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Abstract

Surface X-ray diffraction has been used to analyze in situ the room-temperature adsorption behaviour and the
structure of K and Cs on Cu(001) at submonolayer coverages. Adsorption of K takes place in fourfold hollow sites up
to coverages of about 0.25 monolayers (ML), where 1 ML corresponds to 1.53 x 10" atoms/cm?. At higher
coverages the formation of a quasi-hexagonal incommensurate adlayer is observed. In contrast, for Cs adsorption we
observe from the very beginning the formation of the quasi-hexagonal structure up to the completion of the adlayer
at about 0.30 ML. For K adsorption in the hollow sxtes we determine an adsorption helght d, =225(15) A
corresponding to an effective K radius of r. = 1.6(1) A close to the ionic radius of 1.33 A. We do not observe a
change in the effective radlus as a function of coverage. For the quasi-hexagonal Cs structure we find an (average)
adsorption height d | = 2.94 A corresponding to an effective radius of rerr = 2.18 and 1.93 A, for the limiting cases of
hollow- and bridge-site adsorption, respectively. The analysis of the superlattice reflections corresponding to the
quasi-hexagonal incommensurate structures indicated that the K adlayer is strongl¥ modulated. The first Fourier
component of the substrate-induced modulation was determined to ug; = 1.29(3) A. In contrast, for Cs/Cu(001)
static modulation is much less important (uy, < 0.2 A). Variation of the Cs adlayer density by changing the substrate
temperature allows continuous expansion and contraction of the adsorbate unit cell. No commensurate—incom-
mensurate transition has been observed.

1. Introduction tion of the dipoles leads to the formation of an

alkali overlayer that is covalently bonded to the

There is a long-standing debate about the substrate atoms. This model was inferred by

bonding character of alkali atoms adsorbed on
metal surfaces. The traditional view is that an
alkali atom adsorbed at low coverages transfers
its valence electron at least partially to the metal
to become ionic. At higher coverages depolariza-

* Corresponding author.

Langmuir and Kingdon in 1923 [1]. One promi-
nent feature of alkali adsorption related to this
“charge transfer” and “charge back-donation”
model is the decrease in the workfunction, which
passes a minimum at about 0.20 monolayers (ML,
1 ML =1.53%10" atoms/cm?), which subse-
quently increases to saturation corresponding to
the workfunction of the alkali metal.
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On the other hand, both theoretical [2] and

experimental [3] investigations support a picture
of covalent bonding at all coverages. This is in

contrast to recent calculatxons by Schefﬂer et al.
[4] and by Pacchioni et al. [5] which, although
entirely different in their theoretical approach,
consistently attribute only a small covalent bond-
ing character at low coverages, However, it should
be noted that the distinction between ionic and

covalent bonds might be semantic in nature, es-
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pecially if there is a large overlap of the charge
distributions of adsorbate and substrate.

Besides theoretical calculations and experi-
ments concerned with the electronic structure,
analyses of the geometric structure are helpful in
order to obtain a complete picture of the alkali
adsorption. However, precise structural data are

rare. Low-energy electron diffraction (LEED)
studies have been confined to investigations of
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only information about the high alkali coverage
regime. This shortcoming might be removed by
the development of the diffuse LEED (DLEED)
technique [17], although this is still at an early
stage. Another complication may arise from the
contamination rate of the surface which is in-
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tron- stlmulated desorption.

X-ray scattering data on surfaces can be inter-
preted in terms of the kinematical diffraction
theory [18,19] and can be applied to the determi-
nation of the registry of the adlayer relative to
the surface even in cases where no ordered super-
lattice structure has been formed.

Table 1
Structural determinations for alkali metal adsorption on unreconstructed metallic surfaces
System Coverage (ML)  Site Method Yesf Tion  Tme  Reference
Cs/Ag(11D) 0.15 - SEXAFS 1.76(3) 1.67 2.68 [21]
Cs/Rh(100) (4 x 2) 0.25 Hollow LEED 2.10(6) 1.67 2.68 [6]
Cs/Ru(0001) p(2 x 2) 0.25 Top LEED 1.906(8) 1.67 2.68 7
Cs/Cu(11D) p(2x 2) 0.25 Top LEED 1.73(5) 1.67 2.68 [8]
Cs/Cu(001) ¢(Z x 10) .30 Hollow and X-ray 2.18(13)®* 167 268  Present work
Asymmetrical 1.93(14) ®

Cs/Ag(111) 0.30 - SEXAFS  2.06(3) 1.67 268 (21}
Cs/Ru(0001Xy3 x v3) 0.33 Hep hollow LEED 2172 167 268 7
Cs/ Rh(lOO)(\/S— xv5) 0.40 Hollow and top LEED 212 1.67 268  [11]
Cs/Rh(100)

