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Helium-atom diffraction study of the submonolayer structures of sodium on Cu„001…

Andrew P. Graham and J. Peter Toennies
M.P.I. für Strömungsforschung, Bunsenstraße 10, D-37073 Go¨ttingen, Germany

~Received 19 June 1997!

The structure and low-frequency vibrations of submonolayer coverages of sodium adsorbed on Cu~001! have
been investigated using high-resolution helium-atom diffraction and time-of-flight measurements atTs550 and
100 K. At low coverages,QNa&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 mode~T-mode! frequency of\v;6 meV. At higher coverages,QNa*0.2, a series of quasi-one-
dimensional structures are observed, and are accompanied by a substantial lowering of theT-mode frequency
to \v;2 meV. The diffraction patterns and lowT-mode frequencies strongly indicate that the sodium atoms
form one-dimensional islands in this coverage range.@S0163-1829~97!06747-7#
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I. INTRODUCTION

The structure and properties of submonolayer covera
of alkali-metal atoms on metal surfaces have been ex
sively studied experimentally.1–3 These results have stimu
lated a wide range of theoretical studies of the different
teractions involved.4–6 Despite the relatively simple
electronic structure of alkali-metal atoms in the gas pha
the observed structures have been found to be surprisi
complicated. For different alkali-metal–substrate combi
tions, a fascinating array of structures have been observe
discussed in two recent review articles by Diehl a
McGrath.1,2 At low temperatures,Ts&200 K, low coverages
of most alkali-metal atoms adsorbed on dense surfaces@e.g.,
fcc~001!, fcc~111!# do not alloy,7 and show a range of quas
hexagonal overlayer structures in which the distance betw
the atoms is maximized.8 The repulsive interactions are a
tributed to the large dipole moments formed on the alk
metal due to partial ionization on adsorption, as indicated
a strong decrease of the work function.9 It is generally as-
sumed that the competition between the many-body re
sive dipole-dipole interactions and the local adsorption
tentials determines whether the structures are commens
or not. As the monolayer approaches completion, most
tems show a uniform compression of the quasihexago
structure up to the complete monolayer density, while s
eral systems have shown island formation or reconstruc
of the substrate atoms. At the completion of the monolay
the surface is typically metallic in nature, indicating that
transition from ionic to metallic bonding has taken pla
during growth of the first layer.10 In this connection it should
be noted that the coverage of a monolayer depends on
structure of the layer and may, for some systems, be less
unity. In the present case of Na/Cu~001! the monolayer cov-
erage isQNa50.5.11

Sodium on Cu~001! has been the subject of several e
perimental studies. In addition to the now standard meas
ments of the change of the work function with coverage11

both the perpendicular vibration frequency of the sodi
atoms with respect to the surface~S mode!,12 as well as the
parallel frustrated translation vibrational mode frequency~T
mode!,13 have been measured recently. Very recently, qu
560163-1829/97/56~23!/15378~13!/$10.00
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elastic helium-atom scattering has been used to study
microscopic diffusional motion of the sodium atoms, a
yields a very low value of the diffusion barrier o
Ediff55166 meV and a diffusion coefficient ofD58
31025 cm2 s21 at room temperature. In addition, vibration
of thicker sodium layers have been investigated.14,15Some of
these dynamical properties are summarized in Table I
later reference.

Most previous structural studies have been based on l
energy electron-diffraction~LEED! measurements. For cov
erages of less thanQNa&0.2, measured with respect to th
Cu~001! surface-atom density, halos around the diffracti
peaks have been reported at a temperature ofTs5180 K.11

At the same temperature and higher coverages, the diff
tion pattern changed to ac(1432) structure forQNa;0.3,
while for coverages betweenQNa;0.3 and completion of the
monolayer atQNa50.5, a c(232) diffraction pattern was
observed.11 A fourfold hollow adsorption site was deduce
for the c(232) surface from an analysis of LEEDI -V
curves.11 The observation of relatively few distinct interme
diate structures for Na/Cu~001! at room temperature is prob
ably due to the high mobility of sodium atoms, allowin
them to diffuse rapidly on the surface.

At low temperatures the competition between the lo
substrate holding potential and the strong dipole-dipole
pulsions, resulting from the large dipole moment ofm0
52.8 D,16 is expected to lead to a more complex phase d
gram. As pointed out by Diehl and McGrath in their rece
reviews1,2 up to now little is known about these low temper
ture structures. To address this deficit, helium-atom sca
ing ~HAS! has been used in the present study to characte
the submonolayer (QNa<0.5) structure and low-frequenc
vibrational dynamics of sodium on Cu~001! adsorbed at a
surface temperature ofTs5200 K and subsequently coole
to the lower temperatures ofTs550 and 100 K. HAS is
particularly suitable for this type of study due to~a! its spe-
cial surface sensitivity resulting from the relatively larg
scattering cross section of helium atoms for most adsorb
on metal surfaces,17 and ~b! the possibility to use time-of-
flight techniques to measure the low-frequency adsorb
vibrations.19

The present helium diffraction patterns at low coverag
15 378 © 1997 The American Physical Society
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TABLE I. Some experimentally determined physical properties of sodium atoms adsorbed on Cu~001!.

Property Value Units Reference

S mode (\v') 19a meV 12
T mode (\v i) 5.6b meV 13
Diffusion barrierEdiff 5166 meV 13
Diffusion prefactorD0

c 631024 cm2/s 13
Dipole momentm0 2.8 D 16
Polarizabilitya 17.6 Å3 16
Monolayer densityc(232)QNa50.5 7.6531018 m22 11

aMeasured for a surface temperatureTs5300 K ~Ref. 12!.
bMeasured for a surface temperatureTs5180 K and a coverage ofQNa50.1 ~Ref. 13!.
cD0 was derived from an exponential fit of the diffusion coefficientD5D0 exp(Ediff /kBTs).
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(QNa&0.2) confirm the importance of sodium-sodium rep
sions in determining the observed superstructures, as an
pated from the structures on other alkali-metal–fcc~001!
surfaces.2 A c(4&32&)R45° was observed for a coverag
of QNa50.125, while a (22 2

