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Modification of surface states by alkali-metal adsorption and surface reconstruction:
An inverse-photoemission study of Na/Ni(110)
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Unoccupied surface states were investigated on the reconstructed and unreconstructed
Na/Ni(110) surface experimentally by inverse photoemission and theoretically by a phase-shift
analysis in a nearly-free-electron model. For the (1X1) surface a downward shift of the surface
states is observed as the Na coverage is increased up to monolayer completion. If reconstruction
takes place, the direction of the energy shift is reversed and a surface state appears close to the Fer-
mi level. In the theoretical model the alkali-metal-induced downshift is caused by the work-
function decrease and by the additional phase shift of the surface-state wave function in the Na ad-

4

layer. On the reconstructed surface this effect is counteracted by the removal of Ni atoms from the
topmost substrate layer. For near-monolayer coverages the surface states are shown to be closely
related to the Na atomic wave functions.

I. INTRODUCTION

The adsorption of alkali metals on metal surfaces
causes the appearance of adsorbate-induced surface states
as demonstrated recently in photoemission and inverse-
photoemission (IPE) spectroscopy. ' These surface
states are discussed in the literature in terms of essential-
ly two diAerent models. They have either been interpret-
ed in the framework of a nearly-free-electron (NFE) mod-
el for surface states or as descending from the Bloch
states of an unsupported two-dimensional alkali-metal
layer. In the former model the energy position and kI~

dispersion of the surface states is strongly influenced by
the substrate band gap, whereas advocates of the latter
model usually liken the measured energies and disper-
sions to the band structure of the two-dimensional
alkali-metal film. In order to further explore the merits
of both models we chose to investigate a rather complex
system, i.e., alkali-metal adsorption on reconstructing
surfaces.

It is well known that the (110) surfaces of Au, Pt, and
Ir show a (1X2) missing-row (MR) reconstruction. The
clean (110) surfaces of Cu, Ag, Pd, and Ni, however, are
unreconstructed but a (1X2) reconstruction can be in-
duced by adsorption of small amounts of alkali metals.
As was shown in recent experiments this reconstruction
is also of the missing-row type. ' Since the transition
is activated it does not occur on a sufficiently cold sur-
face. This opens the possibility to study the Na-covered
Ni(110) surface with and without surface reconstruction
by choosing the proper sample temperature.

Models for the alkali-metal adsorption and surface
reconstruction as proposed by Behm et al. ' are depicted
in Fig. 1. On the (1 X 1) unreconstructed surface the
alkali-metal atoms at low coverages adsorb disordered in
the troughs of the (110) surface [Fig. 1(a)]. With increas-
ing coverage the distance between the adatoms decreases
until at monolayer coverage an ordered quasihexagonal
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FIG. 1. Structure models for Na/Ni(110). (a) Low Na cover-
age on an unreconstructed surface. (b) Near monolayer cover-
age on an unreconstructed surface. (c) Intermediate Na cover-
age on a reconstructed surface.

overlayer is formed [Fig. 1(b)]. On the (1 X 2) MR recon-
structed surface, where each second row is absent, the
alkali-metal atoms are located almost in the plane of the
first Ni layer, whereas on the (1 X 1) surface they form an
additional layer above the outermost Ni layer [Fig. 1(c)].
Near monolayer coverage the reconstruction is lifted and
the quasihexagonal overlayer is formed as on the (1X1)
surface.

As we wanted to investigate unoccupied surface states
and their response to adsorption and reconstruction, we
focused in our k-resolved IPE study on regions of k space
where the substrate electronic structure shows large pro-
jected bulk band gaps. This is the case in the areas
around the X and the Y points of the surface Brillouin
zone. At the Y point the gap extends from =0.1 to =6.1

eV above the Fermi level' and contains two well-
resolved surface states on clean Ni(110). ' ' We concen-
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trate in the following study on the behavior of the surface
states in this band gap at the Y point. As will be shown
in this paper, Na adsorption as well as the Na-induced
reconstruction of the Ni surface cause significant changes
in the surface electronic structure. The experimental
data are well described by the phase accumulation NFE
model of surface states.

