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An adsorption system of metal-on-metal growth is presented. The adsorption of alkali-metal atoms on
monolayers of dissimilar alkali metals preadsorbed on the Cu(001} surface has been studied by Auger-
electron spectroscopy, work-function change, and low-energy electron-diffraction intensity analysis. 'We

have examined the following three adsorption systems on Cu(001) at 180 K; Na on a full monolayer of
Li, Li on a full monolayer of Na, and Na on a submonolayer of Li, namely, the c(2X2) structure of Li
adatoms. It is found that a simple overlayer formation of Na takes place on the full Li monolayer, while

Li atoms substitute Na adatoms for Li adsorption on the full Na monolayer. For adsorption of Na on

the Li-c(2 X 2) structure whose coverage is —', of the full Li monolayer, it is found that Na atoms compress

the Li adlayer to become denser monolayers. The Na atoms do not intermix with Li adatoms, but they
form islands of the c(2 X 2) structure on Cu(001).

I. INTRODUCTION

The adsorption of alkali-metal atoms on transition- or
noble-metal surfaces has been studied experimentally and
theoretically for many years. ' One of the most interest-
ing features of alkali-metal adsorption on the metals is
drastic changes of surface structures and properties dur-
ing monolayer formation, typically seen in the work-
function change. ' In these changes we have an implicit
understanding that alkali-metal atoms form overlayers on
metals. Recent studies, however, have revealed that
reconstructions of the substrate take place on some metal
planes upon alkali-metal adsorption at room temperature.
For example, on fcc(110) metal surfaces of Ag, Cu, Ni,
and Pd, it is known that alkali-metal atoms induce a
missing-row-type reconstruction of substrate surfaces at
300 K. On fcc(001) also, missing-row-type reconstruc-
tions in the top layer are found for K/Ag(001),
K/Au(001), and Li/Cu(001) (Ref. 5) at 300 K. Even on
fcc(111), a substituted top substrate layer of the
(~3X v'3)R30' structure is determined for K/Al(111) by
low-energy electron-diffraction (LEED) analysis. Follow-
ing the missing-row-type reconstruction or substitutional
adsorption, surface alloy formation between substrate
and alkali-metal atoms takes place with an increase of
coverage for the adsorption systems above. It is noted
that temperature necessary for these processes is higher
than -200 K. On the other hand, at temperatures
lower than 200 K, alkali-metal overlayers are formed in-
stead.

As mentioned above, on some transition- and noble-
metal surfaces, a variety of growth modes of alkali-metal
atoxns has been found. It is interesting to use an alkali
metal as a substrate to be adsorbed by dissimilar alkali-
metal atoms. Since the adsorbate and substrate belong to
an alkali-metal group, interaction between them would be

very different from that between an alkali metal and tran-
sition or noble metals. Consequently, we may Snd a type
of growth mode different from those already known.

However, it is diScult to make single crystals of alkali
metals. Therefore, instead of a bulk crystal, we use a
monolayer of alkali metal on Cu(001). Fortunately,
monolayers of alkali metals on Cu(001) exhibit well-

ordered two-dimensional lattices at low tempera-
tures. "Therefore, we can study structures and growth
modes due to alkali-metal adsorption on dissimilar
alkali-metal monolayers by using LEED. To date, this
adsorption system, i.e., alkali metal on alkali metal, has
not been performed as far as we know.

In this paper, we have studied the following three ad-

sorption systems at 180 K: (1) Na on a full monolayer of
Li on Cu(001), (2) Li on a full monolayer of Na on
Cu(001), and (3) Na on a submonolayer of Li on Cu(001).
In the three adsorption systems, we have found (1) simple
overlayer formation of Na, (2) substitution of the Na ada-
tom by Li, and (3) compression of the Li adlayer and
phase separation into Li and Na domains, respectively.
Following Sec. II (experiment and calculation), detailed
results of the three adsorption systems above studied by
LEED, Auger-electron spectroscopy (AES), and work-
function change are described in Sec. III with some dis-

cussion. Summaries are reviewed in Sec. IV.

