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Completion of the structural determination of and rationalization of the surface-structure
sequence (2x 1)~(3x3)~(4x 4) formed on Cu(001) with increasing Li coverage
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With increasing Li coverage, the surface structure of Cu(001) evolves as (2 X 1)—+(3 X 3)—+(4 X 4) at room

temperature. We here report the detailed structure of the most complex (4 X 4) phase determined by a dynami-

cal low-energy electron diffraction (LEED) analysis with symmetrized automated tensor LEED. This com-

pletes the solution of these structures and allows a rationalization of their formation. The unit cell of the

(4X4) structure consists of four Li adatoms forming a square cluster located on top of islands of nine Cu

atoms; the islands are separated and joined by rows of substituting Li atoms.

Recent studies have revealed that alkali-metal adsorption
on Cu, Al, and Au planes at room temperature leads to for-
mation of complex surface structures involving considerable
restructing of substrate atoms, as determined by low-energy
electron diffraction (LEED), density functional theory, and

scanning tunneling microscopy (STM). These structures are

(3 X 3) for Li/Cu(001), (2 X 2) for Li/Cu(111), (2 X 2)
for Na/Al(111), c(2 X 2) for K/Au(110), ' and

(1.08+3X1.08+3)R30 for Na/Au(111). These are referred
to as ordered surface alloys, and it is clear that structure
determination is essential for their understanding. In particu-
lar, the systems Li/Cu(001) and Na/Al(111) exhibit sequen-
tial changes of surface structures with increasing alkali-metal
coverages: (2 X 1) (Ref. 9) ~ (3 X 3)~(4 X 4) for Cu(001)
(Ref. 10) and (J3 X +3)R30' (Ref. 11) ~(2X 2)
—+(2+3X2+3)R30 for Al(111). The structures at lower
coverages in both systems have already been determined,
while both higher-coverage ones have not been analyzed yet.

In the present paper we report the determination of the
relatively quite complex (4 X 4) structure formed on Cu(001)
by Li deposition at 300 K, by means of a symmetrized auto-
mated tensor LEED analysis. As mentioned above, the

(4 X 4) follows the (2 X 1) and (3 X 3), which have already
been determined. The (2X 1) consists of a missing-row-type
restructuring of the top Cu layer with substituting Li atoms
being located in the missing-row sites. The (3 X 3) consists
of small pyramids of four Cu atoms capped by single Li
atoms, the pyramids being separated and joined by pairs of
substituting Li atoms. ' The purpose of the present study is to
determine the nature of the (4 X 4) structure and thereby to
understand the reasons for the formation of this series of
complex surface structures for Li/Cu(001).

The apparatus and experimental procedures are the same
as in the previous studies. ' ' ' Briefly, Li atoms were de-
posited onto Cu(001) from a SAES dispenser at 300 K and
intensity-voltage (I V) curves were meas-ured at 180 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 esti-
mated by comparing LEED patterns at low and at room tem-

peratures, and from Li XVV Auger intensities. I-V curves
were taken at normal incidence with an energy range from 20
to 200 eV on a 1-eV grid. The cumulative energy range over
the 13 symmetrically inequivalent beams is 984 eV.

Our symmetrized automated tensor LEED program was
used to calculate I Vcurves -for (4X4) structure models.
Initially, six phase shifts were used to represent atomic scat-
tering (l =5), while the final structural refinement utilized
seven phase shifts (1~~=6). The real part of the inner po-
tential was determined during the course of the theory-
experiment 6t. The damping was represented by an imagi-
nary 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 24 structural models, shown in Fig. 1, were
examined in detail in an initial survey for Cu(001)-
(4 X 4)-Li in the present study. All models are selected under

the condition that every atom is located on a fourfold hollow
site and keeps the symmetry p4mm. In addition, the possible
range of Li coverage is limited to —,'„—,"„or—,", from previous
studies. [Note that the coverage of the (3 X 3) preceding
the (4 X 4) is determine definitely to be '; in Ref. 1.] Briefiy,
models 1—8 correspond to Li overlayers. Models 9—16 are
intermixed Cu-Li layers. Models 17—24 correspond to
double layers consisting of an intermixed layer and a Li ad-
layer (except for model 23). The automated search algorithm
was directed by minimizing the Pendry R factor, Rp (Ref.
15). Relaxation in the first complete Cu(001) layer and be-
low is not allowed in the initial survey, and the number of
structural parameters is given in parentheses in Fig. 1. In
order to decrease the number of structural parameters enter-
ing the theory-experiment fit, we only allo;ved displacements
of Li and Cu atoms preserving the p4mm symmetry.

