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The structure and low-frequency vibrations of submonolayer coverages of sodium adsorb&6@h kave
been investigated using high-resolution helium-atom diffraction and time-of-flight measuremegtss&t and
100 K. At low coveragesp ,=0.2, the overlayer structures are determined by a strong repulsive interaction
between neighboring sodium atoms, while the low-energy vibrations are characterized by a parallel frustrated
translation modéT-mode frequency ofh w~6 meV. At higher coverage®)\,=0.2, a series of quasi-one-
dimensional structures are observed, and are accompanied by a substantial lowering-ofatie frequency
to Aiw~2 meV. The diffraction patterns and loWwmode frequencies strongly indicate that the sodium atoms
form one-dimensional islands in this coverage raf§©163-1827)06747-1

[. INTRODUCTION elastic helium-atom scattering has been used to study the
microscopic diffusional motion of the sodium atoms, and
The structure and properties of submonolayer coveragegelds a very low value of the diffusion barrier of
of alkali-metal atoms on metal surfaces have been exterEq=51t6 meV and a diffusion coefficient ofD=8
sively studied experimentalll7® These results have stimu- X10~° cn?s™* at room temperature. In addition, vibrations
lated a wide range of theoretical studies of the different in-of thicker sodium layers have been investigatét?. Some of
teractions involved™® Despite the relatively simple these dynamical properties are summarized in Table | for
electronic structure of alkali-metal atoms in the gas phasdater reference.
the observed structures have been found to be surprisingly Most previous structural studies have been based on low-
complicated. For different alkali-metal—substrate combina€nergy electron-diffractiolLEED) measurements. For cov-
tions, a fascinating array of structures have been observed, asages of less tha®,,=0.2, measured with respect to the
discussed in two recent review articles by Diehl andCu(001) surface-atom density, halos around the diffraction
McGrath? At low temperaturesT =200 K, low coverages peaks have been reported at a temperaturg,ef180 K.**
of most alkali-metal atoms adsorbed on dense surfeegs, ~ At the same temperature and higher coverages, the diffrac-
fcc(001), fee(111)] do not alloy’ and show a range of quasi- tion pattern changed to @ 14x 2) structure for®y,~0.3,
hexagonal overlayer structures in which the distance betweenhile for coverages betweddy,~ 0.3 and completion of the
the atoms is maximize¥iThe repulsive interactions are at- monolayer at®,,=0.5, ac(2x2) diffraction pattern was
tributed to the large dipole moments formed on the alkaliobserved! A fourfold hollow adsorption site was deduced
metal due to partial ionization on adsorption, as indicated byor the c(2X2) surface from an analysis of LEED-V
a strong decrease of the work functidit is generally as- curves'! The observation of relatively few distinct interme-
sumed that the competition between the many-body repuldiate structures for Na/Q001) at room temperature is prob-
sive dipole-dipole interactions and the local adsorption poably due to the high mobility of sodium atoms, allowing
tentials determines whether the structures are commensurdteem to diffuse rapidly on the surface.
or not. As the monolayer approaches completion, most sys- At low temperatures the competition between the local
tems show a uniform compression of the quasihexagonafubstrate holding potential and the strong dipole-dipole re-
structure up to the complete monolayer density, while sevpulsions, resulting from the large dipole moment @f
eral systems have shown island formation or reconstructior=2.8 D,'° is expected to lead to a more complex phase dia-
of the substrate atoms. At the completion of the monolayergram. As pointed out by Diehl and McGrath in their recent
the surface is typically metallic in nature, indicating that areviews 2 up to now little is known about these low tempera-
transition from ionic to metallic bonding has taken placeture structures. To address this deficit, helium-atom scatter-
during growth of the first layel® In this connection it should ing (HAS) has been used in the present study to characterize
be noted that the coverage of a monolayer depends on tlitee submonolayer®,,<0.5) structure and low-frequency
structure of the layer and may, for some systems, be less thasibrational dynamics of sodium on @01) adsorbed at a
unity. In the present case of Na/@01) the monolayer cov- surface temperature & ;=200 K and subsequently cooled
erage is0,=0.51* to the lower temperatures of,=50 and 100 K. HAS is
Sodium on C(001) has been the subject of several ex- particularly suitable for this type of study due (@ its spe-
perimental studies. In addition to the now standard measuresial surface sensitivity resulting from the relatively large
ments of the change of the work function with coverdbe, scattering cross section of helium atoms for most adsorbates
both the perpendicular vibration frequency of the sodiumon metal surfaceY, and (b) the possibility to use time-of-
atoms with respect to the surfat® mode,'? as well as the flight techniques to measure the low-frequency adsorbate
parallel frustrated translation vibrational mode frequefiEy vibrations®®
moda,*® have been measured recently. Very recently, quasi- The present helium diffraction patterns at low coverages
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TABLE |. Some experimentally determined physical properties of sodium atoms adsorbed@i)Cu

Property Value Units Reference
S mode fiw,) 19 meV 12
T mode ¢ w,) 5.6° meV 13
Diffusion barrierE g 51+6 meV 13
Diffusion prefactorD,° 6x10 4 cnls 13
Dipole momentu, 2.8 D 16
Polarizability « 17.6 A 16
Monolayer densityc(2X2)0y,=0.5 7.65< 108 m2 11

3Mieasured for a surface temperatdrig= 300 K (Ref. 12.
PMeasured for a surface temperatdie=180 K and a coverage @,,=0.1 (Ref. 13.
‘D, was derived from an exponential fit of the diffusion coefficiént D, expEgir /KgTs)-

(®n2=0.2) confirm the importance of sodium-sodium repul- Sults are then discussed in conjunction with previous studies
sions in determining the observed superstructures, as antidi Sec. IV. The main conclusions of this work are reported in
pated from the structures on other alkali-metal{06d) Sec. V.

surfaceg A c(4v2 X 2v2)R45° was observed for a coverage

of ®\,=0.125, while a ) unit cell was seen fo®y, Il. EXPERIMENT

=0.16, both indicating a quasihexagonal arrangement of the . . :
sodium atoms compa%ibleqwith a do?ninant repu?sive interac- 1N€HUGO Il high-resolution HAS systefft**incorporates

tion. TheT mode, observed previously for isolated sodium?@ supersonic atomig: helium beam sourceAaf/v~1%, a
atoms at®y,~0.1 and measured to bew=6 meV for T, target chamber which has a base pressure of less than 2

