VOLUME 76, NUMBER 10 PHYSICAL REVIEW LETTERS 4 MRCH 1996

Cs-Induced Relaxation of the Cu(110) Surface
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(Received 2 August 1995

The relaxations of a series of K n) structures of the Cu(110) surface with= 1, 3, 2, and 3,
induced by Cs adsorption, are studied with x-ray diffraction. The distances of the topmost Cu atoms
towards their underlying nearest neighbors decrease significantly with more extensive reconstruction,
despite the fact that the first shell coordination of these top-layer Cu atoms does not change. Simple
coordination arguments do not account for the observed trend, whereas the polarization in the surface,
which is expected to increase with more extensive reconstruction, could provide an explanation.

PACS numbers: 68.35.Bs, 61.10.Nz

The systematic study of surfaces at the atomic levebf these top-layer atoms does not change, this is in
has opened new avenues of research into the fundamentiifect contradiction of the essential finding of the EMT
physical principles underlying the structures of the eleand EAM that bond length should be related mainly to
ments. The imposition of a simple boundary on a crys-coordination.
tal lattice significantly alters the local environment of the The (1 X 2) missing-row reconstructions of clean
surface layers: This leads to the generation of new forceAu(110) and Pt(110) are well established [4,5], while
(of lower symmetry) and results in a structural changeCu(110) and Ag(110) have no reconstruction when clean.
once the system reaches equilibrium. The study of surFirst-principles calculations can explain this difference
face structures is therefore a powerful way to gain knowl-because the specific electron distribution in the surface
edge about the workings of interatomic forces. This hasletermines the energy. Ho and Bohnen explained the
important consequences when attempts are then made gtability of the Au(110)(1 X 2) surface over a hypo-
predict structure fronab initio or semiempirical theories. thetical (1 X 1) by a sensitive counterbalance of the

An important example of a semiempirical theory thatfree sp- and the localizedd-electron densities in the
is seeing widespread use is the effective-medium theortwo different geometrical arrangements [6]. They also
(EMT) [1], closely related to the embedded-atom methodound considerably stronger relaxations for tfieXx 2)
(EAM) [2]. The underlying assumption on this model is missing row structure than for thd X 1), which they
that the minimum of the energy of an atom in a structure isattributed to the stronger electrical polarization in the
determined to first order by the charge density contributedl X 2). This is in contrast to calculations in the EAM
by its surrounding neighbors. Removing surroundingmodel, where relaxations of the Ag(110) X 1) and
atoms, i.e., changing the “coordination” of an atom,the (1 X 2) missing row structure are essentially the
means that the remaining atoms have to come closer ®ame [7,8]. In order to explain the stability of these
provide the same optimum charge density. The changstructures with EMT it is necessary to employ long-range
in bond length may be attributed directly to the lossor many-body interactions in addition to the standard
of one half the atoms at a surface, i.e., to the changedoordination arguments [9]. It is clear that the extent of
coordination of those surface atoms. This effect is readilyelaxations in sucil X n) structures provides valuable
observed experimentally as a compression of the topmostvidence of their stabilizing principles, and that careful
surface layer in metal surfaces. structural measurements will be able to guide general

A fundamental drawback of the prescribed systematiduture improvements of the theoretical understanding of
analysis of surface structures is that any given surface hametal surfaces.
only oneequilibrium structure to examine. Considerable The alkali-induced missing-row structures of Cu(110)
advantage may be gained by the comparison of differerprovide an excellent playground for such a comprehensive
crystallographic surfaces of the same element (for dest. With increasing alkali coverage a series of well-
compilation of such data see [3]), but this has limitedordered missing-row structures is formed: &t = 0.13
utility because the underlying symmetries of such surfacea (1 X 3) structure was observed by LEED [10] and STM
are different. In this work we present new results on g11]. [The coveragefcs = 1 corresponds to a density
homologous seriesf four closely related structures, all of Cs atoms equal to that of Cu in the Cu(110)X 1)
of the same surface, Cu(110). We are able to contradurface.] From the STM measurements a missing-row
which structure appears with a single external variablestructure was determined, in which every thiid0] row
the coverage of an adsorbed Cs layer. We find a dramatiaf Cu is removed. Betweeh2 = 6¢s = 0.3 the(1 X 2)
decrease of the nearest-neighbor (nn) distances around thessing-row structure [as seen in Au(110) and Pt(110)]
top-layer atoms with the extent of the reconstruction, asvas found to be stable. For coverages arofpd= 0.4
the Cs coverage is increased. Because the coordinatithe LEED investigation found él X 3) phase [10]. All
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three of these structures are confirmed in the current (1x1) (1x3)L (1x2) (1x3)H
work, and the lattefl X 3) was identified as a missing- P L L B P L R B AR L BT ARRN RN
row phase with two out of three top-laygi10] rows 10°
missing (see below). In the following, thd X 3) at
low coverage is abbreviated §y X 3)L, the one at high
coverage byl X 3)H.