The R& value of each model is indicated in Fig. 2. Model
18 gives the best fit of R&=0.217, and model 19 gives the
next best fit of R&=0.221. They have similar structures and
this supports that one of them is correct. Their common fea-
tures are four Li adatoms on an island of nine Cu atoms
surrounded by substituting Li atoms. We conclude that model
18 is best by further optimization of all symmetry-allowed
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FIG. 2. Rp factor plotted against model number shown in

Fig. I.

Cu(001)-(3 X 3)-5Li structure: they both have Li adatoms on
small Cu islands surrounded by substitutional Li atoms Ithe
(3X3) structure looks very much like model 17 of Fig. 1,
but fitted within a (3X3) cell]. The main difference is the
increased size of these overlying Li groups (from one to four
atoms), of the Cu islands (from four to nine atoms), and of
the rows of substitutional Li atoms (from two to three at-
oms), to fit the larger unit cell. We emphasize some aspects
of the best-fit structure (see Fig. 3 and Table I) in comparison
with the (3X3) (see Ref. 1). The four Lil adatoms (num-
bered 1 in Fig. 3) on a Cu island form a square cluster. The
nearest-neighbor Lil-Lil distance is 2.81 A., while that of
bulk Li metal is 3.02 A. This short distance is consistent with

FIG. 1. Top views of 24 examined models for the Cu(001)-
(4X4)-Li structure. Light-gray spheres represent Cu atoms in the

first complete Cu layer, blank spheres are Cu or Li atoms in the
mixed layer, while dark-gray spheres are Li adatoms in the adatom
layer. All Li atoms are indicated as "Li."The dashed square indi-
cates a (4X4) unit cell.

structural parameters in the first complete Cu layer and by
use of I,„=6. The resulting Rz values are 0.175 and 0.195
for models 18 and 19, respectively.

In Fig. 3 the final optimized structure is shown: the direc-
tions of lateral displacements of inequivalent atoms are indi-
cated by arrows and their values are listed in Table I. The
second complete Cu(001) plane (shown as a line AA ' in Fig.
3(b)] is used as a reference plane for atomic heights listed in
Table I. The error bars were obtained from the variance of
the Rz factor. Note that due to the limited experimental
database size, our lateral displacements are smaller than the
error bars. In Fig. 4 the calculated I-V curves of the best-fit
structure are compared with the experimental ones for the 13
beams. Agreement between theory and experiment is quite
good for such a complex structure. We note that recent STM
observation supports model 18.'

The best-fit Cu(001)-(4X4)-10Li structure lwith ten Li
atoms per (4 X 4) unit cell] has strong similarities with the
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FIG. 3. (a) Top and (b) side views of the best-fit Cu(001)-
(4 X 4)-10Li structure (model 18 in Fig. 1). Dark-gray spheres are
Li atoms, 1ight-gray spheres represent Cu atoms in the complete Cu

layers, while blank spheres are Cu atoms in the mixed layer. The
numbers identify symmetrically equivalent atoms. Arrows indicate
directions of displacements from ideal hollow sites. The line A-A '

in the side view is the base line for heights shown in Table I. (c) Top
view of the first complete Cn(001) layer. (d) Top view of the mixed
layer.
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TABLE I. Optimum parameters of the best-fit structure for
Cu(001)-(4X4)-10Li illustrated in Fig. 3. "No." identifies in-

equivalent atoms numbered in Fig. 3. "Lateral displacements" refer
to displacements from the centers of hollow sites. Heights are mea-
sured from the plane A-A ' in Fig. 3(b).

No. Lateral displacement (4)

0.19+ 0.28

0.23~ 0.33

0.03~ 0.22
0.13+ 0.20
0.00~ 0.19

0.03~0.15, 0.02~ 0.15
0.03~ 0.25

Height (A)

5.40~ 0.06
3.92~ 0.16
3.82~ 0.12
3.70~ 0.11
3.47~ 0.07
3.39~0.07
1.70~ 0.09
1.77~ 0.06
1.74~ 0.08
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FIG. 4. Comparison between experimental (solid) and best-fit
theoretical (dotted) I Vcurves for the Cu(001-)-(4X4)-10Li struc-
ture. The beam-specific value of the Rz factor is indicated by each
I-V curve.