II. EXPERIMENT

The IPE facility is similar to that described in Ref. 20
and consists of an electrostatically focusing electron gun
with a BaO cathode and two Geiger-Muller counters
with iodine filling and SrF2 windows resulting in a photon
detection energy of 9.4+0.2 eV. ' The two Geiger-
Muller counters are mounted in the plane of incidence at
fixed angles of 40' (counter 1) and 90' (counter 2) relative
to the electron gun. The simultaneous use of two
counters allows for partial polarization analysis, im-
proves the energy resolution in cases of overlapping
peaks from transitions with different emission charac-
teristics, and prevents overlooking a transition which
does not emit photons into the direction of one of the
counters. All surface and adsorbate-induced states re-
ported below were seen with much higher intensity in
counter 2 than in counter 1.

The angle of incidence 6 can be changed by rotating
the sample. The component k~~ of the wave vector k of
the incoming electron parallel to the surface is given by

kll
=

t
A' /2m (E, —@)] sin8,

where E, is the incident electron energy relative to the
Fermi level and N the sample work function. The varia-
tion of the incident electron energy E;, inherent to IPE
spectroscopy in the isochromat mode, as well as the large
work-function changes occuring upon alkali-metal ad-
sorption will both alter k~~ if 8 is kept constant. If we as-
sume a final-state energy right at the Fermi level
(E; =A'co =9.4 eV) a change in work function from = 5 to
=2 eV, as it occurs on alkali-metal adsorption, will

change k~~ by as much as 30%. Therefore, spectra taken
at a fixed angle of incidence for different alkali-metal cov-
erages might show peak shifts which are solely due to the
E versus k~~ dispersion of the observed transition. Simi-
larly, for a given work function the relative change of k~I

as a function of the final-state energy between Ez and
EF+6.5 eV amounts to even 50%. To avoid this undesir-
able complication the angle of incidence of the electrons
was repeatedly adjusted while recording each of the spec-
tra so as to obtain spectra for a given constant k~~. AH

spectra shown were recorded near the Y point of the sur-
face Brillouin zone (SBZ) corresponding to angles of in-
cidence from 30 up to 60 depending on the electron en-

ergy and sample work function.
Sodium was evaporated onto the surface from a well-

outgassed commercial getter source (SAES Cietters Inc. ).
Coverages were determined by a combination of thermal
desorption spectroscopy, low-energy electron diffraction
(LEED), and measurement of the Na-induced work-
function change. The uncertainty of the coverage scale is
estimated to +10%. The coverages are given throughout

this paper in fractions of a densely packed quasihexago-
nal monolayer, i.e., 1 ML=8. 1X10' atoms/cm . As
there are 1.15X10' Ni atoms in the ideally terminated
substrate surface layer this corresponds to 0.7 ML Na in
the conventional definition with respect to the substrate
atoms.

Two different techniques were used to prepare the Na
overlayers. In preparation mode 1, as it will be called
henceforth, different amounts of Na were dosed onto the
sample which was kept at 100 K in order to inhibit sur-
face reconstruction. Up to a coverage of 0.4 ML no
long-range order of the adsorbate layer could be observed
by LEED, while further adsorption of Na produced extra
LEED spots due to the formation of a quasihexagonal
overlayer.

In preparation mode 2, approximately two monolayers
of Na were initially evaporated onto the Ni crystal at 100
K. Then part of the Na was thermally desorbed by an-
nealing the sample. The temperatures required to pro-
duce the desired coverages ranged from 380 K for a full
monolayer to =800 K for zero coverage. Fractional-
order spots could clearly be observed by LEED for cover-
ages between 0.15 and 0.80 ML, indicating that recon-
struction had taken place. At higher coverages the
reconstruction was lifted and the LEED pattern of the
quasihexagonal Na monolayer appeared. The sequence
of LEED patterns is virtually identical to that reported
by Gerlach and Rhodin for Na adsorbed on Ni(110) at
300 K.

For both preparation modes the measurements report-
ed below were performed at a sample temperature of
=100 K. At this temperature the long-range order is
significantly improved as compared to room tempera-
ture. ' Furthermore, the intensity of IPE transitions is
usually larger at low temperatures.

