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ABSTRACT Thermoelectric effects in tunnel junctions are currently being

revisited for their prospects in cooling and energy harvesting applications, and as
sensitive probes of electron transport. Quantitative interpretation of these effects
calls for advances in both theory and experiment, particularly with respect to the
electron transmission probability across a tunnel barrier which encodes the energy
dependence and the magnitude of tunneling thermopower. Using noble metal

surfaces as clean model systems, we demonstrate a comparatively simple and

quantitative approach where the transmission probability is directly measured
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experimentally. Importantly, we estimate not only thermovoltage, but also its energy and temperature dependencies. We have thus resolved surface-state

enhancement of thermovoltage, which manifests as 10-fold enhancement of thermopower on terraces of the Ag(111) surface compared to single-atom

step sites and surface-supported nanoparticles. To corroborate experimental analysis, the methodology was applied to the transmission probability

obtained from first-principles calculations for the (111) surfaces of the three noble metals, finding good agreement between overall trends. Surface-state

effects themselves point to a possibility of achieving competitive performance of all-metal tunnel junctions when compared to molecular junctions. At the

same time, the approach presented here opens up possibilities to investigate the properties of nominally doped or gated thermoelectric tunnel junctions as

well as temperature gradient in nanometer gaps.
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hermoelectric effects in tunnel junc-

tions have recently regained signi-

ficant interest in the context of
transport through single molecules’* and
prospects for solid-state cooling.”> Thermo-
voltage in tunnel junctions is also the basis
for scanning thermovoltage microscopy, a
technique based on scanning tunneling
microscopy introduced by Williams and
Wickramasinghe nearly three decades ago.®
Scanning thermovoltage is capable of
attaining chemical information’® and
enhancing the sensitivity of quasiparticle
interference imaging,®'® both of which va-
luably complement more traditional tunnel-
ing spectroscopy.'’

Although thermovoltage itself is rela-
tively straightforward to measure in a
nanoscale junction, establishing its relation
to the transport properties of this junction
is much more ambiguous. Revealing this
relation is essential to make the relevant
techniques quantitative and to chart
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deterministic pathways toward improve-
ment of thermoelectric performance of
nanojunctions. Within the context of scanning
tunneling microscope (STM) experiments,
the challenge of a quantitative interpreta-
tion of thermovoltage measurements is the
relative difficulty of a quantitative analysis
of the transport problem both experimen-
tally and theoretically. This includes, of
course, the normally unknown atomistic
and electronic structure of the STM tip.
Additional uncertainty lies in the tempera-
ture gradient across a nanojunction,'*"?
which will generally deviate from macro-
scopically measured AT and will introduce a
systematic error into the estimation of the
thermopower or Seebeck coefficient from
the measured thermovoltage using Sy, =
Vth/ATmacro-

At present, the interpretation of many
experimental and theoretical works on ther-
movoltage in molecular junctions'~'®
relies largely on DFT-based calculations of
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the transmission coefficient of the junction (o(g)).
Thermopower is then estimated as

kg’ T (d Ino(E))
Sth =
Er

3e dE )
analogous to the Mott formula for thermopower. Like
the Mott formula, eq 1 is valid in the regime of linear
response, weak energy dependence of the transmis-
sion coefficient o(e), and cryogenic temperatures.'’
Though some of these conditions are perhaps valid for
experiments, the biggest uncertainty in this case is
reliance on the theoretical o(e), which may strongly
depend on the chosen method of calculation'®'® and
can be subject to its own errors.*°

Scanning thermovoltage experiments are gener-
ally interpreted with the fundamentally similar
approach'®?' 2 that was put forth by Stovneng and
Lipavsky?> (SL) in the early 1990s. The SL model also
arrives at a Mott-like formula for a tunnel junction, but
it does so by following the Tersoff—Hamann approx-
imation for a tunnel junction under the assumption of a
spherically symmetric (s-type) wave function at the tip.
Under a further assumption of a WKB-like exponential
dependence of the local density of states of the surface
(ps(r,€)), the expression for the thermovoltage for a
junction between the tip (at temperature T1) and the
surface (at temperature Tg) is

w2k (T2 —T2) [dInpslrr, &) alnplrr,e) z [2myg
Vin = + Sy
6e de d¢ A\ o

Er

()

