Tailoring thermopower of single-molecular junctions by temperature-induced surface
reconstruction
Bailey C. Hsu, Chiung-Yuan Lin, Yau-Shian Hsieh, and Yu-Chang Chen

Citation: Applied Physics Letters 101, 243103 (2012); doi: 10.1063/1.4769814

View online: http://dx.doi.org/10.1063/1.4769814

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/101/24?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

The effect of fluctuations, thermal and otherwise, on the temperature dependence of thermopower in aromatic
chain single-molecule junctions

J. Chem. Phys. 138, 114706 (2013); 10.1063/1.4795496

Sr induced striped surface reconstructions formed on Si(111)
Appl. Phys. Lett. 93, 161912 (2008); 10.1063/1.3005594

Sb-induced reconstruction of the Si(112) surface
J. Vac. Sci. Technol. A 23, 609 (2005); 10.1116/1.1927104

Long-range order in a multilayer organic film templated by a molecular-induced surface reconstruction:
Pentacene on Au (110)
Appl. Phys. Lett. 85, 2777 (2004); 10.1063/1.1786655

Dynamics of the O induced reconstruction of the Rh(110) surface: A scanning tunnelling microscopy study
J. Chem. Phys. 115, 477 (2001); 10.1063/1.1368657

NEW! Asylum Research MFP-3D Infinity” AFM [~ roRD I

Unmatched Performance, Versatility and Support
The Business of Science®

Stunning high Simpler than ever
§ performance f. ¢ to GetStarted™

i

Comprehensive tools ] Widest range of accessories S
for nanomechanics for materials science and bioscience



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1018974610/x01/AIP-PT/Asylum_APLArticleDL_043014/Asylum-Research-MFP3D-Infinity-APL-JAD.jpg/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Bailey+C.+Hsu&option1=author
http://scitation.aip.org/search?value1=Chiung-Yuan+Lin&option1=author
http://scitation.aip.org/search?value1=Yau-Shian+Hsieh&option1=author
http://scitation.aip.org/search?value1=Yu-Chang+Chen&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4769814
http://scitation.aip.org/content/aip/journal/apl/101/24?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/138/11/10.1063/1.4795496?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/138/11/10.1063/1.4795496?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/93/16/10.1063/1.3005594?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/23/4/10.1116/1.1927104?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/14/10.1063/1.1786655?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/85/14/10.1063/1.1786655?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/115/1/10.1063/1.1368657?ver=pdfcov

APPLIED PHYSICS LETTERS 101, 243103 (2012)

@ CrossMark
& click for update

Tailoring thermopower of single-molecular junctions by temperature-induced

surface reconstruction

Bailey C. Hsu," Chiung-Yuan Lin,®>® Yau-Shian Hsieh,? and Yu-Chang Chen'3®
'Department of Electrophysics, National Chiao Tung University, 1001 Ta Hsueh Road,

Hsinchu 30010, Taiwan

2Department of Electronics Engineering, Institute of Electronics Engineering,
National Chiao Tung University, 1001 University Road, Hsinchu 30010, Taiwan
3Physics Division, National Center for Theoretical Sciences, 101, Section 2 Kuang Fu Road,

Hsinchu 300, Taiwan

(Received 22 August 2012; accepted 16 November 2012; published online 10 December 2012)

Recent experiments revealed that surface reconstruction occurs at around 300—400K in the
interface of Cgp adsorbed on Cu(111) substrate by scanning tunneling microscope techniques. To
understand effects of such reconstruction on thermopower, we investigate the Seebeck coefficients
of Cgp single-molecular junctions without and with surface reconstruction as a function of
temperature at different tip-to-molecule heights from first-principles. Our calculations show that
surface reconstruction can enhance or suppress Seebeck coefficients according to junctions at
different tip heights. We further observe that the Seebeck coefficient of the junction at d = 3.4 A
may change from p- to n-type under surface reconstruction. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769814]