=50 K and ®,,=0.048 in the present work, was found to X 10 H mba}r, and a time-of—fligr:t arm of 1.4-m Iength ata
persist up to®,~0.2. The lack of multiple or significantly total scattering angle dfsp=95.8° with respect to the inci-
broadened inelastic peaks suggests that the sodium atorfl§Nt P€am. Two orthogonal components of the parallel wave
oceup ernlent adsoson sies on the surteceup (o EECET IS 0 e STRCRIC Ko, nere e
coverage. At higher coverage®)=0.2, a series of one- . g )
dimensional structures, not previously reported for any of thdn9 plane by an angléd away f“”.“ the spe.cular and tilting
alkali metals on fc001) metals, were observed. The forma- 't PY @n angle¢ out of the scattering plane:
tion of these structures is found to be accompanied by an
increase of the work function and a significantly lowered
T-mode frequency, indicating either a change in the adsorp- .
tion site or, more probably, a change in the nature of the AKy=kisin($)[cos fsy/2—A0)+cog Osp/2+A0)],
sodium-copper bond, possibly corresponding to a one- 2)
dimensional metalization. For later reference, the@0®)  \yherek; is the incident momentum of the helium atoms.
surface is shown schematically in Fig. 1, where the importanfhys  the complete  two-dimensional(2D)  parallel
directions and distances are indicated. momentum-transfer space could be mapped out systemati-
This paper is organized in the following way: In Sec. I, cally by changingA@ and ¢ with the sample manipulator.
details of the experimental apparatus are presented. Followkk _ is"dependent only on the polar ang\#, and is inde-
ing that, in Sec. Ill, the HAS results are shown and the repengent of the tilt angle. The value 8K, at a particular tilt
angle is, however, weakly dependent on the polar adgle

AK, = — 2k;sin(A 6)cog fsp/2), 1)

y y y used, due to the cosine terms in E@). This dependence
////%g//// _ °tD leads to a slight distortion of the measured diffraction pattern
) *//4%/’?//4///’// M ~[100] when plotted as function of polar and tilt angles, essentially

/ A (00) making the diffraction peaks further apart in tilt angle for

/*/////////W/ / «——=>e(10) larger values ofA¢|. Since the distortion is small, the 2D

o X[to] angular distributions are presented as measured.
/ o f— The copper single crystal was first aligned along (@@1)

N o1 direction to within an accuracy of better than 0.25°, and then
/////// 1234 cut and mechanically polished. In vacuum, the surface was
o seA~— () (b) then cleaned with repeated cycles of sputtering and anneal-

ing until no contamination could be detected with Auger

FIG. 1. Schematic diagram showing the structure of theoaf) ~ SPectroscopy @ <0.005), and elastic and inelastic helium
surface. The real spaca) and the first Brillouin zone of the recip- Scattering showed a smooth surface with a high degree of
rocal spaceb) lattices are indicated. The two scattering azimuthsorder. The sample temperature was controlled to well within
[100] and[110] used in the present study are shown. From LEED* 1 K with an absolute accuracy af 5 K using a Ni-CrNi
studies, it has been established that the Na atoms occupy the folf type) thermocouple attached to the side of the copper
fold hollow sites(Ref. 1J). sample.
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Sodium was evaporated from a SAES Getters alkali-metal
source directed normal to the sample surface at a distance of
5 cm. The metal source was carefully outgassed prior to use,
so that the base pressure in the target chamber did not rise
above 1x 10 '°mbar during evaporation. During the dis-
penser warm-up cycléypically 2 min), and during adsorp-
tion the surface was held at a temperaturel g& 200 K to
prevent CO and KD, two of the main vacuum contaminants,
from sticking to the C(001) surface. The sodium coverage
was monitored during deposition via the decrease of the
specular helium reflectivity/ The sodium coverage scale
was calibrated with an absolute accuracy-e0€.005 using
the ¢(2X%2) diffraction structurd ®,,=0.5 (Ref. 11)], and
assuming a constant sticking coefficiéft.

Prior to the HAS measurements the Naf@l) surface
was cooled by a liquid He cold finger #g,=50 K (100 K) in
order to reduce the diffusional motion of the sodium atoms. ¥
By extrapolating the results of Ellis and Toenntéshe dif-
fusion rate is estimated to be reduced froB~3 T .
x107% cms at T,=200K, to D~4x10"° cn¥s at T, c(4V2x2V2)R45
=50 K for a coverage o®,=0.1. Thus a lower tempera- . . . .
ture could be used in order to improve the long-range order 00 01 02 03 04 05
of the sodium overlayer, so that sharper diffraction features Coverage ©,,
could be observed and, consequently, make interpretation of
the interactions easier. It is anticipated that there is very little  FIG. 2. (a) Comparison of the reported change of the work
difference between measurements performed on a surfagenction atT,=180 K (Ref. 11 and(b) the helium specular reflec-
prepared at a temperature Bf=50 K, and one prepared at tivity as a function of sodium coverage on Q1) for a surface

A®D [eV]

)a)

Specular Reflectivity

(V10xV10)R18.4°

b)

T,=200 K and subsequently cooled TQ=50 K. temperature off ;=40 K. Note that the reflectivity is plotted on a
logarithmic scale. The incident beam was directed alond 10€]
ll. RESULTS azimuth at an energy of 11.7 me\k;E4.73 A~1). The specular

reflectivity shows several local maxima at submonolayer coverages
of @\,=0.125,0,,=0.17, and®,,=0.25, as well as the maxi-