III. CALCULATIONS

In order to account for the observed changes in
surface-state energies upon Na adsorption and surface
reconstruction we have calculated the energies of surface
and adsorbate-induced states using a phase-shift analysis
originally proposed by Echenique and Pendry and suc-
cessfully applied by Smith and co-workers' ' as well
as Lindgren and Wallden to predict surface-state ener-
gies on clean and adsorbate-covered Cu and Ni surfaces.
A NFE two-band model is used to obtain the wave func-
tion in the crystal and the surface barrier is described by
a planar-averaged one-dimensional potential. Due to
these severe approximations the calculation is expected to
correctly predict trends in surface-state energies and
dispersions but not to exactly reproduce the whole exper-
imental data set. As the trends do not strongly depend
on the details of the model the choice of the actual form
of the potential used to describe the adsorbed layer or the
surface reconstruction is not very critical. Following
Lindgren and Wallden we model a monolayer of alkali
metal on the surface by a region of constant potential
with thickness dN, and depth VN, between the crystal
and barrier potential. The potential is schematically de-
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FICx. 2. Schematic of the model potential for the NA/Ni(110)
surface. VG refers to the Fourier component of the potential
which opens the gap of width 2VG at the Y point. The other pa-
rameters are discussed in the text.

picted in Fig. 2. In the region z (zo where the two-band
approximation is used the corresponding Fourier com-
ponent of the crystal potential is drawn. Beyond zo the
potential is chosen to have the constant value Vo of the
Ni bulk inner potential. At a point zc the potential
jumps discontinuously to the value V~, . The fIat poten-
tial region of depth Vz, and width dz, represents the Na
overlayer. At z~ =z&+d» the potential is continuously
joined to the image potential.

For modeling coverages below one monolayer
Lindgren and Wallden have suggested to keep the width
of the Na potential well fixed and to vary the inner poten-
tial proportional to (e&, ) . Alternatively one could
keep the potential depth fixed and change the thickness
dz, of the potential representing the adsorbate. While
the first method is usually used in self-consistent jellium
calculations, in the simple model used here only the
second one yields a reasonable potential in the zero-
coverage limit. Therefore we choose the second alterna-
tive for modeling submonolayer coverages. Clearly the
use of a planar-averaged one-dimensional potential is a
debatable approximation at low coverages, but it may be
justified a posteriori in the present case because the model
nicely reproduces the evolution of the adsorbate-induced
states out of the clean surface states, as it is observed in
the experiment. It should also be noted that despite simi-
lar simplifications the jellium model yields a rather satis-
fying description of the work-function changes even at
small alkali-metal coverages.

The parameters Vo, VG, and V~, are determined by
the bulk band structure of the respective metals in the
following way: The inner potential Vo and the Fourier
component Vz representing the Ni crystal are obtained
from the NFE description of the spin-averaged bulk Lz-
L& band gap. ' This yields values of Vo= —6.2 eV (rela-
tive to EF) and VG =3.2 eV, respectively. The potential
Vz, of the Na potential well is set to the value of the Na
bulk inner potential which is —3.2 eV (relative to EF).
The remaining three parameters zo, zc, and z~ are subject
to the following constraints: For the thickness of the ad-
sorbate layer dz, =z~ —zz at monolayer coverage we
take the vertical distance between the Na atoms and the

outermost Ni plane. In a hard-sphere model this yields
2.25 A which is about 25%%uo less than the distance between
two close-packed hexagonal Na layers and accounts for
the fact that sodium is adsorbed on the open Ni(110) sur-
face. This choice of dz, may appear somewhat arbitrary,
but as we are only analyzing trends, the particular choice
of dz, has no relevance for the conclusions drawn below.
Furthermore, for the unreconstructed surface we follow
Ref. 24 and take zo to be the position of the outermost Ni
atoms which are located at z=0. Thus z& is left as the
only adjustable parameter in the model potential. It is
adjusted to fit the measured surface-state energies in the
zero-coverage limit (8~,=0). By this procedure we ob-
tain for dNi zc zg a value of 1.11 A. This may be
compared to 0.9 A obtained by Smith, Chen, and
Weinert who used a slightly different model for the sur-
face potential barrier.

