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Tetragonal silver films on V„100…: Experimental and ab initio studies
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The growth and structure of ultrathin silver films~1–5 monolayers thick! deposited on a reconstructed
V(100)-(531) surface have been studied by means of scanning tunneling microscopy~STM!, Auger electron
spectroscopy~AES!, and angle-resolved photoemission spectroscopy~ARPES!. To model the structure of the
system we have also performed density functional~DFT! calculations. It has been established that due to the
annealing of deposited silver uniform films are formed and that the vanadium reconstruction is completely
removed. As found from STM measurements and supported byab initio calculations in the in-plane direction
silver follows the structure of the V(100)-(131) lattice and is tetragonally distorted in the direction perpen-
dicular to the surface. In addition,ab initio results predicted the adsorption energies of individual silver layers
and the work function of Ag/V~100!, both in accordance with experiments.
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I. INTRODUCTION

Ultrathin metal films~MF’s! on metal substrates~MS’s!
are a subject of continuous extensive investigations.
points that are of fundamental interest include new struct
and electronic properties. Pseudomorphic film growth m
lead to a different structure with respect to the bulk form a
to novel electronic and magnetic properties. Formation
discrete electronic states, so-called quantum well st
~QWS’s!, is one of the intriguing electronic phenomena o
served in ultrathin films.1–3 In that respect ultrathin silve
films on various substrates have been studied. Silver gro
on transition metal surfaces Fe~100!,4 V~100!,5 and W~110!
~Ref. 6! shows many of the desired properties required
the formation of QWS’s. Silver grows layer-by-layer in th
limit of ultrathin films on all three surfaces. In the case
Fe~100! this growth can extend to film thicknesses w
above 100 monolayers~ML !.4 The electronic structure of th
substrate surfaces provides a hybridization gap that indu
localization within the silver overlayer film for the electron
of s-p andd symmetry. Although simple phase models ha
shown a significant success in understanding the forma
of quantum well states in these systems, it is obvious
only ab initio calculations can provide a full insight into th
complex nature of the interaction of electronic states in
overlayer film and substrate.

Recent studies of Ag/V~100! have been dominantly fo
cussed on the electronic properties.1,5,7–11 The available
structural data from previous studies show that at the s
strate temperature of around 300 K silver can grow
V~100! pseudomorphically in a layer-by-layer fashion up
10 monolayers~ML !.12,13Also, it was only assumed that th
silver film has a tetragonal structure, based on a simple h
sphere picture.5 The tetragonal structure, however, was ne
confirmed by measurements@ I -V low energy electron dif-
fraction ~LEED! or scanning tunneling microscopy~STM!,
0163-1829/2003/68~19!/195402~8!/$20.00 68 1954
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for example# or calculations, and good pseudomorph
growth was qualitatively attributed to the relatively sma
lattice mismatch of 4.5% between the fcc Ag~100! and bcc
V~100! planes, and to the favorable small surface free ene
for silver of 1.3 J m22, compared to the relatively large valu
for vanadium of 3 J m22.

Recently, a first principle calculation of electronic prope
ties of Ag on V~100! was reported.14 In that work the struc-
ture of the underlying vanadium as well as the overla
silver film was constructed from the vanadium bulk valu
and a hard sphere model, respectively. Some of the res
differ substantially from the published experimental da
e.g., the work functions are 0.5–1.5 eV larger than the
perimental values.15