The detailed structures of these three phases, togeth
with the clean(1 X 1) surface, have been investigated by
surface x-ray diffraction at the beam line X16A of the
National Synchrotron Light Source at Brookhaven Na-
tional Laboratory [5]. The Cu(110) surface was preparedg
by sputtering and annealing in UHV. Cs was evaporated®
from SAES getter sources. THé X 3)L phase was pre-
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pared by adsorption of about 0.2 ML of Cs (as estimated L (oL

from the evaporation time) and subsequent desorbing of 10 E L {é:::::::::: :é:‘:'::::::_E
surplus Cs at 406C. The final coverage for thg X 3)L 103 (2/30L) ¢ B
phase, as determined by our x-ray structure analysis (see m«% FBILIG ]

below) wasfcs = 0.15 = 0.03. For the preparation of 3 (1%5 (1/311)]
the (1 X 2) phasefcs = 0.3 was adsorbed at 8, fol- = (3 1L) 1
lowed by annealing at 200, which reduced the Cs cov- £ 53 |
erage tofcs = 0.25 + 0.03, as determined by x rays. & ®
The (1 X 3)H was prepared by dosing Cs at & until & 4¢2 |- emong | /P20 [ @sony |
the% order spots of th¢l X 3)H became visible in the & F 258
diffraction pattern. To preserve the structure and preveng r f: 1
the Cs from desorbing, this structure was cooled immediZ L 3 l
ately to—100 °C. This saturated Cs layer was found to be I (80L) | garzou) Q/ ]
: . (1/130L)
disordered, so the Cs coverage could not be determined by
x-ray diffraction (see discussion below). Because of re- 10" bt dvnnn Ve L o
ported multilayer formation of Cs at50 °C the coverage 0 1.0 1.0 1.0 1
in the (1 X 3)H is assumed to be about one close-packed perpendicular momentum transfer, L (rec. latt. units)
metallic monolayer ofic =~ 0.48 [12]. FIG. 1. Structure factors as a function of perpendicular mo-

The circles in Fig. 1 show measured structure facmentum transfer. for the (1 X 1), (1 X 3)L, (1 X 2), and
tors of the four investigated structures. They were ob{1 X 3)H for different in-plane momentum transfer. The cir-
ained by integration of rocking scans of the sample WtFeS 26 e Teailcs . et 1 ot s
background subtraction and are _normallzed to the .aCt'VEJres. Error bars are orrﬁtted when they are smaller than the
area of the sample [5]. The reciprocal surface unit celsymnols. The curves have been shifted perpendicularly for
(hkl) was indexed using the LEED convention, i.&., clarity.
runs along [001]k along[110], and!/ is along the sur-
face normal [110]. The measured structure factors were
fitted using ay? minimization, starting from unrelaxed in magnitude and direction, obtained from the complete
surface models and allowing for horizontal and verticalstructure determination. The calculated structure factors
displacements down to the fourth layer, while respectingare depicted as solid lines in Fig. 1. ¥ value of 1 was
the substrate symmetry. Cs was included in the model imbtained for the fit of thel X 1) structure, 2.8 for the
incommensurate chains alofigl0], lying in the troughs (1 X 3)L, 1.5 for the(1 X 2), and 3 for the(1 X 3)H.
of the reconstruction. In the data no hint for Cs ad-The displacements of thHg@ X 1) are slightly smaller than
sorbed in commensurate positions towards the Cu lathose found in a previous x-ray diffraction study [13], but
tice was found; due to its strong scattering factor, thewithin experimental error. The parameters for (hex 2)