Figure 2 compares the variation of the work functibd mum for the monolayer & \,=0.50. The arrows show the cover-
as determined by Mizuno in Ref. 1Fig. 2(@)], with the  ages of the diffraction measurements reported in the present study.
normalized specular helium signlll ; as a function of so-

dium coverage at a surface temperatureTeF40 K [Fig.  perature ofT,=50 K. The TOF spectrum of the clean sur-
Z(b)] The rati0|/|o, wherel is the SpeCUIar peak Signal for face shows inelastic peaks AE~+9 and +10 meV'
a given coverage ant}, is the specular peak signal for the which correspond to the surface Rayleigh wave and longitu-
clean surface, will be referred to as the specular reflectivityginal resonance of GQ01), respectively>??With the addi-
The work function decreases to a minimum value of aroundjon of a small quantity @ ,= 0.048) of sodium, the surface
AP~—2.5 eV ata coverage @,~0.20, before risingto a phonons are almost completely suppressed, and inelastic
value of Ad~—-2.2¢eV at Completion of the monolayer at peaks are observed #fE~ +6 meV. Inelastic measure-
One=0.50. The helium reflectivity curve decreases sharplyments at different angles of incidence showed no dispersion
with an increasing slope on the logarithmic scale, for sodiunysf this vibrational mode. A similar peak @E=5.6 meV
coverages up to approximateyy,~0.12. Following a re-  was observed in the HAS experimentsTat= 180 K by Ellis
flectivity minimum of 1/15~4.5x10"°, the reflectivity and Toennies, who assigned it to themode!® The higher
shows at least four distinct maxima @t,~0.125,~0.17,  frequency ofh w=5.9 meV aflT =50 K observed here is due
~0.25, and ~0.50, in addition to a shoulder @y, to the large anharmonicity of this mode, which has recently
~0.375. Just as the maximum @#,=0.50 results from the been reported* With the addition of further sodium to
increase in specular scattering on completion of &2  @,,=0.125, theT-mode peak shifts to a higher frequency of
X2) layer, so do the other maxima indicate additional or-,»=6.3 meV. The details of the remarkable coverage-
dered structures. The initial slope of the reflectivity curvedependent frequency shifts will be discussed elsewfrehe.
corresponds to a total scattering cross setfiaf oy, a coverage of@®,,=0.28, the T-mode creation peak
=120 A? which is similar to the corresponding cross- (—AE) disappears, and inelastic peaks appear at a frequen-
sections observed for CO(RLl) (Ref. 17 and cies of approximatelyAE~=*2meV. As for the peak at
C,H4/Cu(001)?® both of which are chemisorbed with N0 AE~+6 meV, inelastic measurements at different angles of
reconstruction of the substrate surface. incidence show no dispersion of this vibrational mode. In
addition, at® \,=0.28 a peak appears AE~9 meV which
lies at the same position as the surface Rayleigh wave. At a
Figure 3 shows a series of time-of-fligfitOF) spectra as higher sodium coverage 6fy,= 0.350, the inelastic peaks at
a function of increasing sodium coverage at a surface temAE= =2 meV become sharper and the other inelastic peaks

A. Specular reflectivity measurements

B. Time-of-flight spectra
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the sudden frequency decrease is that the strength of the
lateral sodium-surface interaction is greatly reduced, for in-
stance due to a sharp weakening of the sodium copper bond.
The first observation of this peak coincides with the mini-
mum and subsequent increase of the work function, as
shown in Fig. 2. Since the increase of the work function for
coverages up to completion of the first layer 8@\,
=<0.5) has been related previously to a metalization of the

N

(1x1)

Ring’ alkali-metal layer; this suggests that the lowering of the
. T-mode frequency tAAE~*2 meV is due to a transition
c(42x22)Ra5" from ionic to metallic bonding of sodium atoms to the sur-
30 face.
“ 22 An alternative explanation for the significant lowering of
1 ‘?215 the T-mode frequency is a change of adsorption site from the
pl4x

fourfold hollow site to, for instance, the on-top site, as ob-
served for Cs, Rb, and K on @11 and C¢111).2 How-
ever, we believe this to be unlikely since, even at completion
of the monolayer @ ,=0.5), the sodium atoms occupy ex-

1 ‘1’ o
(V10xJ10)R18.4

Intensity [(10” counts/sec)/meV]

O =+ ON O+ 0W OWw © ~ O

L e 2@ clusively fourfold hollow sites, as determined by LEEB/
-12 8 -4 0 4 8 12 measurements, despite the strong Na-Na lateral interac-
AE [meV] tions. For the larger alkali-metal atoms K and Cs, adsorbed

on Cu00)), the lateral interaction is significantly stronger
than for Na, and as a consequence the alkali-metal atoms
always have a distinct hexagonal structure, even at the ex-
pense of having to occupy a range of adsorption $fté%in

FIG. 3. Time-of-flight spectra for several different sodium cov-
erages on C00)) at a surface temperature 6f=50 K. The inci-
dent He beam was directed along {i®0] azimuth at an incident

angle of 6;=57.9°, which, at an incident energy of 20 meY, (
=6.19 A™1), corresponds to a parallel momentum transfeA&f contrast, for the present case of Naf@id), the monolayer

=—1.43 A" for the elastic peak. On the clean surface the annihi-StruCture Isc(2X 2)’. with a square r.ather than hexagonal
lation peak at\E~ +9 meV corresponds to the @01) Rayleigh arrangement of sodlum_atoms. Th_us_lt would appear that the
wave. Inelastic peaks due to sodium are observedA Bt local IateraI_Na—Cu 'holdlng potential is stronger than the lat-
+6meV up to a coverage @y,~0.2, and atAE~+2 meV for eral Na-Na interactions, even when the atoms are very close
coverages 0 y,>0.2 as indicated by the dashed vertical lines. together, suggesting that at lower coverages occupation of an
There is no longer any evidence of sharp inelastic peaks on compl@dsorption site other than fourfold is unlikely.

tion of the c(2X2) monolayer @y,=0.50). The diffraction pat-

tern approximately corresponding to each TOF measurement is ) .

shown to the right of each spectrum. C. Diffraction patterns

Two-dimensional helium angular distributions were mea-
at AE=*6 meV and the peak aikE=+9 meV disappear sured for several sodium coverages to investigate the sub-
once more. At the completion of the monolayer only a broadmonolayer structures formed at low temperatures. Each of

weak inelastic peak atE~ =5 meV survives. the diffraction patterns shown here was obtained by stepping
The presence of only one sharp inelastic peald Bt the polar angleAd in units of 0.3° fromAf§=—3° to Ad
+6 meV for low sodium coverage®(y,<0.2), without an = +32° for 35 different values of the tilt anglg, between