3 0 ) unit cell was seen forQNa

50.16, both indicating a quasihexagonal arrangement of
sodium atoms compatible with a dominant repulsive inter
tion. TheT mode, observed previously for isolated sodiu
atoms atQNa;0.1 and measured to be\v56 meV for Ts
550 K andQNa50.048 in the present work, was found
persist up toQNa'0.2. The lack of multiple or significantly
broadened inelastic peaks suggests that the sodium a
occupy equivalent adsorption sites on the surface up to
coverage. At higher coverages,Q>0.2, a series of one
dimensional structures, not previously reported for any of
alkali metals on fcc~001! metals, were observed. The form
tion of these structures is found to be accompanied by
increase of the work function and a significantly lower
T-mode frequency, indicating either a change in the adso
tion site or, more probably, a change in the nature of
sodium-copper bond, possibly corresponding to a o
dimensional metalization. For later reference, the Cu~001!
surface is shown schematically in Fig. 1, where the import
directions and distances are indicated.

This paper is organized in the following way: In Sec.
details of the experimental apparatus are presented. Fol
ing that, in Sec. III, the HAS results are shown and the

FIG. 1. Schematic diagram showing the structure of the Cu~001!
surface. The real space~a! and the first Brillouin zone of the recip
rocal space~b! lattices are indicated. The two scattering azimu
@100# and @11̄0# used in the present study are shown. From LEE
studies, it has been established that the Na atoms occupy the
fold hollow sites~Ref. 11!.
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sults are then discussed in conjunction with previous stud
in Sec. IV. The main conclusions of this work are reported
Sec. V.

II. EXPERIMENT

TheHUGO II high-resolution HAS system20,21 incorporates
a supersonic atomic helium beam source ofDv/v;1%, a
target chamber which has a base pressure of less tha
310211 mbar, and a time-of-flight arm of 1.4-m length at
total scattering angle ofuSD595.8° with respect to the inci-
dent beam. Two orthogonal components of the parallel w
vector transfer to the surface,DKx andDKy , were scanned
in these measurements by rotating the sample in the sca
ing plane by an angleDu away from the specular and tilting
it by an anglef out of the scattering plane:

DKx522kisin~Du!cos~uSD/2!, ~1!

DKy5kisin~f!@cos~uSD/22Du!1cos~uSD/21Du!#,
~2!

where ki is the incident momentum of the helium atom
Thus the complete two-dimensional~2D! parallel
momentum-transfer space could be mapped out system
cally by changingDu and f with the sample manipulator
DKx is dependent only on the polar angleDu, and is inde-
pendent of the tilt angle. The value ofDKy at a particular tilt
angle is, however, weakly dependent on the polar angleDu
used, due to the cosine terms in Eq.~2!. This dependence
leads to a slight distortion of the measured diffraction patt
when plotted as function of polar and tilt angles, essentia
making the diffraction peaks further apart in tilt angle f
larger values ofuDuu. Since the distortion is small, the 2D
angular distributions are presented as measured.

The copper single crystal was first aligned along the~001!
direction to within an accuracy of better than 0.25°, and th
cut and mechanically polished. In vacuum, the surface w
then cleaned with repeated cycles of sputtering and ann
ing until no contamination could be detected with Aug
spectroscopy (Q,0.005), and elastic and inelastic heliu
scattering showed a smooth surface with a high degree
order. The sample temperature was controlled to well wit
61 K with an absolute accuracy of65 K using a Ni-CrNi
~K type! thermocouple attached to the side of the cop
sample.

ur-
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Sodium was evaporated from a SAES Getters alkali-m
source directed normal to the sample surface at a distanc
5 cm. The metal source was carefully outgassed prior to
so that the base pressure in the target chamber did not
above 1310210 mbar during evaporation. During the dis
penser warm-up cycle~typically 2 min!, and during adsorp-
tion the surface was held at a temperature ofTs5200 K to
prevent CO and H2O, two of the main vacuum contaminant
from sticking to the Cu~001! surface. The sodium coverag
was monitored during deposition via the decrease of
specular helium reflectivity.17 The sodium coverage sca
was calibrated with an absolute accuracy of;0.005 using
the c(232) diffraction structure@QNa50.5 ~Ref. 11!#, and
assuming a constant sticking coefficient.18

Prior to the HAS measurements the Na/Cu~001! surface
was cooled by a liquid He cold finger toTs550 K ~100 K! in
order to reduce the diffusional motion of the sodium atom
By extrapolating the results of Ellis and Toennies,13 the dif-
fusion rate is estimated to be reduced fromD'3
31025 cm2/s at Ts5200 K, to D'431029 cm2/s at Ts
550 K for a coverage ofQNa50.1. Thus a lower tempera
ture could be used in order to improve the long-range or
of the sodium overlayer, so that sharper diffraction featu
could be observed and, consequently, make interpretatio
the interactions easier. It is anticipated that there is very li
difference between measurements performed on a sur
prepared at a temperature ofTs550 K, and one prepared a
Ts5200 K and subsequently cooled toTs550 K.

III. RESULTS

A. Specular reflectivity measurements

Figure 2 compares the variation of the work functionDF
as determined by Mizuno in Ref. 11@Fig. 2~a!#, with the
normalized specular helium signalI /I 0 as a function of so-
dium coverage at a surface temperature ofTs540 K @Fig.
2~b!#. The ratioI /I 0 , whereI is the specular peak signal fo
a given coverage andI 0 is the specular peak signal for th
clean surface, will be referred to as the specular reflectiv
The work function decreases to a minimum value of arou
DF;22.5 eV at a coverage ofQNa;0.20, before rising to a
value of DF;22.2 eV at completion of the monolayer a
QNa50.50. The helium reflectivity curve decreases sharp
with an increasing slope on the logarithmic scale, for sodi
coverages up to approximatelyQNa;0.12. Following a re-
flectivity minimum of I /I 0'4.531023, the reflectivity
shows at least four distinct maxima atQNa;0.125,;0.17,
;0.25, and ;0.50, in addition to a shoulder atQNa
;0.375. Just as the maximum atQNa50.50 results from the
increase in specular scattering on completion of thec(2
32) layer, so do the other maxima indicate additional
dered structures. The initial slope of the reflectivity cur
corresponds to a total scattering cross section17 of sNa
5120 Å,2 which is similar to the corresponding cros
sections observed for CO/Pt~111! ~Ref. 17! and
C2H4/Cu(001),23 both of which are chemisorbed with n
reconstruction of the substrate surface.