o(2v2 % 2y (2/3) JR45° 0.43 Incommensurate ~ LEED 2.20 1.67 268 [11]
K/Cu(001) 0.14 Hollow X-ray 1.5(3) 133 238  [20]
K/Cu(001) 0.25 Hollow X-ray 1.6(1) 133 238  Present work
K /Cu(001) (C1-C2) 0.30-0.33 Incommensurate  X-ray 1.6(1) 133 238  Present work
K/Cu(11)p(2 X 2) 0.33 Top SEXAFS 1.79(3) 1.33 2.38 {14]
K/Ni(100) <0.25 Hollow DLEED ¢ 2.02-1.97 1.33 2.38 (17}
K/Ni(100)c(4 x 2) 0.25 Hollow LEED 1.96(5} 1.33 2.38 f13]
K/Ni(111) 0.13-0.28 Incommensurate CMTA ¢ 1.46(10) 133 238 [35])
K/Ni(11Dp(2x 2) 0.25 Top LEED 1.57(3) 1.33 2.38 [12]
K/Ni{(11Dp(2 x 2) 0.25 Top SEXAFS 1.67(2) 1.33 2.35 [14]
K /Co(1010)c(2 % 2) 0.50 Hollow LEED 1.87(5) 1.33 2.38 [10]
K/Ru(001v3 x 3 033 Hep hollow LEED 1.98(5) 133 238 [15)
K/Ru(00Dp(2 x 2) 0.25 Fce hollow LEED 1.94(5) 133 2.38 [15}
K/AI11Y3 x 3 0.33 Top LEED 1.80(5) 133 238  [16)
K/All 11)\/37 x V3 0.33 Substitutional LEED 2.10(3) 1.33 2.38 [16]

* Radius derived for hollow site.
b Radius derived for bridge site.
¢ Diffuse LEED.

4 CMTA (constant momentum transfer averaging) of LEED intensities.
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In a previous paper [20] we discussed in detail
the structure of K layers adsorbed on Cu(001) at
about 0.14 ML coverage where no ordered super-
structure has been formed. A fourfold hollow-sitg
adsorption at an adsorption height d | =2.1(4) A
was found. This qcorresponds to an effective K
radius of 1.5(3) A, which is considerably lower
than r=196(5) A derived by LEED for K
adsorbed on Ni{001) forming an ordered c(4 X 2)
superstructure at 0.25 ML [13].

On the basis of these results, one matter of
concern was to answer the question of whether
there is a coverage-dependent adsorption height
that could be correlated with the charge back-
donation mechanism. In a surface-extended X-ray
absorption fine structure (SEXAFS) study on
Cs/Ag(111) Lamble et al. [21] found an increase
in the Cs—Ag bond from 3.20(3) A at 0.15 ML to
3.50(3) A at 0.30 ML. An overview of the results
of structure determinations for K and Cs adsor-
bate systems on unreconstructed metal surfaces is
given in Table 1.

The results of the present investigation show
that for K/Cu(001) there is no coverage depen-
dence of the effgctive radius within the error bars
of about 0.15 A. In addition, we show that the
adsorption behavior of K and Cs is completely
different, although the ordered superstructure
formed at about 0.30 ML is reported to be basi-
cally the same.

In Fig. 1 we summarize the different structures
as determined for K on Cu(001) by Aruga et al.
{22] on the basis of their LEED study. At a
coverage above 0.18 ML short-range order is ob-
served, which is indicated by a diffuse ring of
intensity. The formation of long-range order is
reported to take place at 8 = 0.28 ML where a
commensurate quasi-hexagonal superstructure is
observed, labeled C1. It can be described as a
c(2 X 10) superlattice as shown in Fig. 2. The
alkali atoms within the unit cell are represented
by hatched circles. This superstructure corre-
sponds to a theoretical coverage of 0.30 ML.
When the coverage exceeds ~ 0.30 ML the su-
perstructure is compressed and another commen-
surate quasi-hexagonal structure is reported to
form, labeled C2 by Aruga et al. [22]. It is equiva-
lent to a (2 X 3) superstructure. At coverages

coverage (ML)

00<6<018
disordered

018<9<0.28
short range order

0.28 (C1)

0.33 (C2)

9>0.33
rotated phase

Fig. 1. Schematic representation of the LEED patterns for
adsorption of K on Cu(001) as reported in Ref. [22]. Only one
of two domains is shown.

above 0.33 ML the K monolayer undergoes a
commensurate—incommensurate transition form-
ing an unregistered hexagonal lattice (Fig. 1).

The “phase diagram” for Cs/Cu(001) is very
similar to those determined by Papageorgopolous
et al. [23] and by Cousty et al. [24]. It is important
to note that different substrate temperatures have
been used in these investigations: 330 K for
K/Cu(001) and 303 K for Cs/Cu(001). In our
experiments we used the same temperatures as
reported in the literature.

This paper is organized as follows. After a
short discussion of the basic theory needed for
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Fig. 2. Schematic representation of the commensurate quasi-
hexagonal superstructure labeled C1 by Aruga et al. [22].
Using a rectangular setting of the unit cell this corresponds to
a ¢(2%10) superstructure as indicated by the solid line. The
alkali atoms within the unit cell are shown hatched.

the analysis of the truncation rod data in Section
2, we discuss in Sections 3 and 4 the adsorption
behavior and the structure of K and Cs on Cu(001)
as derived from the truncation rods. The analysis
of the fractional-order superlattice reflections is
presented in Section 5, and a short summary of
the results is given in Section 6.

2. Theory

The analysis of the adlayer registry relative to
the substrate is based on the interference of the
scattering amplitudes from the substrate (F-rg)
and adsorbate (F.,): F,o = Ferg + Fag, where
Ferg is the structure factor of the diffuse inten-
sity between the bulk Bragg points. It arises from
the truncation of the (semi-infinite) crystal.
Therefore, the rod of diffuse intensity is called
the crystal truncation rod (CTR). For a more
complete discussion, see e.g. Refs. [25-27].