The (1X2) MR reconstruction can be incorporated
into the present model if the 50%%uo reduction of the sur-
face layer density is appropriately accounted for. In anal-
ogy to the Na overlayer this can be modeled by a shorten-
ing of the Ni potential region by half a Ni(110) interlayer
spacing, i.e., zo is shifted inwards by 0.63 A. In order to
obtain the correct behavior in the limiting cases of no
change in Ni atom density and complete Ni monolayer
removal, respectively, the constant potential region Vo
between zo and z~ has to be independent of the Ni sur-
face atom density. The adsorption of sodium is described
as on the unreconstructed surface.

IV. RESULTS AND DISCUSSION

Figure 3(a) shows a series of IPE spectra recorded with
counter 2 at the Y point of the Ni(110) SBZ for different
Na coverages which were obtained using preparation
mode 1 as described above. The three structures A, B,
and C in the spectrum of the clean surface were already
observed by Goldmann et al. ' and are interpreted as fol-
lows. Peak 2 is due to a transition into the unoccupied
part of the Ni d band. At the Y point the corresponding
final-state energy is very close to the gap edge and there-
fore Garrett and Smith' suggested that emission from a
surface state could also contribute to peak A. Peak B,
clearly located in the projected bulk band gap, is attribut-
ed to a crystal-induced surface state. The weak structure
C near the upper edge of the band gap is assigned to the
first image potential state.

Upon Na adsorption peak B looses intensity and is
shifted continuously from 2.3 eV above E~ (clean surface)
to 0.8 eV (completion of the Na monolayer). The image
state C is rapidly quenched by Na adsorption. At 0.4 ML
an adsorbate-induced structure appears at =4 eV above
EF which increases in intensity, shifts down, and splits in
energy as more sodium is deposited.

A similar set of spectra is shown in Fig. 3(b), but this
time the Na layers were prepared using preparation mode
2. Quite abrupt changes in peak energies and intensities
occur between 8&,=0.1 and 0.3 ML, and also between
e&,=0.8 and 0.9 ML These coverages coincide with the
coverages at which LEED shows the appearance and
disappearance, respectively, of the reconstruction-
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induced fractional-order spots. Therefore we attribute
the observed abrupt changes in the IPE spectra to
reconstruction-induced changes in the surface electronic
structure. This conclusion is supported by a comparison
with the spectra of the unreconstructed surface [Fig.
3(a)]. At low (6N, &0. 15 ML) and high (6N, )0.9 ML)
coverages the spectra are essentially identical, whereas in
the intermediate-coverage range the spectra are quite
different, the most pronounced difference being a rapid
upward shift of peak B at coverages near 0.2 ML on the
reconstructed surface in marked contrast to the continu-
ous downward shift on the unreconstructed surface. We
reported a very similar behavior for Ag(110) where the
surface shows the same kind of reconstruction upon Na
adsorption.

A close inspection of the data reveals small differences
even at low coverages (6N, =0.1 ML), where LEED
shows a (1X 1) pattern in both cases. While the surface
state on the cold Na-dosed surface is slightly lower than
on the clean surface, it is shifted to =0. I-eV higher ener-
gies on the annealed surface indicating a local rearrange-
ment of the surface. "' The image state, which was
quenched at low coverages on the cold (1X1) surface,
can be followed nicely on the annealed surface indicating
that the surface is better ordered in the latter case.