where my is the free-electron mass and ry is the
geometric center of the tip-apex. The tunneling pro-
cess contributes a linear term in z (tip—surface
distance), which some of us have recently verified in
STM experiments on a silver surface.?® However, the
material-specific parameters (first and second term in
eq 2) are not readily accessible from the experiments.
Although tunneling spectroscopy may directly mea-
sure the electronic density of states as ps ~ ((d/)/(dV)),
eqs 1 or2require, at the very least, to measure a second
derivative of current ((d?/)/(dV?)) to estimate ((3p)/(d))
and from that the thermopower. This is not trivial to do
accurately, given the typically high values of tunneling
resistance, operating temperatures close to 300 K, and
small signals. A number of papers applied eq 2 (or
numerical integration of the more general Tersoff—
Hamann-based expressions) to interpret the contrast
arising from the standing waves of the surface-state
electrons, addressing not only observed Friedel oscilla-
tions but also their spatial decay.”'®?? The respective
models do indeed provide a very good match to
experimental observations in a number of respects,
primarily because the oscillatory component of the
density of states in the vicinity of extended defects
(due to Friedel oscillations) is well-defined. However,
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the absolute magnitude of the observed thermovol-
tage is not exactly reproduced.'®?? The values for other
surfaces where tunneling thermopower has been mea-
sured (such as silicon,?? graphene?”) also remain to be
quantitatively understood.

Here we present a combined experiment—theory
approach to interpret experiments on tunneling thermo-
voltage, which relies on the well-known Landauer
formalism to remove some of the above-mentioned
limitations and experimental uncertainties. We employ
experimental tunneling spectroscopy data to directly
estimate quantitative values of thermopower at any
temperature. To illustrate its applicability, we charac-
terized pure Ag(111) and Au(111) surfaces and the
Ag(111) surface covered with metal particles. Outside
of the methodological utility, the most interesting
consequence of this analysis is a surprisingly large
Seebeck coefficient of the Ag(111) terraces which we
ascribed to the close proximity of the surface state
band minimum to the Fermi level. In fact, our results
reveal that all-metal junctions can be very competitive
with the presently known molecular junctions with
respect to thermopower, and they can likely be super-
ior in terms of overall efficiency of thermoelectric
energy conversion due to minimum achievable,
though not negligible,?® thermal coupling across the
gap. Furthermore, since our approach still relies on a
single-particle tunneling picture, its experimental con-
sistency allows for a future search of interesting cases
where many-body interactions of different nature
could be identified and analyzed.

RESULTS AND DISCUSSION

Thermovoltage Measurements. Our general observa-
tion from all the experiments on the Ag(111) surface,
including the bare surface and surface with metal
nanoparticles, is that the thermovoltage signal is al-
ways largest on the surface terraces and in locations
away from metal nanoparticles. This is seen in the
thermovoltage images in Figures 1 where single-atoms
steps, Pt nanoparticles, and Fe nanoparticles on the
silver surface are always seen as regions of lower
thermovoltage (Figure 1b,f). This overall contrast does
not depend on the specific temperature of the mea-
surement or even the physical tip and its termination.
Lower values on single-atom steps? and copper nano-
particles on Ag(111)” were also previously reported.

From eq 2 the thermovoltage contrast stems from
both surface-specific and tunneling terms, the latter
scaling as 1/+/¢, where ¢ is the barrier height. Both of
these terms can and do contribute to the observed
contrast.?>?® Another potential but experimentally
rather ambigious source of contrast in thermovoltage
measurements is the local variation of the thermal
gradient due to local changes of thermal coupling
across the gap.'>?® To ascertain the origin of the
observed thermoelectronic contrast, we acquired
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Figure 1. Scanning thermovoltage images of the Ag(111)
surface with a small coverage of metal nanoparticles. (a)
Constant conductance STM image and (b) corresponding
thermovoltage image of Ag(111) with Fe nanoparticles;
(e) constant conductance STM image and (f) corresponding
thermovoltage image of Ag(111) surface with Pt nano-
particles; (c, d) line-profiles of thermovoltage signal across
images in (b, f) correspondingly. Scale bars are in units
of mV.

distance-dependence of thermovoltage over the ter-
races, steps and nanoparticles.?® The corresponding
data are shown in Figure 2. We observe that despite
large differences in the absolute magnitude of the
thermovoltage, the slopes of Vi, vs tip—surface dis-
tance are approximately similar in all cases. This sig-
nifies that the observed contrast is not arising primarily
from the vacuum-term, or the differences in the barrier
height (at least to within the measured accuracy). The
similarity of the slopes further suggests that the differ-
ences are relatively minor in the local temperature
gradient.”® Alternatively, if indeed either the tempera-
ture gradient or vacuum terms dominated the ob-
served contrast in thermovoltage, the respective
Vin(2) dependencies would cross (or almost cross) at
the assumed z = 0 point (see eq 2). As seen in Figure 2,
the Vi (2) dependencies measured over the atomic
steps and terrace may indeed cross. However, the
extrapolated crossing point is —2.1 nm and —1.3 nm
for Figure 2a and Figure 2c¢, correspondingly. This is
much too large to be compatible with the width of the
tunnel junction. The situation is less clear in Figure 2b,
although given the magnitude of the error bars we do
not believe the difference here can be solely due to the
vacuum terms.