B. Time-of-flight spectra

Figure 3 shows a series of time-of-flight~TOF! spectra as
a function of increasing sodium coverage at a surface t
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perature ofTs550 K. The TOF spectrum of the clean su
face shows inelastic peaks atDE'19 and 110 meV,
which correspond to the surface Rayleigh wave and long
dinal resonance of Cu~001!, respectively.20,22 With the addi-
tion of a small quantity (QNa50.048) of sodium, the surfac
phonons are almost completely suppressed, and inela
peaks are observed atDE'66 meV. Inelastic measure
ments at different angles of incidence showed no dispers
of this vibrational mode. A similar peak atDE55.6 meV
was observed in the HAS experiments atTs5180 K by Ellis
and Toennies, who assigned it to theT mode.13 The higher
frequency of\v55.9 meV atTs550 K observed here is du
to the large anharmonicity of this mode, which has recen
been reported.24 With the addition of further sodium to
QNa50.125, theT-mode peak shifts to a higher frequency
\v56.3 meV. The details of the remarkable coverag
dependent frequency shifts will be discussed elsewhere.25 At
a coverage ofQNa50.28, the T-mode creation peak
(2DE) disappears, and inelastic peaks appear at a freq
cies of approximatelyDE'62 meV. As for the peak at
DE'66 meV, inelastic measurements at different angles
incidence show no dispersion of this vibrational mode.
addition, atQNa50.28 a peak appears atDE'9 meV which
lies at the same position as the surface Rayleigh wave. A
higher sodium coverage ofQNa50.350, the inelastic peaks a
DE562 meV become sharper and the other inelastic pe

FIG. 2. ~a! Comparison of the reported change of the wo
function atTs5180 K ~Ref. 11! and~b! the helium specular reflec
tivity as a function of sodium coverage on Cu~001! for a surface
temperature ofTs540 K. Note that the reflectivity is plotted on
logarithmic scale. The incident beam was directed along the@100#
azimuth at an energy of 11.7 meV (ki54.73 Å21). The specular
reflectivity shows several local maxima at submonolayer covera
of QNa50.125, QNa50.17, andQNa50.25, as well as the maxi
mum for the monolayer atQNa50.50. The arrows show the cove
ages of the diffraction measurements reported in the present s
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at DE566 meV and the peak atDE519 meV disappear
once more. At the completion of the monolayer only a bro
weak inelastic peak atDE'65 meV survives.

The presence of only one sharp inelastic peak atDE'
66 meV for low sodium coverages (QNa,0.2), without an
observable increase in peak width with coverage, sugg
that the sodium atoms occupy equivalent sites on the sur
in this coverage range. LEEDI -V measurements of th
c(232) monolayer structure for sodium on Cu~001!,11 and
other alkali-metal–fcc~001! adsorption systems,2 show that a
fourfold hollow site is preferred for the monolayer. Rece
molecular-dynamics simulations also indicate that sodi
occupies fourfold hollow adsorption sites on Cu~001! at low
coverage (QNa&0.2).8,26,27Therefore, at low sodium cover
ages, the observedT-mode frequency of\v'6 meV can be
related exclusively to parallel vibrations within fourfold a
sorption sites. It is also worthwhile remembering at this po
that QNa&0.2 corresponds to the coverage range where
work function is decreasing, an effect which was previou
related to ionic or strongly hybridized sodium ato
bonding.2,4,5

The appearance of a second vibrational frequency atDE
'62 meV for QNa*0.2, which then almost completely re
places the 6 meV peak atQNa50.35 and disappears atQNa
50.50, is of particular interest. One possible explanation

FIG. 3. Time-of-flight spectra for several different sodium co
erages on Cu~001! at a surface temperature ofTs550 K. The inci-
dent He beam was directed along the@100# azimuth at an incident
angle of u i557.9°, which, at an incident energy of 20 meV (ki

56.19 Å21), corresponds to a parallel momentum transfer ofDK
521.43 Å21 for the elastic peak. On the clean surface the ann
lation peak atDE;19 meV corresponds to the Cu~001! Rayleigh
wave. Inelastic peaks due to sodium are observed atDE;
66 meV up to a coverage ofQNa'0.2, and atDE;62 meV for
coverages ofQNa.0.2 as indicated by the dashed vertical line
There is no longer any evidence of sharp inelastic peaks on com
tion of the c(232) monolayer (QNa50.50). The diffraction pat-
tern approximately corresponding to each TOF measuremen
shown to the right of each spectrum.
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the sudden frequency decrease is that the strength of
lateral sodium-surface interaction is greatly reduced, for
stance due to a sharp weakening of the sodium copper b
The first observation of this peak coincides with the mi
mum and subsequent increase of the work function,
shown in Fig. 2. Since the increase of the work function
coverages up to completion of the first layer (0.2&QNa
<0.5) has been related previously to a metalization of
alkali-metal layer; this suggests that the lowering of t
T-mode frequency toDE'62 meV is due to a transition
from ionic to metallic bonding of sodium atoms to the su
face.

An alternative explanation for the significant lowering
theT-mode frequency is a change of adsorption site from
fourfold hollow site to, for instance, the on-top site, as o
served for Cs, Rb, and K on Al~111! and Cu~111!.2 How-
ever, we believe this to be unlikely since, even at complet
of the monolayer (QNa50.5), the sodium atoms occupy ex
clusively fourfold hollow sites, as determined by LEEDI -V
measurements,11 despite the strong Na-Na lateral intera
tions. For the larger alkali-metal atoms K and Cs, adsor
on Cu~001!, the lateral interaction is significantly stronge
than for Na, and as a consequence the alkali-metal at
always have a distinct hexagonal structure, even at the
pense of having to occupy a range of adsorption sites.16,28 In
contrast, for the present case of Na/Cu~001!, the monolayer
structure isc(232), with a square rather than hexagon
arrangement of sodium atoms. Thus it would appear that
local lateral Na-Cu holding potential is stronger than the l
eral Na-Na interactions, even when the atoms are very c
together, suggesting that at lower coverages occupation o
adsorption site other than fourfold is unlikely.