In the present case we discuss the truncation
rod of the Cu(001) surface. For convenience we
use the primitive setting of the (001) surface unit
cell corresponding to the tetragonal setting of the
bulk unit cell [28].

The Cu(001) crystal is described as a semi-in-
finite stack of layers n from n = —o to n =0, the
latter corresponding to the surface layer. The
phase difference ¥ between the individual layers
is given by ¥ =gr =m(h + k + 1), since the vec-
tor r between two consecutive layers is (1/2,
1/2, 1/2). Neglecting absorption, the total
diffracted intensity can be expressed as:

2

Itot -

n=0
fCu Z ein‘P+0fAd ei21r(hx+ky+lz)

n=—oo

(1)

The semi-infinite series can be evaluated leading
to:
2

_ fCu i2m(hx+ky+iz)
Liox —‘ 1 _ o imh+k+D +0faac

’

(2)

where f., and f,, represent the atomic form
factors of the Cu substrate and the adlayer, re-
spectively. The relative coverage of the adsorbate
is described by 6. The position of the adatoms
within the surface unit cell is given by the coordi-
nates (xyz).

As the penetration of the X-rays is in the
order of 1 um, it is reasonable to extend the
series to infinity since the error due to the finite
penetration of the X-rays is negligible for g vec-
tors far away from bulk reciprocal lattice vectors
given by the condition # + k + [ = 2m (m integer).

It is important to note that surface sensitivity
is only achieved far from the bulk Bragg points
where the substrate lattice planes do not scatter
in phase. For example, at the “anti-Bragg” condi-
tion, A+ k +1=2m + 1, the total scattering am-
plitude of the Cu substrate is given by Foig =
fcu/2, which corresponds to half an atomic layer.

3. Adsorption of K and Cs on Cu(001)

The experiments were performed at the beam-
line X16A of the National Synchrotron Light
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Source storage ring using the UHV diffractome-
ter described in detail by Fuoss et al. [29] and
Vlieg et al. [30]. The Cu(001) surface was pre-
pared by repeated cycles of Ar* sputtering (500
eV) at a sample temperature of about 800 K,
followed by several minutes of annealing at about
700 K. Adsorption of K and Cs was performed in
situ using SAES dispensers mounted in front of
the sample. The substrate temperature was about
303 K for Cs adsorption and 330 K for K adsorp-
tion. During the experimental runs the alkali
sources were kept at a constant current of about
4 A below the emission temperature. Evaporation
was started by increasing the current to 6 A. The
constancy of the alkali emission rate was moni-
tored by Auger electron spectroscopy.

Slits of 2X 10 mm were mounted 500 mm
behind the sample, providing a longitudinal reso-
lution of 2.6 X 103 A~ L. The resolution parallel
to the truncation rods was Ag , = 1.3 X 1072 A~}
corresponding to about 0.05 reciprocal lattice
units (A = 1.56 A).

Fig. 3(a) shows for adsorption of K on Cu(001)
the measured intensity monitored in situ at
(100.05),, close to the antiphase condition (100),
along the (10/), truncation rod. The left line
indicates the moment at which the current of the
SAES dispenser was increased to 6 A. For the
lower curve (shifted down for clarity) the right
line indicates the moment where the evaporation
source was switched off.

Fig. 3. (a) (100.05), truncation rod intensity versus time for
adsorption of K on Cu(001). The dashed lines indicate the
moments where the evaporation sources have been switched
on and off, respectively. The decrease and subsequent in-
crease in the intensity can be explained by adsorption in
hollow sites followed by formation of a quasi-hexagonal in-
commensurate overlayer. The dotted line shows the calculated
intensity for the commensurate superstructure shown in Fig.
2. The lower curve is shifted down for clarity. (b) (100.05),
truncation rod intensity versus time for adsorption of Cs on
Cu(001). The reduction to about 60% of the initial intensity is
correlated with the formation of the quasi-hexagonal super-
structure shown in Fig. 2. Assuming unique hollow-site ad-
sorption, this is calculated to lead to a reduction to about 20%
of the initial intensity. The filled squares represent the inten-
sity of the first-order superlattice reflections (00.6070.05),
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We observe a rapid decrease in the diffracted
intensity after about 20 s. The intensity decreases
to about 52% of its original value after about 40
s. Stopping the evaporation leads to no further
changes (lower curve), whereas continued evapo-
ration results in a subsequent increase in the
intensity, which asymptotically reaches about 75%
of the original intensity (upper curve). The de-
crease and the subsequent increase in the inten-
sity can be related to the occupation of fourfold
hollow sites and to the formation of the incom-
mensurate quasi-hexagonal K overlayer reported
by Aruga et al. [22]. The corresponding superlat-
tice reflections were observed after saturation of
the (100.05), intensity. The decrease in the (100),
total intensity by occupation of hollow sites is
easily explained by Eq. (2) (we neglect the small
deviation of our data from the antiphase condi-
tion (100),). For K adsorbed in hollow sites
(1/2, 172, z) of the surface unit cell we obtain:

) : 2
Itot(loo) = ]%fCu +fK8 e!W(h+k)I = l%fCu _ng
(3)

indicating a decrease in the intensity with increas-
ing coverage 6. Time dependences of the cover-
age can be fitted to the data. In Fig. 1 the solid
line shows a fit where the coverage is given by:

0(1) = O (1 — 7710/, (4)

where 6,,,, is the maximum K coverage (about
0.30 ML) and ¢, is the time at which the intensity
begins to decrease. The parameter r describes
the time after which 1 — 1 /e of the 6_,, sites arc
occupied. In the present case the optimum choice
was 7= 16.8 s.