observable increase in peak width with coverage, suggesis= —14° and¢= +3° (4095 data points in totalThe total
that the sodium atoms occupy equivalent sites on the surfacgignal, measured for 0.5 s at each value&\@fand ¢, varies
in this coverage range. LEED-V measurements of the between 10 and 16 counts/s at the specular position 6
c(2x2) monolayer structure for sodium on @01, and =0, $=0) and as little as 1000 counts/s far away from the
other alkali-metal—fo®01) adsorption systenfsshow that a  specular position. Most of the diffraction patterns are pre-
fourfold hollow site is preferred for the monolayer. Recentsented using a logarithmic gray scale to represent the total
molecular-dynamics simulations also indicate that sodiunsignal, so that all of the diffraction features can be seen.
occupies fourfold hollow adsorption sites on (G0l at low Figure 4a) shows a two-dimensional gray scale plot of
coverage O y,=0.2) 822" Therefore, at low sodium cover- the total scattered helium signal as a function of polar angle,
ages, the observekmode frequency of w~6 meV can be A#, and tilt angle,¢, for the lowest sodium coverage of
related exclusively to parallel vibrations within fourfold ad- ®,,=0.047. The diffraction pattern was measured at a tem-
sorption sites. It is also worthwhile remembering at this pointperature ofT ;=50 K following adsorption af ;=200 K. As
that ®,=0.2 corresponds to the coverage range where thehown in the schematic representation of the diffraction pat-
work function is decreasing, an effect which was previouslytern (also plotted as a function a8 and ¢), well-defined
related to ionic or strongly hybridized sodium atom rings are observed around the specular and integral order
bonding®*° diffraction peakgFig. 4b)]. The radius of these rings varied
The appearance of a second vibrational frequencyEat with sodium coverage up t®\,~0.1, with the radius in-
~+2 meV for ®;=0.2, which then almost completely re- creasing with the square root of the coverage, as expected.
places the 6 meV peak &,,=0.35 and disappears @, As shown in Fig. 4, the observed radius Af9=+*3.5°
=0.50, is of particular interest. One possible explanation fo AK=0.50 A™1), corresponds to an interatomic distance of
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FIG. 4. (a) Two-dimensional helium angular distribution for a
sodium coverage of),,=0.047 at a surface temperature Bf
=50 K. The incident-beam energy was 20 mek/=6.19 A™1).

FIG. 5. Schematic diagram of the arrangement of sodium atoms
as deduced from the diffraction pattern measured@g~0.047

The diffraction features ifta) are shown schematically ifb). The ~ SNOWn in Fig. 4. The repulsion between the sodium atoms is mini-
intensity axis has been plotted on a logarithmic scale to highlighfn'zed by the near-hexagonal structure in which the interatomic dis-

the rings around the specular and integral order diffraction peaks 4gnced between the atoms is nearly the same. The observed dif-
A6=12.0° andd=—13.5°, and atA 9=24.2° andp=0°. The fraction peaks are smeared into a ring by the azimuthal rotation of

diffraction rings have a radius oAK=0.50 A~1 which corre- consecutive domains of quasihexagonal structure.

sponds to an average Na-Na separation of 12.6 A. . . .
P g P peak positions can now be described by two domains of a

c(4v2x2v2)R45° overlayer structure which are rotated by
90° with respect to each other. The reciprocal space unit cell
ﬁgr the two domains is shown schematically in Figb)e A

12.6 A. Some variation of the diffraction ring intensity with
azimuth can be seen, particularly for the ring around th
specular peak. The ring intensity appears to be largest alo X -
tf?e [100] F;rﬁ[om] azigr]nuths, V\yh”gﬁt is lower alo%g the milar c(4v2 X 2v2)R45° overlayer structure was observed

; - : : ; LEED patterns for ®=0.125 caesium adsorbed on
[110] and[110] azimuths. The origin of the intensity varia- In " ) ;
tion could lie either in a slightly greater probability of having Rh(001) by Miiller, Besold, and HeinZ,and for potassium

domains aligned close to t&00] and[010] azimuths when on Ni(001) by Wedler etal®® Since at this coverage the
compared to other azimuths, or in a slight asymmetry of théameT-moc_Je frequency as found at Io_wer coverages was
scattering form factor from isolated sodium atoms due to thé'neasuredFlg. 3. the sodium atoms agamo appear to occupy
presence of the GQ01) surface. the same hollow sites. IA(4x/2><2'f2).R45 structure con-
Similar diffraction ring structures have been observedSistent with these sites is shown in Fig. 7. It is interesting to
with LEED for many different alkali metals on various low- N°t€ that, on heating td=100K, the sharp diffraction
index metal surfacésThese structures are generally attrib- P€aks visible aTs=50 K in Fig. 6 gradually disappear. This

uted to slightly disordered hexagons arising from the repulS attributed to rapid diffusion of the sodium atoms even at
sion between adsorbed alkali-metal atoms, which aréhese low temperatures, which is facilitated by the low dif-

. . _ 13
smeared into a ring by the azimuthal rotation of consecutivdUSion barrier ofE ;=516 meV. . .
domains. This interpretation is consistent with the observed = Further adsorption of sodium to a slightly higher coverage

coverage dependence of the ring diamétdihe observation ©f ©na=0.16, close to the second maximum of the reflectiv-
of the T-mode frequency atw~6 meV in the inelastic mea- ity curve at®,,=0.17, leads to a subtle change of the dif-

surementsFig. 3 which, as discussed in Sec. Il B, has beenfraction pattern from thec(2v2Xx4v2)RA45° arrangement
assigned to parallel vibrations at the fourfold hollow sites,observed aB®y,=0.125. The § §) peaks merge to form a
indicates that all of the sodium atoms occupy the same fouthroad peak at¥ 0), as shown in Fig. 8. The peak maxima
fold hollow sites on C(001). An approximate model of & ¢an he described now by reciprocal-lattice vectors corre-

sodium atom overlayer witt®\,~0.047, based on these sponding to the ¥ 0) and ¢ 1) diffraction peak positions,

ideas, is shown schematically in Fig. 5. ; 3 . )
Diffraction patterns similar to that shown in Fig. 4 were "€ (%, 2. The corresponding ideal structure with a cover-

observed up to aboy,~0.1. At @,=0.125, which cor- 29€ 0fOy,=0.167 is shown in Fig. 9. The broadness of the
responds to the first maximum of the reflectivity cul¥g. diffraction peaks observed indicates a significant degree of
2), a more complex arrangement of diffraction peaks, adlisorder even af ;=50 K. The substantial broadening of the
shown in Fig. 6a), is observed, again measured B (3 0) peaks perpendicular to tH&10] azimuth indicates a
=50 K following adsorption aff;=200 K. The diffraction  significant variation in the angle of thef’g) superstructure
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FIG. 6. (a) Two-dimensional helium angular distribution for a (b)

sodium coverage of),,=0.125 at a surface temperature Bf

=50 K. The incident-beam energy was 20 mek{=6.19 A™1). FIG. 8. (a) Two-dimensional helium angular distribution for a
The intensity axis was plotted on a logarithmic gray scale to highsgdium coverage of,,=0.16 at a surface temperature Bf

light the diffraction peaks from the sodium overlayer structure. The=50 K. The incident-beam energy was 20 mel/=£6.19 A~1).
diffraction peaks in(a) are shown schematically itb). With the  The intensity axis was plotted on a logarithmic gray scale to high-
exception of the C(001) diffraction peaks, marked by filled circles, |ight the diffraction peaks in a small section of reciprocal space
the peaks marked by open circles correspond to two domains of gyrrounding the specular peak. The diffraction peaks and lattice
C(4\/i>< 2\/2) R45° sodium Superstructure, for which the unit cells vectors are shown Schematica”y(lm)’ and Correspond to &% g)

are shown in(b). sodium superstructure.

