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Complex surface alloy formed by Li deposition on Cu(001)
determined by dynamical low-energy electron diÃraction
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A detailed structure determination of a complex surface alloy formed by alkali-metal deposition on a

metal substrate yields a type of alloy consisting of an ordered assembly of substructures. The (3X3)
structure formed on Cu(001) by Li deposition is found to consist of small pyramids of four Cu atoms

capped by single Li atoms, the pyramids being joined by pairs of Li atoms.

Recent studies have revealed that substitutional ad-
sorption or surface alloy formation takes place at room
temperature on some metal surfaces upon alkali-metal
(AM) adsorption, in contrast to overlayer formation.
This was observed on Ag(110), where a (1X2) recon-
struction is formed for Li, K, or Cs adsorption at low
coverages. ' It has been established by low-energy electron
diffraction (LEED) and ion beam scattering that a
missing-row reconstruction is induced by AM deposition
on the fcc(110) surfaces of Cu, Ni, Pd, and Ag. With fur-
ther AM deposition on the missing-row structures at 300
K, rather complex structures have been observed and
proposed to be surface alloys: in particular, a c(2X2)
structure for K/Au(110) (Ref. 3) and (4X1) and (SX1)
structures for Li/Cu(110).

On fcc(111),an unusual structure was found for Na ad-

sorption on Al(111): a (+3X +3)R 3D' structure is
formed at 300 K due to substituted Na atoms in the top
Al layer, as determined by surface extended x-ray-
absorption fine structure (SEXAFS). It was found for the
similar K/Al(111) system at 300 K that the
(+3X +3)R30' structure is due to substituted K atoms,
as analyzed by LEED. In addition to substituted struc-
tures, (2X2) and (2+3 X2+3) structures were observed
at higher coverages for Na/Al(111), and these were sug-

gested to be surface alloys of intermixed Na-A1 layers. '

Scanning tunneling microscopy (STM) also revealed that
surface alloys are formed on Au(111) by Na adsorption
for c(4X2) and (13X 13) structures.

On fcc(001), (2X1) and (3X1) structures were found
for K/Ag(001) and they are interpreted to consist of
missing rows. ' Other examples were found for K on
Au(001) (Ref. 11) and Li on Cu(001). ' We have deter-
mined by LEED analysis that the Cu(001)-(2 X 1)-Li
structure also consists of a missing-row-type reconstruc-
tion of the top Cu layer, Li atoms being located in the
missing-row sites. ' In addition to such missing-rom for-
mation, it was found that anomalous (3X3) and (4X4)
LEED patterns occur with increasing coverage, and these
were proposed to be surface alloys. ' For K/Au(001),
c(8X2) and (6X2) structures were formed with further
K deposition on the (2 X 1) structure. " A c(2 X 2) struc-
ture is formed for Na adsorption on Al(001) and its

structural model has been proposed to be a double layer
consisting of an Al layer on a Na layer on Al(001), on the
basis of a SEXAFS analysis. '

As summarized above, it is common for some fcc-
metal —AM adsorption systems to have simple structures
of missing rows or substitutional adsorption at low cover-

ages, followed by complex structures with rather large
unit cells at higher coverages. The simple structures are
formed by substitution and ordering: Each adatom re-
moves one or more substrate atoms and occupies the va-

cant site, forming a compositional unit that can order
with increasing coverage. This growth mode has been
confirmed by using STM for K on Cu(110).' lt is impor-
tant to analyze the complex structures seen at higher cov-

erages, as their large unit cells could possibly indicate
that a different type of structure is forming. Thus, for Li
on Cu(D01), the ( 2 X 1 ) structure changes into ( 3 X 3 ) and
(4X4).' These have been proposed to be new types of
surface alloys. ' The recent development of the au-

tomated tensor LEED scheme makes it possible now to
analyze such complex structures. We have chosen to
study the Cu(001)-( 3 X 3 )-Li structure, the result of
which, as we sha11 see, is very different from both the
known simple structures and the proposed models for
complex structures.

The experiments were carried out in a three-level UHV
chamber equipped with standard facilities for surface sci-
ence. ' Li atoms were deposited onto Cu(001) from a
SAES dispenser at 300 K. The Li coverage, the ratio of
the number density of Li adatoms to that of Cu atoms in

the ideal top layer of Cu(001), was determined by com-

paring LEED patterns at low and at room temperatures,
and from Li XVV Auger intensities. ' The pressures were
—1X10 ' and —5X10 " Torr during Li deposition
and measurement, respectively. Water in the chamber is

the most active species for the Li-covered Cu surface'
and its partial pressure was reduced to less than 1 X 10
Torr. After measurement of intensity-energy (IV)-
curves, no contamination was detected by Li XVV Auger
electron spectroscopy, which is very sensitive to surface
oxides and hydroxides, and the LEED I-V curves did not
change. LEED spot intensities were measured with a
computer-controlled auto-LEED system. ' I-V curves
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were taken at normal incidence with an energy range
from 16 to 200 eV on a 1-eV grid. The cumulative energy
range over the nine inequivalent beams is 813 eV. Nor-
mal incidence was achieved by using the horizontal-beam
method, ' in which two equivalent spots located in the
horizontal direction are averaged. The sample tempera-
ture was 180 K during measurement.