A close up of the spectra of counter 2 (solid circles) and
counter 1 (open circles) in the energy range near EF is

I

T = 100K
I

K

shown in Figs. 4(a) and 4(b) for the cold and annealed
surface, respectively. The energy position of peak 3 as
determined on the clean surface is indicated by a thin
vertical line. The position of the peak maximum is the
same in both counters and nearly constant for all Na cov-
erages on the (1X1)unreconstructed surface [Fig. 4(a)].
This also holds true for the peak maximum observed in
counter 1 for the annealed surface, while in counter 2 a
shift of the peak maximum to higher energies accom-
panied by a drastic intensity increase occurs between cov-
erages of 6N, =0.12 and 0.30 ML [Fig. 4(b)]. Clearly two
transitions (with different emission characteristics) con-
tribute to this structure around the coverage of 0.30 ML.
Therefore we conclude that the Na-induced reconstruc-
tion of the surface causes a peak to appear at the high-
energy side of peak A. Upon further adsorption of Na
the difference between the spectra in the two counters de-
creases unti1 at ON, =O. 8—0.9 ML both spectra are nearly
identical. A shift of the reconstruction-induced state to-
wards the Fermi level or a decrease in emission strength
or both can be responsible for such a behavior. Near
monolayer coverage, where the reconstruction is lifted
again, a peak appears in counter 2 at =0.8 eV, which by
comparison with the spectra of the unannealed surface
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FIG. 3. IPE spectra of Na/Ni(110) recorded at the F point.
Temperatures given in (a) and (b) relate to different preparation
techniques as described in the text. The Na coverage is given in
fractional monolayers for each spectrum.
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FICx. 4. Detailed view of the IPE spectra shown in Fig. 3.
Solid and open circles refer to different photon detection angles
of 90' and 40' relative to the incident electron beam. The thin
vertical line marks the energy position of the transition ob-
served on the clean surface.
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[Figs. 3(a) and 4(a)], can be identified as the downshifted
peak B.

The surface reconstruction is also reAected in the
work-function measurements (Fig. 5). On the recon-
structed surface the Na-induced work-function change is
always smaller than on the (1 X 1) surface, the differences
being as large as 0.8 eV. As is pointed out in Ref. 11, this
is a consequence of the sodium atoms being much closer
to the metal on the reconstructed surface (they almost
merge into the first Ni layer —see Fig. 1). Thereby the
alkali-metal-induced surface dipole moment is reduced
and a smaller work function change results. These
differences occur already at the lowest coverages
(BN, (0.1 ML) where no extra LEED spots can be ob-
served and they are interpreted as being due to a local
rearrangement of the surface in this coverage range. "'

We now turn to a theoretical description of the experi-
mental data. In Fig. 6(a) surface-state energies obtained
from a phase-shift analysis (dashed lines) for an unrecon-
structed surface are compared with the experimental data
points (open symbols). The calculations refiect the ob-
served behavior very well: The pronounced downward
shift of peak B with increasing coverage as well as the ap-
pearance of two adsorbate-induced states between 2 and 4
eV for the Na monolayer are nicely reproduced. As can
be seen in Fig. 6(a), the peak at =2.5 eV evolves out of
the 6-eV surface state seen at point Y on the clean sur-
face. ' This state is the lowest of a whole Rydberg series
of image states on the clean surface, which, however, are
not resolved in IPE. The surface state appearing at =3.7
eV for the Na monolayer on Ni(110) descends from the
next higher image state of the clean Ni(110) surface.

In the present model the downward shift of aH surface
states is caused by two effects. The first one is the in-
crease of the width dN, of the Na potential well with in-
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creasing coverage, the second one the alkali-metal-
induced work-function decrease. The latter effect, how-
ever, is only relevant for states close to the vacuum level
and has little inAuence on lower-lying levels such as peak
B. ' The quantum numbers attached to the right of the
calculated lines in Fig. 6 reAect the node structure and
symmetry of the surface states according to the conven-
tion used by Smith. "+ and "—" denote the even and
odd symmetry of the wave function with respect to the
family of mirror planes perpendicular to the [001] direc-
tion containing the origin, and therefore, also the Ni
atoms of the topmost substrate layer. Note that the
reverse-symmetry assignment applies for mirror planes
containing the Na atoms because the Na atoms are locat-
ed in the troughs halfway between two adjacent Ni rows.