Because of the significant slope of Vi,(2), quoting
one specific value for the thermopower of the junction
is unjustified. Using the minimum-observed values
however and assuming that AT drops solely across
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Figure 2. Distance dependence of tunneling thermovolt-
age. (a—c) Comparison of distance dependencies over
steps and terraces obtained from three different measure-
ments. Macroscopic sample temperature was set at 330.7 K
in (@), 315 K (b), and 283 K (c), while the microscopic
temperature of the tip of 298 K in all three measurements.
(d) Comparison of the Ag(111) terrace and Pt nanoparticles.
The surface temperature was ~340 K. The data presents
averages of 10—50 individual distance-dependent spectra
of tunneling thermovoltage.

the junction, we obtain values of —40 uV/K for the
terrace and —3 uV/K for the step in Figure 2a, —85 uV/K
for the terrace and —56 uV/K for the step in Figure 2b,
and —44.5 uV/K for the terrace and —11 uV/K for the
step in Figure 2c. Although the individual values scatter
significantly, the difference in Sy, between the steps and
the surface is much more consistent, being —37, —29,
and —33 uV/K for Figure 2a—c, correspondingly. These
values are consistent with a previous measurement of
—45 uV/K” Notably, the values for the terraces by
themselves are at least an order of magnitude larger
than what is expected for bulk silver.?® Since the step
sites have a lower work-function, according to eq 2 the
thermopower should be larger at the steps than at
the terraces, opposite to the experimental trend. The
contribution, however, is small; a difference of ~0.5 eV
in the work-function would amount to only 0.5—
3.5 uV/K at 300 K. The order of magnitude larger
difference observed experimentally must therefore
be intrinsic to the surface and related to the differences
in the electronic structure.

Systematic analysis of the differences between
various clusters and topographic features on a surface
requires, of course, the knowledge of their electronic
structure. To simplify the problem and obtain a good
quantitative reference for theoretical calculations, we
also compared thermovoltage of bare Ag(111) and
Au(111) surfaces measured with the same physical
tip (Figure 3). As seen in Figure 3a,b, thermovoltage
on Ag(111) is about a factor of 5 larger than that on the
terraces of Au(111) (Figure 3c—e), a remarkably large
contrast. Both thermovoltage images appear “streaky”
along the short scan axis due to inevitable and con-
tinuous modification of the tip apex at room
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Figure 3. Direct comparison of thermovoltage on Ag(111)
and Au(111) surfaces obtained with the same physical tip.
(a, b) Thermovoltage images of clean Ag(111) and Au(111)
surfaces, in each case showing distinct contrast due to
single atom steps. Note that the step-terrace contrast is
reversed between Ag(111) and Au(111) surfaces. (c) Line
profile of thermovoltage across Ag(111) surface. (d) Com-
parison of thermovoltage histograms obtained from
images (a) and (b). (e) Line-profile of the thermovoltage
across Au(111) surface. Temperature of the surface was
stabilized at 340 K during the measurements. The bulk of
the STM tip is at 298 K.

temperature (which effectively results in large thermo-
voltage noise). This, in particular, results in a very broad
distribution of thermovoltage values (with a net width
up to 0.8 mV). The relative mean value of the thermo-
power of the Ag(111) surface (<Saga11)> = (Vesure> —
<Vstep>)/AT) equals ~ —20 uV/K, a lower estimate due
to broadening. From the line-profile (which corre-
sponds to approximately the same tip condition for
all the values) in Figure 3¢ we obtain ~—32.6 uV/K, in
excellent agreement with the point spectra in Figure 2.
For Au(111) terraces, a similar estimate gives a value
of —4.7 uV/K.

Also note that on Au(111) the thermopower of the
steps is larger by a factor of 2 (~—12 uV/K, Figure 3e)
compared to its terraces. As a result, the step-terrace
thermovoltage contrast is inverted between Ag(111)
and Au(111) surface. As we will show in the following,
the reason for this difference is that the effect of the
surface state is almost negligible on Au(111), although
steps do suppress the surface state band on both
surfaces. However, the fact that steps themselves
appear to have significant thermopower in their own
right and that steps on Ag(111) and Au(111) surface
have approximately 2-fold difference in thermovoltage
(Figure 3c vs Figure 3e) is quite noteworthy and has to
be rooted in the localized electronic structure of the
step sites.