In this work we present results of a combined experim
tal and computational investigation of the Ag/V~100! struc-
ture in the thickness range of 1–5 ML. STM, Auger electr
spectroscopy~AES!, angle-resolved photoelectron spectro
copy ~ARPES!, and LEED were used to characterize ultr
thin silver layers. Compared to previous Ag/V~100! studies,
where silver was deposited on an unreconstructed V~100!
substrate, we show here that we can prepare the Ag/V~100!
system by depositing silver on the reconstructed V(100)-(5
31) surface, which is experimentally much easier. This
due to the fact that the vanadium reconstruction is co
pletely lifted upon silver deposition and thermal treatment,
confirmed with AES, LEED, STM, and ARPES measur
ments. STM results prove the tetragonal structure of the
ver overlayer in full agreement with ourab initio, self-
consistent calculations. The calculations provide valua
information on the relaxation effects in the silver film and
the first layers of the underlying vanadium substrate. Fr
the calculation we also obtain values of the adsorption en
gies of individual silver layers and the realistic values
V~100! and Ag/V~100! work functions.
©2003 The American Physical Society02-1
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II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experiments were carried out in three different ult
high vacuum systems. While the chambers in Zagreb
Bonn were equipped with the same type of a home-b
STM,16 in the first one LEED, AES, and ARPES~VSW HA
100 analyzer!, and in the second one AES~cylindrical mirror
analyzer!, were additionally available. Parts of the phot
emission experiment were carried out at Elettra synchro
at the 3.2 R VUV beam line17 in the photon energy rang
19–95 eV. The energy and angular resolution of the VS
HA 50 analyzer was 30 meV and60.5°, respectively. In the
UHV chamber at Elettra a quartz microbalance was a
available to estimate the quantity of the deposited silver. T
base pressure in each system was in the 10211 mbar region.
Throughout all experiments one and the same V~100! single
crystal was used. The (531) reconstructed V~100! surface
that served as a substrate for silver growth was prepa
according to a procedure described elsewhere.18 Silver was
evaporated by the resistive heating of a tungsten basket
taining a silver droplet. The deposition rate was adjusted
be 0.2–1 ML/min.

The ab initio calculations of the electronic properties
the Ag/V~100! structures were performed in the densit
functional theory~DFT! approach, using theDACAPO com-
puter code.19 We have used the provided ultrasoft pseudo
tentials for the Perdew-Wang exchange-correlat
functional PW91 and the generalized gradient approxima
~GGA!.20 The crystal structures were modeled by the s
geometry where the vanadium substrate consists of se
layers on top of which we add silver layers~1–5 ML!. We
have also checked our calculations by modeling the va
dium substrate by eight and ten layers and found virtually
changes in the results. We applied periodic boundary co
tions in the directions along the surface plane~coordinatesx,
y). The starting point in the calculations was the clean a
unreconstructed V~100! surface, although the substrate su
face in the experiments was the (531) reconstructed vana
dium surface. This is fully justified by the fact that silve
films lift the reconstruction after annealing at elevated te
peratures, as is described later in the text.

The bottom three layers of vanadium were kept fixed
the bulk separation, while the other vanadium and silver l
ers were allowed to relax in the direction of the surface n
mal ~coordinatez). In the z direction the slabs were sepa
rated by a layer of vacuum of around 15 Å. This
sufficiently thick so that the periodic repetition, which
built in the computational method does not affect the fi
result of the calculation. We used a mesh of 12312 k points
in the x-y plane, an energy cutoff of 440 eV, and a pseud
hermal smearing of the electron occupation correspondin
a temperature ofT50.2 eV.

We also calculated the work functions. In calculation
the work function theDACAPO program provides a specia
feature that includes the dipole correction at the surface
discussed by Bengtsson,21 which is essential in order to ob
tain accurate values of the work function.

The calculations were done assuming a nonmagnetic e
tronic wave function. However, before doing so, we p
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formed calculations for a clean V~100! surface and for one
monolayer of Ag on V~100! allowing for the spin polariza-
tion. Although the initial condition in these calculations w
a large magnetic moment on the first few layers, the el
tronic wave function quickly converged to a nonmagne
solution.

