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Thermoelectric effect in molecular electronics
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We provide a theoretical estimate of the thermoelectric current and voltage over a Phenyldithiol molecule.
We also show that the thermoelectric voltagéliseasy to analyz€?) insensitive to the detailed coupling to
the contacts(3) large enough to be measured, ddd give valuable information, which is not readily acces-
sible through other experiments, on the location of the Fermi energy relative to the molecular levels. The
location of the Fermi-energy is poorly understood and controversial even though it is a central factor in
determining the nature of conduction ¢r p type). We also note that the thermoelectric voltage measured over
Guanine molecules with a scanning tunneling microscope by Ralat, indicate conduction through the
highest occupied molecular orbital level, i.p-type conduction.
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[. INTRODUCTION show that the thermoelectric voltage (5 easy to analyze,
(2) insensitive to the contacts, arf@d) large enough to be
Electrical conduction through individual molecules measured. In fact, Pol@t al'®> measured the thermoelectric

chemically bound to gold contacts has recently been meaoltage (with a 20-K temperature differenc@ver a mono-
sured using scanning tunneling microscd®TM),>? break  layer of Guanine molecules with STM. In this paper we also
junctignsi3 and nanopore‘é_TheoretiCm calculations of the show that the thermoelectric voltage provide information on
current-voltage (-V) characteristics have also been reportedwhere the Fermi energy is relative to the molecular levels,
see, for example, Refs. 5—9. However, a detailed quantitative-d-, the sign of the thermoelectric voltage over the Guanine
comparison of theoretical and experimental results is madgolecule indicatep-type conduction.
difficult by two factors. First, the low bias conductance de-
pends strongly on the quality of the metal-molecule
contact$ which is ill controlled and poorly characterized
experimentally. Second, the conductance gap is determined The electrical transport through small conjugated mol-
by the location of the Fermi energy relative to the molecularecules chemically bound to at least one of the contacts can be
levels—a factor that is poorly understood anddescribed by the Landauer formula in terms of the transmis-
controversial®! One specific example of this controversy is sion[7(E)]:°
the “Tour wire” where experiment seems to indicate that the
Fermi energy is closer to the lowest unoccupied molecular e [«
orbital (LUMO),*? while theory predicts it to be closer to the | = —J T(E)[f1(E)—fo(E)]dE, (1)
highest occupied molecular orbitdHOMO).° This contro- mh )
versy is particularly unfortunate since the location of the _ ) ) ]
Fermi energy is a central factor in determining the nature ofiSsuming that the electronic states in the contacts are filled

conduction @ or p type. according to the Fermi distribution of the reservoifs,(f5).
The purpose of this paper is to show that a measurement
of the thermoelectric voltagésee Fig. 1 can provide new
insights into electron transport and allows us to estimate the
location of the Fermi energy relative to the molecular levels.
Analogous to the hot point probe measurements commonly H\S .
used to establish thp or n character of semi-conductors © @
I
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IIl. METHOD

a Contact 1
T,

(see, for example, Ref. 13the thermoelectric voltage yields

| C
valuable information regarding the location of the Fermi en- !
ergy. Previous proposals have suggested that the location of : 1/G
the Fermi energy can be deduced from the asymmetry of the 1I; .
|-V caused by asymmetric contatts? However, this is a Contact 2 T v

measurement performed far from equilibrium and requires
detailed knowledge of the contacts. In contrast the thermo- FG. 1. (a) Proposed experimental setup to measure thermoelec-
electric voltage is an easily interpreted linear response, anglic effects over a molecule with two contacts at different tempera-
what makes it particularly useful is that it is relatively insen-turesT,, T,. In this paper we focus on the Phenyl-dith{#DT)
sitive to the quality of the contacts. molecule (1) chemically bound to both contactereak junction

In this paper we estimate the thermoelectric current andetup and(2) with one weak contadtSTM measuremept(b), (c)
voltage over a PhenyldithidPDT) molecule; see Fig. 1. We Equivalent circuits defining the voltage, conductance, and current.
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If the transmission is not constafds a function of energy

a difference in the Fermi distributions due to a temperature
difference AT=T,—T,) will drive a thermoelectric current

at zero bias {V=0) (also see Ref. 24 For molecules the
transmission is often smootttompared to the thermal en-
ergy), which allows us to use the Sommerfield expanSion

e? e m2K3T JT(E) -12 °~ -10 -8
|=— —T(E)V+ — AT, (2
h mh 3 JE [c_¢ FIG. 2. Logarithmic plot of the transmission as a function of
f energy. Thin solid line: Transmission calculated from the Extended
where T is the mean temperature of the conta¢{g, Hickel model through the PDT molecule strongly bound to both
+T,)/2]. Similar expressions are available for heatcontacts. Thin dashed line: PDT weakly bound to one ¢kleH
transporﬁ7 distance 2.9 A Thick lines: The transmission fitted to Lorentzian
The thermoelectric current is usually small enough thatransmission peaks associated with the molecular energy lsess

we can use a linear equivalent circuit as shown in Fig).1 Eg. (5]. Note the widely different positions of the Fermi energy
The current sourcgsee Eq.(2)] has a resistance that is the (Er) suggested by different authors.
inverse of the low bias conductance:

cific molecule. On gold surfaces, PDT chemisorbs forming a
bond between the sulfur and gold. The strength of this bond
is difficult to estimate since the precise experimental geom-
etry is unknown. For a STM measurement the contact with