Assuming that only hollow sites are occupied
the simulation fits the experimental data quite
well up to the minimum at ¢ =46 s after the
evaporation was started. This corresponds to a
coverage of about 0.25 ML. However, it should
be noted that on the basis of the present data the
detailed analysis of the adsorption kinetics is not
unique. The curvature of the intensity curve near
the intensity minimum might be also explained by
the the (partial) occupation of other than hollow
sites, leading to an adlayer scattering that has no
counterphase contribution. This means that a

2

¥

constant sticking coefficient up to a maximum
coverage is still possible.

Independent of this, the decrease in the inten-
sity at (100), to roughly 50% of the uncovered
Cu(001) surface at a coverage of up to 0.25 ML
(no ordered superstructure formed) can only be
explained by almost total occupation of hollow
sites. This is directly evident from Eq. (3) using
the scattering factors for Cu and K (f, =23.7
and fy = 13.9 at (100), [31]. After stopping evap-
oration the K atoms remain in the hollow sites
(lower curve in Fig. 3a). This has also been con-
firmed during the measurement of the truncation
rods (see below), which takes several hours.

Above about 0.25 ML the formation of the
quasi-hexagonal superstructure sets in, showing
up in the increase in the (10, 0.05), intensity. We
made no attempt to fit the time dependence of
the intensity since there are too many free pa-
rameters that have to be taken into account.
Instead, we calculated the intensity assuming the
commensurate ¢(2 X 10) structure labeled C1 by
Aruga et al. [22]. This is shown by the dotted line
in Fig. 3(a). The registry of the Cl structure
relative to the Cu{001) substrate is characterized
by the occupation of substrate hollow sites by the
adatoms at (0,0) and (1/2,1/2) within the
c(2 X 10) unit cell, as shown in Fig. 2. The re-
maining disagreement observable in Fig. 3(a) can
be explained by a modulation of the structure;
this means that the structure formed is not ex-
actly a commensurate ¢(2 X 10) structure, but is
incommensurate. According to Toney et al. [32]
this influences the truncation rod intensity as
well. This will be discussed in more detail in
Section 5.

In a second experiment Cs was evaporated on
Cu(001). There is a remarkable difference as
compared to the adsorption of K as can be seen
in Fig. 3(b). After starting the evaporation the
(100.05), truncation rod intensity decreases to
about 60% of the initial value and remains con-
stant. The intensity decrease to 60% is attributed
to the formation of a superstructure very close to
the commensurate C1 structure (Fig. 2). The solid
line in Fig. 3(b) represents a simulation assuming
the formation of the C1 structure. In addition,
the filled symbols indicate the intensity (right
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scale) of the first-order superlattice reflection
(0.00.6070.05),. The ideal Cl structure corre-

sponds to a peak position at &k = 0.600 reciprocal

lattice units (rlu)

In order to fit the time dependence of the
truncation rod intensity we have used the power
law ansatz:

o t—ty\P
(1) = 0o 52 - )
Again we have assumed 6, =0.30 ML, the
theoretical coverage of the C1 structure. The
parameter At represents the time for complete
coverage of the surface (i.e. to evaporate 0.30 ML
Cs) and ¢, marks the start of the intensity reduc-
tion. The exponent 8 describes the curvature of
the curve. We have assumed that the coverage 0
describes the fraction of the surface that is cov-
ered by the superstructure. From the fit we ob-
tain B8 = 2.

There is no simple way to interpret this behav-
ior. The shape of the intensity function seems to
indicate an increasing sticking coefficient with
coverage. This appears to be implausible and we
may assume that the 72 increase in the C1 contri-
bution with time might be explained by a cover-
age-dependent ordering of small islands which
finally coalesce.

An unambigous description of the adsorption
behavior cannot be extracted in detail on the
basis of the present X-ray data. Nevertheless, we
can state that in contrast to the adsorption mech-
anism of K the unique occupation of hollow sites
up to a coverage of about 0.20-0.25 ML has not
been observed with Cs. Due to its larger scatter-
ing factor (f., = 44.1) the decrease in the
(100.05), truncation rod intensity for hollow-site
adsorption is expected to be significantly larger
than for K, as shown in Fig. 3(b). Therefore, one
might speculate that the main difference between
the adsorption behavior of K and Cs is that up to
about 0.20-0.25 ML K atoms adsorb in hollow
sites while Cs atoms form small, locally ordered
clusters of the quasi-hexagonal C1 structure which
grow and coalesce with increasing coverage. This
difference can be rationalized in terms of the
different sizes and polarlzablllty of K (4s valence
electron, r,, =133 A, r,, =238 A) and Cs (6s

on=1.67 A, r,, =268 A),
both of which make the Cs atoms less sensitive to

the substrate corruecation notential. The analvsis
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of the superlattice reflections in Section 5 will
give a consistent picture of this structure model.

valence electron, r,

4. Analysis of the truncation rods

Structure information normal to the samnle
structure miormation norma: to i€ sampic

surface can only be obtained by the analysis along
q , , the reciprocal lattice rod normal to the sam-
ple surface. In Fig. 4 we show on a logarithmic
scale the (10/), truncation rod intensity measured
for uncovered (open symbols) and Cs-covered
(filled symbols) Cu(001) surfaces after the forma-
tion of the quasi-hexagonal superstructure. In
order to clarify the intensity modulation along
g , , we have plotted in Fig. 5 the ratio I ., /I .1
for the Cs sample. The error bars are determined
on the basis of the counting statistics and by
averaging over symmetry-equivalent rods.