II. EXPERIMENT AND CALCULATION

Experiments were carried out in a three™level UHV
chamber equipped with various probes. ' LEED and
AES were principal tools in the present study. In partic-
ular, AES of Li XVV and Na I.VV transitions played a
crucial role in alkali-metal on alkali-metal systems. The
work-function change was measured by using a derivative
mode of the AES system, and the cutoff of secondary
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electron emission was used with sample bias. The
Cu(001) surface was cleaned with a procedure mentioned
below. LEED spots from the clean surface were sharp,
and the background was satisfactorily low. Alkali metals
were deposited onto the surface from SAES dispensers
(SAES Getters) at 180 K. LEED spot intensities were
measured with a computer-controlled auto-LEED system
for surface-structure determination. LEED intensity-
energy curves I(E) were taken with an incident-energy
range from 20 to 200 eV and with 1-eV steps. The
normal-incidence condition was achieved approximately
by using the horizontal-beam method, ' in which only
two equivalent spots located in the horizontal direction
are averaged. It should be noted that all experiments
were carried out at 180 K. In the present paper, the cov-
erage of alkali-metal atoms is always defined as the ratio
of the number density of alkali-metal atoms with respect
to that of copper atoms in the ideal Cu(001) surface.

Special care was taken in the present experiment for
the following two points. First, we paid attention to pres-
sure in the chamber, because alkali-metal-deposited
Cu(001) surfaces are easily contaminated by residual
gases. Since water in the chamber is the most active
species for alkali-metal-covered Cu surfaces, ' ' a
liquid-nitrogen shroud was used to remove the water.
Then the partial pressure of water was less than 3 X 10
Torr during experiments. The total and CO partial pres-
sures during experiments were 1.0X10 ' and 3X10
Torr, respectively. Most of the residual gas was hydro-
gen, and oxygen was not found. We confirmed by
using high-resolution electron-energy-loss spectroscopy
(HREELS) that hydrogen is not adsorbed on alkali-
metal-deposited Cu(001) surfaces at 180 K. During
alkali-metal deposition the pressure rose to 1.5X10
Torr, and the pressure rise was due to hydrogen with a
small increase of CO. After an experiment of alkali-
metal adsorption on a dissimilar alkali-metal monolayer,
we did not detect hydroxide, oxide, CO or other contam-
inants by HREELS, AES, x-ray photoelectron spectros-
copy, ultraviolet photoelectron spectroscopy or work-
function change. It is also noted that no residual gas is
adsorbed on the clean Cu(001) surface at 180 K. This
keeps the surface clean until alkali-metal atoms are de-
posited.

Second, we paid attention to cleaning of the Li-
deposited surface after an experiment, because Li atoms
interdiffuse into bulk at high temperatures. The Li-
adsorbed surface was first cleaned by Ar-ion sputtering
then annealed up to 600 C. With this procedure, we al-
ways obtained a clean surface. When we changed the or-
der of sputtering and annealing, we obtained a contam-
inated surface due to segregated and reacted Li atoms.
At room temperature, as shown in our previous studies,
Li atoms replace copper surface atoms and form surface
alloys. It was found by using AES and HREELS for elec-
tronic excitations that Li atoms stay in the surface region
at 300 K. At 180 K, where the experiments were per-
formed, Li atoms do not replace substrate atoms and do
not interdifFuse into the bulk.

Standard LEED programs' were used to calculate
I(E) curves. Six phase shifts were used to calculate

atomic scattering (1 =5). The real part of the inner

potential is determined during the course of the theory-
experiment fit. The Debye temperature of Cu is 335 K.
The Debye temperatures of the Li and Na overlayers are
480 (Ref; 7) and 160 K, ' respectively.

III. RESULTS AND DISCUSSION

A. Li or Na-atom adsorytion on Cn(001)

Here we brie8y summarize structures of Li or Na ad-
sorption on Cu(001} observed with LEED in order to
help in understanding results of alkali-metal on alkali-
metal systems. In addition, we describe Auger transi-
tions of Li and Na adatoms on copper surfaces, because
they play an important role in the alkali-metal on alkali-
metal systems as demonstrated in the main part of this
paper.