-
000000090000
080000600000

FIG. 9. Schematic diagram showing a section of one domain of
FIG. 7. Schematic diagram showing a section of one domain ofthe approximate arrangement of théz(g) structure as deduced
the c(2v2 X 4v2)R45° structure as deduced from the diffraction from the diffraction pattern measured fé¥,=0.16 shown in Fig.
pattern measured fdd .= 0.125 shown in Fig. 6. In this structure 8. In this structure there are three sodium-sodium distances of 7.22,
there are two sodium-sodium distances of 7.22 and 8.07 A. 5.72, and 7.67 A.
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E=20meV
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10 20 30
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Lno sl
: 4 I B . . e .
g 0 > _ - c) FIG. 11. Schematic diagram showing the positions of the dif-
-(%’ A02-9.0° fraction peaks of Fig. 10 in reciprocal space f@§,=0.25. The
= 6 © 371; ’ ] integer order C(001) diffraction positions are indicated by the
° 4r _ ] completely filled circles(®). The shaded circles with the arrows
=2 (1/412) (1214 4 ) (a)—(e) indicate the peaks and the direction of the corresponding
(2) — ] angular distributions in Fig. 10 with the more intense peaks shown
I ) A=-120° by large shaded circles. Th@(4x 2) diffraction pattern is com-
J 1 \en (1/2172) ] pleted for all four quadrants by the open circl€¥), and the recip-
l rocal space unit cell is shown for the two orthogonal domains.
e
Tilt ¢ [deg] domains of a surface structure, each domain of which is

strongly corrugated along only one of these azimuthal direc-

FIG. 10. A series of helium angular distributions obtained bytions. If an overlayer unit cell with a more complex 2D cor-
rotating the polar angle and tilting the surface for a sodium coverfugation with significant components along more than just
age of ®,,=0.25 at a surface temperature ®=50K. The one azimuthal direction were present, then large intensities
incident-beam energy was 20 mek; £ 6.19 AY. Intense peaks at would be observed in all of the diffraction peaks and not just
01, (01), (03, (20), and & 0), and weaker peaks ak &)  those located along particular azimuths. Consequently, the
nd & 1) correspond to diffraction from B(4X2) sodium over diffraction intensities suggest that the sodium atoms form
and (; ), correspond to di ?C lon from p( A ) sodium over- two orthogonal domains of a quasi-one-dimensional struc-

layer. The peak af 6= —12.0° and¢$= —13.0° corresponds to a . .
; ) ., ture oriented along thgEL10] and[110] azimuths, as shown

Cu(00)) diffraction position. . . . .

in Fig. 12. In this structure the sodium atoms are arranged in

lattice vector with respect to tH&10] azimuth. This disorder rows along the[100] and [110] azimuths spaced & apart

is perhaps not so surprising, considering the significant dif-(See Fig. 1, with a localc(2x2) structure. The largeal

ference between the three competing sodium-sodium di Spacing between the rows gives a strong corrugation which
tances of 5.72. 7.22. and 7.67 A eads to the large helium atom diffraction intensity along the

_ : - 110] and[110] azimuths. The low diffraction intensity away
At a coverage o ,=0.25, the third, and most intense, L : : 7
submonolayergmaxin:‘jm of the reflectivity curve is foundfrom the[110] and[110] azimuths at this coverage indicates
(see Fig. 2 At this coverage an entirely different set of the absence of significant c_orru_ga_\tion along the s_odium atom
diffraction peak positions are observed, as shown by the sdoWs- Such a I.OW corrugation is |ncompat|_ble.W|th the cor-
ries of angular distributions in Fig. 10. These scans arggatlon angupated for well-separated, |on!cally surface
shown rather than the 2D gray scale plots presented up Xogf/‘;degf'“m atoms, SIUCh as those f(grmlng fgﬁ‘?

now in order to highlight the distribution of intensity be- ) structure at a lower coverage ha=0.125. n
tween the various diffraction peaks. Figure(@0shows an that case, significant diffraction intensity was observed in all
angular distribution obtained by rotating the polar anyle azimuthal directions. Thus, the one-dimensional character of
along the C(001) [100] azimuth, through thé1 1), (0 0) the diffraction peak intensity distribution strongly suggests a
and(1 1) Cu(001) diffraction pealé positions. Figurés @_’ smoothing of the corrugation along the sodium atoms rows.
10(e) are selected tilt angular distributions along {1820] This interpretation is consistent with the work-function data,
azimuth through theX( 1), (2 1), (2 2. and @ 3) diffrac- shown in Fig. 2, which suggest that the sodium rows have a

: ) _ ‘ ) considerable metallic character which would also tend to
tion peak positions, respectively. The well-defined diffrac-gmgoth out the corrugation along the rows.

tion peaks correspond to two orthogonal domains q@f(4 With only a small further increase of the sodium coverage
X2) structure shown in Fig. 11. ~ from @y,=0.25 to®,=0.28, the helium diffraction pattern
The most intense diffraction peaks were observed in th%hanges significantly to that shown in Fig. 13. The most
quarter-order diffraction positions; (0), (3 0), and ¢ 0)  intense diffraction peaks are again oriented along the
along the C(001) [110] and[110] azimuths. The only way Cu(001) [110] and [110] azimuths, as also observed for
to obtain intense diffraction peaks almost exclusively along®y,=0.25. In this case, however, the diffraction peaks are
only the[110] and[110] azimuths is to have two orthogonal broadened along tHe.10] and[110] azimuths, respectively,
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FIG. 12. Proposed structure for a sodium coverage®qf,
=0.25 determined from thp(4X2) diffraction pattern shown in
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FIG. 14. Schematic diagram showing a proposed arrangement of
sodium atoms fo® \,=0.28. Kinks have been introduced into al-