As discussed in Section 3, there is an intensity
reduction to about 60% of the uncovered sample
for g , = 0. Close to the Cu substrate bulk Bragg
point at g, /c*=1 (c*=0276 A~') the ratio
converges to 1, since this corresponds to the
condition where the substrate layers scatter in
phase, thus making the Cs monolayer contribu-

—_ bl
4 100+ *
S g
; v L]
£ 7
- vo L
= v O L
(":) 101 v O ¥
[} o
£ oL w 3 b
v '
14— T

1 1 1 T T
0O 02 04 06 08 10 12 14
q, (rec. lattice units)

Fig. 4. Intensity of the clean (open symbols) and Cs-covered
(filled symbols) Cu(001) surfaces measured as a function of
q , along the (107), truncation rod. The corresponding ratio is
shown in Fig. 5.
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Fig. 5. Ratio I, /I4e., between Cs-saturated (= 0.30 ML)
and clean Cu(001) surfaces along the (10/), truncation rod.
From the modulation frequency an average adsorption height
d | =2.94(15) A is determined. The best fit (solid line) also
takes account of substrate interlayer relaxations upon alkali
adsorption. Neglecting the relaxations leads to the dashed line
(see text).

tion negligible. We fitted the measured intensity
modulation assuming the C1 structure with the
atoms at (0,0) and (1/2,1/2) located in the
hollow sites of the Cu substrate as shown in Fig.
2. A change in the Cu interlayer distances upon
Cs adsorption was also allowed. Following Davis
and Noonan [33] we used the 1nterlayer spacings
d, = 1778 A and d,, = 1839 A for clean
Cu(001).

The optimum two-parameter model (un-
weighted residuum R, = 0.016 [34]) was obtained
for Cs atoms at d | = 294(15) A above the sur-
face and relaxing the substrate mterlayer spacings
to the bulk value of d, = 1.808 A. Note that the
adsorption height is an average value only, since
both hollow sites and asymmetric sites are occu-
pied (see Fig. 2). In the present investigation the
resolution along g, is not sufficient to distin-
guish between these sites on the basis of their
different d | values.

Within the hard-sphere model, the derived
average adsorption height corresponds to values

for the Cs radius between r, = 2.18(13) A for
adsorption in hollow sites and r., = 1.93(14) A
for occupation of bridge sites. The bridge site is
the uppermost possible site for the Cs atoms.

The effect of the substrate interlayer relax-
ation is important as well. The dashed line in Fig.
5 corresponds to the fit where the interlayer
spacings of the uncovered curve has been kept
constant. At intermediate and high g , , remark-
able deviations from the experimental data are
observed, showing up in a considerably worse fit
(R, =0.038).

Our results are in good agreement with those
of various other investigations on Cs adsorption
on metals [6-8] leadlng to an effectlve Cs radius
in the range 1.73(5) A to 1.90(8) A for top site
adsorption and 2.10(6) A to 2.17(2) A for hollow-
site adsorption. These values are about halfway
between the ionic (1.67 A) and the covalent (2.67
A) radius of Cs. This fits into the picture of
partial electron transfer to the substrate.

Coverage-dependent measurements were made
for K adsorption. In the lower panel of Fig. 6 we
show the ratio of the (10/), truncation rod inten-
sity obtained after stopping evaporation at the
minimum of the (100.05), intensity (see Fig. 3a)
corresponding to a coverage of about 0.25 ML.
The solid line through the data points is a fit
assuming K atoms are located in hollow sites at
an adsorption height of 4, = 2.25(15) A corre-
sponding to an effective radlus of ri=16(1) A,
which is close to the ionic K radius (1.33 A).

As for Cs adsorption, the substrate interlayer
spacings are assumed to relax to the bulk value in
order to fit the data adequately at g, /c* > 1.
Again, neglecting this effect leads to a consider-
ably worse fit, as can be seen from the dashed
curve (R, = 0.064, compared with R, = 0.034 for
the solid curve). The upper panel of Fig. 6 shows
the ratio of the (10/), truncation rod intensity
obtained after continued evaporation leading to
the formation of the quasi-hexagonal superstruc-
ture. As shown in Fig. 3(a), in this case the
intensity increases to about 75% of the uncovered
Cu surface.

The solid line represents the calculation as-
suming the commensurate C1 structure using an
(average) adsorption height d, =2.10(10) A.
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Fig. 6. Ratio I, /I ., between the K-covered and the clean
Cu(001) surfaces along the (10/), truncation rod. Lower panel,
data obtained after stopping evaporation at the minimum of
the uptake curve (lower curve in Fig. 3a); upper panel, inten-
sity ratio measured after formation of the incommensurate
superstructure corresponding to the saturation of the (100.05),
truncation rod intensity (upper curve in Fig. 3a). In both cases
the optimum fits (solid lines) lead to about d | = 2.10-2.25 A
The dashed line is a fit neglecting substrate interlayer relax-
ations (see text).