1. LEED Obsemations

In Fig. 1, sequential changes of LEED patterns for Li
or Na adsorption on Cu(001) at 180 K are summarized
with an increase of coverages. Similar adsorption sys-
tems, K (Refs. 8 and 9) or Cs (Refs. 10 and ll) on
Cu(001), have been studied previously. The c(2X2}
structures, observed for both Li (Ref. 7) and Na (Ref. 16}
adsorption systems, have been determined by means of
LEED intensity analysis. It was found that Li or Na ada-
toms occupy the fourfold hollow sites of the Cu(001) sur-
face and that the coverages are 0.5. The Na-c(2X2}
structure corresponds to the full monolayer, while the
Li-c (2 X2) structure is a submonolayer whose coverage is
—', of the full monolayer, as seen in Fig. 1. Complicated
structures at high Li coverages are due to overlayers, and
we will propose these structure models elsewhere. '

0.0 0.1
Coverge, 0

0.2 0.3 0.4 0.5 0.6 0.7 0.8

Li c(2x2) hex-type

Na ha c{2x2)

c(7v 2 xv 2)R45'
c(5v 2xv 2)R45

FIG. 1. Surface-structure changes for adsorption systems of
Li/Cu(001) and Na/Cu(001) at 180 K as a function of alkali-
metal coverage, 8.

2. AES ofLi KVV and No L VV

Previously, we found two Auger peaks of Li XVV at 46
and 49 eV for the Li-deposited Cu(001) surfaces. We de-
duced that the 49-eV Auger electrons come from Li 2s
valence electrons in the deexcitation process of a Li 1s
hole. They are denoted as the Li( ls)Li(2s)Li(2s) transi-
tion. On the other hand, the 46-eV Auger electrons were
ascribed to an interatomic transition between Li atoms
and Cu atoms bonded with the Li atoms. They are
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FIG. 2. Illustrations of the characteristic Auger-electron
emissions from the first and second layers of Li and Na adatoms
on the Cu surface. The Li XVV Auger electrons having kinetic
energies of 49 and 46 eV are denoted as the Li(ls)Li{2s)Li(2s)
and Li( ls)Cu(3d)Cu(3d) transitions, respectively. The Na L VV
Auger electrons at 25 and 22 eV are termed as the
Na(2p)Na(3s)Na(3s) and Na(2p)Cu(3d)Cu{3d) transitions, re-
spectively. (a) Li monolayer on copper substrate. {b) Li double
layer on Cu. (c) Na monolayer on Cu. (d) Na double layer on
Cu.

denoted as the Li( ls)Cu(3d)Cu(3d) transition; Cu 3d
electrons are involved in the deexcitation of a Li 1s hole.
Estimated kinetic energies of the two Auger peaks were
in good agreement with those of our experiments. A
feature of the Li XVV Auger transitions on copper sur-
faces is schematically depicted in Fig. 2. In the erst
monolayer Li adatoms emit both 49- and 46-eV Auger
electrons as shown in Fig. 2(a), while Li atoms in the
second layer emit only 49-eV Auger electrons as shown in
Fig. 2(b). This difference comes from the different deexci-
tation processes mentioned above. It should be noted
that AES of the Li XVV transitions is a powerful tool for
studies of Li-atom adsorption on Na atoms preadsorbed
on Cu substrate, because we can easily distinguish Li
atoms sitting on the copper substrate from Li atoms sit-
ting on Na adatoms by Li XVV Auger electrons. That is,
the Li atoms sitting on the copper substrate have two
Auger peaks, while Li atoms adsorbed on Na atoms have
only one peak.

%e have observed a similar doublet peak of LVV
Auger electrons of Na adatoms on Cu(001) at 22 and 25
eV to that of the Li EVVAuger electrons at 46 and 49
eV. The appearance of the two Na LVV Auger peaks can
be ascribed to a similar mechanism to the case of Li ada-
toms on Cu(001). In Fig. 3, two deexcitation processes of
a Na 2p core hole are illustrated. The 25- and 22-eV
peaks are denoted as the Na(2p)Na(3s)Na(3s) and
Na(2p)Cu(3d)Cu(3d) transitions, respectively. We esti-
mate kinetic energies of the former and latter Auger elec-
trons to be 25.3 and 21.1 eV, respectively, and these are