Near zero coverage the calculations predict a strong
downward shift for peak B, whereas the initial energy
shift observed in the experiment is very small. This may
indicate that the simple model used here breaks down in
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FIG. 5. Na-induced work-function change resulting from
different preparation techniques (see text).
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FIG. 6. Comparison of experimental (symbols) and calculated (lines) results for the surface-state energies as a function of Na cov-
erage for different preparation techniques. Open (solid) symbols are used for the experimental data points on the unreconstructed
(reconstructed) surface. Different symbols at the same coverage denote different transitions. Dashed (solid) lines show results from
calculations assuming an unreconstructed (missing-row reconstructed) surface. The solid lines shown in (b) are calculated assuming a
(1 X2) MR reconstruction. The solid lines in (c) are calculated assuming a sequence of (1 X n) MR reconstructions as determined by
Behm et al. (ref. 16). The corresponding relative Ni vs Na coverage on the reconstructed surface is shown as an inset in (c). Data
points are from Ref. 16; the interpolation is discussed in the text.



43 MODIFICATION OF SURFACE STATES BY ALKALI-METAL. . . 6943

the very-low-coverage range.
Experimental and theoretical results for the annealed

surface are compared in Fig. 6(b). Two sets of calcula-
tions have been performed. The dashed lines show the
behavior of the surface-state energies when the surface
reconstruction is taken into account only via the different
work function change (Fig. 5) and the model potential for
the Ni substrate is not altered. In the second set of calcu-
lations (solid lines) the Ni potential is modified in order to
account for the reduced Ni density on the (1X2) recon-
structed surface (see Sec. III). The first set of calcula-
tions, where the change in surface atom density is
neglected, agrees with the experimental data near zero
and monolayer coverage, but completely fails to describe
the energy position of peak B in the coverage range from
0.2 up to 0.9 ML where reconstruction is observed by
LEED. For this coverage range, however, the second set
of calculations, where reconstruction (viz. Ni atom densi-
ty reduction) is taken into account, yields a fairly good
agreement between the experimental and theoretical re-
sults. In particular the observed drastic upward shift of
peak B around coverages of 0.2 ML and the further shift
at 0.9 ML is nicely borne out by the calculations and is
shown to result from the surface reconstruction. In Fig.
6(b) this corresponds to transitions from dashed to solid
lines at eN, =0.2 ML and from solid to dashed lines at
ON, =0.9 ML, respectively. The calculations also
correctly predict the appearance of an additional surface
state close to E~. A comparison of the two sets of calcu-
lations shows that the 50% reduction of the Ni density in
the topmost substrate layer occurring upon reconstruc-
tion causes an upward shift of all surface states. The shift
is most pronounced for the lower-lying "crystal-induced"
surface states. Consequently the surface state appearing
at Ez+0. 5 eV on the reconstructed surface derives from
an upward-shifted surface state of the unreconstructed
surface which in our calculations is placed below EF. Us-
ing a similar calculational scheme but a slightly different
model potential Garrett and Smith' placed this surface
state just above EF and suggested that it contributes to
peak A in the spectrum of the clean surface.

The strong shift of the surface states caused by changes
in the topmost Ni layer density, as it is predicted by the
calculations and experimentally verified by the present
data, bears another highly interesting implication. It has
long been an open question whether the (1X2) recon-
struction of the (110) surfaces of fcc metals is only a
displacive reconstruction with no change in surface-atom
density, such as, for example, a pairing-row reconstruc-
tion or if it is a true reconstruction involving density
changes as in the case of the MR reconstruction. The
present results demonstrate that these two types of recon-
struction can be discriminated by measuring the
reconstruction-induced surface-state energy shifts. A
(1X2) pairing-row reconstruction can be induced on
Ni(110) by hydrogen adsorption at low temperatures and
in this case we actually observed a continuous down shift
of the surface states, analogous to the present case of
Na adsorption on the unreconstructed surface. This is to
be expected because in both cases the substrate surface
atom density is unchanged.