III. RESULTS

A. Preparation of ordered silver layers

In this study the (531) reconstructed vanadium~100!
surface was used as a substrate to grow the silver fi
mainly because the V(100)-(531) surface preparation is
rather simple, particularly so when compared to the prepa
tion of the clean and ordered unreconstructed V~100! sur-
face. Previous investigations have shown that the depos
and annealing of already'0.5 ML of silver on an oxygen-
precovered V~100! produces an oxygen-free interface a
film.22 It has also been shown that a clean V~100! surface
endures, at best, about 800 K annealing temperature wit
segregating oxygen and carbon to the surface. Such a mo
temperature is not ideal to produce very large, flat, and de
free V~100! terraces. In the case of the (531) reconstructed
V~100! surface, during the last stages of surface prepara
the sample is annealed to significantly higher temperatu
~typically 1200 K! which leads to segregation of~mainly!
oxygen and the formation of large and well ordered (531)
reconstructed terraces.18 Subsequent deposition of silver an
annealing at 600–900 K results in the complete remova
oxygen from the silver-vanadium interface and a compl
transition of the (531) reconstruction to the (131) struc-
ture of the clean V~100! surface.

The film preparation process can be divided into th
steps:~a! the V(100)-(531) substrate preparation,~b! the
silver deposition while the substrate is kept at room tempe
ture, and~c! annealing at a selected temperature. Each
these steps may be followed in subsequent STM and A
measurements, as shown in Fig. 1. In the large-scale S
image shown in Fig. 1~a!, a footprint of the (531) vana-
dium reconstruction is seen as bright stripes equidista
separated by thin dark lines. In fact, there are two doma
rotated by 90°. The corresponding AES spectrum is sho
in Fig. 1~d!: it clearly indicates the presence of oxygen
the vanadium surface. We have deposited approximately
ML of Ag on the surface at room temperature. The resul
seen in the STM image in Fig. 1~b! and the corresponding
AES spectrum is shown in Fig. 1~e!. The result of the silver
deposition is the formation of 3D silver clusters with th
presence of oxygen on the vanadium surface@Fig. 1~e!#. This
is an indication that, at this stage, the vanadium surface
mains reconstructed.

The next step is the annealing of the sample up to 75
for 1 min. The AES spectrum@Fig. 1~f!# shows a significant
increase of the silver to vanadium intensity ratio from 0.5
prior to annealing, to 0.85 after annealing. At the same tim
the oxygen and carbon Auger signals~the latter not shown in
the spectra! diminish, indicating that these elements diffu
out of the near surface region. The STM image@Fig. 1~c!#
reveals the formation of ordered and flat 2D silver terrac
2-2
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In the case of silver nominal coverages higher than 2 ML
annealing induces a Stranski-Krastanov growth mode wi
2 ML thick silver layer as a substrate for the clusters of
excess silver. The excess silver can be desorbed by anne
the sample at the temperature of the silver desorption o
~900 K!.12,13 The result is a perfectly ordered 2 ML thic
layer that later may serve as a substrate for layer-by-la
deposition of thicker silver films~at or somewhat below the
room temperature!. Due to a difference of 50 K in the de
sorption temperatures of the first and the second silver
from the V~100! surface it is possible to desorb the seco
layer and obtain extremely well ordered single silver laye

Figure 2 shows a set of normal emission ultraviolet ph
toemission spectra taken during different stages of the si
film preparation, as described above. The bottom spectru
taken from the well annealed V(100)-(531) substrate. In
the next spectrum one sees that the deposition of silve
room temperature strongly modifies the region previou
dominated by the O 2sp valence band and reduces the inte
sity at the Fermi level. However, within thes-p silver band
region no sharp peaks are formed, and within thed-band
region we find two broad peaks located around binding
ergy of 4.9 and 6.1 eV. For this particular experiment t
nominal silver coverage was about 4 ML. The film was fi
flashed to 800 K and afterwards to 900 K. In the photoem
sion spectra new features occurred in both thes-p and d
regions. These peaks correspond to the emission from
states. Previous studies have shown that their binding en
is thickness dependent and that they can be reliably use
reference points for the silver thickness calibration.5 The
photoemission spectra in Fig. 2 are characteristic for th
and 1 ML thick silver films, respectively. The sharp and

FIG. 1. Steps of preparation of uniform silver films used in th
work. ~a! STM image of the V(100)-(531) substrate (I T