Fig. 10. The sodium atoms form quasi-one-dimensional rows whichiernate rows to accommodate the additional sodium atoms. This

provide for a strong corrugation along theLO] and[110] azimuths
for the two orthogonal domains.
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Intensity [10° counts/sec]
0 5 8 14 24 40 70 120 200 350 1000
00) 0 a1
(1/4.0) o
(13 0)
‘(2/3 0)
oo (b)

FIG. 13. Two-dimensional helium angular distribution for a so-
dium coverage of®,,=0.28 at a surface temperature o%f
=50 K. The incident-beam energy was 20 mek{=£6.19 A1),

mixture of 4xX 2 and 3x 2 unit cells shown in the arrangement leads
to additional intense, broad diffraction peaks between the quarter-
and third-order diffraction positions along th&10] and[110] azi-
muths(see Fig. 1R

corresponding to a distribution of unit-cell lengths between
3a and 4. Some low-intensityp(4 X 2) diffraction peaks
can still be observed. The relatively small increase in cover-
age from®,,=0.25 to®,=0.28, and the diffraction peak
intensity distribution, suggest that the overlayer structure at
On2=0.28 is probably a modified version of thE4Xx2)
structure, with kinks in the sodium atom rows to accommo-
date the additional atoms. Figure 14 shows a schematic dia-
gram of this proposed structure.

Figure 1%a) shows a two-dimensional helium angular
distribution obtained for a sodium coverage @f,=0.350.
As for ®y,=0.25 and 0.28, this angular distribution shows
strong quarter-order diffraction peaks along fi€.0] and
[110] azimuths, again suggesting that the sodium atoms form
predominantly one-dimensional structures on the surface,
also with 4a periodicity. Additional, weaker, diffraction
peaks corresponding to two domains of ay10
x /10)R18.4° structure are observed, as shown by the recip-
rocal unit cells in the schematic representation of the diffrac-
tion pattern in Fig. 1&). The large intensity difference be-
tween the strong %1 diffraction peaks and the weaker
(\/10x \10)R18.4° diffraction peaks strongly suggests that
the surface is composed of a mixture of domains of these two
different structures, with different sodium coverages which
contribute to the average sodium coverage®qf,= 0.350.

The intensity was plotted on a logarithmic gray scale to highlightThe ideal coverages of these two phases depends on the pos-

the intense diffraction peaks observed at approximately é’n@)(

and ( 0) diffraction positions which are broadened significantly
along the C(001) [110] azimuth. The filled circles irfb) mark the
diffraction positions of the G@01) surface. Additional, weak dif-
fraction peaks are found in positions corresponding fo(4Xx 2)
pattern.

sible structures which will be discussed next.

One possible overlayer structure which is consistent with
the large diffraction intensities of the quarter-order diffrac-
tion peaks along th€110] and[110] azimuths is shown in
Fig. 16. This structure is similar to the row structure pro-
posed in Fig. 12 for a sodium coverage ®f,=0.25, only
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FIG. 15. Two-dimensional helium angular distribution for a so- . . .
dium coverage of®,,=0.350 at a surface temperature Bf FIG. 16. A section of one domain of a sodium overlayer struc-

=50 K. The incident-beam energy was 20 mek/=6.19 A~Y) ture model suggested by the intens& ¥ diffraction peaks ob-
The intensity was plotted on a logarithmic gray scale to highlightS€™ved in Fig. 15. The sodium coverage of this structur® g

the diffraction peaks. Intense overlayer diffraction peaks, marked:o"?gS' close t? tr;]e Valt’e 61,1?]%0.350' meaSLtJredt in Fig. 15. Tt:e
. _ one-dimensional character of this overlayer structure gives a stron
by gray circles, are observed at the@), (3 0), and ¢ 0) diffrac- 2y d g

. e . ) . : . i ) surface corrugation along t&10] and[110] azimuths, leading to
t!on positions, while the filled CIrCI.G.S ifb) mark diffraction POSI" the observation of intense diffraction peaks along those azimuths.
tions of the C@00Y) surface. Additional, sharp, but less intense

diffraction peaks, marked by open circles, indicate diffraction posi-

tions corresponding to a\/(l—ox \/f))R18.4° overlayer, for which Ts=180K using LEED at the same coveraﬂégThgse re-
the unit cells for two domains are also shown. sults suggest that the sodium atoms organize into(2

X 2) arrangement of sodium atoms, even though the mono-

) . . . .. layer is not yet complete. For this reason the sodium atoms
with the addition of an extra string of sodium atoms within

each row to increase the coverageX,=0.375. The shoul-
der observed in the specular reflectivity curve in Fig. 2 at
®\,=0.375 supports this interpretation and the existence of
a well-defined structure in the coverage rang®\, X X
~0.350-0.400. As already discussed #@n,=0.25 and

0.28, the one-dimensional character of this structure provides ’Q”Q‘Q‘Q”Q”Q‘Q‘Q‘
for a strong surface corrugation perpendicular to the sodium ."’0"4‘§.§"‘.
atom rows resulting in higher diffraction intensities along the
[110] ([110Q]) azimuth.

The coverage of this structure 6fy,=0.375 is somewhat
larger than the experimental coverage®f,=0.350 so, to
compensate, the structure corresponding to th&0(

x \10)R18.4° diffraction peaks must have a coverage which
is less than®,,=0.35. Figure 17 shows a section of one
domain of a possible structure with the correc/10

% 10)R18.4° unit cell which has a coverage @,
=0.30. In this (/10x \/10)R18.4° structure, the sodium at-
oms are situated in(2X2) positions on the surface which
form rows similar to the proposed structures tog,=0.25 ."."“'
and 0.375. This structure also follows from the structure pro- ‘*.’.‘*"“*.‘.
posed for®,,=0.28, only with an ordered array of kinks
with one orientation. The net effect of this is to maximize the  rig. 17. oOne possible \T0x VI0)R18.4° sodium overlayer
distance between the rows while increasing the coveraggycture to explain the weak diffraction peaks observed for a so-
from that of thep(2x4) structure proposed fd®y,=0.25  dium coverage o y,=0.350 shown in Fig. 15. The sodium cov-
(Fig. 12. erage is©®,,=0.30, and follows the trend of the quasi-one-

It is interesting to note that the structure in Fig. 16 is alsodimensional structures which sodium forms at coverage® gf
consistent with thec(2x2) diffraction pattern reported for =0.25 and above.