) . the tip is also weaker than the substrate bond. We therefore
Alternatively we could represent the effect in terms ofavo_It—C(,ijmate the transmission through the PDT molecule per-

age source Y{=1/G) with a series resistance as shown iNfectly bound to the gold contacfsee molecule 1 in Fig.
Fig. 1(c): 1(a)] and through a PDT molecule chemisorbed on only one
contact with different distances between the molecule and
22T sin(T(E contact 1[see molecule 2 in Fig.(@)].
VI _T"s n(7( ))‘ AT 4) Figure 2 shows the transmission thro_ugh the PDT mol-
1=0 3e JE ecule for perfect contacts on both sidsslid line) and one
weak contactdashed ling The position of the Fermi energy
As we will see below, this open circuit voltage can be large(E;) relative to the HOMO and LUMO levels is one
enough to measure and is relatively insensitive to the couef the main parameters affecting the current-voltage
pling to the contacts. characteristic$? As pointed out in the introduction, the po-
To obtain estimates of the low bias conductance and theition of E; is difficult to estimate. The suggested positions
thermoelectric voltage we need to calculate the transmissioaf E; range from(1) closer to the HOMO level®92%21(2)
as a function of energy for a molecule connected to metallienidgap, and(3) closer to the LUMO levef:'? see Fig. 2.
contacts. Here we calculate the transmission using the norgince the thermoelectric effect depends on the slope of the
equilibrium Green’s function formalism in conjunction with transmission aE; [Eq. (4)], the sign of the thermoelectric
extended Haokel (EH) theory (see Ref. 2bas described in  voltage and current will be determined by wheEg is lo-
Ref. 18. This is a simple but sufficient approximation for thecated relative to the molecular levels.
transmission through a molecule since, in our experience, the The thermoelectric voltage calculated from E¢#. and
qualitative features of the transmission is not very sensitivé5) is shown in Fig. 3 for a 10-K temperature difference at
to the methodHuckel, EH, orab initio) used, e.g., to com-
pare withab initio calculations see Ref. 8. What may require
an ab initio model is to theoretically predict the location of
E: with respect to the molecular levels. However, as ex-
plained in the introduction, the purpose of this paper is not to
predict the position oE;, but to relate the thermoelectric
voltage to the location oE;. We therefore takde; as an
adjustable parametdsee Ref. 26 to be determined from
experiments.

eZ

G= %T(Ef). ©)

‘E:Ef

Er (eV)

-11 -10 -9 -8

Ill. AN ILLUSTRATIVE EXAMPLE
) ) FIG. 3. Thermoelectric voltage generated by a 10 K difference
We choose to estimate the thermoelectric voltage acrossia temperature T, =300 K, T,=310 K) for different positions of

phenyl-dithiol (PDT) molecule[Fig. 1(a)] since it has been the Fermi energy K;). Solid line: PDT strongly bound to both
studied extensively after the experiment by Ret@l™® In  contacts. Dashed line: weak bond on one side. Thin dotted line,
any case, our objective is to provide a reasonable qualitativepproximated by Eq6). Inset: Logarithmic plot of the thermoelec-
estimate rather than an accurate quantitative value for a speic current.
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room temperatureT; =300 K, T,=310 K). Note that the To experimentally measure the thermoelectric voltage, the
thermoelectric voltage was calculated from a transmissiothermoelectric current has to be larger than any leakage cur-
fitted to Lorentzian peakSee Fig. 2, this removes the mag- rents. The thermoelectric currefiq. (2)] through the PDT
nification (by taking the derivativeof small numerical er- molecule is shown in the inset of Fig. 3. Since the thermo-
rors. UnlessE; is located very close to the middle of the electric current is proportional to the transmissidh) ( the
HOMO-LUMO gap the size of the thermoelectric voltage is magnitude of the current is strongly dependent on the
of the order 0.5-0.1 mV. Since the thermoelectric voltage isstrength of the interactions between molecule and contacts. It
proportional toAT [Eq. (4)], even smaller temperature dif- iS also important to realize that for very weak coupling to
ferences will give a measurable thermoelectric voltage. ~ both contacts, i.e., in the Coulomb blockade regime, the
The measured conductance of the PDT moledliles Simple decomposition of the transmission into HOMO and
smaller than the theoretical estimates by 2—3 orders ofUMO peaks(see Fig. 2 might not be enough to describe
magnitudé® This discrepancy indicate that the interactionthe thermoelectric effect. However, even for a molecule
strength between molecule and contacts is smaller than th#hich is relatively weakly connected to one contabtt
assumed in the mode{for STM measurements this is obvi- chemically bound to the other contashould give a thermo-
ously trug. It is plausible to believe that the molecule form a €lectric current of the order of-1100 pA; see the inset in
strong bond with one of the contacts and only interactd=ig. 3.
weakly with the second conta@lso see Ref. 27 However,
the calculated thermoelectric voltage with one weak contact
(Fig. 3, dashed linehas almost the same magnitude as the
perfectly bound moleculésolid line) and is slightly larger The position of the Fermi energy is one important ingre-
close to the transmission peaks. dient in understanding electrical transport through molecules.
To understand why the thermoelectric voltage is unafdt is also interesting since shifting the Fermi energy (ty
fected by weak contacts it is instructive to fit the transmis-doping,(2) the addition of side group$3) a gate field, oK4)
sion (Fig. 2) to Lorentzian transmission peaks: the use of different contact material, can be used to optimize
the molecular properties. Phenomena of this type can be
) probed and evaluated through a measurement of the thermo-
'y electric voltagecoupled withl -V measurements
TE)=2, 2 21 (5) In this study we have onl idered a sing| lecul
S (E—e)2+ (I + 1) %4 y y considered a single molecule
between the two contacts. However, unless the local struc-
ture of each molecule is different, the thermoelectric effect
es_hould only be affected trivially. It is possible that the de-
éailed structure of the gold atoms bonding to the molecule