51.5 nA, UB50.54 V). ~b! STM image of'1.5 ML of Ag depos-
ited onto the V(100)-(531) surface at RT (I T50.1 nA, UB

50.84 V).~c! STM image of the same surface as in~b! after a flash
to 750 K (I T50.1 nA, UB520.056 V). ~d!–~f! AES spectra cor-
responding to the surfaces shown in~a!–~c!, respectively. In panels
~d!–~f! thex axis presents the kinetic energy and they axis the first
derivative of the Auger electron intensity.
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tense QW peaks indicate a high degree of order of the si
films. This is also confirmed by LEED measurements.
samples show sharp (131) diffraction spots on low back-
ground, the same pattern as the clean and well orde
V~100! surface. Thicker films, up to 5 ML, were prepared b
subsequent silver deposition on a well ordered 2 ML fil
They are stable up to'350 K, while at higher temperature
the Stranski-Krastanov growth mode prevails, as descri
above. It starts with the formation of multilayers as ev
denced from the QW state photoemission peaks, espec
when variable photon energy is used to optimize the Q
peak photoionization cross section~see Fig. 10 in Ref. 8!.

B. STM measurements

In the regime where the initially deposited silver quant
was less than nominally 1 Ag ML we could study the heig
of individual silver monolayer islands. The experiments ha
shown that STM imaging of silver islands is a quite delica
procedure. During the scan an island is sometimes shifte

FIG. 2. Normal emission ultraviolet photoemission spectra ch
acterizing the silver film formation on the V(100)-(531) substrate.
The intensities are normalized to the photon flux. From the bott
to the top: the bare substrate,'4 ML of Ag deposited at RT, flashed
to 800 K, flashed to 900 K.
2-3
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position or damaged in such a way that holes are cre
along with the appearance of new terraces. For the subm
layer silver coverage no preferential nucleation regions
found, i.e., some islands are aligned along the vanadium
edges and some are formed in the middle of terraces@see
Figs. 3~a! and 3~b!#. Figure 3~a! illustrates the case where
silver island is formed at the vanadium step edge. In t
STM image the vanadium (531) reconstruction is clearly
visible @for comparison check Fig. 1~a!#. The profile line
scanL1 @see Fig. 3~c!# clearly shows the difference in heigh
between the vanadium step and the silver monolayer. W
going from right to left alongL1 the STM tip goes across
vanadium terrace upon which the Ag island is adsorb
which is used as zero in STM height measurements, t
crosses the Ag island and descends to the upper vana
terrace. From a large number of similar independent m
surements on many islands we obtained both the value f
silver monolayer height of 1.860.2 Å and the value of 1.5
60.1 Å for the vanadium single-atom step height.

In a similar way and by using the procedures describ
above for the formation of thicker films, we could stud

FIG. 3. ~a! STM image showing 1 ML thick silver island forme
on the V(100)-(531) substrate~image size 46346 nm2, I T

51.2 nA, UB50.45 V). ~b! STM image showing 2 ML thick silver
islands formed on the V(100)-(531) substrate~image size 34
334 nm2, I T50.5 nA, UB50.4 V). ~c!–~f! Profile scans taken
across the~a! and ~b! images indicated by thick gray lines.
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isolated islands of up to 5 ML. Figure 3~b! shows an STM
image where 2 ML thick silver islands dominate. Three p
file scans@shown in Figs. 3~d!–3~f!# were taken at different
locations in the image in order to determine the height of
second silver layer. Within the resolution of our STM me
surements we find that the second silver layer has an S
derived height of 2.060.1 Å. This value is also found for al
additional monolayers at all studied coverages.