High-quality tunneling thermovoltage measure-
ments by other groups also showed almost negligible
values of thermovoltage on the Au(111) surface on the
terraces far away from single atoms or steps. In the
vicinity of the steps thermovoltage shows oscillatory
behavior due to screening of the step-potential by the
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surface state and the resulting Friedel oscillations of
electron density (they can be seen in Figure 3b). In this
case, there is an added energy-dependent component
of the surface state density that will contribute to
thermovoltage.®?>

Theoretical Calculations of Thermopower. Prior to pre-
senting our Sy, estimations both theoretically and
employing experimental d//dV spectra, we revisit the
most common approximations employed for the esti-
mation of Sy, in tunnel junctions paying attention to
their adequacy for being employed in conjunction with
experimental data. Assuming the substrate and tip are
in chemical and thermal equilibrium with their respec-
tive reservoirs with chemical potentials s and u, and
temperatues Ts and T+, respectively, the thermovoltage
Vi is defined from the condition

IV = 0,Ts, T7) + lin(Ven, T, T) = 0 (3)

where Iy, is the thermal current at zero bias and / is the
electronic current evaluated at T = 1/2(Ts + T7) under a
bias of Vi, = (ur — us)/e. Here we follow the usual STM
convention whereby positive bias implies a net current
from the tip to the sample (empty states at the surface).
The thermopower or Seebeck coefficient, Sy, is then
given by
o = - im, @

with AT=Ty — Ts.

A general single-particle expression for the current
is provided by the Landauer formalism as

WV, Ts Tr) = / dea(e) {fm (%)
oo B

€ —ur —eVv/2

where of(¢) is the transmission coefficient (or differ-
ential current) and frp stands for the Fermi—Dirac
distribution. If no approximations are made in eq 5,
Vin needs to be solved numerically by finding the
voltage at which the electric and thermal currents
cancel out (condition given by eq 3). However, and
given that thermovoltages attain very small values (of
the order of 0.1 mV or lower), it is common to linearize
the electric current as I(Vy,, T, T) = o(u)Vin, with u =
1/2(us + u7), to obtain an explicit expression for the
thermopower:
S = ln(V = 0,Ts, Tr) ©)
a(WAT

The linear assumption should be valid as long as o(e)
remains constant within a ~[—kgT, kgT] interval
around u.

The well-known Landauer expression for single-
particle thermopower is obtained by expanding Fermi—
Dirac distribution functions around x and 7'7303!
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All our numerical tests show hardly any differences
between approximations 6 and 7, both yielding essen-
tially the same thermovoltages as the exact result
derived from eqs 4 and 5. However, as discussed in
the following, eq 7 is particularly well-suited for analysis
of expeirmental data.

Stovneng and Lipavsky, in their analysis of thermo-
voltage in tunnel junctions, applied Sommerfeld-like
expansion to eq 5, approximating thermoelectric cur-
rent as®®

22
kg

IV =0,Ts,Tr)~ 6

(T2 —THo' W) (8)
which then leads to the Mott-like expression for the
thermopower

2.2

k
Sy = % Tlin o) 9)

which predicts a linear dependence of Sy, with tem-
perature. Notice that eq 9 can also be obtained from
eq 7 in the limit of T =0, where

o (ngT#> T ole
Lunde and Flensberg'” studied the range of validity of
the SL approach eq 9 versus Mott's approximation
(where the temperature is included in the conduc-
tance, o(u) = o(u,T) to find that the latter works better at
high temperatures. In the next section we will also
examine the accuracy of these approaches focusing on
the range of variation of o(¢g) around u.

In order to address the origin of the large thermo-
power values found at the Ag(111) terraces compared
to Au(111) terraces, we have performed a comparative
study for the clean (111) surfaces of the noble metals
following the ab initio formalism described above. In
Figure 4a, we present the calculated surface state (SS)
band dispersion for the Cu, Ag, and Au(111) surfaces.
The onsets of the SS bands are —434, —80, and —354
meV, respectively, in fair agreement with experimental
reported values of —435, —63, and —484 meV.3? We
next calculated the transmission coefficients, ofe),
across an STM setup by placing a semi-infinite tip block
at several heights (z=4—8 A) from the surface. For each
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case the tip was assumed of the same element as the
surface with a sharp one-atom ended apex. We adopt
this choice because the experimental tips were always
prepared by soft contact with the metal and, therefore,
we expect the apex to end up covered with the same
material as that at the surface. For the Ag case we
additionally considered a more blunt three-atom ter-
minated apex. Figure 4b shows the resulting differen-
tial currents normalized to the conductance, o(e)/o(u),
for the three metals and a tip height of z = 5 A. Al
curves reproduce the step at the onset of the SS well.
The bulk background shows a slight positive slope
which increases with z (data not shown).

