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Probing the electronic transmission across a buried metal/metal interface
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We monitored the sp-quantum-well states of Ag films on Pt(111) by angle-resolved photoemission in order
to examine the electron transmission across the Ag/Pt interface. For thin layers up to 3.5 nm, the Ag states are
characterized by broad quasiparticle peaks and a reversal of the parabolic curvature near the center of the
surface Brillouin zone. Remarkable departures from the expected nearly-free-electronlike band dispersion
persist in films of more than 14 nm thickness. First-principles calculations and symmetry analysis demonstrate
that the observed anomalies in the spectroscopic data can be straightforwardly linked to variations in the Ag/Pt

transmission coefficient in the energy-momentum space.
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I. INTRODUCTION

Interfaces between bulk crystalline metals are one of the
most basic building blocks of solid-state devices. Despite
their fundamental importance, their experimental character-
ization is notoriously difficult. Many techniques probing the
surface or bulk morphology of metals are available but often
either they cannot reach a buried interface or lack the sensi-
tivity to resolve the interface features. Even harder than the
structural analysis is the determination of the electronic
properties of interfaces. The degree of hybridization among
Bloch states across an all-metal junction or, in other words,
the transmission and reflection coefficients of a metal/metal
interface, is essential to describe in detail the electrical cur-
rent flow but it is difficult to determine experimentally.
Transport measurements can give only quantities integrated
in reciprocal space, including contributions from many dif-
ferent states in the vicinity of the Fermi level (Egp) of the
system. On the other hand, the probing depth of energy- and
momentum-resolved spectroscopic techniques is extremely
limited due to the strong interaction of the electrons with
matter (the inelastic mean-free path of electrons in solids is
smaller than 2 nm for electron energies 10-1000 eV). Ide-
ally, one should find a method to investigate the transmission
coefficient of buried metal/metal interfaces at individual
wave-vector values and different energies.

These requirements can be experimentally fulfilled by
using the energy levels of a thin metal film as a means of
investigation.! The junction between two semi-infinite crys-
tals is replaced by an epitaxial metal layer grown on the
surface of a metallic crystal. Due to quantum confinement
effects and under suitable boundary conditions, the film
valence electrons may give rise to discrete quantum-well
(QW) states,>™ in analogy to the particle-in-a-box picture.
These states can be regarded as two-dimensional waves,
which bounce repeatedly between the surface and interface
planes. By tuning their thickness-dependent band dispersion,
they are forced to intercept at different locations of the
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energy-momentum space the surface-projected bands of the
substrate and interact with them. If energy, momentum, and
symmetry matching relations across the interface plane are
satisfied, the film states (resonances) delocalize over the en-
tire system. Truly confined QW states, instead, form in ab-
sence of such conditions. The degree of hybridization of the
film states can be finally evaluated from their band disper-
sion and peak width by means of angle-resolved photoemis-
sion.

The success of the experiments described above depends
critically on the materials. Silver is a good candidate for the
formation of thin films. Epitaxial Ag layers with atomically
uniform thickness can be grown on several (even lattice-
mismatched) crystals. In addition, the sp bands of Ag are
nearly-free-electronlike in the bulk and exhibit a parabolic
in-plane dispersion in free-standing or weakly interacting
films. Deviations from this simple functional form, expected
in the case of strong coupling to the substrate, are easy to
identify. For these reasons, several photoemission investiga-
tions have recently dealt with confinement effects in Ag. In
a system where film and substrate have similar electronic
and structural properties, such as for Ag on Au(111),>¢
the QW state behavior agrees well with the predictions of
simple models. In other cases, where junctions between
dissimilar materials are formed, such as for Ag/W(110),’
Ag/Au/W(110),2 Ag/W(100),° and Ag/V(100),'%!! the photo-
emission analysis reveals atypical band dispersion and peak-
width variations in correspondence with the surface-
projected bulk band edges of the substrate.

