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Ag films of thickness z with 0.5 <z < 60 monolayers (ML) evaporated onto a cleaved InSb(110) sub-
strate at 10 K have been investigated through angle-resolved uv photoelectron spectroscopy (ARUPS)
using synchrotron radiation and low-energy electron diffraction (LEED). The band structure has been
calculated for bce and fcc Ag. Inclusion of spin-orbit interaction makes the band structure near I'" very
similar for bee and fee structures, whereas in the outer part of the Brillouin zone towards L and N dis-
tinct differences exist. From comparison between calculations and measurements we find some evidence
that at 10 K and using an InSb(110) substrate bcc Ag is formed for thicknesses 2.5=<z <30 ML. The
LEED pattern also indicates that bcc Ag is formed with Ag(110)|[InSb(110) as it was recently observed
by Aristov et al. Annealing films with z>5 ML to 300 K transforms these bcc films into fcc (111)-
oriented Ag clusters. A 60-ML-thick annealed film exhibits as perfect ARUP spectra of the 4d bands as
measured for a Ag(111) single-crystal surface, but exhibits no LEED pattern. For the thin bec films a

quantum-well state is observed.

I. INTRODUCTION .

The preparation of thin metal films under ultrahigh-
vacuum (UHV) conditions is a growing field in solid-state
physics. The conditions created during UHV deposition
of thin metal films can be quite different from conditions
in nature. Therefore, one expects even new crystalline
phases which can help to better understand solid-state
physics. The investigation of structure and properties of
thin metal films on semiconductor substrates is also im-
portant for the development of new microelectronic de-
vices. In the future the density of elements of integrated
circuits will reach such a high degree that all electronic
processes will take place within few atomic layers be-
tween interfaces. It is therefore very important to study
the changes an interface imposes onto the properties of
thin films.

A number of metastable phases as a result of deposi-
tion of thin noble- and transition-metal films onto
different substrates have been observed recently, e.g.,
body-centered cubic (bcc): Cu,!™ Ni,>® Co,” and Cr;’
face-centered cubic (fcc): Fe;3~!! body-centered tetrago-
nal (bct): Cu,!> Mn,!? Fe.!* In theoretical articles!>~!7
the possibility for the existence of such phases has also
been confirmed.

In a previous low-energy electron diffraction (LEED)
and Auger electron spectroscopy (AES) study of Ag
deposition on InSb (110) at 10 K and for film thicknesses
z with 2.2 =<z <10 monolayers (ML’s) a new Ag phase
was observed.!® The LEED pattern corresponds to a
(110) plane of the bce structure which is unusual for Ag:
at ambient pressure Ag is fcc up to its melting point. The
evaluation of the unit cell was very reliable, because keep-
ing the substrate surface, in part, free of deposited atoms
it was possible to observe two diffraction patterns, from
the clean substrate and from the Ag film, simulta-
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neously. The following relationships between the film
and the substrate are valid: (110)Ag.|/(110)InSb;
[1T0]Ag,.I[110]InSb;  [001]Ag,..|I[001]InSb.  From
these LEED observations the lattice constant for three-
dimensional (3D) bcc Ag was derived as a,,.=3.35 A. In
all other publications mentioned above,'~!* for the or-
dered adlayer the same LEED or reflection high-energy
electron diffraction pattern was observed as for the sub- -
strate. The main argument for the existence of unusual
film structures mostly used in these contributions was the
interlayer spacing normal to the surface as obtained from
LEED spectra. On the other hand, in Ref. 18, although
bce-Ag(110)||InSb(110) and the analogous crystallograph-
ic directions in a (110) plane of either structures (film and
substrate) are coincident, two diffraction patterns could
be simultaneously observed indicating that the Ag ad-
layer is aligned but not in registry with the InSb sub-
strate.

The question of bce versus fcc structure of Ag has
been recently addressed by Maca and co-workers!®2°
through total-energy and electronic-structure calcula-
tions. At zero temperature and pressure the bcc struc-
ture has only slightly higher energy. However, for nega-
tive pressure the total energy is smaller for bcc than for
fcc. If the volume per atom reaches 15% more than that
of the equilibrium volume of the fcc structure, the bcc
structure would become favorable. The corresponding
lattice constant should be =~3.37 A which agrees with
the experimental observation for Ag films at InSb(110).!8
However, it is important to recognize that the bcc and
fce structures are two special cases of the general tetrago-
nal lattice—the bcc structure may be viewed as a con-
tinuous distortion of the fcc, and vice versa. The large
variety of tetragonal variations have not yet been exam-
ined for obvious practical reasons. One could constrain
the Ag lattice parameter in plane via deposition onto an
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appropriate substrate to match that predicted for bcc Ag,
but there is no reason to expect a true bcc structure to re-
sult, as a tetragonal configuration may come out at the
total-energy minimum for that choice of in-plane spac-
ings. This can also be the case for the deposition growth
of Ag on InSb(110).