Our automated tensor LEED program' was used to
calculate I Vcurv-es for the (3 X3) structure models. Six
phase shifts were used to calculate atomic scattering
(1,„=5). The real part of the inner potential was deter-
mined during the course of the theory-experiment fit.
The damping was represented by an imaginary part of
the potential of —5.0 eV. We used 335 and 480 K for the
Cu and Li Debye temperatures, respectively.

A total of 23 structural models, shown in Fig. 1, were
examined for Cu(001)-(3X3)-Li in the present study.
These models are selected under the condition that the Li
coverage is either —', or —', (Ref. 21) and the symmetry is

p4mm. The possible range of Li coverage was obtained
in a previous study. '

Briefly, models 1 —4 and model 16
correspond to Li overlayers, while the others involves
reconstruction of the substrate. Model 21, a completely
intermixed Cu-Li layer, was proposed as a possible struc-
ture in our previous study. ' The automated search algo-
rithm was directed by the Pendry R factor, Rz. At first,
the dominant seven of the nine inequivalent beams

TABLE I. Optimized Pendry R factors, R&, for the 23 mod-
els of Cu(001)-(3 X 3)-Li shown in Fig. 1.

Model Rp

Number of
structural

parameters Model R p

Number of
structural

parameters

1

2
3
4
5

6
7
8

9
10
11
12

0.52
0.50
0.47
0.49
0.37
0.45
0.29
0.35
0.45
0.41
0.40
0.42

7
7
8

8
8
8
9

10
9

10
10
10

13
14
15
16
17
18
19
20
21
22
23

0.20
0.28
0.48
0.64
0.47
0.55
0.35
0.44
0.43
0.44
0.29

10
11
12

8
10
10
10
11
9

10
11

[(1,0),(1,1), ( —,',0), ( —', ,0), ( —,', —,'), ( —,', —,'), and ( —', , —', )] were ex-

amined. Rz values corresponding to the different models
for the (3 X 3) structure are listed in Table I. In order to
limit the number of structural parameters entering the
theory-experiment fit, we only allowed for displacements
of the Li and Cu atoms preserving the p4mm symmetry:
these displacements can be parallel and/or perpendicular
to the surface, depending on the atom location in the unit
cell. The number of independent structural parameters
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FIG. 1. Top views of the 23 examined models for the Cu(001)-(3 X 3)-Li structure. Dark-gray spheres are Li atoms, light-gray
spheres represent Cu atoms in the first complete Cu layer, while blank spheres are Cu atoms above that layer. Squares indicate a
(3X3) unit cell ~
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used in the fit is also listed in Table I. The best fit occurs
for model 13 and its R~ value is 0.20. Overlayer models
and completely intermixed models can be ruled out be-
cause they have R~ values larger than 0.43.

Models 7, 14, and 23 have low R~ values of 0.29, 0.28,
and 0.29, respectively. This is due to the fact that these
structures are very similar to model 13 as seen in Fig. 1.
The common features of these models are quartets of Cu
atoms mutually joined by pairs of Li atoms. The
differences concern the occupation of the remaining va-
cancies in the same layer, and the occupation of hollow
sites above the quartets. Models 14 and 23 correspond to
slightly different versions of model 1.3 and include Cu and
Li atoms in the vacancy site, respectively. Their R~
values are worse than that of model 13, although the
number of structural parameter is larger (in general, add-
ing fit parameters improves the fit for the same model).
Similarly, the Rz values of models 8 and 12 are higher
than that of model 7. These results consistently suggest
that the vacancy is indeed not filled.

Second, the large reduction of the Rz value from mod-
el 7 to model 13 leads to the conclusion that a Li atom
site on the hollow site of the Cu quartet. This is further
supported by the fact that the R~ values of models 14 and
23 are significantly lower than those of models 8 and 12,
respectively. That model 13 is correct is also supported
by the following check: when we use only fractional-
order beams or only integer-order beams for optimization
of model 13, the resulting I-V curves of all beams are in
good agreement with the experimental ones in either
case. Further optimization has been carried out for mod-
el 13, including two additional beams [(1,—,') and (1,—', )],
and increasing l,„ to 6. The resulting Rz value is 0.19.
In Fig. 2, the directions of lateral atomic displacements
are indicated for best-fit model 13. The second complete
Cu(001) plane was kept bulklike and its perpendicular po-
sition [shown as a line A -A in the side view of Fig. 2(a)]
is used as a reference plane for atomic heights (perpendic-
ular positions) listed in Table II, together with the result-
ing interlayer spacings. The magnitudes of the lateral
displacements are also given in Table II. The error bars
were obtained from the variance of the Rz factor,
hR =R(8V0,./hE)'~, where R is the minimum R~ fac-
tor achieved, Vo; is the imaginary part of the inner po-
tential, and AE is the total energy range. In Fig. 3, the
calculated I-V curves of the best-fit structure are com-
pared with the experimental ones for the nine beams.
Agreement between theory and experiment is rather
good, and it should be emphasized that our best value

Rz =0.19 is excellent in comparison with those obtained
for much less complicated yet related adsorption systems:
the (2X1) and c(2X2) structures formed on Cu(001)
upon Li adsorption at room and low temperatures, as re-
calculated by automated tensor LEED, give best-fit Rz
values of 0.25 and 0.17, respectively.