Here we report on an angle-resolved photoemission study
of the sp-QW states which form in Ag(111) films grown
on Pt(111).'>!3 Ag and Pt are face-centered-cubic (fcc)
metals with moderate lattice mismatch [a,,=4.09 A, ap,
=392 A, (a Ag—ap)/ (ap) ~4%] and similar bulk electronic
structure, besides width and energy position of the d bands.
In spite of these common features, the QW levels exhibit
negative effective masses near the center of the surface Bril-
louin zone for the thinnest Ag layers and retain significant
departures from the nearly-free-electronlike behavior in films
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of more than 14 nm thickness. Symmetry analysis and first-
principles calculations, performed for in-plane commensu-
rate Ag/Pt systems, shed light onto the origin of the experi-
mental observations. The anomalous band dispersion and
spatial localization of the QW states are found to reflect the
complex hybridization relations occurring between Ag and Pt
bands with common symmetry and different in-plane disper-
sion. These findings demonstrate that spectroscopic investi-
gations of thin metal films offer a viable way to map the
energy- and momentum-dependent transmission coefficient
of a buried metal/metal interface.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The experiments were carried out at the VUV-Photo-
emission beamline on the Elettra synchrotron radiation facil-
ity in Trieste. The Pt(111) crystal was prepared by cycles of
Ar-ion sputtering and annealing, alternated with oxygen ex-
posures to remove surface contaminants. The clean Pt sur-
face displayed a sharp hexagonal low-energy electron dif-
fraction (LEED) pattern with a very low background. Ag
films were grown on the substrate kept at 140 K and succes-
sively annealed to room temperature, to favor the formation
of layers with atomically uniform thickness. The in-plane
lattice parameters of Ag films thicker than 6 monolayers
(MLs) (1 ML=2.36 A), evaluated by comparing film and
substrate LEED patterns, coincide with those of a Ag(111)
crystal, although the diffraction spots appear to be more
blurred. The photoemission measurement were performed

along the I'-M surface direction at room temperature with 48
eV photons by mean of an R-4000 Scienta electron analyzer,
which allows parallel acquisition of angle-resolved spectra
over 30° angular range.

Our theoretical results were obtained by scalar relativistic
ab initio density-functional theory (DFT) calculations within
the local-density approximation'* using the Jiilich FLEUR
code.”” This code implements the full-potential linearized
augmented plane-wave method'® and the Green’s-function
embedding method'” and thereby allows not only the effec-
tive treatment of transition-metal surfaces and interfaces but
also the calculation of transport properties and truly semi-
infinite surfaces. We applied this method to calculate the pro-
jected band structures of Ag(111) and Pt(111), the electronic
transmission at the Ag(111)/Pt(111) interface and the Bloch
spectral function for thin Ag films on Pt(111). In all our
calculations, we used an fcc(111) unit cell with an averaged
nearest-neighbor distance of 2.82 A to enable the construc-
tion of a lattice-matched interface. This accounts for a 2%
expansion (compression) of the lattice with respect to the
experimental bulk Pt (Ag) lattice constants. The differences
in the lattice constants were considered in a respective com-
pression or expansion of the interlayer spacing.

III. QUANTUM-WELL STATES AND INTERFACE
TRANSMISSION

Figure 1(a) shows an intensity plot of the photoemission
signal measured as a function of the momentum parallel to

the surface k along the I'-M axis for a 14 ML Ag film. The
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FIG. 1. (Color online) (a) Photoemission intensity map for a 14
ML Ag film on Pt(111). The dashed line encloses a region of diffuse
photoemission intensity near I'. (b) Schematic band dispersion of
the QW states displayed in (a). The effective masses of the bands
are reported on the right-hand side. The vertical bars along the n
=2 state indicate the full width at half maximum of the respective
photoemission peaks. (c) Photoemission spectra as a function of &
corresponding to (a).

most prominent feature close to Ep (saturated in the figure) is
the Ag(111) Shockley surface state. The other structures, la-
beled with the quantum number n, are sp-derived QW states,
arising from the finite film thickness. In a free-standing
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Ag(111) film, these states would show a nearly-free-
electronlike parabolic dependence for [k <0.50 A~','8 with
energies of the band bottoms determined by the film thick-
ness. The dispersion of the Ag QW states on Pt(111), instead,
is nearly parabolic only at relatively large k values. The re-
duced energy dispersion close to the center of the surface
Brillouin zone results in an almost flat bottom for the n=1, 2
bands. The n=3 QW band displays changes in slope in the
region about k= +0.4 A~' and a deep energy minimum at

the T point. This behavior is described more quantitatively in
Fig. 1(b), which reports the energy-momentum dependence
of the QW peaks of Fig. 1(a). While moving toward Ef, the
effective mass of the QW subbands m,,, derived from a para-
bolic fit to the data within the range |k|<0.10 A~' and ex-
pressed in terms of the electron rest mass m,, increases from
m3=0.23m, to m,=1.10m, and, finally, changes sign for the
n=1 state (-1.47m,)."% For Ag(111) film structures, one
would expect a totally different trend. First-principles calcu-
lations for a free-standing 13 ML Ag film give effective
masses of 0.30m,, 0.27m,, and 0.20m, for the n
=1,2,3 QW states, respectively.'® Experimentally, the QW
effective masses for Ag layers grown on Ge(111),"”
Si(100),%° Si(111),%° and Cu(111) (Ref. 21) are always posi-
tive and vary between 0.2m.—0.8m, as a function of binding
energy and film thickness.