Cs should show up in reciprocal space at positions wittstructure, especially the topmost-layer contraction, are in
k # 0 with high sensitivity. The effective radius of the agreement with the LEED determination of Cs, K/Cu(110)
Cswasl.98 = 0.1 A = ro, =222 + 0.1 Aforthe(1 X  [14], K/Ag(110) [15], and Cs/Pd(110) [16], as well as with
3)L and2.04 + 0.06 A = rcg =228 + 0.06 A for the  the MEIS analysis of K/Ag(110) [17], supporting the ob-
(1 x 2), where the range comes from the range of possiserved stronger relaxations for tie X 2) reconstructed
ble sites in the incommensurate chain. This is reasonabksurface over thé¢l X 1) structure.

if compared to the ionic Cs radius of 1.7 A and its metallic The most important trend directly revealed in Fig. 2 is
radius of 2.7 A. The arrows in Fig. 2 indicate the move-the large increase of the topmost-layer contraction with
ments of the atoms from the ideal lattice positions, bothincreasing extent of reconstruction of the surface. As
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FIG. 3. nn distance as a function of the alkali coverage
. representing the extent of the reconstruction. Separate symbols
— 20.1A displacement correspond to the different neighbors and the average nn

. . distance as sketched in the inset. For clarity, not all the
FIG. 2. Models of the four structures determined in this papert:overage error bars are shown.

The arrows indicate the displacements from the bulk positions;
determined by the complete structure determination. The length
of each arrow shaft gives the corresponding magnitude of the
displacement. o . .
per limit of the stability range of thél X 2) by using K

instead of Cs. K, however, causes the same reconstruc-

tions as Cs at the same coverages [10]. For K/Cu(110)
the local environment of the top-layer Cu atoms doeghe relaxations (not shown) were found to be smaller than
not change among the different structures (the first shefor the Cs/Cu(110)1 X 2), for which the alkali cover-
coordination remains 7 Cu atoms) the strong trend ige was smaller. This is in accordance with an earlier
unexpected. To quantify this trend in more detail, Fig. 3study of the closely related system Cs/Ag(110), where the
shows the measured change of the different interatomisubstrate relaxations were also observeddoreasewith
distances around the ridge atom as a function of alkalincreasingCs coverage within the range of thé X 2)
coverage (or the extent of reconstruction). There are tw§l8]. Note that this is the opposite trend to the one we
independent nearest-neighbor (nn) distances that are freee reporting among the various Cu(110) reconstructions.
parameters of the model: The vertical distance to th&his direct effect of the alkali metal can be understood in
underlying third-layer atoms and the sideways distances tterms of charge donation from the alkali metal to the sur-
the second-layer.Both are found todecreasewith more  face, which increases the freg-electron density at the
extensive reconstruction. The observed displacementsetal surface, hence the pressure of the electron gas, and
therefore arenotindicative of a simple volume conserving therefore tends to increase the Wigner-Seitz cell [19]. It
rearrangement of the surrounding atoms in response to ttehould be noted that a similar trend has been observed for
reconstruction. It rather points out that the ridge atomthe adsorption of hydrogen on Cu(110) [20], where the
is drawn towardsall its neighbors with more extensive relaxation of the surface was removed upon the hydrogen
reconstruction. Coordination arguments completely failadsorption.
to explain this pronounced compression of the surface We now discuss the explanation of the observed trend
with increasing Cs coverage. Since they rely almosamong the four Cu(110) structures. Ho and Bohnen cal-
entirely on the coordination effect, EAM-type theories culated relaxations in th@ X 2) Au(110) reconstruction
would not be expected to account for the result. Forffrom first principles, which implicitly contains the polar-
example, the EAM study of the Ag(110) surface did notization effects [6,21]. Their explanation of the large re-
find differences between the relaxations in tHex 1)  laxations observed was that electrons spill out sideways
and(1 X 2) anywhere close to our observed values [7,8].from the ridge atoms towards the troughs of the miss-

It is furthermore important to note that the direct in-ing row. This results in a dipolelike charge distribution

fluence of the Cs cannot explain the observed trend eithewith positive charge on the vacuum side of the ridge atom
Since the(1 X 2) structure is stable over a relatively large and negative charge at the bottom of the trough. The re-
coverage rangéAd = 0.1), the effect of the alkali den- sulting force on the ion cores leads to the strong surface
sity on the(1 X 2) structure can be examined in the ab- compression.
sence of fundamental structural changes: We therefore The above dipole argument is directly applicable to
performed experiments with the alkali coverage at the upthe whole series of reconstructions investigated here: As
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