For the experimental results presented here, we will
show that it is very difficult to separate bcc features at
coverages below 10 ML from the fcc ones dominating for
the thicker films. Therefore, it was important to repro-
duce the fcc band structure?! in more detail in the calcu-
lations. The inclusion of spin-orbit (SO) interaction was
necessary for this purpose. It is interesting to see that the
bee and fec band structures become more similar by in-
cluding SO interaction. Besides the comparison of the
band structure along I'L (for fcc) and 'N (for bece), sym-
metry considerations are of importance in discussing the
experimental results.

In this paper we present an experimental and theoreti-
cal investigation of the evolution of the electronic struc-
ture of thin Ag films with a thickness up to 60 ML depos-
ited onto InSb(110). It will be shown that, in accordance
with the LEED pattern, there is some evidence that the
electronic structure is bce-like for annealed films up to 5
ML and for not annealed films up to 30 ML, whereas an-
nealed films are fcc-like from about 10 ML on.

II. EXPERIMENTAL PROCEDURE

Photoemission mesaurements with synchrotron radia-
tion were performed at the TGM 3 (toroidal grating
monochromator) beam line of the Berlin Electron Storage
Ring BESSY (Berliner Elektronenspeicherring-
Gesellschaft fiir Synchrotronstrahlung). Angle-resolved
UV photoelectron spectra (ARUPS) of the valence band
were taken with a hemispherical electron energy analyzer
(ADES 400, VG Scientific Ltd). Typically, a total instru-
mental resolution was achieved of better than 150 meV
up to 60-eV photon energy. The measurements were per-
formed with a bias voltage of —2.0 eV at the sample,
which increases the kinetic energy of the photoelectrons
by 2.0 eV. All spectra were recorded at normal emission.
The angle of incidence of the light a, taken with respect
to the surface normal, was varied between 15° and 75°.
The azimuth of the incident light was varied through
preparation of different samples. The light was polarized
in the plane of incidence with the E vector nearly parallel
to the surface for a=15° and nearly perpendicular for
a=175°

Clean InSb(110) surfaces were obtained by cleavage in
situ at 300 K. Samples with dopant concentrations of
n=~5%10' cm? (tellur) were used. Only high-quality
cleavages were investigated in our experiments. Ag was
evaporated from a pre-outgassed tantalum wire heated by
electric current. The coverages were measured by the
time of deposition. The deposition rate was calibrated by
Auger electron spectroscopy (AES). For the Ag film
thickness calibration we used the Auger signal ampli-
tudes of In (404 eV) and Sb (454 eV) obtained under iden-
tical conditions at T~10 and 300 K using a quartz-
oscillator thickness monitor placed near the sample sur-
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face in an earlier experiment.!® A relative error in es-
timating the coverage by such a method amounts to
=~20-30%. The film thickness is given in units of ML
[one ML corresponds to the number of Ag atoms equal to
the number of atoms in the outer atomic plane of the fcc
Ag(111) surface]. The deposition rate was varied within
0.25-0.75 ML/min. The total pressure of residual gases
in the experiments was less than 7X 10~ !! Torr under
deposition, otherwise 5 X 10~ ! Torr at 300 K and below
3% 107" Torr at 10 K.

The thin Ag films in the range between 2.6 and 60 ML
were obtained by Ag deposition onto clean cleaved InSb
(110) substrates cooled down to ~10 K. The diffraction
patterns were observed by a four-grid LEED optics. The
ARUP spectra of Ag films were recorded at =10 K ei-
ther immediately after deposition or after heating the
samples to temperature =225 or =300 K. Any time
after Ag deposition with film thickness z in the range
2.6<z <60 ML we have observed the same LEED pat-
tern that was published in Ref. 18. We have found that
the best pattern can be obtained in the coverage range be-
tween 2.5 and 8 ML. In the range 8 <z <60 the sharp-
ness and relative intensity of the diffraction spots
deteriorate. Heating to 300 K and cooling down to 10 K
again improved the diffraction pattern (diffraction spots
were becoming stronger and sharper, and the background
was significantly reduced) at all coverages studied. Re-
sults for the Schottky barrier formation during film
growth have been published elsewhere.?

III. MODEL CALCULATIONS

Results of total-energy and band-structure calculations
of fcc and bcc Ag, using the self-consistent, scalar-
relativistic, linear muffin-tin orbitals (LMTQO’s) method,
have recently been published by Said et al.!° In calculat-
ing the density of states and photoemission spectra for
fcc and beec Ag, Maca, Kambe, and Scheffler?® have used
the non-self-consistent layer-Kohn-Korringa-Rostoker
(LKKR) scheme and the muffin-tin potential of Moruzzi,
Janak, and Williams.??> For fcc Ag the lattice constant
was taken from Moruzzi, Janak, and Williams.i3
(ag.=4.12 A). The bec lattice constant a,.,=3.37 A
has been constructed from the geometry of the InSb sub-
strate.'® For both structures, touching muffin-tin spheres
with the same diameter have been taken. Semi-infinite
crystals are composed of identical planar layers parallel
to the surface. The fcc (111) and bee (110) surfaces are
the two most closely packed surfaces of the fcc and bec
structures, respectively. In the fcc (111) surface (symme-
try Cs,) the local geometry can be characterized by a pa-
rameter d,=ag,/V2=2.91 A—the nearest-neighbor
distance in the layer—and the interlayer spacing
d =2.38 A. To build the bce (110) plane the symmetry of
the local atomic configuration has to be changed into
C,,, four nearest neighbors in the plane stay in the dis-
tance d, and two others move to a distance d,=3.36 A.
The interlayer distance is lowered to d =2.36 A.