Seebeck coefficients, Sy, calculated for the three
surfaces are displayed in Figure 4c as a function of
temperature T = 0.5(Ts + Ty) and three different tip
heights. In order to test the validity of the different
theoretical approximations, we plot with solid lines the
values obtained with the most general approach eqgs 4
and 5), with dotted lines those obtained after lineariz-
ing the electrical current (eq 6), and with dashed and
dashed-dotted lines the SL and Landauer formulas
(egs 9 and 7, respectively). The four approaches yield
very similar thermopowers for Cu and Au, with an
almost perfect linear dependence with temperature
and small negative values of just a few uV/K. The slopes
in both metals attain negative values and increase in
absolute value as the tip is retracted. Only for Au at the
closest tip—sample distance of z=4 A is the sign of the
slope inverted, and the thermopower attains positive
values.

The case of silver, however, is quite different; Sy,
deviates considerably from linearity showing a curva-
ture that yields Seebeck coefficients of up to —10 uV/K
at RT, that is, almost 1 order of magnitude larger than
for Cu or Au. Calculations predict approximately 5-fold
enhancement of thermopower on Ag(111) relative to
Au(111) surface, in very good agreement with the
experimental data in Figure 3. We have additionally
checked that the thermopower does not depend on
the precise location of the tip after placing the apex
end atom on top of a surface 3-fold site to find that the
normalized conductance is indistinguishable from the
atop case, which is an expected result given the large
spatial delocalization of the SS.

In the case of Ag(111), the SL approach deviates
substantially from the rest already at 150 K, while the
Landauer expression yields results indistinguishable
from the exact ones (solid lines superimposed on the
dashed-dotted lines). The linearization approach of eq 6,
on the other hand, is not as accurate as it presents small
deviations at high temperatures. The reason for en-
hancement of Sy, and the failure of the SL theory in
the case of silver is obviously the far from smooth of(e)
behavior around u due to the proximity of the SS, which
shoots the [[In o(u)]’ term in eq 9 making further terms
in the Sommerfeld expansion involving higher order
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Figure 4. Theoretical analysis of tunnel junctions. (a) k-resolved DOS projected on the surface layer of the semi-infinite
Cu(111), Ag(111), and Au(111) surfaces. (b) Normalized transmission coefficient, a(¢)/o(u), for the Cu(111) + Cu-tip, Ag(111) +
Ag-tip, and Au(111) + Au-tip systems. For the Ag case (middle column), results for two different tips are shown: sharp one-
atom ended apex (dark line) and a blunt 3-atom ended apex (gray). (c) Thermopower as a function of temperature T for the
three surfaces and three different tip heights, z;,, indicated in angstroms close the each solid line. Solid lines correspond to
the general approach of eqs 4 and 5, dotted lines after linearizing the current via eq 6, dashed lines to the SL formula 9 and
dashed-dotted to the Landauer expression 7, although they are not visible due to perfect match with the solid lines. See text

for further explanations.

derivatives necessary. Indeed, if we artificially place the
chemical potential precisely at the SS location, even
larger Seebeck coefficients of around —25 uV/K can be
obtained. The theoretical analysis therefore, confirms
that the proximity of the SS band onset to the Fermi
level is the main factor responsible for the large thermo-
power measured on the Ag(111) terraces.

Calculation of Thermopower Based on Tunneling Spectrosco-
py. Experimental analysis should not be limited to
relative contrast of thermovoltage. In the following,
we discuss how cryogenic tunneling spectroscopy can
be used to estimate both high temperature values of
thermopower and its actual temperature-dependence.
The Landauer expression 7 is the best suited for an
experimental approach to the thermopower. It is es-
sentially exact and does not include any [[o(e)]’ terms
which would require measuring the second derivative
of current, (d?/)/(dV?), a challenging task particularly at
elevated temperatures. Still, the experimental applica-
tion of eq 7 in order to recover Sy, (u,V) is complicated
due the lack of direct measurement of o(e). However, at
cryogenic temperatures, such that af(e — u)/de = 6(e — ),
tunneling spectroscopy becomes a direct measure-
ment of the differential current, di/dV = G =
((e®)/(h)o(e)), provided it is more or less free from
instrumental artifacts (most notable is that the mod-
ulation techniques used to acquire the first derivative

MAKSYMOVYCH ET AL.

of current, d//dV, are conditioned to as small instru-
mental broadening as possible, or the effect of the
broadening are accounted for systematically).