804
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009005900064
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900
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FIG. 18. Angular distribution for a sodium coverage ®f, FIG. 19. Schematic diagram showing the sodium atom positions
=0.50 at a surface temperature Bf=50 K. The incident-beam for thec(2x 2) structure observed f@ ,=0.500(Fig. 18. LEED
energy was 20 meVk(=6.19 A™') oriented along the G001) |-V measurements suggest that the sodium atoms sit in fourfold

[100] azimuth. Low-intensity, sharp, diffraction peaks are observechollow sites at this coveragdef. 11.

at Ag=+12°, corresponding to the}(3) diffraction positions at

AK=+174 A", in addition to the intense specular peak. The |ow temperatures. The present helium diffraction results ob-
apparent intensity difference between the twp %) diffraction  tained following adsorption at a temperature Taf=200 K
peaks is probably due to a small misalignment of the crystal aziand measurement &t="50 K are summarized and compared
muth. with those obtained using LEED at a higher temperature of

are shown in next-nearest-neighbor fourfold hollow sites in aTS: 180 K (Ref. 11 in Table Il. In addition to the diffraction

local c(2Xx 2) arrangement within the rows, even though theresults obtained for a temperature Tf=50K, some HAS
helium diffraction data do not provide information on the results me_zasured at a temperaturd ot 100 K, V\.'h'c.h were
internal structure of the rows due to the lack of corrugationals.o obtgmed_dunng the present stgdy, are |nd|ca_ted. The
along the rows. helium dn‘frgctlon and electron—d|ﬁr§ct|on results are in good
Following completion of the sodium monolayer, as deter-agreement in the low coverage regintiy,= 0.2, taking into
mined from the near-unity normalized specular reflectivityaccount the fact that the high diffusion rate Bi=180 K
(Fig. 2, the polar angle angular distribution shown in Fig. (Reéf. 13 breaks up the long-range order of the overlayer
18 was measured along the (001 [100] azimuth. The ob-  Structures which could be observed here at lower tempera-
served & 1) diffraction peaks are very sharp, indicating atures. ‘The low-coverage surface structure is dominated by
high degreze of order in the overlayer. Their v’ery low inten_repulswe dipolar interactions leading to a series of quasihex-
. . . i agonal structures for which the local order is strongly tem-
sity which, on average, is approxma‘gelnyof the specu- o oiiire dependent. ABy,=0.125, ac(4vax 2v2)RA5°
lar peak, indicates that the surface is very ‘Qe’g)'OOth* In facki,cture was observed, as expected from a consideration of
zizlgthaio?rrgggttignaiss ;Z?icféea?g d((f)(n)nrl)asnl:(rafgl:lié Ia?/lé(;hwier the competition between the lateral photoemission spectros-

: - ; o} and purely repulsive alkali-metal—alkali-metal
the valence electrons provide a Smoluchowski smoothing of t2¥acti0n58’32p y P
the corrugation formed by the ion cores. Thus the low cor-" a0 hejiym diffraction results confirm that the monolayer

rugation is consistent with a strong metallic character of thestructure isc(2x 2). as observed using LEED Unlike the

SOCliIUE’! migolayer:. fic di howing th larger alkali-metal atoms® which form hexagonal over-
n 1g. a schematic diagram snowing the arrangemeqtayer structures at completion of the monolayer, sodium at-

of so?ji_;nfm a‘;oms in the(hz><2)| ovc;,;rlayer li)s shov(\j/n. A:(zl oms adsorbed on @Q@01) form a square lattice, indicating
X 2) diffraction pattern has also been observed using oWyt the [ocal lateral bonding dominates in the determination

energy electron diffraction for sodium adsorbed oM@ ¢ yhe equilibrium adsorption site. This site was determined

(Ref. 1) and Ni{001.” As mentioned earlier, LEED-V 4, e fourfold hollow!® in common with Li/CU001) (Re.
analysis has shown that, on (001) surfaces, sodium atoms 11) and Na/N{001).}

i dl
occupy fourfold hollow sites! In the intermediate submonolayer coverage regime the
present results differ, substantially, from both the reported
V. DISCUSSION LEED results at higher temperatures, and theoretical expec-
These new helium diffraction results show that sodiumtations, since the diffraction patterns observed hereBgy
exhibits a rich variety of overlayer structures on(@@d) at  =0.25, 0.28, and 0.35 have not been observed previously, to
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TABLE Il. Comparison of the submonolayer structures of sodium atoms adsorbed(@dXCdetermined
in the present study using helium-atom scatteriH§\S) at T;=50 and 100 K with a low-energy electron-
diffraction (LEED) study atT=180 K (Ref. 11).

Coveraged HAS T,=50 K HAS T,=100 K LEED T,=180 K (Ref. 1))
<0.1 Ring Weak ring Ring
0.125 c(4v2 X 2v2)R45° Weak ring Ring
0.167 39 Ring
0.25 p(4x2) Ring
0.28 3x1 3xX1 c(14X2) hex
p(4%x2)
0.30 (/10X 10)R18.4° (10x 10)R18.4° c(14x 2) hex
0.375 41 4x1 c(2x2)
0.50 c(2x2) c(2x2) c(2x2)

our knowledge, for the adsorption of any alkali metal on adense due to their dipole moment being more than twice as
fcc(001) metal surface. For an unspecified alkali metal at darge as for sodium. In addition, it has been determined re-
coverage of®=0.25 on a fc@01) surface, an overlayer of cently that the lateral variation of the adsorption potential
c(4X2) structure was calculated in Ref. 32. In thig4  decreases for the larger alkali-metal atoth§hus the con-

X 2) structure, which had been observed previously for Csditions for island formation are particularly favorable for so-
Rh(001) (Ref. 3 and K/Ni(001),® the alkali-metal atoms dium.

form a quasihexagonal structure due to dipolar repulsion. As far as we are aware, there have been few reports in the
However, the present results show that, at the same coveradiéerature of one-dimensional structures of alkali and alkali-
the sodium atoms form @(4x2) overlayer structure on earth metal atoms adsorbed on various flat surfdees.,
Cu(001). Moreover, the distribution of diffraction intensities Sr/Mo(112), Li/W(112), Mg/W(112), Na/Ma(112].3* The
indicates that the structure is essentially one dimensional insymmetric islands shapes were attributed to asymmetries in
nature, suggesting a condensation of the sodium atoms infadirect electronic interactions as a result of the asymmetric
metallic rows. A quasi-one-dimensional character was alsstructure of the metal surface for which this effect was ob-
observed at coverages @fy,=0.28 and 0.35, indicating that served. For C(001) there are no obvious difference between
this is a general preference for this particular adsorption syshe[110] and[110] azimuths which may lead to asymmetric
tem. island shapes.