For this model the silver structure in the direction 'L
(for fcc) and T'N (for bee) have been calculated and are
published elsewhere.!®?° In the fcc crystal, localized d
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states along A in the Brillouin zone (BZ) are split into
two twofold A; bands and one single A; band and hybri-
dize with free-electron-like sp states. There is no degen-
eracy of energy bands in the bcc structure. The bcc
bands have symmetry 2, 2,, 2;, and Z,.

In order to calculate an Ag fcc band structure which is
in better agreement with the latest, widely used calcula-
tions?’ and measurements®® we performed scalar-
relativistic band-structure calculations. Figure 1 shows
the calculated scalar-relativistic silver band structure in
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FIG. 1. Linearized muffin-tin orbital scalar-relativistic
valence-band structure of fcc Ag along the I'L direction (above)
and for bcc Ag along the 'N direction (below). The LMTO
bands are calculated without (left panels) and with (right panels)
spin-orbit interaction.

the 'L (fcc) and T'N (bee) directions, without (left) and
with (right) spin-orbit interaction. The tight-binding
(LMTO) (Ref. 25) scheme has been used with potential
parameters obtained from a scalar-relativistic self-
consistent LMTO calculation for fcc silver.?® The SO in-
teraction influences more the fcc than the bce bands by
splitting the A; bands into Ag and A, 5 bands while the
A, band is changed into Ag. All bee bands hybridize to-
gether because they belong to =5, the only representation
of the group.

Close to T' the energies as well as the shape of the
valence bands of both structures are very similar. How-
ever, noticeable differences exist at the Brillouin-zone
edge (see Fig. 1, right panel): There are two flat d bands
at —4.8 eV and at —5.2 eV at the fcc L point, but no
bands exist in this energy range at the bee N point. Thus,
transitions starting from such energy bands can be used
to distinguish both structures.

In the following, we briefly discuss the dipole selection
rules with respect to our ARUP spectra taken in normal
emission. It is well known that direct photoemission
transitions are governed by dipole selection rules. In the
normal photoemission the final states have to be totally
symmetric. For the photoemission from bcc (110) sur-
faces only initial states of symmetry 2; and 2, (2, and
3,) for the light source in the [001] ([110]) direction are
allowed for p-polarized light. No such strong restriction
exists for normal emission from fcc (111) surfaces (for p-
polarized light initial states of symmetry A; as well as A,
are possible). Therefore, the polarization-dependent pho-
toemission experiments should provide strongest tests of
energy band calculations along symmetry lines and they
should distinguish both structures.

The nonrelativistic theory practically predicts identical
normal emission spectra taken from the fcc (111) surface
under two different azimuth angles of incident light
(®=0° direction [011] and ®=90° direction [211]). As
mentioned above, in both cases the p-polarized light ex-
cites transitions from A; and A; valence bands. fcc (111)
layers are highly symmetric and represent a compact
atom ordering. In contrast, photoelectron spectra for p-
polarized light at normal emission taken from a bcc (110)
surface should manifest a strong orientation dependence.
There are contributions to normal photoemission spectra
starting from initial bands of symmetry 2; (®~=0° direc-
tion [001]) or =, (®=90" direction [110]).

We can take advantage of selection rule effects by com-
paring normal photoemission spectra taken under
different polar angles a of the incident light.?”?® For
small a the component of the electric field parallel to the
surface is large. With increasing a the transition excited
by the component of the electric field parallel to the sur-
face will be gradually suppressed. Such a dependence is
predicted for p-polarized spectra taken from both silver
modifications—to the transitions from bands of symme-
try A, (2,) a-dependent contributions starting from
bands of symmetry A; (25 or 2,) are expected.

The most important part of relativistic corrections is
the spin-orbit interaction. It splits degenerated energy
bands and hybridizes bands of originally different symme-
try. Due to the lowering of the symmetry, there are
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fewer selection rules. The effect of SO coupling is most
drastic for the bce(110) surfaces where now all initial
states belong to =5, the only representation of the double
group (compare Fig. 1).

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The presentation of our experimental results is divided
into four subsections: IV A, thick Ag films; IV B, thin Ag
films; IV C, preparation and dependence on thickness;
and IV D, quantum-well states and film structure.

A. Thick Ag films

Our first example is a 60-ML Ag film, annealed to 300
K which is our best approximation of bulk Ag. Figure 2
exhibits a group plot of typical ARUP spectra for photon
energies of 10 eV=<hv =25 eV. In order to map the ini-
tial state, we have used the nearly free totally symmetric
band which runs up to 16 eV above E from L to I taken
from our LKKR band-structure calculations (the lowest-
lying conduction band). In this energy range the A, band
for fcc Ag is identical to the equivalent 3, band calculat-
ed for bcc Ag. We use this band for all band mapping
calculations. This is reasonable even near the gap at I
(16 eV above Ej) since our ARUPS results indicate that
this gap is closed in photoemission to a large extent.
Nevertheless, we have used it only beyond the gap since
our first goal is to differentiate fcc from bcc and not to
perform a most complete band mapping.