E,I' I

&s j

Na {3s}
Cu (3(j}

E„

—F

Na(2p} J g

FIG. 3. Schematic diagram for two possible transitions of the
Na L VV Auger. E, and Eb are kinetic energies measured by the
analyzer for transitions Na(2p)Na{ 3s)Na(3s) and
Na(2p)Cu(3d)Cu(3d), respectively. E+ is the Fermi level. E& is
the vacuum level for the analyzer. P' is the work function of the
analyzer.

in good agreement with our typical peak energies 25.2
and 22.2 eV. As shown in Fig. 2(c), at the first monolayer
Na adatoms emit both 25- and 22-eV Auger electrons,
while Na atoms in the second layer emit only 25-eV
Auger electrons as shown in Fig. 2(d).

8. Na on Li full monolayer

Na atoms are deposited on a full monolayer of Li
atoms preadsorbed on Cu(001). The coverage of the Li
adatoms is 0.8 at the full monolayer, as mentioned above.
Auger spectra in an energy range from 15 to 70 eV for
the clean and the full Li monolayer surfaces are shown in
Figs. 4(a) and 4(b), respectively. The sensitivity of the
detector is changed at an energy of 30 eV. In Fig. 4(a), a
doublet peak at 58 and 56 eV is due to MN1V Auger elec-
trons of the copper substrate. In Fig. 4(b) a doublet peak
at 49 and 46 eV is seen for a full Li monolayer. Figures
4(c) and 4(d) are Auger spectra taken after Na-atom
deposition of coverages of 0.07 and 0.25 on the Li mono-
layer on Cu(001), respectively. In these spectra, a single
peak of Na Auger appears at 25 eV. Intensities of both
Li Auger peaks decrease when Na atoms are deposited on
the Li-covered surface, as clearly seen in Fig. 4(d), and
which suggests that the Na atoms cover up the Li mono-
layer. A clearer evidence for formation of the Na over-
layer on the Li-covered surface is that the Na Auger peak
at 22 eV does not appear during Na adsorption, as seen in
Figs. 4(c) and 4(d). Suppose that Na atoms substitute for
Li atoms preadsorbed on Cu(001); then 22-eV Auger peak
should be observed, because the Na atoms form bonds
with the copper substrate.

Na overlayer formation on the Li full monolayer
preadsorbed on Cu(001) is consistent with a result of
work-function change measurement. The work-function
change is plotted as a function of Li and Na coverages in
Fig. 5. In the left-hand-side panel of Fig. 5, a typical
work-function change for alkali-metal adsorption systems
is observed with increasing Li coverage on Cu(001). The
work function reaches a minimum at Li coverage of 0.5
and recovers slightly up to the monolayer completion at
coverage of 0.8. The work-function changes at Li cover-
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sodium and lithium metals are 2.4 and 2.9 eV, respective-
ly. Therefore, the result of the work function is con-
sistent with the growth mode that Na adatoms form a
monolayer on the full Li monolayer preadsorbed on
Cu(001).

I
I I
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Energy (eV)

, ()
60 70

FIG. 4. Na I.VV Auger spectra (left-hand side) and Li KVV
Auger spectra (right-hand side) at 180 K. (a) Clean Cu(001). (b)
A full monolayer of Li on Cu(001), 8&;=0.8. (c) Na is deposited
onto the full Li monolayer on Cu(001), 8&,=0.07. (d) Same as
(c), but 8&,=0.25.

ages of 0.5 and 0.8 are —2.1 and —1.7 eV, respectively.
The right-hand-side panel of Fig. 5 depicts the work-
function change due to Na deposition on the full Li
monolayer on Cu(001}. With increasing Na coverage the
work function decreases, passes through a shallow
minimum, and increases slightly up to a coverage of 0.5
corresponding to a full Na monolayer. At the minimum,
where Na coverage is about 0.2, work-function reduction
is 0.5 eV from the full Li monolayer. At the end of a
monolayer deposition, the work function is estimated to
be 2.5 eV from a value of the work function of the
Cu(001} surface, 4.6 eV. Reported work functions of bulk