Figure 4~a! shows a Fourier filtered atomically resolve
image of the 2 ML thick silver film. Clearly, the (131)
quadratic structure imaged in the STM experiment is con
tent with the LEED measurements. A profile scan tak
along the white line is shown in Fig. 4~b!. Note that the
typical atomic STM corrugation amplitude is 0.2 Å. Fro
the drift-corrected images in a thickness range 1–5 ML
have calculated angular correlation images and obtain an
plane Ag-Ag interatomic distance of 3.060.1 Å, which is,
within the accuracy of our STM experiment, the value of t
lattice parameter of the unreconstructed vanadium~100!
surface.

C. Ab initio calculations

In order to find the structural parameters of Ag and V, w
first calculated the properties of the bulk metals. The optim
lattice constant of 3.00 Å for the vanadium bcc cell w
obtained, which gives the energy minimum in the calculat
of the vanadium bulk for the used pseudopotential. T
value differs slightly~1%! from the real value of the vana
dium bcc cell~3.03 Å!.23 This approach, however, ensure
that no spurious bulk stresses appear. For the fcc silver
lattice constant was found to be 4.14 Å, 1.5% larger than
real value of 4.09 Å.23 Thus the mismatch of the lattice con
stant of the pseudomorphically grown silver adlayers is o
2.5% in our calculations, instead of 4.5% in the experime
Although it is commonly accepted that adsorbed metal ato
on metal surfaces, in cases when there is a relatively sm
lattice mismatch, occupy adsorption sites of highest coo
nation, we have nevertheless explored the adsorption ge
etry of the Ag/V~100! system. In order to evaluate the a
sorption energy of a silver atom in different positions w
have commensurably added a silver monolayer on
V(100)-(131) surface in three possible variants, where s

FIG. 4. ~a! Atomically resolved STM image of the 2 ML Ag
V~100! surface. Image size 7.837.8 nm2, I T519 nA, UB

50.025 V. ~b! Profile scan along the white line indicated in th
STM image.
2-4
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TABLE I. Calculated structural parameters of the clean (131) vanadium surface and of pseudomorph
cally grown silver films. Given are the step heights for each additional ML of silver~in Å!, the interlayer
distance~in Å!, the work function~in eV!, and the adsorption energy of silver, i.e., the energy gain comp
to the previous adlayer and an isolated silver atom~in eV!. A vanadium slab consisting of seven layers w
used in the calculations, and the bottom three layers were kept at the fixed separation of 1.50 Å.

Clean V 1 ML Ag 2 ML Ag 3 ML Ag 4 ML Ag 5 ML Ag
Step height 1.95 1.99 1.96 1.99 1.95

Ag4-Ag5 1.94
Ag3-Ag4 1.93 2.00
Ag2-Ag3 1.95 1.99 1.98
Ag1-Ag2 1.95 2.00 1.98 1.98
V1-Ag1 1.86 1.89 1.88 1.85 1.86
V1-V2 1.32 1.39 1.41 1.38 1.42 1.38
V2-V3 1.48 1.46 1.47 1.46 1.48 1.49
V3-V4 1.54 1.53 1.54 1.52 1.50 1.51
V4-V5 1.46 1.51 1.47 1.52 1.54 1.48
V5-V6 , etc. 1.50 1.50 1.50 1.50 1.50 1.50

Work
function

3.93 4.34 4.34 4.35 4.26 4.32

Adsorption
energy

3.02 2.62 2.54 2.59 2.58
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ver atoms occupied on-top, bridge or fourfold hollow po
tions, respectively. Our results clearly show that, as expec
the energetically most favorable position for the silver at
on a V~100! surface is the fourfold hollow site~silver adsorp-
tion energy of 3.02 eV/atom!, in contrast to the energeticall
unfavorable bridge~2.59 eV/atom! or on-top~2.33 eV/atom!
positions.

Further we have calculated structural parameters in
system for different silver thicknesses. The first silver lay
was added with all atoms in the hollow sites, which cor
sponds to a pseudomorphical growth with the fcc cell rota
by 45°. The tetragonal distortion of the pseudomorphic
adlayers is caused by the fact that its lattice constant in
x-y plane is 2.5% larger than the preferred Ag bulk valu
and as a consequence the lattice constant in thez direction
shrinks. By doing calculations for bulk silver with tetragon
distortion, we found that the optimum interlayer distance
5% smaller and that the energy per atom is only 4 m
larger than that of the undistorted fcc silver. Even if t
smaller mismatch of the bulk lattice constants in the cal
lations leads to an underestimate of the energy differenc
is clear that the difference is small and that the tetragon
distorted silver layers are quite stable.