Figure 1(c) reports a set of angle-resolved photoemission
spectra corresponding to Fig. 1(a) within the range —0.60
<k<0.17 A'. In a Ag film with negligible substrate inter-
actions, the intensity of the QW peaks is expected to fade
monotonically as a function of k, due to the finite lateral
coherence length of the potential well. The sp-Ag states lo-
cated within the symmetry gap of Cu in Ag/Cu(111) systems,
for instance, behave in accord with this model (Ref. 13).
Figure 1(c) displays a much more complex situation for the
Ag/Pt system. The n=1 peak, which is well defined in near
normal emission geometry, remains sharp in the region of
small dispersion and broadens only for k vectors, where a
significant increase in its energy dispersion can be seen. The
width of the n=2 peak, on the other hand, shrinks while

moving away from T and broadens slightly for [k
>0.35 A~!. This nonmonotonic k dependence is displayed
qualitatively in Fig. 1(b) by mean of the vertical bars,
which represent the full at half maximum of the photoemis-
sion peaks for the n=2 band. Finally, the n=3 state, which is
hard to identify near k=0, exhibits a behavior qualitatively
similar to that of the n=2 state. Notably, a diffuse photo-
emission signal characterizes the region where the QW states
deviate more strongly from the simple parabolic behavior
and the width of the quasiparticle peaks are broad. The
dashed line in Fig. 1(a) and the dashed area in Fig. 1(b)
identify this zone.

Details of energy dispersion and thickness dependence of
the sp-derived states are well discernible in the photoemis-
sion intensity maps presented in Fig. 2. The panels refer to
Ag films of (a) 22, (b) 45, and (c) 60 ML thickness. All QW
bands display deviations from the simple parabolic behavior
in the region enclosed by the dashed lines, already shown in
Fig. 1(a). These effects become gradually weaker with in-
creasing the film thickness. However, they do not vanish
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FIG. 2. (Color online) Photoemission intensity maps for (a) 22,
(b) 45, and (c) 60 ML Ag films on Pt(111). All panels report the
dashed line displayed in Fig. 1(a). (d) Inverse effective masses for
several film thicknesses. The gray, blurred curve highlights the
binding energy dependence of the effective masses for thick
(=22 ML) films.

completely and are still detectable in films as thick as 60
ML. In Fig. 2(c), dotted-dashed lines are used to highlight
the band dispersion of the n=2,5,11 QW states. The band
bottom appears to be flatter for the n=5 state than for other
states lying at higher and lower binding energy. Similar
trends are detectable also for thinner layers [Figs. 2(a) and
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FIG. 3. (Color online) (a) Calculated Bloch spectral function for
a 10 ML Ag film on semi-infinite Pt(111). The I'-M distance corre-
sponds to 1.28 A~!. The onset of the d bands below 3 eV is clearly
visible. (b) Calculated energy-momentum map of the transmission
probability (72) for the Ag/Pt(111) interface. Lighter colors identify
regions of higher transmission.

2(b)], whose energy levels near the I point appear to be
extremely flat at about 1 eV below Er.

In order to summarize the results of the photoemission
data, Fig. 2(d) reports the inverse effective mass for the QW
bands of several Ag films as a function of the binding energy.
For the thinnest layers (full symbols), the inverse effective
mass displays a linear dependence on the binding energy,
with negative values near 1.0 eV. With increasing the film
thickness, all values become positive (open symbols) but a
minimum is clearly detectable for each film thickness at
about 1.0 eV. Notably, the functional dependence of the in-
verse masses, highlighted by a blurry gray curve in the fig-
ure, persists in films of considerably high thickness, without
approaching the constant behavior that would be expected
asymptotically. Due to the electron escape depth, which is
shorter than 6 A in the present experimental conditions, the
photoemission measurements directly probe only states with
significant charge density in the topmost Ag film layers. Nev-
ertheless, the effects of coupling to the substrate modify the
band dispersion relations of the QW states which, being spa-
tially extended, propagate over the whole film thickness.
This can be regarded as a result of the boundary conditions
imposed by the substrate, with effects obviously not merely
localized at the interface.