Figure 3 exhibits the result of our simple calculation.
We have connected the data points through smooth lines

60 ML Ag/InSb (110)
annealed to 300 K
<100>, «=45°, 6=0°

units)

Intensity (arb.

Energy below E- (eV)

FIG. 2. Angle-resolved photoelectron spectra for an Ag film,
60 ML thick and annealed to 300 K. Azimuthal and polar angle
a of the incident light of energy hv are given. The spectra are
measured at normal electron emission (6=0°).

to guide the eye. The lines are drawn similarly to the cal-
culation of Eckardt, Fritsche, and Noffke?! for fcc Ag
which reproduce the measured values of Wern et al.?*
very well. The lines are also in agreement with the calcu-
lated bands of Fig. 1; only the gap between the two d-
derived A4 bands in the middle of the Brillouin zone is
wider. The choice of the bands connecting our data
points indicates already that the band structure along I'L
is very indicative for fcc Ag. This becomes even clearer
through the comparison with our calculation for bcc Ag,
as shown in Fig. 1. It should be noted here that the cal-
culated d bands are 1.2 eV closer to E. The discrepancy
reflects the well-known problem of the local-density ap-
proximation (used in our calculations) in identifying
Kohn-Sham eigenvalues with excitation energies. For
the comparison of our calculated and measured bands the
d bands of the calculation have to be shifted down by 1.2
eV relative to Ep and also relative to the sp band. This
shift moves the crossing of the sp band with d bands
somewhat to the right. Such a correction can easily be
done by hand. In doing so, we can see that the fcc bands
fit very well with all measured data whereas for the bcc
bands large deviations are observed: (1) The overall
width of the d band is larger for bcc Ag by 0.2 eV at I
and by 0.5 eV at L (N). (2) The two flatbands in the
second half of the BZ (near L) A, 5 and Ag around —5 eV
in the calculation, i.e., —6 eV in the measurements, are
clearly observed in the experiments and contradict the
bee band structure. (3) There is evidence in the experi-
ments for the two upper Ag and A4 s bands near L for
which there is no counterpart in the bcc calculations.
There is a weak feature, marked (1) in Fig. 3, which does
not fit to the bee bands and for which we did not find an
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FIG. 3. Band structure of fcc Ag along I'L. Dots and stars
are the measured positions for a 60-ML-thick film. The lines
are drawn to guide the eye through the points in accordance
with calculations (Ref. 21). For further details see the text and
the caption of Fig. 2.
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explanation.

Our spectra are, in fact, better resolved than those in
the most comprehensive measurements of Wern et al.?*
In the region marked (2) in Fig. 3 we have clearly
resolved bands 5 and 6 for which one can see separated
peaks in Fig. 2. This is also true for bands 2 and 3 when
approaching I'. In Fig. 3 we have connected the points
measured at hv=21 eV where clearly five d bands are
resolved. We observed the same variation in intensity of
the different bands, found and discussed by Wern et al.?*
Bands 5 and 6 go through an intensity minimum near
hv=21 eV, whereas bands 4, 2, and 3 reach maxima near
hv=23 eV. This behavior was explained by Wern et al.
due to the final-state gap between bands 7 and 8 near I'.

Finally, we note that the L-gap surface state near E is
not observed under our conditions. We believe that this
observation is in accordance with the morphology of our
Ag deposit which differs from that of the clean ordered
crystal surface: There is no good long-range order
achieved parallel to the surface; no Ag(111) LEED pat-
tern is visible. We presume that 3D clusters have been
formed with the (111) plane oriented parallel to the sub-
strate and ordered surfaces smaller in size than found at
the surface of single-crystallline Ag(111). This conclusion
is also supported by the Auger data!® and photoemission
core-level data.??

Having established that for a 60-ML film an fcc Ag
band structure has developed, exhibiting nearly every de-
tail found for well-prepared Ag(111) single-crystal sur-
faces, we have asked how these findings change with de-
creasing film thickness. In Figs. 4 and 5 we show our re-
sults for an annealed 30-ML-thick Ag film. One recog-
nizes that the main features are still observable. There is
the sp part of band 6 around —3 eV. Bands 5 and 6 are
not resolved. We have added data for band 1 which
could not be so clearly separated from the background
for the 60-ML film. In Fig. 5 we have drawn the same
curves as in Fig. 3 which also connect quite reasonably
the data points in this case. Therefore, we conclude that
this film is still fcc-like.

In Fig. 6 we show the band structure for an 8-ML Ag
film. The data are clearly compatible with the bands de-
rived from the 60-ML film. It is evident that the sp part
of the band structure is no longer seen. Instead, there are
only three bands left, the two lower ones are practically
dispersionless. This structure is still in good agreement
with the calculation for fcc Ag(111) in Fig. 1 with SO in-
teraction included and having the sp band (A4) removed.
The dispersion of the upper band indicates that the film is
still a 3D solid-state object.

In summary, we have observed strong variations of the
electronic structure between 60 and 8 ML. These films
have in common that they belong to the class of fcc-
ordered d metals. This observation changes if we go to
even thinner films or change the preparation procedure,
as it is discussed in the next section.