Thermoelectricity involves the conversion between ther-
mal and electric energies. Research on thermopower is im-
portant to understand the renewable energy system that
converts waste heat to useful electric power.! Thermopower
(also called the Seebeck coefficient) describes a thermoelec-
tric phenomenon by which thermal energy is converted into
an electric current via a temperature difference. The Seebeck
coefficient, defined as dV/dT, where dV is the voltage differ-
ence caused by the temperature difference dT, is the most
important physical quantity for characterizing thermoelectric
properties. In recent years, fundamental properties of the
Seebeck coefficient and thermoelectric figure of merit (Z7)
single-molecule thermoelectric junctions have attracted many
theoretical>'* and experimental>™"? attentions, thereby pro-
viding new opportunities and challenges for exploring the nano-
scale renewable energy system. Single-molecule thermoelectric
junctions may have promising use in revolutionizing the design
of next-generation energy conversion devices at the nanoscale
level. For example, single-molecule junctions may be consid-
ered as gate effect controllable nano-refrigerators for appropri-
ate external biases in a range between the lower and upper
threshold voltages. Nano-refrigerator can perform better than
bulk thermoelectric refrigerators with the same thermoelectric
figure of merit ZT due to the suppression of local heating via the
size minimization, which prevents the overwhelming Joule
heating in the bulk system.”>' Single-molecule junctions may
also be considered as self-powered transistors.*>

The appearance of high-temperature superconductivity in
a doped Cgg has inspired the study of the mechanism of elec-
tron transfer of a Cgy monolayer on a metallic surface.?>*
Recent scanning tunneling microscope (STM) experiments
reported that interface reconstruction occurs at around 300—
400K for the Cgp molecule adsorbed on the Cu(111) surface.”
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Total energy calculations showed that the Cgp molecule tends
to dig a seven-atom vacancy on the Cu(111) surface, where
the geometry increases the adsorption strength that compen-
sates for the energy cost of vacancy creation.”” In the bulk
crystal, structural transition can cause a significant change in
the Seebeck coefficient. For example, vanadium dioxide
(VO,) undergoes phase transition from a rutile (high-tempera-
ture) to a monoclinic (low-temperature) crystal at 68°C. An
abrupt change of the Seebeck coefficient occurs at 68°C due
to structural phase transition.”® This illustrates that discontinu-
ities can happen in the Seebeck coefficients of the bulk crystals
as a function of temperature. However, no study has ever dis-
cussed such effects in nanojunctions, which motivates us to
investigate the possible abrupt changes in the temperature pro-
file of Seebeck coefficients in nanojuctions. The system we
choose to investigate is an STM—Cgp—substrate junction. Such
a junction undergoes surface reconstruction at around 300—
400K when the Cu(111) substrate is heated. This study sug-
gests for the time a possible way for experimentalists to
explore the temperature-discontinuities of the Seebeck coeffi-
cients in molecular junctions. This technique may have
considerable impact on the in situ characterization of single-
molecule junctions.

To determine the effect of surface reconstruction on the
Seebeck coefficient, we calculate the Seebeck coefficients of
Ceo single-molecule junctions with and without surface
reconstruction. The Cgp single-molecule junctions are mod-
eled as a Cgp molecule probed by STM. The STM tip is com-
posed of five tungsten atoms and the Cgy molecule is
adsorbed on the Cu(111) surface, as shown in Fig. 1. The
optimized structures of Cgp single-molecule junctions in the
unreconstructed and reconstructed cases are relaxed using
the Vienna ab initio simulation package (VASP). In the
reconstructed cases, a vacancy atom is initially dug on the
Cu(111) surface, and the optimized geometry of Cgy adsorbed
on the Cu(111) surface is obtained using VASP to relax the

© 2012 American Institute of Physics
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FIG. 1. The schematics of Cg single-molecule junctions in which the Cgg
molecule (bronze) is adsorbed on the Cu(111) surface (yellow) with an STM
tip composed of tungsten atoms (blue) (a) with and (b) without surface
reconstruction on Cu(111) substrate. d is the tip height.

structure. Consequently, the Cgp molecule sinks one-atomic—
layer into the Cu(111) surface. The previous first-principles
study shows that Cg can sit at an fcc or an hep site, and the
latter case is slightly energetically favored than the former.
Hence we adopt the hep-site model in calculating the thermal
power of the reconstructed case. The reconstructed surface
involves a higher amount of charge transfer from the Cgg
molecule to the Cu(l111) substrate. Thus, the transmission
function is highly relevant to the surface configurations. Sub-
sequently, we apply Nanodcal to calculate t(E), the sum of
the transmission probabilities from all channels, of STM-
based Cg single-molecule junctions with and without surface
reconstruction. Nanodcal is an implementation of density
functional theory (DFT) within the Keldysh nonequilibrium
Green function formalism (NEGF). The overall structure can
be divided into three regions: left lead, right lead, and center
scattering region. The center scattering region contains a Cgg
molecule, five tungsten atoms to represent the STM tip, and
three layers of crystal planes in Cu(111) from the top and
bottom electrodes.

