probability of Na is constant throughout the
the surface. Thus, strongly dispersing surface modeRiRe deposition. This coverage is consistent with that determined
is possible in contrast to the case with other ordinary adsorgdy previous experimentS. As far as the structure model is
tion geometries. Since thR2 mode is the same transverse concerned, a number of different models have been
acoustic mode like the Rayleigh mode, one can easily undeproposed:?’—3°Recently, however, quantitative agreements
stand the resemblance betweB2 and Rayleigh modes. have been achieved between the resultsalfinitio total
Since Na is not completely embedded in the first Al layer,energy calculations, LEED, SEXAF$32 and XPD (Ref.
the surface normal component of the restoring force of théd4) studies. These studies have shown that the first four lay-
1NN Na-Al bond is nonzero. This restoring force makes theers of the structure consist of a Na-Al-Na sandwich on a
R2 mode go up into the bulk phonon band in spite of thereconstructed Al substrate layer.
weak 2NN Na-Al forces. Figure 12 shows the phonon dispersion curves for the
The origin of theR1 mode is also the transverse acousticAl(111)-(2X 2)- Na surface. Filled circles are the data points
mode since this mode is the backfold ®2 due to the cre- of the Al(111)-(2x 2)-Na and the open circles are the Ray-
ation of the new surface Brillouin zone of/8x 3)R30°  leigh mode of the clean AL11) surface. In spite of the large
periodicity. The atomic motion of this mode is a Na perpen-difference in the surface structure, the resemblance between
dicular motion against an almost fixed substrate which ighe phonon dispersion curves of the two surfaces is striking.
consistent with the experimentally observed dipole activelhis coincidence might be more clearly seen if one transfers
mode. TheS1 mode is a strongly surface localized mode, thethe upper branciRl by the mirror plane placed at thé’
displacement vector of which is also similar to the Rayleighpoint. From this resemblance, it is plausible tigit is a
mode of the clean surface. It should be noted that the quariransverse acoustic mode displacement vector of which is
titative discrepancy between the measured and the calculatedimost similar to that of the Rayleigh mode, &Rtl might be
R2 mode shows the limitation of this scheme due to thea transverse optical mode originating from a backfold of the
simplicity, i.e., using only three SFC'’s for the fitting param- S1 mode. In the present paper, however, the lattice dynami-
eters. When we increase the number of SFC’s up to 2NN, theal analysis as discussed in Sec. Il B is not done for this
discrepancy becomes smaller, but the uniqueness of the seystem. This is because, in this system, a number of SFC’s
lution is then gquestionable. Displacement vectors of themust be adjusted to fit to only two phonon branches and thus
modes, on the other hand, are not affected so much as far asunique solution is very difficult to find. However, the pos-
drastic changes are not applied to the INN SFC’s. At thissibility of normal adsorption geometries can be, in this sys-
moment in the present work, above quantitative mismatcltem also, excluded since the strongly dispersing mdeies
does not affect the essential point of the above discussiorendS1 are present. The presence of these strongly dispersing
since here we only deal with the essential differences in thenodes seems to suggest a substitutional or an intermixed
general feature of the phonon structure. surface structure. The lattice dynamical calculations using
Comparing the above two calculated results, from theSFC’s determined bwb initio pseudopotential calculations,
standpoint of lattice dynamics, we can say that substitutiondlor example, will be the next step in analyzing the measured



Phonon Energy [meV]

SURFACE PHONONS OF Na-INDUCED . ..

° data point
(@) wmeemee y polarized
Z polarized

50—+

400

Wave Vector [A™1]

(b) Energy [cm™]
0 ~200 400
Na/Al(111)
— substitutional
EE " point
8 =1
S
8
=3
& 1=2
Gy
1)
2
g 1=3
Q
[}
=4

Energy [meV]

Phonon Energy [cm™!]

FIG. 10. (a) Calculated phonon dispersions for (ALl)-
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TABLE II. The best combinations of the FC values for the two
different Al(112)-(y3% \3)R30°-Na structures. Threefold adsorp-
tion geometry(left), and substitutional adsorption geometright).

Bond SFC(for threefold sit¢ ~ SFC (for substitutional sitg
(N/m) (N/m)

a 6120 18800
20400 20400

c 20400 30600

phonon branches in detail and in understanding further the
dynamical properties of the Al11)-2X 2-Na surface.

IV. SUMMARY

In this paper, we showed the phonon dispersion measure-
ment for metal-induced superstructures on metal surfaces.
The measured phonon dispersion curves for Na-adsorbed
Al(111-(\3% 3)R30° were compared with that of the
clean Al111) surfaces and analyzed on the basis of a lattice
dynamical calculation. The observ&d mode was assigned
to be a transverse surface mode. The surface resonant mode
R2 andR1 was identified as an acoustic transverse mode and
its backfold, respectively. The observed phonon frequency of
12.5 meV ofR1 at thel” point can be compared directly to
the results from somab initio calculations sinc&Rl has a
perpendicular motion of Na atoms against the almost fixed
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this model. Thanks to the large surface parallel component of the FIG. 11. Schematic view of the calculated displacement vectors

restoring force at Na, the strongly dispersiRg mode is well re-

of the R1 mode. Na atoms have largepolarized displacement

produced by this modelb) Calculated phonon LDOS of the top- vectors while Al atoms in the second layer move only slightly. The

most Na (=1), first Al (I=2), second Al (=3), and third Al
(I=4) at thel’ point are shown. The stronghrpolarized resonant

magnitudes of the displacement vectors of the second Al atoms are
less than few percent of those of the topmost Na atoms. This vibra-

modeR1 appears as a broad feature around 12.5 meV in the togional mode is the same mode as assumed in samaitio fre-
most LDOS (=1).

guency calculations.
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T 400 substitutional adsorption geometry is the most possible one
since theR2 mode is impossible to reproduce by other ad-
sorption geometries. This is due to the smaller magnitude in
the surface parallel component of restoring force at Na atom
at normal adsorption sites. The phonon dispersion curves for
the Na-adsorbed AL11)-(2X2) surface were also measured,
300 and found to be very close to the Rayleigh mode and its
backfold of the clean AlL11) surface. The strong dispersion
in the observed branches seems to exclude the possibility of
normal adsorption geometry, but supports the possibility of
substitutional or intermixing adsorption geometry. Finally, it
should be carefully noted that the lattice dynamical analysis
with the present simple model is advantageous when only the
essential differences in the general feature of the phonon
branches and polarization of very different surface structures
are discussed. The difficulty in reproducing precisely the ob-
servedR2 mode may point to a limitation of the present
model due to the simplicity, for example, apply-ing the cen-
100 tral force model for the surface interatomic forces which may
be noncentral due to the surface-iduced modificatfom
this sense, the analysis using more elaborate FC models
which can include the effect of surface-induced modification,
models using FC’s obtained from first-principles electronic
structure techniques will be a next step for a more careful
() and detailed understanding of the present systems.

=200

Energy [meV]
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