Within the error bars this is equal to the adsorp-
tion height derived for the K atoms located in the
hollow sites. It is important to note that the
superstructure is found to be modulated, which
also affects the intensity of the truncation rods.
However, the average adsorption height is only
determined by the frequency of the intensity
modulation along g , . As a result of these inves-
tigations we can state that we cannot observe any
coverage-dependent change in the adsorption
height for K adsorption on Cu(001) within the
error limits of about +0.15 A. This result has to
be compared with those of our previous investiga-
tion [20]. At a coverage of about 0.14 ML K
adsorbed on Cu(001) we found 4, =2.1(4) A

associated with an effective radius ry = 1.5(3) A.
Although the error bars of these data were con-
siderably larger than those shown here, they are
in quite good agreement. Also, our results for the
K adsorption lead to a con§iderably lower effec-
tive radius of r¢ =1.6(1) A than those derived
from various LEED investigations: 1.96(5) A [13]
and 1.87(5) A [10] for the K/Ni(001) c(4 x 2) and
the K /Co(1010) ¢(2 X 2) structures, respectively,
in which hollow sites are occupied by the adsor-
bate. On the other hand, in one investigation
based on measurements of specular LEED intenc-
sities, Fisher et al. [35] derived r = 1.46(10) A
for K/Ni(111), independent of coverage.

5. Analysis of the superlattice reflections

The analysis of the fractional-order superlat-
tice reflections provides additional information
about the structure of the ordered adlayers. In
Fig. 7 a schematic view of the reciprocal lattice
corresponding to the commensurate C1 structure
is shown. Large circles represent the integer-order

b
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® ® ®
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@ ® o—r
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Fig. 7. Schematic representation of the reciprocal lattices for
K/Cu(001) and Cs/Cu(001) assuming the commensurate C1
structure shown in Fig. 2. Large open circles represent inte-
ger-order Cu substrate reflections; small filled circles indicate
superlattice reflections due to the alkali adlayer. Only one of
the two possible domains is shown.



276 H.L. Meyerheim et al. / Surface Science 304 (1994) 267-280

h
r
10004
I
'+l
1004 3% !
2 - h
£ . li Cs/Cu(001) i
£ 10- I% A
| |
z 7 | ;
5100 e K/Cu(001) >,
£ i !
: |
1 e : . ; .

05 06 07 08 09 1 11 12 13 14

b* (rec. lattice units)

Fig. 8. First- and second-order superlattice reflections for
Cs/Cu(001) (upper level) and K /Cu(001) (lower level) along
the b* reciprocal axis (see Fig. 7) shown on a logarithmic
scale. Note especially that the second- to first-order intensity
ratio for K/Cu(001) is longer than that for the Cs/Cu(001)
system.

truncation rods, small circles indicate superlattice
reflections related to one of the two equally prob-
able domains.

In Fig. 8 the measured intensities of the first-
and second-order reflections along the b* recip-
rocal axis are plotted on a logarithmic scale for
both the Cs/Cu(001) and K/Cu(001) samples.
Both adsorbate systems were found to be com-
mensurate along the g-axis but incommensurate
along the b-axis (see Fig. 2). However, there are
several important differences between the
Cs/Cu(001) and the K/Cu(001) adsorption sys-
tem.

After evaporation of Cs at about 303 K the
first-order superlattice reflection was found at
k =0.607 rlu (reciprocal lattice unit), which is
close to the commensurate position at 0.600 rlu
corresponding to the C1 structure shown in Fig.
2. By keeping the evaporation rate at a constant
(low) level and varying the substrate temperature,
it was possible to continuously shift the reflec-
tions between k =0.586 and 0.625 rlu, as de-
picted in Fig. 9. The numbers indicate the se-
quence of the measurements. The shift of the
superlattice reflections was also possible by

changing the evaporation rate, although the ef-
fect was less pronounced.

We could not find significant changes in the
reflection profiles as a function of the peak posi-
tion. In addition, there is no “lock-in” at the
commensurate position k£ =0.600 rlu. In sum-
mary, this indicates a continuous expansion and
contraction of the adlayer unit mesh rather than
a commensurate—incommensurate transition. Im-
portantly, the formation of the commensurate C2
phase (2 X 3 superstructure) reported by Aruga
et al. [22] for K/Cu(001) corresponding to a
first-order reflection at k£ =0.666 rlu was not
observed. Instead, the Cs adlayer forms a rotated
phase above k& = 0.625 rlu. Further details of this
result will be discussed elsewhere [36].

In contrast to the Cs/Cu(001) system, after
adsorption of K on Cu(001) the first-order reflec-
tion was found at k = 0.646 rlu. Neither the peak
position nor its intensity could be varied appre-
ciably by changing the preparation conditions
(substrate temperature 330 K) within the small
limits that led to an ordered superstructure at all.
As for the Cs/Cu(001) system a continuous sup-
ply of alkali atoms was necessary to stabilize the
superstructure.