Figure 5a compares tunneling spectra acquired
over a clean terrace on the Ag(111) surface and over
single atom steps. The statistics was derived from at
least 30 spectra acquired on a grid of surface positions,
while the spectra were acquired with a lock-in amplifier
and a minimal oscillation amplitude of 1—2 mV.
Though any STM tip can detect the surface state, the
exact shape and intensity of the resonance varies
rather significantly, as is seen from the difference in
the shape of the two blue lines in Figure 5a. The surface
state is quenched at the step (red line), significantly
increasing the measured conductance of the step-site
below —60 mV. We do, however, observe a small peak
at the Fermi level, which could originate from the tip
state.

Upon inserting these spectra into eq 7, one may
analyze the thermopower as a function of temperature.
In Figure 5b, we present the resulting temperature
dependence of Sy,. Thermopower at 330 K extracted
from a variety of data sets falls into the range of —19 +
5 uV/K and —2.6 + 2 uV/K at the terraces and steps,
correspondingly. These values agree reasonably well
with those obtained from direct thermovoltage mea-
surements shown in Figure 2, although the value for
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Figure 5. (a) Average tunneling spectra of the Ag(111)
terrace and single-atom steps acquired at 4.5K (with tip
and sample in thermal equilibrium). The data is the ampli-
tude signal from the lock-in amplifier (oscillation amplitude
1.5 mV at 750 Hz). (b) Temperature-dependence of thermo-
power at the step evaluated at the true chemical potential
(1) vs that of the terrace at u (blue) and for its minimum
value close to the energy of the surface state band mini-
mum (red). (c) u-dependence of thermopower at 300 K
calculated from (a) using eq 7. (d) u-dependence of thermo-
power over the terrace for five different temperatures, 50,
100, 200, 300, and 400 K progressively increasing along the
direction of the black arrow.

the terrace is systematically lower by at most a factor of
2. The possible sources of disparity are (1) instrumental
broadening of the STS spectra in Figure 5a, which
decreases the STS-extracted value of thermopower;
(2) vacuum component of thermovoltage, which in-
creases the directly measured value and is still influen-
tial given the small overall magnitude of thermo-
voltage; (3) sensitivity to subtle changes of the tip
states, because thermopower is roughly proportional
to the derivative of the DOS. Tip effects in particular,
may easily explain why the absolute values of thermo-
power from Figure 2a—c are not as consistent as the
relative difference between the step and the terrace.
Furthermore, the very large value of thermovoltage on
the step, measured in Figure 2 probably indicates that
it is entirely tip-state dominated. As a corollary, focus-
ing on relative rather than absolute values using some
reference object on the surface is probably a better
approach to quantitative interpretation of tunneling
thermovoltage measurements.

The projected data in Figure 5b also shows a nice
qualitative agreement with the theoretical temperature
dependence of thermopower displayed in Figure 4c.
In particular, negative values are obtained for the entire
temperature range and deviation from linear behavior
can be inferred above 100 K. This is not surprising given
the good correspondence between the o(e) curves in
Figures 4b and 5a. However, we should note that the
theoretical Sy, values are consistently around a factor
two smaller than the projected ones. The reason can be
ascribed to the underestimation of the relative height

of the surface state step with respect to the bulk
background in Figure 4b, since it is roughly half the
value measured by cryogenic STS. We are not certain
for the reason for this discrepancy as it may be related
to any of the various approximations employed in our
theoretical formalism or to the actual tip shape. In this
sense, and despite both a one- and three-atom ended
apexyielding very similar o(¢) curves, experimental tips
providing good resolution in STS data are generally
believed to be much more flat (large radius of
curvature). A more detailed comparison of theoretical
and experimental transmission coefficient will be pub-
lished elsewhere.