C. Diffraction patterns

Two-dimensional helium angular distributions were me
sured for several sodium coverages to investigate the
monolayer structures formed at low temperatures. Each
the diffraction patterns shown here was obtained by stepp
the polar angleDu in units of 0.3° fromDu523° to Du
5132° for 35 different values of the tilt anglef, between
f5214° andf513° ~4095 data points in total!. The total
signal, measured for 0.5 s at each value ofDu andf, varies
between 106 and 108 counts/s at the specular position~Du
50, f50! and as little as 1000 counts/s far away from t
specular position. Most of the diffraction patterns are p
sented using a logarithmic gray scale to represent the t
signal, so that all of the diffraction features can be seen.

Figure 4~a! shows a two-dimensional gray scale plot
the total scattered helium signal as a function of polar an
Du, and tilt angle,f, for the lowest sodium coverage o
QNa50.047. The diffraction pattern was measured at a te
perature ofTs550 K following adsorption atTs5200 K. As
shown in the schematic representation of the diffraction p
tern ~also plotted as a function ofDu and f!, well-defined
rings are observed around the specular and integral o
diffraction peaks@Fig. 4~b!#. The radius of these rings varie
with sodium coverage up toQNa;0.1, with the radius in-
creasing with the square root of the coverage, as expec
As shown in Fig. 4, the observed radius ofDu563.5°
(DK50.50 Å21), corresponds to an interatomic distance
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12.6 Å. Some variation of the diffraction ring intensity wit
azimuth can be seen, particularly for the ring around
specular peak. The ring intensity appears to be largest a
the @100# and @010# azimuths, while it is lower along the
@110# and @11̄0# azimuths. The origin of the intensity varia
tion could lie either in a slightly greater probability of havin
domains aligned close to the@100# and@010# azimuths when
compared to other azimuths, or in a slight asymmetry of
scattering form factor from isolated sodium atoms due to
presence of the Cu~001! surface.

Similar diffraction ring structures have been observ
with LEED for many different alkali metals on various low
index metal surfaces.2 These structures are generally attri
uted to slightly disordered hexagons arising from the rep
sion between adsorbed alkali-metal atoms, which
smeared into a ring by the azimuthal rotation of consecu
domains. This interpretation is consistent with the obser
coverage dependence of the ring diameter.16 The observation
of theT-mode frequency at\v'6 meV in the inelastic mea
surements~Fig. 3! which, as discussed in Sec. III B, has be
assigned to parallel vibrations at the fourfold hollow site
indicates that all of the sodium atoms occupy the same fo
fold hollow sites on Cu~001!. An approximate model of a
sodium atom overlayer withQNa;0.047, based on thes
ideas, is shown schematically in Fig. 5.

Diffraction patterns similar to that shown in Fig. 4 we
observed up to aboutQNa;0.1. At QNa50.125, which cor-
responds to the first maximum of the reflectivity curve~Fig.
2!, a more complex arrangement of diffraction peaks,
shown in Fig. 6~a!, is observed, again measured atTs
550 K following adsorption atTs5200 K. The diffraction

FIG. 4. ~a! Two-dimensional helium angular distribution for
sodium coverage ofQNa50.047 at a surface temperature ofTs

550 K. The incident-beam energy was 20 meV (ki56.19 Å21).
The diffraction features in~a! are shown schematically in~b!. The
intensity axis has been plotted on a logarithmic scale to highl
the rings around the specular and integral order diffraction peak
Du512.0° andf5213.5°, and atDu524.2° andf50°. The
diffraction rings have a radius ofDK50.50 Å21 which corre-
sponds to an average Na-Na separation of 12.6 Å.
e
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peak positions can now be described by two domains o
c(4&32&)R45° overlayer structure which are rotated b
90° with respect to each other. The reciprocal space unit
for the two domains is shown schematically in Fig. 6~b!. A
similar c(4&32&)R45° overlayer structure was observe
in LEED patterns for Q50.125 caesium adsorbed o
Rh~001! by Müller, Besold, and Heinz,3 and for potassium
on Ni~001! by Wedler et al.29 Since at this coverage th
sameT-mode frequency as found at lower coverages w
measured~Fig. 3!, the sodium atoms again appear to occu
the same hollow sites. Ac(4&32&)R45° structure con-
sistent with these sites is shown in Fig. 7. It is interesting
note that, on heating toTs5100 K, the sharp diffraction
peaks visible atTs550 K in Fig. 6 gradually disappear. Thi
is attributed to rapid diffusion of the sodium atoms even
these low temperatures, which is facilitated by the low d
fusion barrier ofEdiff55166 meV.13

Further adsorption of sodium to a slightly higher covera
of QNa50.16, close to the second maximum of the reflect
ity curve atQNa50.17, leads to a subtle change of the d
fraction pattern from thec(2&34&)R45° arrangement

observed atQNa50.125. The (38
1
8 ) peaks merge to form a

broad peak at (13 0), as shown in Fig. 8. The peak maxim
can be described now by reciprocal-lattice vectors co

sponding to the (13 0) and (14
1
4 ) diffraction peak positions,

i.e., (22
3

2
0). The corresponding ideal structure with a cove

age ofQNa50.167 is shown in Fig. 9. The broadness of t
diffraction peaks observed indicates a significant degree
disorder even atTs550 K. The substantial broadening of th

( 1
3 0) peaks perpendicular to the@110# azimuth indicates a

significant variation in the angle of the (22
3 ) superstructure

t
at

FIG. 5. Schematic diagram of the arrangement of sodium ato
as deduced from the diffraction pattern measured forQNa;0.047
shown in Fig. 4. The repulsion between the sodium atoms is m
mized by the near-hexagonal structure in which the interatomic
tanced between the atoms is nearly the same. The observed
fraction peaks are smeared into a ring by the azimuthal rotatio
consecutive domains of quasihexagonal structure.
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FIG. 6. ~a! Two-dimensional helium angular distribution for
sodium coverage ofQNa50.125 at a surface temperature ofTs

550 K. The incident-beam energy was 20 meV (ki56.19 Å21).
The intensity axis was plotted on a logarithmic gray scale to hi
light the diffraction peaks from the sodium overlayer structure. T
diffraction peaks in~a! are shown schematically in~b!. With the
exception of the Cu~001! diffraction peaks, marked by filled circles
the peaks marked by open circles correspond to two domains
c(4&32&)R45° sodium superstructure, for which the unit ce
are shown in~b!.