More details about the modulation of the in-
commensurate superstructures can be derived
from the analysis of the reflection intensities. In
the following we use a generalized version of the
formalism used by Toney et al. [32].
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Fig. 9. First-order peak position as a function of substrate
temperature for Cs/Cu(001). The numbers indicate the se-
quence of measurement. The peak position corresponding to
the commensurate C1 structure is 0.600.
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The substrate-induced spatial modulation of
the jth adatom, u;, can be expanded in terms of
the in-plane substrate wavevectors G:
u;= Y ug et (6)
The vector R; denotes the (average) position of
the jth adatom in the absence of the substrate.
For the total scattered amplitude of the modu-
lated adlayer, A(Q) we can write:

A(Q) =f(Q) L@ ®rru, ©)

For convenience, we choose the modulation to be
centrosymmetric with u; = —u_; so that u; be-
comes purely imaginary. Inserting Eq. (6) into Eq.
(7) and using the Anger—Jacobi expansion of the
integer-order Bessel functions J (X):

eiQ-uGsinGIL= ZJp(Q'uG) eipG-R,-’ (8)
p

we obtain for the total amplitude A(Q):
A(Q) =f(Q) Z Z ZJP(Q ‘ug) e "iR;(@-pG)
j G p
%)

Setting p = 0 and truncating the series over G at
G =1, i.e. G=(0, 1) we obtain the amplitudes of
the superlattice reflections as a function of the
first-order Fourier component of the substrate-
induced modulation u,:

Ao(Q) =f(0)Jo(Q ug), (10)

where Jy(x) is the zero-order Bessel function.
Due to the modulation of the adlayer the super-
lattice reflections corresponding to the average
structure lose intensity, which is transferred to
the satellite reflections. Since the modulation
wavevectors are commensurate with the substrate
periodicity the satellites interfere with the inte-
ger-order truncation rods. For example, the am-
plitude at (010) along the (01/) truncation rod is
given by:

Actr(Q) = Ferr — 0f(Q)J(G - uy,), (11)

where J(x) is the first-order Bessel function and
6 is the coverage. The sign determines the phase
of the adlayer relative to the substrate. It should

Tabie 2

Structure factor intensities for the first- and second-order
superlattice reflections as derived for K/Cu(001) and
Cs/Cu(001)

Cs/Cu(001) K /Cu(001)
IF,I? 451(5) 4.2(0.7)
|F,|* 56 (7) 7.5 (2.0)

also be noted that although we measured the (10)
truncation rod we nevertheless obtain informa-
tion about the u,; modulation amplitude, since
there are two equi-probable domains of the alkali
adlayer on the surface.

Table 2 lists the derived structure factor inten-
sities after correction for instrumental parame-
ters. The most interesting observation is that for
K/Cu(001) the second-order reflection intensity
is more intense than the first-order intensity,
although the structure is primitive and to first
order the intensities are expected to fall off with
the squared scattering factor | f(Q)| 2, This can
only be explained by a large modulation ampli-
tude u,, for the K adsorbate layer. In Fig. 10 the
squares represent as a function of the modulation
amplitude u,, the calculated intensity ratios be-
tween the first- and the second-order superlattice
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Fig. 10. Calculated ratio between first- and second-order
superlattice reflections for K/Cu(001) as a function of ug,.
The experimental ratio is indicated by the solid horizontal
line. The fit of the data is possible for ugy =1.30 A. The
second solution uy; = 1.65 A can be excluded from the analy-
sis of the truncation rod data.
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Fig. 11. Calculated (100.05), truncation rod intensity ratio
between K-covered and clean Cu(001) samples as a function
of uy,. The calculated intensity ratio assuming the unmodu-
lated commensurate C1 structure is shown by the solid hori-
zontal line.

reflection of the K adlayer. The horizontal line
represents the measured ratio, I (k=0.64)/
Ix(k = 1.28) = 0.56(18), which can be fitted by a
modulation amplitude uy, = 1.29G3) A. This is
consistent with the modulation of the (100.05),
truncation rod intensity for K/Cu(001) shown in
Fig. 3(a). The dotted line shows the calculated
intensity assuming the unmodulated C1 structure
(coverage 8 =030 ML and u, =0). Note, that
the intensity calculated for the C1 structure is
exactly halfway between the intensity calculated
for the clean sample and for the adsorbate struc-
ture where all K atoms (6 =0.30 ML) are as-
sumed to reside in hollow sites. This is due to the
fact that for the C1 structure only one of the two
domains contribute to the scattering, whereas
both domains contribute in the case of unique
hollow-site adsorption.

As shown in Fig. 3(a) the experimental inten-
sity is about 10-15% less than that calculated for
the ideal C1 structure. This observation can also
be explained by the modulation of the K-adlayer.
In Fig. 11 we show the calculated intensity ratio
between K-covered and clean Cu(001) as a func-
tion of u,,. In the case of u, =0 the intensity
ratio is about 0.75, as in Fig. 3(a), but increasing
Uy, leads to an oscillating intensity behavior ac-
cording to Eq. (11). For u,, = 1.3 A we obtain an
intensity reduction of about 14% relative to the
unmodulated structure. This is in agreement with

our observation. Since the truncation rod inten-
sity is reduced (uy, > 0) we conclude that the K
atoms tend to move into the hollow sites along
the b-direction (see Fig. 2).