B. Thin Ag films

Figures 7 and 8 exhibit ARUP spectra for a 2.6-ML
Ag film for z-polarized light, i.e., polarized mostly normal

5559

T T ~T T T T T T T

30 ML Ag/InSb (110)
annealed to 300 K
<110>, «=45°, ©6=0°

hv=25

units)

Intensity (arb.

Energy below E- (eV)

FIG. 4. ARUP spectra for a 30-ML fcc Ag film, annealed to
300 K. Azimuthal and polar angle a of the incident light of en-
ergy hv are given. The spectra are measured at normal electron
emission (6=0°).

to the surface (a=75° Fig. 7) and x-polarized light, i.e.,
polarized parallel to the surface and in the plane of in-
cidence (a=15° Fig. 8). The Ag d band has developed to
a width indicative of 3D interactions. This is supported
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FIG. 5. Band structure of fcc Ag along I'L. Dots and stars
are the measured positions for a 30-ML-thick film. The lines
are drawn to guide the eye through the points in accordance
with known calculations (Ref. 21). For further details see the
text and the caption of Fig. 2.
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FIG. 6. Band structure of fcc Ag along I'L. Dots and stars
are the measured positions for an 8-ML-thick film. The lines
are drawn to guide the eye through the points in accordance
with known calculations (Ref. 21). For further details see the
text and the caption of Fig. 2.

by comparison with the band structure for an ordered Ag
ML at Al (111) (Ref. 29) which exhibits a smaller overall
width. Furthermore, the peaks of Figs. 7 and 8 are rath-
er pronounced, indicating a relatively good order of the
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FIG. 7. Angle-resolved photoelectron spectra for an Ag film,
2.6-ML thick and annealed to 300 K. Azimuthal and polar an-
gle a of the incident light of energy hv are given. The spectra
are measured at normal electron emission (6=0°).
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FIG. 8. Angle-resolved photoelectron spectra for an Ag film,
2.6-ML thick and annealed to 300 K. Azimuthal and polar an-
gle a of the incident light of energy hv are given. The spectra
are measured at normal electron emission (6=0°).

film. This agrees with the observation of the typical
LEED pattern for Ag/InSb(110).!® The band structure
along I'N, determined for two films and the two polariza-
tion directions of light, is shown in Fig. 9. There is some
scattering of the data points which one may expect for
such thin films. Three main bands can be recognized at
about —5, —5.5, and —6.3 eV (one should follow the
full dots for this purpose). There is no indication of the
sp band, as expected from the discussion of the 8-ML film
above. We will discuss this point later.

Our interpretation of this band structure is the follow-
ing: We can clearly decide that it is not an fcc structure.
In order to see this better, one should compare the data
with Fig. 6. The overall width of the bands is slightly
larger, the center of gravity is shifted away from Ep, and,
most important, there is a pronounced band [marked by
(1) in Fig. 9] extending to 3 of 'V and exhibiting a much
stronger intensity, as seen from the spectra in Figs. 7 and
8, than expected for an equivalent fcc film. Since we ob-
serve the same LEED pattern as found by Aristov, Bolo-
tin, and Grazhulis'® which has been assigned to the (110)
plane of bcc Ag, we expect an Ag phase different to fcc.
We believe that the electronic structure seen in our ex-
periment supports the assignment of the LEED pattern,
i.e., the thin Ag film is ordered according to bcc Ag. In
order to make our assignment better understood we have
included Fig. 10 in which we present the d bands for bec
(I'N) and fcc (I'L) Ag. The bands are derived from our
calculations, as shown in Fig. 1, by shifting the bands
downwards by 1.2 eV and removing the sp band. By
overlaying Figs. 10 and 9, one recognizes that the bcc
bands describe the trends in Fig. 9 better than the fcc
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FIG. 9. Measured peak positions for thin annealed Ag films
of different thickness as indicated along the T'N or T'L direction.
Azimuthal and polar angle a of the incident light are given.
For mark (1) see the text.

bands: (1) the bce bands are shifted more downward; (2)
their overall width is larger; (3) there is one band more in
the upper half, i.e., three bcc bands are more spread out
in energy than the two narrow-spaced fcc bands; and (4)
the lower bands are much lower in energy and exhibit
more dispersion. Point (3) can clearly be recognized in

-2

—— bce
-—-- fcc

N A r
FIG. 10. Sketch of the band structure for bcc Ag (full lines,
I'N, =) and fcc Ag (broken lines, I'L, A) according to the calcu-
lation of Fig. 1 after removal of the sp band and an appropriate
shift with respect to E- (see text).

Figs. 8 and 9: away from I', in the middle of the BZ (i.e.,
for photon energies of 15 to 20 eV in Figs. 7 and 8) there
is a broad overlapping emission centered at —5 eV.
Point (4) is evident by comparing Figs. 9 and 6 as men-
tioned above.