It is worthwhile noting that the diffraction results alone do  The effect of a large work-function difference between an
not completely rule out the possibility of a one-dimensionaladsorbate island and substrate upon surface order was dis-
reconstruction of the G001) surface, with the sodium atoms cussed by Vanderbilt and co-workerswith particular ref-
occupying higher coordinated sites. However, there are twerence to the periodic domain structure observed for the O/
pieces of evidence against this possibility. First, as noted i€u(110 systent’ Ng and Vanderbilt considered the energy
the literature>’ reconstruction of the surface typically only density due to various domain structures for different adsor-
takes place at higher temperatures approaching room terbbate coverages where the surface can be characterized by
perature. In particular, f¢&10 surfaces, and surfaces with two distinct phases with different work functions. The en-
adsorbed lithium, are prone to reconstructioim. addition,  ergy associated with the boundary of an island or atean-
no indication of reconstruction in this coverage and temperaface tensiop competes with direct, long-range electrostatic
ture range was found in the LEED investigatidhSecond, interactions between the two phases, which results in a tran-
the measured-mode frequency, shown in Fig. 3, drops by a sition from a regular hexagonal arrangement of circular
factor of 3 from that of the isolated atom at lower coverage,‘droplets” (atomg to a periodic row phase as soon as the
but the intensity is about the same. The lower lateral vibrareduction in the boundary energy arising from the formation
tion frequency would appear to be incompatible with aof striped domains is greater than the corresponding increase
higher sodium-atom coordination, if anything, a higher fre-in electrostatic energy due to the reduced distance between
qguency and lower intensity would be anticipated. Conseadsorbated?
guently, based on this evidence, it is our opinion that the In the present case, Na/@01), the two phases are the
Cu(001) surface does not reconstruct, but rather than the scslean C@001) surface and the Na-covered surface, which
dium atoms themselves group to form quasi-one-dimensiondlave significantly different work functionsee Fig. 2 At
structures. the predicted transition covera@i,= 0.25, which is half of

Condensation of adsorbed alkali-metal atoms into island¢he monolayer coverage, the sodium atoms were observed to
has been observed for several other alkali-metal adsorptioiorm row structures, whereby the boundary energy is re-
systems, as reviewed in detail by Diehl and McGraithey  duced considerably compared with a quasihexagonal ar-
concluded that the reason why island condensation occurangement of separate sodium atoms. For alkali-metal ad-
for some systems and not for others is related to the balanorption, in addition, the work function increases once the
between lateral local bond and interatomic forces. Theatoms coalesce to form metallic islands. This effect reduces
heavier alkali metals, K, Rb, and Cs, are less likely to conthe electrostatic repulsion between the atoms in the rows.
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Ng and Vanderbilt further predicted that, at coverages be- V. CONCLUSION

tween half of saturation and saturatiph25<©\,=<0.5 for Submonolayer coverages of sodium on (@1 have

Na/Cy001)], the system should return to circularly or hex- been investigated with high-resolution helium-atom diffrac-
agonally shaped inverse adsorbate droplets, corresponding tion in two-dimensional reciprocal-lattice space. Inelastic
holes in the adsorbate layer, but only if the substrate poterfime-of-flight measurements of the parallel frustrated trans-
tial is isotropic. The relatively high value of the diffusion lation (T mode showed a substantial variation between the

ief3 for N 1 ith th Isi _ low-coverage regimef) \,=0.2, and higher coverages up to
barrier” for Na/Cu001), compared with the repulsion be c?mpletion of the monolayer, 0.290,<0.50. At low cov-

tween .the sodium atoms, means thgt the sodium atorrls fegrages thd-mode frequency i& w~6 meV, which changes
the anisotropy of the surface potential and, therefore, “preyg 7, > mev at higher coverages. These trends are corre-
fer” fourfold hollow sites to any other adsorption site. In this |ated with the helium diffraction patterns which, at low cov-
case Ng and Vanderbilt predicted that the system may narages, show a transition with increasing coverage from iso-
return to the droplet phase following the periodic row phaseropic ringlike structures to asymmetric row structures along
at half-saturation coverage. Thus the results of their modethe [110] and [110] azimuths, which, at larger coverages,
indicated that, in the present case, sodium forms a perioditinally leads to the isotropi@(2x2) saturation coverage
row structure on C{001) at ® .= 0.25 in order to minimize Structure. Foil®,=0.2 the overlayer structures can be char-
the strength of the electrostatic interactions between the afiCterized by repulsive interactions between separate sodium
oms and, further, that the sodium atoms remain in a periodi@ioms which reside in the same type of adsorption(&tter-

. Id hollow) corresponding to higiif-mode frequencies of
rov(\j/_ arranr?emept bedcausi of tr;ef relaftl\llglz slfrong_tpreferen ©~6 meV, while, at higher coverages &8 = 0.50, the
sodium shows for adsorption at four-fold hoflow Sites. sodium atoms condense into one-dimensional islands which

The present observations raise the question, why the sam@e most likely metallic in nature, corresponding to low
effect is not seen for other alkali metal systems? We suggest.mode frequencies ofw~2 meV. The present results in-
that the same relative balance between the lateral local bonglcate that a complex balance exists between the various in-
and the interatomic forces which favor island formatisee  teratomic interactions present and, further, that in this case,
above also favor row structures. As noted above, the dipolen agreement with the theory of Vanderbilt and
repulsion for Na is much weaker in relation to the local bondco-workers?>3¢the balance leads to the predicted row struc-
forces than for the heavier alkali-metal atoms, e.g., K and Cdures expected for an ionic adsorbate system.
on Cu001). Thus, not only is island formation less favorable
for K, Rb, and Cs, but, if they do form islands it is unlikely
that they form row structures. Thus it would seem that the The authors would like to thank Dr. E. Hulpke and Pro-
Na/Cu001) system provides an optimum balance of interac-feSfSOV J. R. Manson for their. critica_l reading of this manu-
tions for the structures predicted by Ng and Vandefilt. Script, and for many helpful discussions.
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