From inspection of Fig. 10 it can be seen that
the experimental ratio /.(0.64)/I(1.28) = 0-56
has a second solution for u,, = 1.65 A. However,
this result would be inconsistent with the
(10, 0.05), truncation rod intensity.

For Cs/ Cu(001) the same analysis can be per-
formed leading to a modulation amplitude u, of
at most 0.2 A indicating only minor modulation
of the adlayer. The experimental ratios between
the superlattice reflection intensities of Cs and K,
1.,0.61) /1,(0.64) = 107(17) and [-(1.22)/
I(1.28) = 7.5(2.2) are also consistent with this
picture. For the Cs/Cu(001) system thermal dis-
order is dominant.

From the temperature-dependent analysis of
12 and 14 symmetry-independent superlattice re-
flections we found strong anisotropic tempera-
ture factors characterized by mean squared vibra-
tion amplitudes of uf,) =0.10(2) A2 and (u3,)
0—016(2) A% at 190 K and of (ui)> =0.18(2)

A% and (u) =0.29(2) A2 at 303 K. The sub-
scripts 11 and 22 indicate the commensurate and
incommensurate directions, respectively. Debye
temperatures of about ®,, =44 K and @,, =34
K have been calculated from the vibration ampli-
tudes.

6. Summary and conclusions

Using the intensity modulation along the crys-
tal truncation rods we have investigated the ad-
sorption and the structure of Cs and K adlayers
on Cu(001). Due to the different sizes and polar-
izability of the adatoms we observe remarkable
differences. While K adsorbs in fourfold hollow
sites up to about 0.25 ML, Cs atoms are found to
occupy different adsorption sites, even at low
coverage. One possible interpretation is the for-
mation of locally ordered islands of the quasi-
hexagonal superstructure, which grow with in-
creasing coverage.

The analysis of the crystal truncation rods pro-
vides information about the adsorption height of



H.L. Meyerheim et al. / Surface Science 304 (1994} 267-280 279

the adatoms. For Cs we derive d |, = 2.94(15) A,
correspond}ng to an effective radius in the range
1.93-2.18 A, which is in between the jonic (1.67
A) and the covalent (2.67 A) radius. For K we
find, independent of the coverage, an adsorptiqn
height of about 2.10 A leading to re,= 1.6 A,
which is close to the ionic radius (1.33 A).

The conventional picture of charge transfer
and charge back-donation at high coverage would
require an ionic adsorbate at low and intermedi-
ate coverages and a more metallic alkali layer
close to the completion of the substrate surface.
The constant adsorption height of the K adatoms
with increasing coverage seems to contradict this
picture. A more sophisticated view of the alkali
adsorption is needed to explain the workfunction
changes.

Further, the “hard-sphere” model used to de-
rive the effective radii appears too simple for
these complicated electronic structures. Several
theoretical attempts to analyze the alkali metal /
metal chemisorption systems have recently been
made. Using Hartree—Fock SCF cluster calcula-
tions, Pacchioni et al. [5] showed that K
chemisorbed on the Cu(001) is highly ionic. The
ionicity of the adatom leads to a polarization of
the Cu charge density leading to a considerable
charge accumulation between the surface and the
positive ion that should not be interpreted as the
formation of a covalent bond. However, the equi-
libgium distance derived by the authors is close to
3 A, significantly larger than all results based on
experimental investigations.

We have also investigated the ordered super-
structures that form at saturation coverage. On
the basis of the results the systems Cs/Cu(001)
and K/Cu(001) can be viewed as limiting cases
for strong adsorbate—adsorbate interaction rela-
tive to the adsorbate—substrate interaction and
vice versa, The quasi-hexagonal Cs superlattice
could be continuously expanded and contracted
depending on the adlayer density. The static
modulation of the Cs adlayer was found to be
small; the first-order Fourier component of the
substrate-induced modulation, u,, is at most 0.2
Al

In contrast, the K-adlayer is strongly modu-
lated. Both Shrimpton et al. [37] and Fisher and

Diehl [38] have investigated uniaxially incommen-
surate phases of alkali atoms on fcc (001) faces by
molecular dynamics calculations. They discuss in
detail the domain wall characteristics depending
on the relative strength between the adsorbate—
adsorbate dipole interaction and the adsorbate—
substrate interaction due to the substrate corru-
gation potential. The system K/Cu(001) is repre-
sentative for the case of weak adsorbate—ad-
sorbate dipole interaction and strong influence of
the substrate corrugation potential corresponding
to C<10 in Ref. [37]. Shrimpton et al. also
discuss for the (2 X 3) phase [39] (which corre-
sponds to the C2 phase in Aruga’s nomenclature
[22]) a configuration consisting of a mix of c(4 X 2)
and ¢(2 X 2) structures.

Using this structure model and recalling that
the (average) structure determined for K /Cu(001)
is close to the C2 structure (first-order reflection
at k = 0.646 as compared to k = 0.666 for the C2
structure) the deriveqd first-order modulation am-
plitude u, =~ 130 A appears to be reasonable
since the shift of the K atoms from their average
position to the hollow sites in order to form the
(4 x2) and the c(2 X 2) structures are of the
same order of magnitude. Such large modulations
should also be evident in the reflection profiles,
but in the present experiments the reflection in-
tensities were too low to obtain suitable counting
statistics
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