The experimental findings can be understood by DFT cal-
culations, examining the electronic structure of bulk Pt and
Ag crystals, thin Ag films, and the Ag/Pt interface. Figure
3(a) shows the Bloch spectral function for a 10 ML Ag film
on a semi-infinite Pt(111) substrate, calculated along the

I’-M axis. To mimic the photoemission experiment, the con-
tributions from all Ag planes were added with an exponen-
tially decaying weight factor corresponding to a photoelec-
tron escape depth of approximately 4 ML. In the analysis of
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angle-resolved photoemission data, the Bloch spectral func-
tion has the same significance of the density of states for
angle-integrated measurements. In our case, we try to use the
Bloch spectral function to interpret the experimental results
while keeping in mind that: (i) final state or matrix-element
effects are not included in the calculations; (ii) our treatment
does not incorporate any k-dependent lifetime reduction in
the QW states; (iii) the intrinsic lifetime of the single-particle
states is simply approximated by a small imaginary energy of
27 meV for all states. Despite these restrictions, our theoret-
ical picture catches in detail all features characterizing the
electronic structure of the Ag/Pt system. We identify a trian-
gular area of diffuse background intensity, where substantial
differences from the nearly-free-electronlike behavior are ob-
served. Within this region, the n=1 state, hardy discernible

near I due to its low spectral weight, exhibits a negative
effective mass. The n=2 state tends to vanish while ap-

proaching the I' point and has a positive effective mass. The
n=3 state, finally, shows a deep energy minimum. Notably,
the dispersions of all QW bands seem to exhibit a kink at the
edges of the triangular area, in correspondence with a nar-
rowing of the quasiparticle peaks. Outside the triangular re-
gion all states tend to broaden gradually, but moderately, as a
function of k, with effects more evident for larger k values.
Our theoretical results demonstrate that the observed peak
broadening in the Ag/Pt system is largely attributable to hy-
bridization effects, and only to a lesser extent to the loss of
coherence in the potential well.

To understand these features in detail, we have to consider
the relevant electronic structure of the bulk materials in
terms of the surface-projected band structure. As shown in
Fig. 4(a), a single band (dark brown/gray area) is present in
Ag at binding energies up to 3 eV below Ep. This upward

dispersing sp band is symmetric along the I'-M direction
with respect to the remaining mirror plane. In a thin Ag film,
the continuum of states in the projected band structure be-
comes discrete and depending on the interaction with the Pt
substrate fully localized QW states or resonances are formed.
As the hybridization is only possible with states of the same
symmetry, we have to consider the projected band structure
of symmetric states in Pt [Fig. 4(b)]. Here areas with zero
(black), one (dark brown/gray), two (light brown/gray), and

three (white) Bloch states can be identified. At the " point,
the band diagram is defined by the projection of the Pt states
along the I'-L bulk line [Fig. 4(c)]. While moving from L to
I', we find a doubly degenerate A; band which disperses
downwards from Ef to 1.5 eV binding energy. About 0.2 eV
below Ep, the (symmetric) A; band disperses also down-
ward, leading to two states in this region [light brown/gray

segment at I in Fig. 4(b)]. Around 1.5 eV, the A; band ex-
hibits a flat minimum before it reaches I" at 1.5 eV. There-
fore, we observe three states in the region between 1.5 and

1.6 eV binding energy [white segment at I' of Fig. 4(b)].
Leaving the I'-L line in Fig. 4(c), we find antisymmetric
bands labeled with (2) that do not contribute to the band
diagram of Fig. 4(b). More significantly we identify sharply
upward dispersing states originating from the A; band, like
the symmetric (1) band along the L-X bulk line. Along the
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FIG. 4. (Color online) Bulk band structure of (a) Ag and (b) Pt
projected on the T-M surface axis (only states symmetric with re-
spect to the mirror plane are shown). The projection is schemati-
cally displayed in (c), together with the Pt bands, labeled according
to symmetry, along the X-L-I" bulk line. The continuous and dashed
lines in panel (b) display the energy-momentum dependence of the
bands originating from states with A, and A; symmetry at T,
respectively.

I’-M direction bands of this type give rise to states which

disperse downward in the vicinity of I and upward at larger
k values. Their energy-momentum relations are exemplified
in Fig. 4(b) for some k, values by thin dashed lines. Another
(1) band can be seen to disperse sharply downwards from the
A, band along L-X. When bands of this kind are projected

along the I'-M direction the resulting states lay within a tri-

angular region close to I, corresponding well to the area
where the experimental results identified departures from the
nearly-free-electronlike model. The band dispersion of the Pt
states in this region is sketched in Fig. 4(b) by thin continu-
ous lines. From this picture it is evident that the Ag states
near k=0 pick up the character of the corresponding Pt
states. The negative effective mass for thin Ag layers, the
atypical minimum in the inverse effective mass for thick Ag
layers, as well as the low spectral weight of the QW states