To calculate Seebeck coefficients, the current / through
the STM-based Cg single-molecule junction is initially con-
sidered in a Landauer-Biittiker formalism

2e

I, Tes ug, Tr) = A

JdE(féf —f5)(E), (1)

where the Fermi—Dirac distribution functions are fé ® =1 /
[exp((E — pyr))/ksTi(r)) + 1], where ) and Ty are
the chemical potential and temperature in the left (right)
electrode, respectively. To obtain Seebeck coefficients, we
assume that the nanojunction is not connected to an external
battery and in thermal equilibrium, such that p; = uz = u
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and Tg = T, = T. When an infinitesimal temperature dT is
applied to the right electrode, the Seebeck effect induces a
voltage difference, dV, across the nanojunction. The Seebeck
coefficient is calculated by letting dI = I(p, T; u, T + dT)
+1(u,T; un+ edV,T) = 0. By expanding the Fermi-Dirac
distribution functions in dI to the first-order in d7T and dV,
the Seebeck coefficient (S =dV/dT) is obtained®’

o 1 Kl (:uv T)
where
0,
Kol ) = = are(e)E - P )

Equations (2) and (3) are applied to calculate the Seebeck
coefficients in this study. In the low-temperature regime,
Eq. (2) can be further simplified using the Sommerfeld
expansion®’

ot
§ T G 4)
e ()

The simplified equation above clearly shows that the See-
beck coefficient is positive (or negative) if the slope of the
7(E) is negative (or positive) near the chemical potential.
This correlation demonstrates that the Seebeck coefficients,
which are related to both the magnitude and slope of t(E),
can yield more information on the underlying electronic
structures than I-V measurements, the latter of which are
merely related to the magnitude of t(E). Equation (4) pre-
dicts that the temperature dependence of the Seebeck coeffi-
cient is linear due to the first-order Sommerfeld expansion.
For effects such as magnetic field asymmetries in the See-
beck coefficient due to inelastic scattering,”® going beyond
the first-order Sommerfeld expansion is crucial.

In this letter we compare Seebeck coefficients with and
without surface reconstruction in Cgy single-molecule junc-
tions as a function of temperature for junction. In both cases,
we also investigate the effect of the tip heights (denoted by
d) on the Seebeck coefficients, where d is the distance
between the STM tip (the bottom tungsten atom) and the top
edge of the Cgp molecule. Figures 2(a) and 2(b) compare the
functions t(E) of Cg single-molecule junctions with and
without Cu(l11) surface reconstruction for various tip
heights d=2.1, 2.3, 2.77, and 3.4 A. The comparison shows
that surface reconstruction generally enhances the transmis-
sion probabilities at the Fermi level for all junctions with
different d values. The result manifests that a higher con-
ductance is expected when surface reconstruction occurs,
which is remarkably consistent with the experimental meas-
urements. The enhanced conductance caused by the surface
reconstruction is possibly due to the shorter tip-to-substrate
distance and larger contact surface between the Cgo molecule
and the substrate. After surface reconstruction, the indenta-
tion of the Cu(l11) surface exerted by the Cgy molecule
shortens the tip-to-substrate distance. The shortened tip-to-
substrate distance decreases the width of the potential barrier
and increases the transmission probabilities, thus increasing
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FIG. 2. 7(E) calculated using nanodcal as a function of temperature for vari-
ous STM tip heights d =2.1, 2.3, 2.77, and 3.4 A in two scenarios: (a) with
surface reconstruction and (b) without surface reconstruction. t(E) is the
sum of transmission probabilities from all channels.

the conductance. The junction with d=2.1 A in the recon-
structed case has a larger 7(E) at the Fermi level due to a
much shorter tip-to-substrate distance than the other three
junctions with d = 2.3, 2.77, and 3.4 A.