Our assignment is also supported by the polarization
dependence of the spectra. We argue here that we find a
reminder of the dipole selection rules. Considering our
calculations as shown in Fig. 1 without SO interaction,
we find that for bee (fee) z polarization of light (=755,
Fig. 7) allows emission out of the =; (A,) bands, whereas
x polarization (a=15°, Fig. 8) allows emission out of the
2, (A3) bands. This consideration supports that the
upper bands of symmetry A; can be observed for fcc and
only one band of symmetry 2, (centered at —4 eV in the
calculation, i.e., at —5 eV in the experiments) can be ob-
served for bcc. The latter is the case as it is found by
comparing Figs. 7 and 8. We get back to this point
below.

So far we have discussed thin films which have been
annealed. This thickness range was chosen since for
thicknesses of slightly more than 2 ML an order-disorder
transition is observed. For these thin films we have clear
evidence that they are not ordered according to fcc, and
we found that they are compatible with a bcc lattice, but
with the band structure not being fully developed. For
thicker films (=8 ML) we have found a transformation
into fcc. This observation is reasonable since a thicker
Ag film of the bcce structure is expected to be strained so
that it probably cannot withstand annealing up to 300 K.
Therefore, we prepared a thick film of 30 ML but avoided
annealing. Spectra for such a film are shown in Figs. 11
and 12. Surprisingly, most of the spectra exhibit very
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FIG. 11. Angle-resolved photoelectron spectra for an Ag

film, 30 ML thick and without annealing. Azimuthal and polar
angle a of the incident light of energy A v are given. The spectra
are measured at normal electron emission (6=0°).
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FIG. 12. Angle-resolved photoelectron spectra for an Ag
film, 30 ML thick and without annealing. Azimuthal and polar
angle a of the incident light of energy hv are given. The spectra
are measured at normal electron emission (6=0°).

sharp peaks, and the broad features are therefore likely to
be due to overlapping bands. The result of band mapping
is shown in Fig. 13. Together with the data points we
have included lines which are the calculated bcc bands,
including SO interaction from Fig. 1 with the d bands

-2
30 ML Ag
not annealed
{110), n=45°
_3_ 6=0°

|
'S
|

Energy below Ep(eV)

—7- . *

-8 T T T T
N A r

FIG. 13. Band structure of bcc Ag along ' N. Dots and stars
are the measured positions for strong and weak peaks for the
30-ML-thick film whose spectra are shown in Fig. 12. The lines
are drawn by hand according to the calculation of Fig. 1 after
shifting the Ag 4d with respect to the sp band (see text).
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shifted by 0.9 eV away from E.. There is a surprisingly
good correlation between calculation and experiment.
The comparison of the equivalent band structure for fcc
Ag, which is shown in Fig. 5, indicates that there are
differences. The result shown in Fig. 13 gives some evi-
dence that we have been able to prepare Ag films of bcc
structure thick enough so that the band structure is fully
developed and thin enough so that they could withstand
any anticipated strain. On the other hand, we have to ad-
mit that there are similarities between our spectra shown
in Figs. 11 and 12 and polycrystalline fcc Ag films.® The
fact that we did not have to anneal, in order to get or-
dered films, seems to be an inherent property of Ag
which is known to become ordered at ratlier low temper-
atures. Additionally, it is known that photoemission is a
rather local probe. Therefore, although the LEED pat-
tern at 30 ML was not as good as for thinner films, the
ARUPS results are still indicative for a bcc structure.
From this insight one could speculate about an even
better compromise on film thickness for a future experi-
ment.

C. Preparation and dependence on thickness

Since we now understand what is observed for the
thick films as well as for the thin annealed films, we are
able to discuss the changes observed during annealing of
the films. We would also like to comment on the devel-
opment of the electronic structure with thickness. Before
we get to these points, we will show how we have mea-
sured surface sensitivity and that the substrate emission
does not interfere with Ag 4d emission.

Figure 14 exhibits ARUP spectra before and after eva-
poration of 0.5 ML of Ag. The observed substrate peaks
are extremely sharp as compared to measurements of oth-
er groups at 300 K.>13 We observe two peaks due to the
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Energy below Er (eV)

FIG. 14. ARUP spectra for the clean cleaved InSb(110) sur-
face at 10 K and after deposition of 0.5-ML Ag at 10 K. Photon

energy hv=21 eV. The spectra are measured at normal emis-
sion (6=0°).
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bulk transitions at —0.15 and —1.00 eV below the
valence-band maximum (VBM) and a surface resonance
at —3.4 eV. We assume that our sample is slightly de-
generate, i.e., E lies near the conduction-band minimum
in the conduction band. Therefore, we have subtracted
0.2 eV to reference the peak position from Fig. 14 to the
VBM (the band gap is 0.18 eV wide). We have not mea-
sured many spectra of the clean surface, since band map-
ping of InSb was not the goal of our work. From the
weakening through the Ag adlayer we argue that the
upper two peaks are from bulk transitions and the lower
one is a surface resonance. Qualitatively, we know that
at hv=21 eV we map the bands near the I" point so that
we expect up to three bands to be seen near the VBM.
According to the calculations of Chelikowsky and
Cohen?? there is a split of 0.82 eV between the I'; and 'y
states at the T" point. This is in very good agreement
with a split of 0.85 eV near I" observed in our measure-
ments. An In-derived surface resonance is expected at
about 3 eV at the " point from calculations.** Since the
peak at —3.4 eV is quenched completely after adsorption
of half a ML of Ag, its character as a surface resonance is
demonstrated. Interestingly, from our measurements of
the core-level shifts during Ag adsorption,?? we have con-
cluded that at this coverage Ag is interacting with or be-
ing adsorbed near the In surface atoms. This explains the
complete quenching of an In-derived surface resonance
through adsorption of half a ML of Ag.