In Table I we show the calculated interlayer separations
the vanadium surface and up to five silver adlayers. T
bottom three layers of vanadium were kept fixed at the b
separation of 1.5 Å, while the top four layers, as well as
silver adlayers, were allowed to relax. In the case of unc
ered V surface, the separation between the first and the
ond layer is reduced by around 13% with the respect to
bulk value. This has been observed already both experim
tally and obtained in calculations~Ref. 24, and reference
therein!. The separation between deeper layers departs f
the bulk value in either direction by up to around 2%. W
19540
-
d,

e
r
-
d
g
e
,

l
s
V

-
it

ly

f
e
k
e
-

ec-
e
n-

m

silver adlayers, the distance between the first and the sec
vanadium layer is reduced by 5–8 %, considerably less t
on the clean vanadium surface. The oscillatory relaxat
pattern between deeper vanadium layers persists, and in
might propagate even deeper if a thicker vanadium slab
used in the calculations. However, the associated relaxa
energy is too small to affect the overall picture.

Also given in Table I are the calculated height differenc
between successive silver layers which agree well with
values determined by STM. However, one should bear
mind that the calculated values are, in fact, the difference
positions of the atom nuclei, while STM probes the ele
tronic density profile. Furthermore, the height of the silv
monolayer is calculated with respect to the relaxed vanad
(131) surface, which is the situation very close to the e
perimental one when the Ag layer covers the entire surf
area. This may differ somewhat in the case of small sil
islands coexisting with free (531) reconstructed vanadium
surface patches, which may on average be less contra
inwards. The obtained structural results are also shown
Fig. 5 for an example of an uncovered V~100! surface, and
with 2 ML of silver on V~100!. In the figure we have also
indicated thez coordinates for each atomic layer for th
clearer comparison of the two structures. Thez coordinates
are given with respect to the relaxed bare V~100! surface and
its topmost layer in the position of the origin.

We also determined the energies of adsorption of Ag
oms into the various adlayers. For comparison, the value
the bulk cohesion energy of silver is 2.57 eV/atom in o
calculations. The absolute values may be affected by
method of the calculation, especially the energy of an i
lated atom, but the energy differences are much less sus
tible. Very prominent is the large value of the energy
2-5
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MARKO KRALJ et al. PHYSICAL REVIEW B 68, 195402 ~2003!
adsorption into the first layer of more than 3 eV. The mi
mum of the adsorption energy of 2.54 eV/atom occurs for
third monolayer~3 ML film !. The value is smaller than fo
both the second and the fourth layer, which means that
energetically favorable for 3 ML films to disproportiona
into 2 and 4 ML, if the energy cost of the step edge wh
must be created is not too high. In Table I we also show
results for the work function of the clean and silver cover
V~100! surfaces. The values of 3.93 eV for a clean surfa
and around 4.3 eV for silver covered surfaces are in excel
agreement with experiment.12,15

IV. DISCUSSION

There are two issues that we address here. The first o
that upon deposition of silver and subsequent annealin
the sample, the vanadium (531) reconstruction beneath th
silver overlayer can be completely removed and the struc
of a clean and well ordered V~100! restored. Second, w
discuss experimental and theoretical evidence for the tet
onal structure of the silver overlayer films.