FIG. 7. Schematic diagram showing a section of one domain
the c(2&34&)R45° structure as deduced from the diffractio
pattern measured forQNa50.125 shown in Fig. 6. In this structur
there are two sodium-sodium distances of 7.22 and 8.07 Å.
-
e

a

f

FIG. 8. ~a! Two-dimensional helium angular distribution for
sodium coverage ofQNa50.16 at a surface temperature ofTs

550 K. The incident-beam energy was 20 meV (ki56.19 Å21).
The intensity axis was plotted on a logarithmic gray scale to hi
light the diffraction peaks in a small section of reciprocal spa
surrounding the specular peak. The diffraction peaks and lat
vectors are shown schematically in~b!, and correspond to a (22

3
2
0)

sodium superstructure.

FIG. 9. Schematic diagram showing a section of one domain
the approximate arrangement of the (22

3
2
0) structure as deduced

from the diffraction pattern measured forQNa50.16 shown in Fig.
8. In this structure there are three sodium-sodium distances of 7
5.72, and 7.67 Å.
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lattice vector with respect to the@110# azimuth. This disorder
is perhaps not so surprising, considering the significant d
ference between the three competing sodium-sodium d
tances of 5.72, 7.22, and 7.67 Å.

At a coverage ofQNa50.25, the third, and most intense
submonolayer maximum of the reflectivity curve is foun
~see Fig. 2!. At this coverage an entirely different set o
diffraction peak positions are observed, as shown by the
ries of angular distributions in Fig. 10. These scans a
shown rather than the 2D gray scale plots presented up
now in order to highlight the distribution of intensity be
tween the various diffraction peaks. Figure 10~a! shows an
angular distribution obtained by rotating the polar angleDu
along the Cu~001! @100# azimuth, through the~1̄ 1̄!, ~0 0!,
and~1 1! Cu~001! diffraction peak positions. Figures 10~b!–
10~e! are selected tilt angular distributions along the@010#

azimuth through the (18
1
8 ), ~1

4
1
4 ), ( 3

8
3
8 ), and (12

1
2 ) diffrac-

tion peak positions, respectively. The well-defined diffra
tion peaks correspond to two orthogonal domains of ap(4
32) structure shown in Fig. 11.

The most intense diffraction peaks were observed in t

quarter-order diffraction positions (1
4 0), (1

2 0), and (34 0)
along the Cu~001! @110# and @11̄0# azimuths. The only way
to obtain intense diffraction peaks almost exclusively alo
only the@110# and@11̄0# azimuths is to have two orthogona

FIG. 10. A series of helium angular distributions obtained b
rotating the polar angle and tilting the surface for a sodium cov
age of QNa50.25 at a surface temperature ofTs550 K. The
incident-beam energy was 20 meV (ki56.19 Å21). Intense peaks at

(0 1
4 ), (0 1

2 ), (0 3
4 ), ( 1

4 0), and (12 0), and weaker peaks at (1
4

1
2 )

and (12
1
2 ), correspond to diffraction from ap(432) sodium over-

layer. The peak atDu5212.0° andf5213.0° corresponds to a
Cu~001! diffraction position.
f-
s-

e-
e
to

-

e

g

domains of a surface structure, each domain of which
strongly corrugated along only one of these azimuthal dir
tions. If an overlayer unit cell with a more complex 2D co
rugation with significant components along more than j
one azimuthal direction were present, then large intensi
would be observed in all of the diffraction peaks and not j
those located along particular azimuths. Consequently,
diffraction intensities suggest that the sodium atoms fo
two orthogonal domains of a quasi-one-dimensional str
ture oriented along the@110# and @11̄0# azimuths, as shown
in Fig. 12. In this structure the sodium atoms are arrange
rows along the@100# and @11̄0# azimuths spaced 4a apart
~see Fig. 12!, with a localc(232) structure. The large 4a
spacing between the rows gives a strong corrugation wh
leads to the large helium atom diffraction intensity along t
@110# and@11̄0# azimuths. The low diffraction intensity awa
from the@110# and@11̄0# azimuths at this coverage indicate
the absence of significant corrugation along the sodium a
rows. Such a low corrugation is incompatible with the co
rugation anticipated for well-separated, ionically surfa
bonded sodium atoms, such as those forming thec(4&
32&)R45° structure at a lower coverage ofQNa50.125. In
that case, significant diffraction intensity was observed in
azimuthal directions. Thus, the one-dimensional characte
the diffraction peak intensity distribution strongly suggest
smoothing of the corrugation along the sodium atoms ro
This interpretation is consistent with the work-function da
shown in Fig. 2, which suggest that the sodium rows hav
considerable metallic character which would also tend
smooth out the corrugation along the rows.

With only a small further increase of the sodium covera
from QNa50.25 toQNa50.28, the helium diffraction pattern
changes significantly to that shown in Fig. 13. The m
intense diffraction peaks are again oriented along
Cu~001! @110# and @11̄0# azimuths, as also observed fo
QNa50.25. In this case, however, the diffraction peaks
broadened along the@110# and @11̄0# azimuths, respectively

r-

FIG. 11. Schematic diagram showing the positions of the d
fraction peaks of Fig. 10 in reciprocal space forQNa50.25. The
integer order Cu~001! diffraction positions are indicated by th
completely filled circles~d!. The shaded circles with the arrow
(a) – (e) indicate the peaks and the direction of the correspond
angular distributions in Fig. 10 with the more intense peaks sho
by large shaded circles. Thep(432) diffraction pattern is com-
pleted for all four quadrants by the open circles~s!, and the recip-
rocal space unit cell is shown for the two orthogonal domains.
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FIG. 12. Proposed structure for a sodium coverage ofQNa

50.25 determined from thep(432) diffraction pattern shown in
Fig. 10. The sodium atoms form quasi-one-dimensional rows wh
provide for a strong corrugation along the@110# and@11̄0# azimuths
for the two orthogonal domains.