near I, reflect the high degree of hybridization between the
Ag and Pt states within the triangular area.
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The most interesting aspect of our study is the ability to
infer the properties of the Ag/Pt transmission coefficient 7
from the analysis of the spectroscopic data for Ag films on
Pt(111). Truly localized QW states form only if the film
boundaries are perfectly reflecting (7=0). On the other hand,
if the interface showed perfect transmission (T=1), the elec-
tronic states of the Ag layer would be indistinguishable from
those of the Pt substrate in a photoemission experiment. Any
finite transmission between these two limits (7=0 or 1) leads
to the formation of resonances in the Ag film, whose line-
width and intensity give a measure of the degree of transmis-
sion at the interface. Figure 3(b) shows the transmission
probability 7% of the Ag/Pt(111) interface, calculated for the

k points along the I'-M direction. Transmission can occur
only for energies and k values at which there are states in
both Ag and Pt. Hence the gaps in the projected band struc-
tures of the two materials, shown in black in Figs. 4(a) and
4(b), result in the areas of zero transmission in Fig. 3(b).
High transmission characterizes most of the area occupied by

the Ag states, especially close to I' and halfway from I to the
zone boundary. A notable exception is the reduced transmis-
sion along the band edge marked by the dashed line of Fig.
1, in correspondence with the recovery of the parabolic band
dispersion and sharpening of the QW peaks. From Fig. 3(b)
it is evident that the observed k dependence of the QW peak
width, associated with changes in the degree of hybridization
between Ag and Pt states, catches in detail the fine structure
of the transmission probability in the energy-momentum
space.

IV. SURFACE STATE

For the thinnest layers, the interaction between Ag and Pt
states affects not only the QW states but also the Ag(111)
surface state. In analogy to other systems, such as Ag films
on Ge(111),”> when the film thickness is reduced to few
atomic layers the surface-state wave function is sufficiently
delocalized into the film to feel presence of the supporting
material. For the Ag/Pt system, the effects of coupling be-
come clearly distinguishable for a 6 ML Ag film. Figure 5
reports photoemission data for this film thickness. The pho-
toemission intensity map in the panel on the top-right of the
figure displays the surface state as a bright feature, whose
parabolic dispersion is highlighted with a continuous black
line. In contrast with the observations for thicker Ag films
(Figs. 1 and 2), the surface-state peak appears to be much
broader, with a tail that extends to a binding energy of about
0.45 eV. Interestingly, the intensity of this tail drops more

steeply as a function of the binding energy near I' than at
larger k. This behavior can be visualized in the momentum
distribution curves of Fig. 5. These lines represent cuts of the
photoemission map at constant energies, taken every 15 meV
from 0.6 eV binding energy (bottommost line). The thicker
lines display the intensity of the photoemission signal at the
band bottom of the surface state (75 meV) and at an energy
where the k-dependent intensity drop gives rise to a dip
around k=0 (240 meV).

A very similar picture can be obtained in our ab initio
calculations for a 4 ML Ag film on semi-infinite Pt(111),
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FIG. 5. (Color online) Experimental momentum distribution
curves for the Ag(111) Shockley surface state derived from the
intensity map displayed in the top-right panel (Ag film thickness 6
ML). The bottom-right panel shows the result of first-principles
calculations for a 4 ML Ag film on semi-infinite Pt(111).

which are reported in the panel on the bottom-right corner of

the figure. Very close to f, the surface state shows no broad-
ening. Actually, the width of the surface-state intensity in the
Bloch spectral function of the surface layer is purely due to a
small imaginary part of the energy, introduced for technical
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reasons of visualization. That is, this state is a surface state
with infinite lifetime in our calculation, as it is expected from
the projected band structures of Ag and Pt, both having gaps

at the surface-state energy at I'. This situation changes as
soon as one considers the behavior of the surface state at
larger k values. Along its energy dispersion, the surface state
intercepts a continuum of surface-projected Pt bands with
which hybridization is allowed. As a consequence, the sur-
face states turns into a resonance with a finite lifetime. This
change in the degree of hybridization manifests in a photo-
emission experiment as a k-dependent broadening of the qua-
siparticle peaks.

V. CONCLUSIONS

In this paper, we demonstrate that the sp-QW states of Ag
films on Pt(111) can be employed as a probe of the hybrid-
ization strength between the two metals. By combining the
results of photoemission experiments and theoretical analy-
sis, we are able to establish a detailed correspondence be-
tween band dispersion and quasiparticle peak width of the
Ag QW states and the electronic transmission across the
Ag/Pt interface. This method can be applied to map the
transmission coefficient of junctions between thin metal
films and bulk metal substrates that mimic realistically semi-
infinite all-metal junctions.
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