C. Li on Na full monolayer

Li atoms are deposited on a full monolayer of Na
atoms preadsorbed on Cu(001}. The order of deposition
of Li and Na is reversed in this case. The Auger spec-
trum of the starting surface of the full Na monolayer is
depicted in Fig. 6(a). Two Na Auger peaks at 25 and 22
eV are observed, and this indicates, of course, that the Na
atoms are adsorbed on the copper substrate. Figures 6(b)
and 6(c) are Auger spectra taken after Li deposition on
the Na monolayer at Li coverages of 0.24 and 1.1, respec-
tively. Two possible growth modes are considered here:
overlayer growth and substitutional growth. Suppose
that the overlayer growth is the case; only the 49-eV peak
of Li Auger should be observed. If substitutional growth
occurs, on the other hand, both 46- and 49-eV peaks
should be detected. At the same time, the 22-eV peak of
Na Auger should disappear with increasing Li deposi-
tion. Now we return to Fig. 6(c). In the spectrum two Li
Auger peaks appear, whereas a single peak of 25-eV Na
Auger is seen. The peak height of the 25-eV Na Auger
increases with an increase of Li coverage, as seen in Figs.
6(a)-6(c). These behaviors straightforwardly lead to a
conclusion of the substitutional growth of Li on Na. At
the monolayer deposition of Li on Na, the top layer can-
sists of Na atoms and the underlying layer consists of Li
atoms sandwiched by the Na layer and the Cu(001) sur-
face. Figure 6(c} is very similar to Fig. 4(d}, which
re6ects the fact that the same structure is formed on
Cu(001) independently of the order of deposition of Li
and Na. The intensity of the 25-eV peak seen in Fig. 6(c)
is larger than the summation of the two Na peaks in Fig.
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FIG. 5. Work-function change for Li adsorption on Cu(001)
at 180 K with increase of Li coverage (left-hand side), and
work-function change for adsorption of Na on the full Li mono-
layer (8&;=0.8) at 180 K vs Na coverage (right-hand side).

FIG. 6. The Li KVV and Na LVV Auger-electron spectra at
180 K. (a) The full Na monolayer on Cu(001), 8&,=0.5. (b) Li
deposited onto the Na fu11 monolayer, 8&;=0.24. (c) Same as (b)
but 8&;=1.1.
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6(a}, although the amount of Na atoms does not change.
This is an unknown phenomenon of intensity enhance-
ment at the second layer of alkali metals.

In Figs. 6(b) and 6(c), an additional peak appears at 37
eV. The intensity of this peak is proportional to that of
the Na 25-eV peak. This has been assigned to the double
ionization peak of Na Auger electrons. ' '

Measurements of the work-function change also sup-
port the substitutional growth for the adsorption of Li on
the full Na monolayer, as shown in Fig. 7. The left-
hand-side panel shows the work-function change of the
Na-deposited surfaces as a function of Na coverage. At
the minimum where Na coverage is about 0.2, the work
function is reduced by 2.5 eV. At the full Na monolayer
the work function recovers by 0.35 eV and is estimated to
be 2.45 eV. These results are similar to the literature.
Li atoms are deposited on the full Na monolayer, and the
change of the work function is plotted in the right-hand-
side panel of Fig. 7. It is demonstrated clearly that the
work function does not change with an increasing
amount of Li adatoms. This suggests that Na atoms are
always located in the top layer; each Li atom substitutes
for a Na adatom on Cu(001). In fact, the work function
of the Li-monolayer-deposited surface on the full Na
monolayer (about 2.45 eV) is identical to that of the Na-
monolayer-deposited surface on the Li monolayer in Sec.
III B (2.5 eV).

We discuss briefiy the substitutional absorption. Here
we consider two structures on Cu(001): (a) the top Li and
underlying Na layers and (b) the top Na and underlying
Li layers. We compare total energies E(a) and E(b) for
structures (a) and (b), respectively. Binding energies be-
tween Li and Na layers can be assumed to be identical for
the two structures. Then, the contribution to the total
energies are binding energies between the underlying lay-
er and copper substrate, E(Cu-Li) and E(Cu-Na), and sur-
face energies of the top layer, E(Na) and E(Li). To be a
stable structure, the surface energy should be small and
the binding energy should be large. In thermal desorp-
tion spectroscopy from Li or Na-adsorbed Ru(0001) sur-
faces, ' we find E(Cu-Li))E(Cu-Na). In the litera-
ture we find E(Na) (E(Li). Therefore, this simple argu-
ment explains the experimental fact.