HOMO-LUMO gap of PDT is mainly determined by two affect the charge transfer to the molecule and thus the posi-

: tion of the Fermi energy. If this is the case, the variations

levels that couple approximately equally to the contaste e

Ref. 28. Fitting the transmission to E¢5) using a least Could be mapped by STM measurements on different mol-
square fit [of In(7)] gives T';=I,=0.11¢eV, e ecules on a single substrate. Another simplification in our
——11.86 eV, ande,= —7.91 eV. For the weakly c’oupled work is that we only focus on the PDT molecule. Due to its
PDT rﬁoleculé(withza AU-H distance of 2.9 Athe least simple structure the transmission is almost symmetric around
squares fit gives I{,=0.11 eV): I';=0 '0042 eV e the middle of the HOMO-LUMO gap. For other molecules
— 1180 eV ands2=2—7 és oV 'i'hesle fit's give go’od 1ap- this need not be true. In this case, the interpretation of the

proximations to the calculated transmissiésee Fig. 2 thermoelectric voltage still provides an estimate of the Fermi

other Au-H distancegnot shown in the figunein the range em_errgy evin th?udgh |tt|;s Ies:ls stralgrtn (fjorward. t of th
1-5 A also fit the transmission well. 0 our knowiedge the only reported measurement of the

Assuming the Fermi energy to be situated in between th hermoelecltsric \(oltage over a molecule was performed by
HOMO and LUMO levels and far from the levelsE oleret al™™ Using a STM tip they measured the thermo-
— €, 4|, +T,|) we can Taylor expand Eq4) in the erZ- electric voltage over Guanine molecules on a graphite sub-

S - i strate. A detailed analysis of the measurement is not possible
(ir?z irfl;;lzd],the midpoint of the HOMO-LUMO g since thel -V characteristic was not measured in this experi-
—\€1 2 .

ment. However, the sign of the thermoelectric voltage indi-

cates that the electrical transport is conducted through the

HOMO level and the measured thermoelectric voltage was
AT. (6)  similar in magnitude to the value estimated here for PDT

(0.50.01 mV atAT=26.5 K).

An intriguing possibility is to use the thermoelectric effect

This shows that the thermoelectric voltage is, to first orderpver a molecular SAM as a thermoelectric element. Applica-
independent of the strength of the interaction with the contions of these elements include thermoelectric coolers
tacts, see thin dotted line in Fig. 3. This result is not limited(Peltier effect and power generators. We have performed
to the PDT molecule but valid for most conjugated mol- preliminary calculations on the efficiency of such elements.
ecules(see Ref. 28 However, the efficiency is limitedand largely determined

IV. SUMMARY AND DISCUSSION

whereg; is the energy of the two levels, add, andT’, the
broadenings by contacts 1 and 2. This approximation is us

SWzkéT 1 ( El+ €
=

€ (61_62)2 2

V||:o:
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by the lattice thermal conductivities of the SAM. We there- sible through other experiments, on the location of the Fermi
fore believe that until there are reliable estimates of the therenergy relative to the molecular levels.

mal conductivity any speculations on the efficiency of such
elements are premature.

In summary, we have shown that a measurement of the
thermoelectric voltage over a molecule(ly simple to ana-
lyze, (2) insensitive to the contact$3) feasible, and(4) This work was supported by NSF under Grant No.
should give valuable information, which is not readily acces-0085516—EEC.
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