Another highly interesting aspect of eq 7 is that it
allows to study the dependence of the Seebeck coeffi-
cient on the chemical potential (varying u is nominally
equivalent to band-filling or classical doping, though
its detailed interpretation should be taken with care). In
Figure 5c, we present the projected S (du) curves
evaluated at RT after employing the spectra in
Figure 5a. The SS band introduces a pronounced dip
in thermopower, the magnitude of which can be as
large as —90 uV/K, at the energy of SS onset. On the
contrary, thermopower has an almost negligible en-
ergy dependence at the steps. Temperature depen-
dence of thermopower at the terrace is manifested as a
gradual broadening of the surface state derived dip,
Figure 5d. This process will gradually increase the
corresponding values both on resonance and at the
Fermi level Er (Figure 5d). Although the measured
values should be approximately linear with tempera-
ture, below 100 K the magnitude drops to near-zero
values.

CONCLUSIONS

We have performed a thermovoltage study of the
Ag(111) surface following different perspectives:
(i) directly acquiring thermovoltage scans at terraces,
steps, and adsorbed metallic nanoparticles, (ii) per-
forming ab initio calculations for the conductance, of(e),
across an STM junction comprising a defect-free sur-
face and a sharp tip apex, and from that applying the
Landauer formalism to extract the thermopower via
eq 7 and (iii) same as (ii) but employing cryogenic STS
data instead to obtain o(g). As our main result we have
found that the Ag(111) terraces present large thermo-
power values, up to one order of magnitude larger
than those found at the steps, the adsorbed nanopar-
ticles or other noble metal surfaces. The explanation
becomes rather straightforward after taking into ac-
count the step in the conductance at the onset of the
surface-state band and its proximity to the Fermi level.
Quenching of the surface state band by the step,
adsorbates, and nanoparticles due to local changes
of lattice symmetry, band-folding, and chemical bond-
ing will eliminate the strong resonance in o(e) and
reduce the overall magnitude of thermopower. The
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physical picture is that the surface state band makes
the probability of electron and hole transport across
the barrier asymmetric around Fermi level, and this
asymmetry (equivalent to particle hole asymmetry in
conductors) is strongly reduced in its absence.

We need to stress that temperature and energy
dependence of thermopower projected from cryogenic
STS data applies to the junctions used to acquire the STS
data and measures only the DOS contribution to ther-
mopower. The effects of carrier-diffusion, electron—
phonon, and electron—electron interactions cannot be
captured by this method because there is no thermal
gradient in the measured leads. Although this may be
considered a weakness, a “clean” separation of the DOS
effects from other contributions of thermopower can be
a potent method to look for alternative strategies to
enhance thermoelectric performance, including DOS
engineering,***magnetic degrees of freedom,3>3¢
and dimensionality effects>’

Finally, we note that surface-state enhancement simi-
lar to that observed on Ag(111) can make tunnel junc-
tions very competitive if not superior to other tunnel
junctions so far considered as candidates for thermo-
electronic applications. Most notably, at present a large
number of single molecule junctions*'®*? and single

METHODS

Experimental Methods. A Ag(111) surface was prepared in
ultrahigh vacuum using standard procedures of Ar" sputtering
and postannealing to 700 K. Metals (Pt and Fe) were deposited
from an e-beam evaporator onto a surface held at room
temperature. The surface was postannealed to no more than
420 K after evaporation. Thermovoltage experiments were
carried out using a variable temperature scanning tunneling
microscope (derived from Omicron VT-SPM) following the
procedure described previously.?® Briefly, the temperature gra-
dient was established by either cooling or heating the sample
surface to the tip (assumed to be at 294 K). Thermovoltage was
measured by nullifying thermoelectric current at zero applied
bias using a PID controller. For imaging the thermoelectric
signal, the STM feedback was switched from a constant current
(lr = const) to a constant conductance (d//dV = const) mode,
where a small AC voltage (2—3 mV, 800—900 kHz) applied to
the tunneling gap was used to measure dhk/dV. Distance-
dependent thermovoltage spectroscopy was carried out with
the PID controller (and AC amplitude nullified) or simply by
acquiring |-V curves in the vicinity of zero bias as a function of
tip—surface distance. The comparison between the Ag(111) and
Au(111) surfaces was carried out with the same physical tip,
within less than 1 h interval separating the measurements (to
allow for thermal equilibration of separate sample holders).
Spatial resolution of thermovoltage achieved in this paper is
~1 nm, at least partly due to the relative bluntness of the STM
tip. Cryogenic tunneling spectroscopy was acquired in a low-
temperature scanning tunneling microscope (SPECS JT-STM) at
4.5K with the parameters specified in the text.