We emphasize some aspects of the best-fit structure
(see Fig. 2 and Table II). First, the two Li atoms (num-
bered 2 in Fig. 2) in each pair joining adjacent Cu quar-
tets (numbered 3) appear to move laterally in opposite
directions away from the fourfold hollow sites in the un-

top viev

side viev'

FIG. 2. (a) Top and side views of the best fit Cu(001) (3 X 3)
Li structure (model 13 in Fig. 1). Gray levels distinguish types
of atoms as in Fig. 1. The numbers identify symmetrically
equivalent atoms. Arrows indicate directions of displacements
from ideal hollow sites. The line 3-A' in the side view is the
base line for heights shown in Table II. (b) Top view of the first
complete Cu(001) layer (which lies just below the quartets),
showing lateral relaxation directions.
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FIG. 3. Comparison between experimental (solid) and best-fit
theoretical (dotted) I- V curves for the Cu(001)-(3 X 3)-5 Li struc-
ture. Structural parameters for the best-fit structure shown in
Fig. 2 are listed in Table II.

derlying Cu(001) layer. The vacancies in the mixed layer
accommodate these displacements. The distance between
the two Li adatoms is 3. 15+0.52 A. The lateral positions
are relatively uncertain, as usual in LEED near normal
incidence. Nevertheless, this distance is in good agree-
ment with the nearest-neighbor distance of Li adatoms in
a saturated monolayer on Cu(001) at 180 K, namely, 3.07
A. For comparison, the nearest-neighbor distance in
bulk Li and the interatomic distance in the diatomic mol-

0
ecule Liz are 3.02 and 2.67 A, respectively.

Second, the height of the outermost Li atoms (num-
bered 1 in Fig. 2) above the Cu quartets is 1.91 A, and
this value is identical with the corresponding spacing be-
tween Li adatoms and the top Cu layer in Cu(001)-

1 I I

c (001)-(3x3)-5Li (a) ':, , cu(001)-(3x3)-5Li (b)
I J

-------- cal cal
exp exp
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No.
Lateral

displacement (A)

0.30+0.26

0.02+0. 11

0.04+0. 11

0.08+0.08

1.76+0.09

Height (A)

5.38+0.07

3.88+0.08

3.47+0.04

1.83+0.06

1.77+0.05

Interlayer
spacing (A)

1.50

0.41

1.64

0.06

0.01

TABLE II. Optimum parameters of the best-fit structure for
Cu(001)-(3 X 3)-Li illustrated in Fig. 2. Atomic numbers corre-
spond to those in Fig. 2. Lateral displacements refer to dis-
placements from hollow sites. Heights are measured from the
plane A-A' in Fig. 2.

The best-fit Cu(001) -(3 X 3)-5 Li structure [with five Li
atoms per ( 3 X 3 ) unit cell] is very different from other
proposed, but as yet unsolved, surface AM alloys. It has
been suggested that the Al(001)-c(2X2)-Na structure
consists of a c(2X2) Al layer on a c(2X2) Na layer on
Al(001). ' It has been proposed that the Al(111)-(2X2)-
Na structure consists of intermixed double Na-Al layers
and that the Au(111)-(13X 13)-Na structure has an inter-
mixed incommensurate layer. It should be emphasized
again, however, that these models are not definitely deter-
mined yet. The Cu(001)-(3X3)-5 Li structure is the first
to be determined among complicated surface alloys
formed on metals by AM adsorption. In conclusion, the
detailed complex surface structure of Cu(001)-(3 X 3)-5 Li
has been shown to be strongly reconstructed, with partly
Li-filled missing rows in the substrate and additional Li
atoms above remaining Cu islands.

c(2X2)-Li formed at 180 K, namely, 1.92 A. Third, the
first complete Cu(001) layer is buckled and laterally re-
laxed. The Cu atoms numbered 5 and 6 are located at al-
most the same height, while the Cu atoms numbered 4
move outward significantly (0.06 A). Fourth, the height
of the Cu quartet above the average a plane of the first
complete Cu layer is 1.67 A. This is contracted by 7.5%
from the bulk value (1.805 A). It is interesting to note
that this value is in good agreement with the interlayer
spacing between the surface layer (containing the missing
rows) and the first complete layer of Cu(001) in the
Cu(001)-(2 X 1)-Li structure, 1.69 A.
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