FIG. 13. Two-dimensional helium angular distribution for a s
dium coverage ofQNa50.28 at a surface temperature ofTs

550 K. The incident-beam energy was 20 meV (ki56.19 Å21).
The intensity was plotted on a logarithmic gray scale to highli

the intense diffraction peaks observed at approximately the (1
3 0)

and (23 0) diffraction positions which are broadened significan
along the Cu~001! @110# azimuth. The filled circles in~b! mark the
diffraction positions of the Cu~001! surface. Additional, weak dif-
fraction peaks are found in positions corresponding to ap(432)
pattern.
corresponding to a distribution of unit-cell lengths betwe
3a and 4a. Some low-intensityp(432) diffraction peaks
can still be observed. The relatively small increase in cov
age fromQNa50.25 toQNa50.28, and the diffraction peak
intensity distribution, suggest that the overlayer structure
QNa50.28 is probably a modified version of thep(432)
structure, with kinks in the sodium atom rows to accomm
date the additional atoms. Figure 14 shows a schematic
gram of this proposed structure.

Figure 15~a! shows a two-dimensional helium angul
distribution obtained for a sodium coverage ofQNa50.350.
As for QNa50.25 and 0.28, this angular distribution show
strong quarter-order diffraction peaks along the@110# and
@11̄0# azimuths, again suggesting that the sodium atoms fo
predominantly one-dimensional structures on the surfa
also with 4a periodicity. Additional, weaker, diffraction
peaks corresponding to two domains of a (A10
3A10)R18.4° structure are observed, as shown by the re
rocal unit cells in the schematic representation of the diffr
tion pattern in Fig. 15~b!. The large intensity difference be
tween the strong 431 diffraction peaks and the weake
(A103A10)R18.4° diffraction peaks strongly suggests th
the surface is composed of a mixture of domains of these
different structures, with different sodium coverages wh
contribute to the average sodium coverage ofQNa50.350.
The ideal coverages of these two phases depends on the
sible structures which will be discussed next.

One possible overlayer structure which is consistent w
the large diffraction intensities of the quarter-order diffra
tion peaks along the@110# and @11̄0# azimuths is shown in
Fig. 16. This structure is similar to the row structure pr
posed in Fig. 12 for a sodium coverage ofQNa50.25, only

h

t

FIG. 14. Schematic diagram showing a proposed arrangeme
sodium atoms forQNa50.28. Kinks have been introduced into a
ternate rows to accommodate the additional sodium atoms.
mixture of 432 and 332 unit cells shown in the arrangement lea
to additional intense, broad diffraction peaks between the qua
and third-order diffraction positions along the@110# and @11̄0# azi-
muths~see Fig. 13!.
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15 386 56ANDREW P. GRAHAM AND J. PETER TOENNIES
with the addition of an extra string of sodium atoms with
each row to increase the coverage toQNa50.375. The shoul-
der observed in the specular reflectivity curve in Fig. 2
QNa50.375 supports this interpretation and the existence
a well-defined structure in the coverage rangeQNa
;0.350– 0.400. As already discussed forQNa50.25 and
0.28, the one-dimensional character of this structure prov
for a strong surface corrugation perpendicular to the sod
atom rows resulting in higher diffraction intensities along t
@11̄0# ~@110#! azimuth.

The coverage of this structure ofQNa50.375 is somewha
larger than the experimental coverage ofQNa50.350 so, to
compensate, the structure corresponding to the (A10
3A10)R18.4° diffraction peaks must have a coverage wh
is less thanQNa50.35. Figure 17 shows a section of on
domain of a possible structure with the correct (A10
3A10)R18.4° unit cell which has a coverage ofQNa

50.30. In this (A103A10)R18.4° structure, the sodium a
oms are situated inc(232) positions on the surface whic
form rows similar to the proposed structures forQNa50.25
and 0.375. This structure also follows from the structure p
posed forQNa50.28, only with an ordered array of kink
with one orientation. The net effect of this is to maximize t
distance between the rows while increasing the cover
from that of thep(234) structure proposed forQNa50.25
~Fig. 12!.

It is interesting to note that the structure in Fig. 16 is a
consistent with thec(232) diffraction pattern reported fo

FIG. 15. Two-dimensional helium angular distribution for a s
dium coverage ofQNa50.350 at a surface temperature ofTs

550 K. The incident-beam energy was 20 meV (ki56.19 Å21).
The intensity was plotted on a logarithmic gray scale to highli
the diffraction peaks. Intense overlayer diffraction peaks, mar

by gray circles, are observed at the (1
4 0), ( 1

2 0), and (34 0) diffrac-
tion positions, while the filled circles in~b! mark diffraction posi-
tions of the Cu~001! surface. Additional, sharp, but less inten
diffraction peaks, marked by open circles, indicate diffraction po
tions corresponding to a (A103A10)R18.4° overlayer, for which
the unit cells for two domains are also shown.
t
of

es
m

h

-

e

o

Ts5180 K using LEED at the same coverage.11 These re-
sults suggest that the sodium atoms organize into ac(2
32) arrangement of sodium atoms, even though the mo
layer is not yet complete. For this reason the sodium ato

t
d

i-

FIG. 16. A section of one domain of a sodium overlayer stru
ture model suggested by the intense 431 diffraction peaks ob-
served in Fig. 15. The sodium coverage of this structure isQNa

50.375, close to the value ofQNa50.350 measured in Fig. 15. Th
one-dimensional character of this overlayer structure gives a st
surface corrugation along the@110# and @11̄0# azimuths, leading to
the observation of intense diffraction peaks along those azimut

FIG. 17. One possible (A103A10)R18.4° sodium overlayer
structure to explain the weak diffraction peaks observed for a
dium coverage ofQNa50.350 shown in Fig. 15. The sodium cov
erage is QNa50.30, and follows the trend of the quasi-on
dimensional structures which sodium forms at coverages ofQNa

50.25 and above.
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are shown in next-nearest-neighbor fourfold hollow sites i
local c(232) arrangement within the rows, even though t
helium diffraction data do not provide information on th
internal structure of the rows due to the lack of corrugat
along the rows.