D. Na adsorption
on c (2 X2) structure of I.i submonolayer

In this section we investigate the growth mode of Na
atoms on a submonolayer of Li atoms preadsorbed on
Cu(001}, namely the Li-c(2X2) structure. The coverage
of the Li-c (2 X2) structure is 0.5, while that of the Li full
monolayer is 0.8.

1. LEED I(E) curves

We have observed changes of LEED patterns with an
increase of Na deposition on the c (2 X 2) structure of Li
atoms preadsorbed on Cu(001). The LEED patterns al-

ways exhibit c(2X2) structures up to a Na coverage of
0.5. It is found, however, that the sharpness of half-order
spots varies with Na coverage. Initial sharp spots from
the Li-c(2X2) structure on Cu(001} become broad up to
a Na coverage of 0.1, and finally the spots become sharp
again at Na coverages larger than 0.2. This fact suggests
that the c(2X2) pattern always observed during Na
deposition does not come from a single structure but
originates from two structures exhibiting the same
c(2X2) pattern. Here it should be noted that both Li
and Na adatoms form c (2X2) structures on Cu(001) at a
coverage of 0.5, as shown in Fig. 1. Therefore, we have
measured I(E) curves of the ( —,

'
—,
'

) spots as a function of
Na coverage, as shown from Figs. 8(a)—8(f). Figure 8(a)
is taken from the Li-c(2X2) structure on Cu(001}. For
comparison, an I(E) curve of the ( —,

'
—,') spot of the Na-

—1.0

-2.0—

0.25 0.5 0.4 0.8
COVERAGE

FIG. 7. Work-function change for adsorption Na on Cu{001)
at 180 K with increase of Na coverage (left-hand-side panel) and
work-function change for adsorption of Li on the full Na mono-

layer on Cu(001) at 180 K as a function of Li coverage (right-
hand-side panel).

50 100
ENERGY (eV)

FIG, 8. I(E) curves for the {—' —') spot of the c(2X2) struc-

ture formed on Cu(001) at 180 K. (a) The Li-c(2X2) structure
on Cu(001). (b) -(f) Na is deposited onto the Li-
c(2X2)/Cu(001). 0& =0.05, 0. 1, 0.2, 0.3, and 0.5 for (b)—(f),
respectively, (g) The Na-c (2 X 2) structure on Cu(001).
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c (2 X2) structure on Cu(001) is shown in Fig. 8(g). '6 It is
evident from Fig. 8 that the I(E) curve changes gradual-
ly from that of Li-c (2X2) to that of Na-c (2X2) with in-
creasing Na coverage. We summarize results of LEED
I(E) measurements as follows: (i) The Li-c(2X2) struc-
ture disappears at Na coverages between 0.1 and 0.2. (ii)
The Na-c(2X2) structure is formed on Cu(001) at Na
coverages larger than 0.2. Then we propose two possible
growth modes for the present adsorption system. First,
substitutional growth resulting in formation of the ¹

c(2X2)/Cu(001) structure covered with a disordered Li
layer, we denote this as the disordered Li top layer on
Na-c(2X2)/Cu(001). Second, compression of the Li-
c(2X2) structure into a disordered adlayer by Na atoms
and formation of the Na-c(2X2) adlayer on vacant
copper surface. In the following section, the former is ex-
cluded by the analysis of AES.

2. hESof Li KVVond Na LVV

The Auger spectra are taken after Na-atom deposition
on the Li-c(2X2)/Cu(001) surface as shown in Fig. 9.
Coverages of Na atoms are 0, 0.25, and 0.5 for Figs. 9(a),
9(b), and 9(c), respectively. It is evident from Figs. 9(b)
and 9(c}that two Auger peaks appear for both Li and Na
atoms. This fact excludes straightforwardly the structure
model of the disordered C.i top layer on Na-
c(2X2)/Cu(001). The other growth model propased
above agrees with the AES result. That is, Na atoms
compress the Li adlayer to become a denser monolayer,
and the Na atoms do not intermix with Li adatoms and
form islands of the Na-c(2X2) structure on Cu(001).
The intensity ratio of the Na (22 eV} Auger peak to the
Na (25 eV) peak in the present adsorption system seen in
Fig. 9(c) is relatively smaller than that of Na adatoms on
Cu(001) in Fig. 6(a}. This reflects the fact that there are
two kinds of Na adatoms in the coadsorption system; one
adsorbs onto the Cu surface directly to form the c (2 X2)

structure, and the other adsorbs onto the compressed Li
layer or/and on the Na-c (2X2) islands.