the smaller number of bonding neighbors compared to the
bulk, as expressed, e.g., in Pauling's bond-length rules. '
While the lateral displacements are found to be smaller than
our error bars, their optimized values are very suggestive of
generally larger Li-Li distances compared to Cu-Cu dis-
tances, as one expects from bulk Li vs bulk Cu (3.02 vs 2.55
4), as long as Li is assumed to remain rather metallic: with
Li1-Li1 larger than bulk Cu-Cu, Li1 pushes Cu6 away from

Cu4; Li2-Li3 is larger than the underlying Cu-Cu; Li2
pushes Cu5 toward Cu4, which thus buckles up, also because
it is pulled up by the four Li1 atoms. Comparing with the

(3X3) case, the height of the Li adatoms above the Cu
island (average height of the Cu4, Cu5, and Cu6 atoms) is
1.88 A, which is almost the same as the corresponding height
for the (3 X 3), 1.91 L The distance between the substitut-

ing Li2 and Li3 is 2.78 A, whereas the corresponding value
for the (3 X 3) is 3.15 A. This suggests that a considerably
wide range of Li-Li distances is allowed in the missing-row
sites. The substituting Li atoms are coordinated with six Cu
atoms; four in the underlying Cu layer and two in the Cu
islands, as in the (3X3) case. The average height of the Cu
islands over the first complete layer of Cu(001) is larger
(1.78 k; cf. bulk value of 1.805 A) in the (4X4) case than in
the (3 X 3) case, where it is 1.67 A.. This may be due to the
fact that the concentration of the missing rows is consider-
ably decreased in the (4 X 4).

One may wonder why model 17 is not formed, since it is
essentially the model found for the (3 X 3) case. Model 17
with a (4X4) cell is, however, energetically much less fa-
vorable than model 18, because the substitutional Li atoms
have on average a lower coordination to Cu atoms in model
17. Since, in general, the binding energy between alkali-
metal and substrate (such as Cu) atoms is much larger than
that between alkali-metal atoms, higher coordination of Li to
Cu atoms gives larger adsorption energy. Also, more vacan-
cies exist in model 17.Model 19 has fewer vacancies, but the
larger Li atoms cannot fit so tightly in the substitutional
rows. Further comparison between the models of Fig. 1
would require total-energy calculations. However, it is in-
structive to compare the (2X1), (3X3), and (4X4) struc-
tures to gain a feeling for the formation of these at first
unexpected structures.

For a Li coverage 0~0.4 every Li atom occupies a sub-
stitutional site ' ' and the surface exhibits the (2X1)
structure in the range 0.2~ 0~ 0.4. This substitutional site for
[9~0.4 is the same as that of substitutional Li atoms in the

(3 X 3) and (4 X 4). For 8~0.4 the missing-row structure
converts to the (3X3) and then the (4X4) structure to ac-
commodate more Li atoms as adatoms. Adatoms are ener-
getically less favorable than substitutional atoms, but the
substitutional sites are already all taken in the (2X 1) struc-
ture. Therefore, additional Li atoms tend to become adatoms:
the coverage of adatoms increases from 0 to 0.111 to 0.25,
from (2 X 1) to (3 X 3) to (4 X 4), respectively, while the
coverage of substitutional atoms remains almost constant,
namely, 0.4, 0.444, and 0.375, respectively. Thus, the aver-
age adsorption energy decreases as the coverage increases. It
should be noted that surface Cu atoms move around to form
small Cu islands for Li adatoms at the conversions from the

(2 X 1) to the (3 X 3) and from the (3 X 3) to the (4 X 4).
One might expect that a (5X5) or other structure could

follow the (4X4) at higher coverages. However, the LEED
pattern becomes disordered. The reason could be that vari-
ous local structures become energetically almost equivalent
at higher coverages.

In the present study we have demonstrated the power of
our symmetrized LEED codes to analyze very complex
structures with large unit cells. The symmetrization, which is
the major advance over previous versions of our codes, re-
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duced the computing times by factors of 100 and 10, respec-
tively, for the reference structure calculation (the most time-
consuming step) and the optimization. The memory
requirements were also cut, respectively, by factors of 20 and
-'„.The (4X4) unit cell is the largest among completely de-
termined surface structures by any technique.

In conclusion, we have determined the complex (4X4)
structure formed on Cu(001) by Li deposition at 300 K with
a symmetrized automated tensor LEED analysis. In this ad-
sorption system, the surface structure changes like
(2 X 1)~(3 X 3)~ (4 X 4) with increasing Li coverage. All
these structures have now been determined. The (4 X 4)
structure is similar to the (3 X 3), and can accommodate

more Li atoms. It is found that at each Li coverage the
Cu(001) surface reconstructs to form a hybrid structure pro-
viding the largest adsorption energy.
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