Following completion of the sodium monolayer, as det
mined from the near-unity normalized specular reflectiv
~Fig. 2!,17 the polar angle angular distribution shown in Fi
18 was measured along the Cu~001! @100# azimuth. The ob-

served (12
1
2 ) diffraction peaks are very sharp, indicating

high degree of order in the overlayer. Their very low inte
sity which, on average, is approximately 1025 of the specu-
lar peak, indicates that the surface is very smooth, in
about as smooth as the clean Cu~001! surface.30 Such a
smooth corrugation is anticipated for a metallic layer, wh
the valence electrons provide a Smoluchowski smoothing
the corrugation formed by the ion cores. Thus the low c
rugation is consistent with a strong metallic character of
sodium monolayer.

In Fig. 19 a schematic diagram showing the arrangem
of sodium atoms in thec(232) overlayer is shown. Ac(2
32) diffraction pattern has also been observed using lo
energy electron diffraction for sodium adsorbed on Cu~001!
~Ref. 11! and Ni~001!.31 As mentioned earlier, LEEDI -V
analysis has shown that, on Cu~001! surfaces, sodium atom
occupy fourfold hollow sites.11

IV. DISCUSSION

These new helium diffraction results show that sodiu
exhibits a rich variety of overlayer structures on Cu~001! at

FIG. 18. Angular distribution for a sodium coverage ofQNa

50.50 at a surface temperature ofTs550 K. The incident-beam
energy was 20 meV (ki56.19 Å21) oriented along the Cu~001!
@100# azimuth. Low-intensity, sharp, diffraction peaks are obser

at Du5612°, corresponding to the (1
2

1
2 ) diffraction positions at

DK561.74 Å21, in addition to the intense specular peak. T

apparent intensity difference between the two (1
2

1
2 ) diffraction

peaks is probably due to a small misalignment of the crystal
muth.
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low temperatures. The present helium diffraction results
tained following adsorption at a temperature ofTs5200 K
and measurement atTs550 K are summarized and compare
with those obtained using LEED at a higher temperature
Ts5180 K ~Ref. 11! in Table II. In addition to the diffraction
results obtained for a temperature ofTs550 K, some HAS
results measured at a temperature ofTs5100 K, which were
also obtained during the present study, are indicated.
helium diffraction and electron-diffraction results are in go
agreement in the low coverage regime,QNa&0.2, taking into
account the fact that the high diffusion rate atTs5180 K
~Ref. 13! breaks up the long-range order of the overlay
structures which could be observed here at lower temp
tures. The low-coverage surface structure is dominated
repulsive dipolar interactions leading to a series of quasih
agonal structures for which the local order is strongly te
perature dependent. AtQNa50.125, a c(4&32&)R45°
structure was observed, as expected from a consideratio
the competition between the lateral photoemission spect
copy and purely repulsive alkali-metal–alkali-met
interactions.8,32

The helium diffraction results confirm that the monolay
structure isc(232), as observed using LEED.11 Unlike the
larger alkali-metal atoms,1,16 which form hexagonal over-
layer structures at completion of the monolayer, sodium
oms adsorbed on Cu~001! form a square lattice, indicating
that the local lateral bonding dominates in the determinat
of the equilibrium adsorption site. This site was determin
to be fourfold hollow,11 in common with Li/Cu~001! ~Ref.
11! and Na/Ni~001!.1

In the intermediate submonolayer coverage regime
present results differ, substantially, from both the repor
LEED results at higher temperatures, and theoretical exp
tations, since the diffraction patterns observed here forQNa
50.25, 0.28, and 0.35 have not been observed previousl

d

i-

FIG. 19. Schematic diagram showing the sodium atom positi
for thec(232) structure observed forQNa50.500~Fig. 18!. LEED
I -V measurements suggest that the sodium atoms sit in four
hollow sites at this coverage~Ref. 11!.



-

15 388 56ANDREW P. GRAHAM AND J. PETER TOENNIES
TABLE II. Comparison of the submonolayer structures of sodium atoms adsorbed on Cu~001! determined
in the present study using helium-atom scattering~HAS! at Ts550 and 100 K with a low-energy electron
diffraction ~LEED! study atTs5180 K ~Ref. 11!.

CoverageQNa HAS Ts550 K HAS Ts5100 K LEED Ts5180 K ~Ref. 11!

,0.1 Ring Weak ring Ring
0.125 c(4&32&)R45° Weak ring Ring
0.167 ~22

3
2
0! Ring

0.25 p(432) Ring
0.28 331 331 c(1432) hex

p(432)
0.30 (A103A10)R18.4° (A103A10)R18.4° c(1432) hex
0.375 431 431 c(232)
0.50 c(232) c(232) c(232)
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our knowledge, for the adsorption of any alkali metal on
fcc~001! metal surface. For an unspecified alkali metal a
coverage ofQ50.25 on a fcc~001! surface, an overlayer o
c(432) structure was calculated in Ref. 32. In thisc(4
32) structure, which had been observed previously for
Rh~001! ~Ref. 3! and K/Ni~001!,33 the alkali-metal atoms
form a quasihexagonal structure due to dipolar repuls
However, the present results show that, at the same cove
the sodium atoms form ap(432) overlayer structure on
Cu~001!. Moreover, the distribution of diffraction intensitie
indicates that the structure is essentially one dimensiona
nature, suggesting a condensation of the sodium atoms
metallic rows. A quasi-one-dimensional character was a
observed at coverages ofQNa50.28 and 0.35, indicating tha
this is a general preference for this particular adsorption s
tem.