A. Formation of the AgÕV„100… interface; removal
of the „5Ã1… reconstruction

Valla et al.22 studied the effects of silver deposition on th
oxygen precovered clean and ordered V~100!. At room tem-
perature and below they found the effects of disordering

FIG. 5. The side and top view of the unit cells~dotted lines!
used in the calculations of a clean V~100! surface~left!, and of 2
ML Ag on V~100! ~right!. The dimensions of the unit cells and th
positions of the atoms~circles! after relaxation are given in Å. The
z coordinate is chosen so that the first layer of the relaxed b
V~100! surface is at zero. The bottom three vanadium lay
(V5– V7) are kept fixed at bulk separation.
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the silver film. Moreover, they concluded that not only ox
gen disorders the silver film, but most probably it occup
the Ag/V interface sites which is driven by the high affini
towards atomic oxygen of both vanadium and silver. Inv
tigating the effects of annealing they found that up to 570
no significant changes are present. At higher annealing t
peratures the ordered structure of the silver layer is gradu
restored and finally after annealing at 710 K no oxyge
derived emission is found in the ARPES, XPS, or AES sp
tra anymore and the order in the silver film is complete
restored, which was also confirmed by LEED.

The removal of oxygen from the vanadium surface up
adsorption and annealing of silver deposits is the des
scenario for the formation of well defined ultrathin silv
films on V~100!. However, such favorable interaction of d
posited metal films with oxygen on the vanadium surfa
appears to be an exception rather than a rule. Recently, K
vicka et al.25 studied the Pd growth on the V(100)-(531)
surface. Based on STM and AES results they concluded
for the submonolayer coverage of 0.15 ML and room te
perature single Pd atoms are trapped~stabilized! in the free
fourfold co-ordinated hollow sites, i.e., sites unoccupied
oxygen or carbon atoms. This is explained with stronger
finity, i.e., bonding energies, of palladium to vanadium in t
clean fourfold hollow sites compared to other available si
on the surface. Further, when annealed at 470 K, Pd fo
small islands while the O and C atoms leave the Pd-V in
face forming a more dense adlayer around the Pd island25

For higher coverages the Pd growth proceeds only on a
free of oxygen which limits the size of Pd islands and leav
parts of the surface covered with the dense (131) oxygen
layer which is acting as antisurfactant for the growth of t
Pd islands.25

Obviously, in both systems@Pd/V(100)-(531) and Ag/
O/V~100!#, the annealing temperature plays a very import
role as is the case for the system Ag/V(100)-(531) studied
here. At room temperature oxygen atoms that occupy~pref-
erentially! fourfold vanadium sites are not mobile enough
diffuse across or out from the surface. For oxygen, the
fusion from the surface into the bulk and vice versa, is e
cient at annealing temperatures of'700 K and higher and as
a result many fourfold sites are temporarily free. If there
an Ag atom in the vicinity such a site is immediately occ
pied by it. Our calculations suggest that there is a net ene
gain per Ag atom of almost half eV when an atom leaves
Ag bulk ~e.g., an Ag cluster! and sticks to a fourfold vana
dium site. This energy gain seems to be substantially la
than the cost of pushing an oxygen atom back into the b
In such a way the formation of large silver islands tak
place. The uncovered V(100)-(531) patches remain in thei
original structure. There is no compression of the oxyg
~and carbon! atoms as is observed in the case of t
Pd/V(100)-(531) system.25 Thermal desorption measure
ments show that there is no desorption of O2 and O species
during annealing at these temperatures. Therefore, we
clude that oxygen atoms diffuse into the vanadium bulk.

The differences in the properties of the Ag/V(100)-(5
31) and Pd/V(100)-(531) can be qualitatively explained
if one takes simple geometry and energy considerations
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TETRAGONAL SILVER FILMS ON V~100!: . . . PHYSICAL REVIEW B 68, 195402 ~2003!
account. First of all, the lattice mismatch between the va
dium bcc~100! lattice is much smaller for silver fcc~100!
~4.5%! than for palladium fcc~100! ~9%!. Another point of
difference is the surface free energy balance which ag
favors the ordered silver film. The surface free energy
'3 J/m2 for vanadium, '1.9 J/m2 for palladium, and
'1.3 J/m2 for silver. Clearly, a silver layer minimizes th
surface free energy more efficient than palladium. This is
agreement with thermal desorption measurements of V
and Milun12 which show that the stability of the first silve
layer is very high reflecting the strong silver-vanadium bon
ing which in this case is much stronger than the silver-sil
bonding. This is also found in the aforementioned calcula
large energy of the adsorption of silver atoms into the fi
V(100)-(131) layer, which indicates the tendency of th
silver to remove the (531) reconstruction of the vanadium
surface.