When comparing the experimental and theoretical re-
sults in Fig. 6(b) one should bear in mind that the present
discussion of the (1 X 2) MR reconstruction is based on a
simplified phase diagram. At low (high) Na coverages
(1Xn) reconstructions are observed, where every nth Ni
row is missing (left in place). ' From the structure mod-
els proposed by Behm et al. ' one can extract the Ni and
Na concentrations in the topmost layer for the (1X3)
and the (1X2) reconstructed surface. If it is assumed
that the reconstruction, viz. , the reduction in Ni atom
density, starts already at very low coverages, "' and if
the smooth evolution of the relative Ni concentration
during the transition from the first to the second Na
monolayer is taken into account, one obtains the diagram
for the relative Ni versus Na coverages which is shown as
an inset in Fig. 6(c). If these relative coverages are used
as input for the present model calculations the pattern of
the experimental surface-state shifts is faithfully repro-
duced throughout the whole coverage range, as it is illus-
trated in Fig. 6(c). A comparison between Figs. 6(b) and
6(c) shows for the Na monolayer a seemingly contrasting
symmetry assignment of the surface states. This is a
consequence of the model used here, because the recon-
struction is assumed to proceed by stepwise removal of
the topmost Ni layer. The lifting of the reconstruction at
monolayer coverage is equivalent with the completion of
this process, i.e., with the removal of the last Ni atoms
from the topmost substrate layer. Thus the former
second Ni layer becomes the outermost substrate layer.
The Ni atoms in this surface layer are shifted by half a
Ni-Ni distance in the [001] direction with respect to the
Ni atoms of the original unreconstructed surface. Conse-
quently, the reAection symmetry with respect to the
origin —which is designated by the symmetry labels —is
changed. But the symmetry with respect to a mirror
plane containing the Ni atoms of the actual outermost
layer remains the same.

Figure 7 displays the squared wave functions of the
surface states and resonances for the clean surface and
the surface covered by a full Na monolayer. The calcu-
lated energies relative to E~ are also indicated. For the
n =0+ crystal-induced surface state on the clean surface
the maximum value of ~l(~ occurs just outside the sur-
face. The maximum shifts further out if one proceeds to
the n = 1 —and n = 1+ image states as it is expected.
After adsorption of a monolayer of sodium the probabili-
ty distributions have still non-negligible tails into the sub-
strate but substantial parts of the wave functions are lo-
cated inside the sodium overlayer. Therefore these states
are mixed substrate/adsorbate states and should be
termed adsorbate-induced or overlayer states instead of
surface states. Obviously a projection of the wave func-
tions onto atomic orbitals of the appropriate symmetry
yields substantial overlap. All states labeled with + are
odd with respect to the Na atoms in the sense explained
above, so only Na p -, d -, and d, -like orbitals (where x
denotes the [110],y the [001], and z the [110]direction)
can contribute to these states, while Na s,p, p„etc.
character can be mixed into the states labeled with —.
Since the n =0+ state is =2 eV below the vacuum level
the Na d states are not expected to play an important role
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FICx. 7. Upper panels: plot of i/i at the 1'point for various
surface states and resonances of the clean Ni(110) surface (left)
and for the surface covered with a full monolayer of sodium
(right). The calculated energies relative to EF and the quantum
numbers n are given. + and —denote even and odd symmetry
with respect to the Ni surface atoms. Lower panels: Schematic
diagram of the potentials used to describe the clean and Na-
covered surface. Dashed lines indicate the position of the outer-
most Ni atoms and the range of the Na potential.

in this case. Therefore the Na admixture to this state is
mostly of p character, whereas Na s, p, p„and possibly
some d states are mixed into the n =1—state. This
analysis is consistent with band-structure calculations for
an unsupported hexagonal Na monolayer which at the
M point of the hexagonal Na Brillouin zone [correspond-
ing to the Y point of the Ni(110) SBZ] place the lowest
odd band below the even state.

The n = 1+ and the n =1—state of the Na-covered
Ni(110) surface which evolve from the symmetric and an-
tisymmetric n = 1 image state of the clean surface can no
longer be considered as "image states, " since these states
also exist —however, at slightly higher energies —if a
simple step potential instead of the long-range image po-
tential is used to terminate the sodium overlayer. The
reason is that the Na layer causes the surface potential
well to be sufticiently long ranged in order to sustain two
additional bound states.