We investigate Seebeck coefficients with (from 300 to
500 K) and without (from 0 to 400K) surface reconstruction
from for Cgp single-molecule junctions with various tip
heights d=2.1, 2.3, 2.77, and 3.4 A, as shown in Figs. 3(a)—
3(d). Initially, we observe that the tip heights can modulate
the magnitude of Seebeck coefficients of Cg single-molecule
junctions. Unlike the conductance that is merely proportional
to the magnitude of the transmission function, the Seebeck
coefficient is related to both the magnitude and slope of the
transmission function. This phenomenon results in more com-
plicated relationships between the Seebeck coefficient and

Appl. Phys. Lett. 101, 243103 (2012)

d than between the conductance and d. For example, junc-
tions with shorter tip heights (d =2.1, 2.3, and 2.77 A) show
n-type behavior (negative Seebeck coefficients), whereas the
junction with the largest tip height d=34A shows p-type
behavior (positive Seebeck coefficient) in the low-
temperature regime (from O to 300K). On the contrary, the
conductance generally decreases exponentially with increased
d because the transmission probability decreases exponen-
tially with increased d due to larger contact potential.

There is experimental evident showing that surface
reconstruction occurs when the temperature is increased to
around 300400 K in the Cg single-molecule STM junction.
Regarding the abrupt changes in the temperature profile of
Seebeck coefficients caused by surface reconstruction, the
ranges of temperatures within which the surface reconstruc-
tion is expected to occur are shaded in Figs. 3(a)-3(d). The
point to observe is the abrupt changes in the temperature pro-
file of Seebeck coefficients for each junction. We note that
there is a discontinuity in the temperature profile of Seebeck
coefficients at the surface reconstruction temperature when
surface reconstruction occurs. Particularly, for the junction
with d=3.4A, the Seebeck coefficient can even change
from positive (p-type) to negative (n-type) when surface
reconstruction occurs. The Seebeck coefficient is not only
related to the magnitude but also to the slope of the transmis-
sion function, which produces salient differences between
the conductances and Seebeck coefficients due to the effects
of surface reconstruction. These results can be seen in the
following discussions. Figures 3(a)-3(d) show that surface
reconstruction can enhance the magnitudes of Seebeck coeffi-
cients for junctions with d=2.3 and 34A and suppress the
magnitudes of Seebeck coefficients for junctions with d =2.1
and 2.77 A. This finding is in sharp contrast to the effects of
surface reconstruction on conductances. The effects of sur-
face reconstruction always enhance the conductance for a

FIG. 3. Seebeck coefficients of Cgg
single-molecule junctions without (solid
black line) and with (red dashed-dotted
line) surface reconstruction as a function
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of the temperature T for various tip heights
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given junction because the indentation of the Cu(111) surface
exerted by the Cgp molecule shortens the tip-to-substrate dis-
tance and thus increases the transmission probability. A more
detailed understanding of this relationship can be gained by
investigating Eq. (4) and Fig. 2.

In conclusion, a discontinuity at the surface reconstruc-
tion temperature can happen in the temperature profile of
Seebeck coefficients in single-molecule STM junctions. To
illustrate the possible abrupt changes in the temperature pro-
file of Seebeck coefficients, we theoretically investigate the
Seebeck coefficients of Cg single-molecule junctions with
and without surface reconstruction. The reconstruction indu-
ces the indentation of the Cu(111) surface exerted by the Cgo
molecule. Surface reconstruction enhances charge transfer
from the Cgy molecule to the Cu(111) surface, which leads to
crucial changes in electronic structures. Consequently, ab-
rupt changes in the conductances and temperature profiles of
Seebeck coefficients occur at the surface-reconstruction tem-
perature around 300—400 K. The junction with d = 34A can
even change the sign of the Seebeck coefficient from positive
(p-type) to negative (n-type) at that temperature. The See-
beck coefficient is related to both the magnitude and slope of
the transmission function, whereas the conductance is merely
determined by the magnitude of the transmission function at
the Fermi level. Consequently, the effects of surface recon-
struction on Seebeck coefficients are more complicated than
that on conductances. We illustrate this point by comparing
the effects of surface reconstruction on the conductance
and Seebeck coefficient. Surface reconstruction generally
enhances the conductance as experimentally shown due to
the shorter tip-to-substrate distance caused by surface recon-
struction. On the other hand, surface reconstruction can
enhance (d=2.3 and 3.4 A) or suppress (d=2.1 and 2.77 1&)
Seebeck coefficients depending on different tip heights d.
We suggest that future STM experiments explore the
temperature-discontinuities of the Seebeck coefficients, with
Ceo as one of the best candidates.
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