It is worthwhile noting that the diffraction results alone d
not completely rule out the possibility of a one-dimension
reconstruction of the Cu~001! surface, with the sodium atom
occupying higher coordinated sites. However, there are
pieces of evidence against this possibility. First, as note
the literature,1,2,7 reconstruction of the surface typically on
takes place at higher temperatures approaching room
perature. In particular, fcc~110! surfaces, and surfaces wit
adsorbed lithium, are prone to reconstruction.2 In addition,
no indication of reconstruction in this coverage and tempe
ture range was found in the LEED investigations.11 Second,
the measuredT-mode frequency, shown in Fig. 3, drops by
factor of 3 from that of the isolated atom at lower covera
but the intensity is about the same. The lower lateral vib
tion frequency would appear to be incompatible with
higher sodium-atom coordination, if anything, a higher f
quency and lower intensity would be anticipated. Con
quently, based on this evidence, it is our opinion that
Cu~001! surface does not reconstruct, but rather than the
dium atoms themselves group to form quasi-one-dimensio
structures.

Condensation of adsorbed alkali-metal atoms into isla
has been observed for several other alkali-metal adsorp
systems, as reviewed in detail by Diehl and McGrath.2 They
concluded that the reason why island condensation oc
for some systems and not for others is related to the bala
between lateral local bond and interatomic forces. T
heavier alkali metals, K, Rb, and Cs, are less likely to c
a
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dense due to their dipole moment being more than twice
large as for sodium. In addition, it has been determined
cently that the lateral variation of the adsorption poten
decreases for the larger alkali-metal atoms.38 Thus the con-
ditions for island formation are particularly favorable for s
dium.

As far as we are aware, there have been few reports in
literature of one-dimensional structures of alkali and alka
earth metal atoms adsorbed on various flat surfaces@e.g.,
Sr/Mo~112!, Li/W~112!, Mg/W~112!, Na/Mo~112!#.34 The
asymmetric islands shapes were attributed to asymmetrie
indirect electronic interactions as a result of the asymme
structure of the metal surface for which this effect was o
served. For Cu~001! there are no obvious difference betwe
the @110# and@11̄0# azimuths which may lead to asymmetr
island shapes.

The effect of a large work-function difference between
adsorbate island and substrate upon surface order was
cussed by Vanderbilt and co-workers,35,36with particular ref-
erence to the periodic domain structure observed for the
Cu~110! system.37 Ng and Vanderbilt considered the energ
density due to various domain structures for different ads
bate coverages where the surface can be characterize
two distinct phases with different work functions. The e
ergy associated with the boundary of an island or atom~sur-
face tension! competes with direct, long-range electrosta
interactions between the two phases, which results in a t
sition from a regular hexagonal arrangement of circu
‘‘droplets’’ ~atoms! to a periodic row phase as soon as t
reduction in the boundary energy arising from the format
of striped domains is greater than the corresponding incre
in electrostatic energy due to the reduced distance betw
adsorbates.36

In the present case, Na/Cu~001!, the two phases are th
clean Cu~001! surface and the Na-covered surface, whi
have significantly different work functions~see Fig. 2!. At
the predicted transition coverageQNa50.25, which is half of
the monolayer coverage, the sodium atoms were observe
form row structures, whereby the boundary energy is
duced considerably compared with a quasihexagonal
rangement of separate sodium atoms. For alkali-metal
sorption, in addition, the work function increases once
atoms coalesce to form metallic islands. This effect redu
the electrostatic repulsion between the atoms in the rows
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Ng and Vanderbilt further predicted that, at coverages
tween half of saturation and saturation@0.25&QNa&0.5 for
Na/Cu~001!#, the system should return to circularly or he
agonally shaped inverse adsorbate droplets, correspondi
holes in the adsorbate layer, but only if the substrate po
tial is isotropic. The relatively high value of the diffusio
barrier13 for Na/Cu~001!, compared with the repulsion be
tween the sodium atoms, means that the sodium atoms
the anisotropy of the surface potential and, therefore, ‘‘p
fer’’ fourfold hollow sites to any other adsorption site. In th
case Ng and Vanderbilt predicted that the system may
return to the droplet phase following the periodic row pha
at half-saturation coverage. Thus the results of their mo
indicated that, in the present case, sodium forms a peri
row structure on Cu~001! at QNa50.25 in order to minimize
the strength of the electrostatic interactions between the
oms and, further, that the sodium atoms remain in a perio
row arrangement because of the relatively strong prefere
sodium shows for adsorption at four-fold hollow sites.

The present observations raise the question, why the s
effect is not seen for other alkali metal systems? We sug
that the same relative balance between the lateral local b
and the interatomic forces which favor island formation~see
above! also favor row structures. As noted above, the dip
repulsion for Na is much weaker in relation to the local bo
forces than for the heavier alkali-metal atoms, e.g., K and
on Cu~001!. Thus, not only is island formation less favorab
for K, Rb, and Cs, but, if they do form islands it is unlike
that they form row structures. Thus it would seem that
Na/Cu~001! system provides an optimum balance of intera
tions for the structures predicted by Ng and Vanderbil36
f
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V. CONCLUSION

Submonolayer coverages of sodium on Cu~001! have
been investigated with high-resolution helium-atom diffra
tion in two-dimensional reciprocal-lattice space. Inelas
time-of-flight measurements of the parallel frustrated tra
lation ~T mode! showed a substantial variation between t
low-coverage regime,QNa&0.2, and higher coverages up
completion of the monolayer, 0.25&QNa<0.50. At low cov-
erages theT-mode frequency is\v;6 meV, which changes
to \v;2 meV at higher coverages. These trends are co
lated with the helium diffraction patterns which, at low co
erages, show a transition with increasing coverage from
tropic ringlike structures to asymmetric row structures alo
the @110# and @11̄0# azimuths, which, at larger coverage
finally leads to the isotropicc(232) saturation coverage
structure. ForQNa&0.2 the overlayer structures can be cha
acterized by repulsive interactions between separate sod
atoms which reside in the same type of adsorption site~four-
fold hollow! corresponding to highT-mode frequencies o
\v'6 meV, while, at higher coverages 0.2&QNa<0.50, the
sodium atoms condense into one-dimensional islands w
are most likely metallic in nature, corresponding to lo
T-mode frequencies of\v'2 meV. The present results in
dicate that a complex balance exists between the various
teratomic interactions present and, further, that in this ca
in agreement with the theory of Vanderbilt an
co-workers,35,36 the balance leads to the predicted row stru
tures expected for an ionic adsorbate system.
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