The apparent success of the NFE phase-analysis model
of surface states in the present context of alkali-metal ad-
sorption and surface reconstruction as well as in the pre-
viously investigated case of hydrogen adsorption raises
the question to what extent this model may be applied in
the description of adsorbate-induced states. The NFE
character of the model implies that it should be used only
for surface states in an sp band gap. In Ni the lower gap
edge at the Y point merges into the d bands, but the

shape of the gap is only weakly distorted by the d bands.
Thus the model yields still qualitatively correct predic-
tions. Furthermore, the use of a constant potential for
modeling the adlayer and the expansion of the wave func-
tions into only a few plane waves, inherent to the NFE
approximation, imposes a constraint on the adsorbates to
which this kind of phase analysis may be applied: It is
essential that they cause only a weakly varying pseudopo-
tential for electrons in the energy range under considera-
tion. Therefore the model works well for hydrogen and
the alkali metals. We also believe that it may profitably
be applied to the description of sp metal adsorbates. It
remains questionable whether the model can successfully
be applied to, for example, chalcogenides and halo-
genides. For molecular adsorbates such as CO it obvi-
ously fails. The attempt to describe the oxygen-induced
empty states on a Cu(110) surface by this model became
controversial, because the calculations did not reproduce
the correct dispersion for an oxygen-derived state. Ap-
parently tight-binding calculations proved to be superior
in this respect. With our present knowledge we are not
able to make a definitive stand in this controversy, but we
would like to point out that the limitations of the present
model are yet to be explored.

A final comment concerns the role of the Ni d bands.
The Ni d bands are not explicitly included into the
present calculations. Indirectly they affect the position of
the band gap at the Y point which in turn is taken into
account by an appropriate choice of the bulk potential
Vo. Any d mixture into the surface-state wave functions,
however, is completely neglected in the calculations. The
good overall agreement between the calculations and the
experimental data leads to the conclusion that the Ni d
bands play only a minor role in the formation of the over-
layer states. Thus it is the interaction with the substrate
sp bands which determines the character of these unoccu-
pied alkali-metal-induced states.

V. SUMMARY

The adsorption of Na on Ni(110) was studied by k-
resolved IPE. Alkali-metal adsorption causes a (1X2)
reconstruction of the (110) surface. The reconstruction is
activated and can therefore be suppressed by keeping the
sample always at low temperature. The behavior of
unoccupied surface states in the band gap around the Y
point was investigated for both cases. Na adsorption
causes a strong downward shift of the existing and the
appearance of new surface states in the case of the non-
reconstructed surface. On the reconstructed surface the
behavior of the surface states is more complex. A rapid
upward shift of the crystal-induced surface states at low
coverages is followed by a slight down shift as the Na
concentration increases on the reconstructed surface.
Close to monolayer coverage the reconstruction is lifted
and again an up shift of the surface states is observed.
Model calculations have been carried out which allow a
qualitative understanding of these energy shifts. The sub-
strate band structure was described by a NFE two-band



43 MODIFICATION OF SURFACE STATES BY ALKALI-METAL. . . 6945

approximation, the adlayer by a constant inner potential,
and the vacuum barrier by a truncated image potential.
Increasing Na coverage was simulated by increasing the
thickness of the corresponding constant potential range
from zero to the atomic layer distance at monolayer cov-
erage. A phase-shift analysis yields then immediately the
observed down shift of the surface states with increasing
coverage. When reconstruction takes place the increas-
ing phase shift caused by the Na adlayer is counteracted
by the reduction of the number density of the Ni atoms in
the topmost layer which results in an upward shift. Close
to monolayer completion the reconstruction is lifted and
the surface-state energies are again the same as on the
nonreconstructed surface. The present data and their
consistent interpretation in a comparatively simple model

demonstrate that the measurement of unoccupied surface
states provides a viable method for discriminating
different types of reconstruction.

Finally it is shown that an analysis of the symmetry
and the probability distribution of surface states clarifies
their relation to the alkali-metal atomic wave functions
but simultaneously reveals their mixed substrate-
adsorbate character. The Ni d bands are not involved in
the formation of the observed alkali-metal overlayer
states.
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