Theoretical Methods. All the calculations have been performed
with the GREEN code*? and its interface to the DFT-based
SIESTA package.*® The calculation of the transmission coeffi-
cient, o(e), across an STM setup is treated with open boundary
conditions and requires first a series of self-consistent calcula-
tions for different parts of the system as explained in detail in
ref 44. We explored the (111) surface of the noble metals Cu, Ag,
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atom junctions® have been measured and predicted.''®
For the most part, the magnitude of thermopower rarely
exceeds 50 uV/K in molecular junctions, but much smaller
values around 5—20 4V/K are more common'®*' and are
also characteristic of atomic junctions.>**® Though Ag-
(111) by itself has a thermopower of —10 to —20 uV/K,
changing the chemical potential to bring it closer to the SS
onset can produce a value up to —100 uV/K (Figure 5d),
which would be one of the highest values reported for
local junctions. To shift the surface state one can invoke
dielectric barriers,*° such as a thin oxide or molecular
film. More generally resonances at the Fermi level can
be introduced with all-metal quantum wells, where
the position and possibly width of the resonance can
be designed on demand through an appropriate
choice of the elements constituting the quantum
well-junction and the thickness of the metal layers.*’
Linear increase of thermopower will translate into
quadratic growth of ZT. Moreover, vacuum junctions
have the smallest possible thermal conductivity. Its
value for molecular junctions is still unknown, but it
will be significantly higher nonetheless. Therefore,
correctly engineered vacuum junctions can be an
interesting candidate for elements with improved
overall thermoelectric performance.

and Au via (1 x 1) 10 layers thick slabs. The tip apex for each
element was modeled via (4 x 4) slabs comprising 9 bulk layers
plus a sharp 10 atom pyramid stacked below (see insets in
Figure 4b). For the Ag case, we additionally considered a blunt
tip after removing the end atom at the apex. Finally, in order to
address the tip—sample combined system we generated (4 x 4)
10 layers thick slabs placing the surface at the top of the slab
and the apex at the bottom. The size of the supercell along
the slab normal was varied in order to consider different
tip—sample distances.** The self-consistent Hamiltonians for
all the slab and bulk cells were computed within the SIESTA
formalism and under the generalized gradient approximation
(GGA) for the exchange-correlation energy.*® For the genera-
tion of the numerical atomic orbitals employed by SIESTA as
basis set we defined a double-¢ polarized scheme and set
confinement energies of 100 meV for all atoms except those
close to the vacuum region (first two surface layers in the
surface slabs and all apex atoms in the tip slabs) for which
highly extended orbitals were defined after setting the con-
finementenergy to 10 meV. Real space meshes with a resolution
of ~0.07 A> were employed for the numerical integration of
three-center integrals, while Brillouin zones (BZs) were sampled
with (15 X 15) k-grids. The first three interlayer spacings at the
surfaces and all apex atoms in the tip slabs were allowed to relax
until atomic forces were smaller than 0.01 A/eV, with the rest of
atoms fixed to bulk positions.

Once the Hamiltonians for each block were computed and
stored, we calculated the Green's functions (GFs) and scattering
states for a semi-infinite surface after matching the bulk and
surface slabs via GF techniques.** Our calculation scheme
allows to easily extract the density of states projected (PDOS)
on the surface layer along high symmetry lines in the BZ and
hence, obtain the surface state band dispersion superimposed
on the bulk continuum of states (see Figure 4a). Semi-infinite
blocks for the tips together with their scattering states were
generated in a similar way, although the apex is considered
asisolated after removing the interactions with its replicas in the
(4 x 4) slab calculation and allowing mixing of all tip k-points

VOL.8 = NO.12 = 12110-12119 = 2014 K@}Nﬁ@i{\j

WWwWW.acsnano.org

12117



(i.e., the BZ at the apex is shrinked to the Gamma point). The
elastic transmission coefficient, o(g,V), was then evaluated for
each tip—sample distance calculating the GF of the entire
system up to first order in the tip—sample interactions, which
is equivalent to consider just one tunneling process (this
approximation is highly accurate in the tunneling regime). On
the other hand, and since we are primarily interested on the
surface states, we employed a wide band limit (WBL) at the tip
by fixing its DOS(e) to that calculated at the Fermi level, u. If we
further assume that under an applied bias V all the potential
drops in the vacuum region the transmission coefficient will
only depend on the energy at the sample, o(¢,V) = o(¢), and we
may drop the V dependence in the transmission coefficient. For
the electronic transport calculations we employed imaginary
parts of the energy entering the GFs of 100 meV for the bulk and
just 5 meV at the surface layer in order to obtain a good
resolution. Accordingly, and given the high dispersive character
of the metal bands around g, the BZ sampling at the surface
had to be increased considerably employing up to (256 x 256)
k-grids to achieve a smooth o(e) curve.
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