The spectra of Fig. 14 indicate that our measurements
are from the so far best prepared surfaces (cleavage and
cooled to 10 K). Furthermore, they visualize how strong
the Ag 4d intensity is compared to the sp band intensity
from the InSb substrate. Quite obviously the substrate
emission is not interfering with the Ag emission. For
more than 1 ML of Ag no individual InSb valence-band
peaks are resolved, instead a broad emission is observed
from InSb sp and Ag s states. At 2.5 ML a well-defined
Fermi level is observed from which the energy zero point
in Fig. 14 is deduced. The 4d signal in Fig. 14 (0.5 ML) is
typical for single adsorbed atoms or 2D islands. For a
film of 1.25 ML the base of the 4d emission is broadened
by 0.8 eV and the peaks are shifted by 0.2 eV closer to
E. This observation is also in agreement with our core-
level measurements in which we came to the conclusion
that single Ag atoms are adsorbed at coverages below 0.1
ML where they start growing together above 0.1 ML.

The next two figures confirm our assignment of bcc Ag.
For the 1.6-ML Ag film in Fig. 15 the final value is
reached for the base of the Ag emission. The spectra in
Fig. 15 confirm that annealing of the thin films does not
change the spectra very much. There is a change of spec-
tra between 1.6 and 2.6 ML which we assign to a transi-
tion from disordered, amorphous to bcc Ag in accor-
dance with the order-disorder transition observed in
LEED. Figure 16 visualizes the changes in spectra with
thickness. We have chosen a photon energy near the en-
ergy of the He I line used in the laboratory. Small but
well-defined changes occur between 2.6 and 8 ML during
the transition from bcc to fcc. The peak at 4.9 eV, indi-
cative for the fcc phase, develops. It becomes stronger
between 8 and 12 ML so that parts of the 8-ML film may
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FIG. 15. ARUP spectra for differently prepared thin Ag
films at the InSb(110) cleavage plane. Azimuthal and polar an-
gle a of the incident light of energy A v are given. The spectra
are measured at normal electron emission (6=0°).
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FIG. 16. ARUP spectra for Ag films of increasing thickness
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of the incident light of energy hv are given. The spectra are
measured at normal electron emission (6=0°).



5564

still be bee-like. Between 12 and 30 ML the 4d emission
becomes sharper, indicating more 3D interaction. For 60
ML (not shown, see Fig. 2) this sharpening continues so
that, e.g., the upper peak is split into two. There is also a
shift in energy for the peak near —6 eV by an amount of
0.2 eV between 2.6 and 8 ML.

D. Quantum-well states and film structure

Quantum-well states have been observed using ARUPS
for a number of well-prepared thin metal films. An ex-
ample is the Ag film on Cu(111) system studied by Muell-
er, Miller, and Chiang.>> Although the misfit between
Ag(111) and Cu(111) is large, Ag(111) grows very well or-
dered on Cu(111). The order is improved by annealing to
200°C. At hv=11 eV a large number of quantum-well
states is observed with an amplitude of up to 5% of the
L-gap surface-state peak.

For our thin Ag films we also observed a quantum-well
feature at about —1.8 eV below E; which is a well-
resolved peak for hv=18 eV as shown in Fig. 17. Be-
tween 14 and 16 eV there is a strong interference with the
In 4d core-level emission due to second-order photons
from the monochromator. The peak at —1.8 eV has all
properties expected for a quantum-well state: It exhibits
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FIG. 17. ARUP spectra for the sp band region between Ep
and the Ag 4d bands for a 3.8-ML-thick Ag film on InSb(110).
The parameter is the photon energy hv. Azimuthal and polar
angle a of the incident light of energy v are given. The spectra
are measured at normal electron emission (6=0°).
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no dispersion with k|, i.e., with variation of A v, as can be
seen from Fig. 17. It disperses with 8, the angle of emis-
sion with respect to the surface normal, towards Eg.
This reflects the dispersion of the initial-state sp band as
discussed by Mueller, Miller, and Chiang.35 We have
noted earlier that the sp band in the energy range be-
tween Ep and —4 eV does not differ very much between
fcc and bee Ag so that we can compare our results for the
bee Ag film with those of Mueller, Miller, and Chiang™®
for fcc Ag. Furthermore, the peak at —1.8 eV becomes
sharper by annealing the film to 300 K and its intensity
increases for z-polarized light (a > 75°).

For the thin bcc Ag films which exhibit the quantum-
state peak, no N-gap surface-state (SS) emission can be
observed. Taking into account the strong SS intensity for
the Ag(111)/Cu(111) system one may conclude that the N
gap does not reach beyond Er. This contradicts our cal-
culation. The answer to this question has to be left open
since our database is not large enough for this special as-
pect.