3. Growth mode

Why do Na atoms not form an overlayer on the Li-
c(2X2)/Cu(001)? If Na atoms occupy the fourfold hol-
low sites of the Li-c (2X2) structure, the surface also ex-
hibits a c(2X2) order. However, this structure is ruled
out by LEED calculation. A reason why Na overlayers
do not form on the Li-c(2X2} structure is probably be-
cause Li adatoms can be displaced considerably on
Cu(001) by a Na atom. As a result, the Na atom can oc-
cupy the fourfold hollow sites of Cu(001) and form strong
bonds with copper atoms. With an increase of Na depo-
sition, Li adatoms are compressed to be denser layers.

Imagine that the Li-c(2X2) structure is compressed
into the densest overlayer of Li adatoms whose coverage
is 0.8, then —,'of the Cu(001) surface becomes vacant. Na
atoms form the c (2X2) structure on this vacant area up
to a Na coverage of —,', . After the area is fille with Na
atoms up, Na atoms are adsorbed on the Li or Na adlayer
randomly. In fact, the I(E) curve of the ( —,

'
—,
' ) spot does

not change in a Na coverage range of 0.2&8~0.5, as
seen in Fig. 8. In addition, the intensity of the curve in
Fig. 8(f) is smaller than that of the curve Fig. 8(g). These
results are in good agreement with that the area of the
Na-c (2 X 2}domains is only —,

' of the surface.
The growth mode of the present adsorption system is

the compression and phase separation in a coadsorbed
layer. This may be one of general phenomena for coad-
sorption systems. For example, a (2X2) structure of ox-
ygen adsorbed on Pd(111) is compressed into a
(~3X~3)R30' structure with dosing CO which forms
(~3 X~3)R 30' domains separately. At this stage it is
not possible to explain the phase separation observed in
the present study, but we point out that bulk Li metal
does not form an alloy with Na metal.

IV. SUMMARY

C6
~ A

,
(b)

20 30 50

Energy (eV)

60 70

FIG. 9. The Li ECVV and Na LVV Auger-electron spectra at
180 K. (a) The Li-c(2X2) structure on Cu(001), 8&;=0.5. (b)
Na is deposited onto the Li-c(2X2)/Cu(001), 8N, =0.25. (c)
Same as (b) but 8N, =0.5.

Structure and growth of alkali-metal atoms on dissimi-
lar alkali-metal atams preadsorbed on Cu(001) has been
studied by using AES, LEED, and work-function change.
We have studied the following three adsorption systems
at 180 K: (1) Na on a full monolayer of Li, (2) Li on a full
monolayer of Na, and (3) Na an a submonolayer of Li,
namely the Li-c(2X2) structure. The growth modes of
these systems are summarized as follows.

(1) Na atoms form overlayers on the full Li monolayer
preadsorbed on Cu(001) (overlayer formation).

(2) Li atoms substitute Na adatoms for adsorption of Li
on the full Na monolayer preadsorbed on Cu(001) (substi-
tutional adsorption).

(3) For adsorption of Na atoms on the Li-c(2X2)
structure whose coverage is —', of the full Li monolayer,
Na atoms compress the Li adlayer to be denser mono-
layers. The Na atoms do not intermix with Li adatoms
and form islands of the c(2X2) structure on Cu(001)
(compression and phase separation).

To obtain these conclusion, the Li XVV and Na LVV
Auger-electron spectroscopies are very powerful. The



17 546 SBIGI MIZUNO, HIROSHI TOCHIHARA, AND TAKAAKI KA%AMURA 50

appearance and disappearance of the two Auger peaks of
Li and Na adatoms are examined to find growth modes.
This is the first successful application of AES of the Li
XVV and Na 1.VV transitions to surface studies.
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