B. Tetragonal silver

The ordered bcc, bct, or hcp growth of otherwise fcc m
terials has already been observed, for instance,
copper26,27 and palladium films27 on various substrates. Fo
copper a nonequilibrium thin crystal structure is stable due
the only slightly larger volume energies of the equilibriu
fcc structure. Pd epitaxially follows the substrate in the P
W~100! system because the atomic radii of W and Pd
almost identical. The structure of very thick films is dete
mined by the difference in the volume energy and alwa
tends towards the bulk structure. In the situation wher
nonequilibrium crystal structure provides much better fit
the substrate lattice than any other orientation of the b
crystal structure, the smaller stress can make a nonequ
rium structure energetically more favorable over a la
thickness range.

For ultrathin silver films on V~100! we have presented
here clear experimental andab initio results which show tha
1–5 ML thick silver films on V~100! have a tetragonal struc
ture. Experimental evidence comes from the STM hei
measurements. We are, however, aware that one shou
particularly cautious, since STM is actually sensitive
changes in the charge density and not merely the topogra

Nevertheless, a substantial difference between the v
dium and silver terraces heights of 0.3–0.5 Å and the m
sured height between silver layers of 2.060.1 Å points to
tetragonal distortion of the silver film in the direction perpe
dicular to the surface, whereas at the same time the in-p
lattice parameter perfectly matches the lattice paramete
the underlying vanadium substrate.

From ab initio calculations we have obtained structur
parameters of the Ag/V~100! system. The values of interlaye
separations are in a very good agreement with the STM
sults establishing a clear picture of tetragonally distorted
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ver films. Moreover, calculations enabled us to additiona
probe the fine structural details which were not accessibl
the experiment. This concerns detailed relaxations of in
layer spacings of the first few vanadium layers as well as
silver adlayers. We have shown that upon the deposition
silver a stable tetragonal structure induces changes betw
the vanadium interlayer spacings. This is especially p
nounced between the first and the second vanadium l
where the tendency of silver to decrease the stress of
vanadium minimizes the overall energy of the system. The
fore we believe that the proper structural information is ve
important for calculations concerning the silver-vanadium
terface.

V. CONCLUSIONS

In conclusion, we have investigated the structure of 1
ML thick Ag films on the V~100! surface. The substrate su
face in the experiment was the (531) reconstructed V~100!
surface. This surface is a favorable substrate for the for
tion of ordered ultrathin silver films since it is relatively ea
to prepare a well-ordered V(100)-(531) surface. We fol-
lowed the formation of ordered silver layers by means
AES, STM, ARPES, and LEED and showed that upon de
sition and annealing the silver lifts the reconstruction of t
underlying vanadium and oxygen atoms are displaced fr
the surface and diffuse into the bulk. In this way unifor
layers of 1 or 2 ML thickness are formed and serve a
substrate for the deposition of thicker silver layers. The
moval of the vanadium reconstruction is explained by a v
large adsorption energy of silver atoms into the fourfold si
on the vanadium surface (>3 eV/atom) which minimizes the
energy of the system.

The tetragonal structure of ordered silver layers w
probed with STM. The in-plane lattice parameter of silv
matches the in-plane parameter of the vanadium, while,
the other hand, silver is tetragonally distorted in a direct
perpendicular to the surface. The STM heights of the sil
terraces and the calculated values are in excellent agreem
The calculations provide additional valuable detailed str
tural information regarding the relaxation of the first fe
vanadium interlayer separations, the workfunction and
adsorption energy for 1–5 silver layers.
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