For the thicker annealed films we do not observe any
quantum-well state. Within the context of our other ob-
servations this is reasonable since we do not observe any
SS intensity for the thicker annealed fcc Ag films either.
A well-ordered film of uniform thickness is a prerequisite
for the observation of quantum-well states since the ener-
gy of a quantum-well state depends on the thickness, and
a thickness distribution means a superposition of
quantum-well states of different energy, i.e., a smearing
out of these features.

V. OUTLOOK

From the discussion of our measurements it has be-
come clear how difficult it is for the system Ag|InSb(110)
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FIG. 18. Calculated peak heights in normal photoemission
(a=45°, ®=0°, p-polarized light) from the energetically
lowest-lying full symmetric band for fcc (111) (above) and bcc
(110) (below) silver shown as a function of photon energy hv.
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to differentiate between bcc and fcc ordered Ag films.
Therefore, we include an additional calculation which
may help to differentiate between the two structures in
future studies. In the following, we present calculated
peak heights of two selected photoemission peaks in nor-
mal emission as a function of photon energy. Figure 18
shows calculated intensity (peak height) for the photo-
emission transition [A;— A, for fcc (111) and £, — X, for
bee (110)]. It is the emission from the energetically
lowest-lying full symmetric band excited by light of ener-
gy hv=15-50 eV. The intensity of photoemitted elec-
trons exhibits a large broad peak for fcc structure. How-
ever, for bcc geometry the calculations predict two pro-
nounced maxima divided by a minimum at about hv=41
eV. This diverse behavior of intensity I (hv) for fcc and
bee geometry is directly related to the band structure in
the energy range of 35-50 eV. Bands of symmetry 3,
form a “gap” at E,;, =33-34 eV. However, no similar
structure is formed by the A, bands in this energy range.
This feature should be well resolved in the normal photo-
emission spectrum. Unfortunately, to follow the above-
mentioned transition in experimental data is very difficult
because of its very low intensity.

The characteristic minimum related to the “gap” in
final states should be observable in intensities of other
photoemission transitions unless a too large energetical
dispersion of initial states does not remove it. Figure 19
shows the predicted effect of final states at hv~38 eV on
I(hv) for the energetically highest-lying photoemission
peak—in the theoretical model (see Fig. 1) the photo-
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FIG. 19. Calculated peak heights of the normal photoemis-
sion structure at about —3.5 eV in the normal photoemission
(a=45°, ®=90°, p-polarized light) for fcc (111) (above) and bcc
(110) (below) silver structures shown as a function of photon en-

ergy.

emission transitions excited from states at about 3.5 eV
below Ep (A;— A, for fcc and =,,2;— 2, for the bcc
structure). Note the substantially larger energy range of
intensity decrease from the maximum at ~32 eV for bcc
structure in comparison with the fcc result.

VI. CONCLUSION

Some evidence is given that Ag deposited onto cleaved
InSb(110) surfaces at 10 K condenses for film thicknesses
=30 ML in a bcc-like phase. For larger film thickness
and for films with a thickness >5 ML annealed to 300 K
the known fcc Ag phase is found. The Ag 4d band spec-
tra for a 60-ML film warmed to 300 K are better resolved
than those for single-crystalline Ag(111) surfaces from
the literature. We conclude that these films consist of
large (111)-oriented Ag clusters which are, on the other
hand, not large enough to produce a (111) LEED pattern.
Our observation is in agreement with the general belief
that photoemission is a more local probe than LEED.

We confirm the LEED observation of Aristov, Bolotin,
and Grazhulis'® that a bcc Ag(110) deposit grows on the
InSb(110) surface at 10 K. In photoemission such a de-
posit of a mean thickness of 2.6 ML is not compatible
with a fcc Ag band structure. Instead, it indicates a bcc-
like band structure. Some indication for bcc Ag was also
found for the 30-ML-thick film which was not annealed
to 300 K. The difficulty of our measurements is due to
the metastability of the bcc-like phase which prevents us
from annealing these films in order to achieve a well-
ordered film most appropriate for band-structure deter-
mination. For this reason, our analysis could also not
differentiate between bcc and bece tetragonal structures.

Nevertheless, our study strongly corroborates the ear-
lier LEED study'® and the total-energy calculations for
Ag.'»?° At 10 K, an appropriate substrate can impose a
symmetry and atomic density of the Ag deposit which is
better described by bcc than by fec.

The above conclusions are based on the background of
our calculation of the energy band structure for fcc and
bcc Ag. From these calculations it becomes clear that
the inclusion of SO interaction is necessary in order to
achieve agreement between calculated and measured
band structure.

Our investigation supports the idea of a bcc Ag phase
under the influence of a reduced atomic density. Such a
reduction in atomic density is experimentally realized
here through epitactical growth of bcc Ag (110) on
InSb(110).

In the outlook we have shown that for selected direct
transitions in Ag we expect an even clearer differentiation
between fcc and bcc Ag. This could be especially valu-
able in the case that one could realize a better ordered
bec phase.

Finally, we observe a weak quantum-well state. Its
weakness may be explained through the missing order of
the layer. The same is true for any lack of surface state at
the fcc L gap or the bcc N gap as anticipated from the
calculations.
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