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We present a study of the thermoelectric effects in tunnel
junctions. In particular we calculate the thermopower
coefficient S and the Peltier coefficient /7. For macro-
scopic junctions we demonstrate the sensitivity of S and
IT to the structure of the density of states. For mesoscopic
Junctions we show that Coulomb effects modify the or-
dinary Onsager picture and the relation I7=TS. The
coefficients S and IT are found to be very sensitive to the
coupling of the junctions to the external world. We
analyze measurements of the thermopower in granular
films in terms of the thermo-Coulomb effects. We com-
ment on the relevance of these effects to scanning tun-
neling microscope measurements.

1. Introduction

During the last five years, considerable interest has been
directed towards tunnel junction systems where the dis-
creteness of the electronic charge plays a prominent and
observable role [1]. These systems involve at least one
ultra-small conductive element with a capacitance C, such
that its charging energy E, is larger than the thermal
energy:

E.=e2/2C>k,T. (1)

The theoretical and experimental study spans from the
simplest element - a single mesoscopic normal tunne}
junction - to systems of 2-D arrays of junctions. New
phenomena, such as the Coulomb blockade, Coulomb
staircase, and single charge solitons have been predicted
and observed. All these phenomena depend on the electric
response of the systems, that is, the response to an ex-
ternal driving voltage, charge, or current sources.

Being mesoscopic systems, their electric response is
crucially sensitive to the nature of the external driving
circuit. Motivated by the new understanding, we expect
that the thermal response of the junctions will show phe-

nomena analogous to those studied in the electrical re-
sponse, while new phenomena will be observed in the
thermoelectric response [2].

As a first step in this direction we present here a study
of two thermoelectric effects, Seebeck and Peltier, in me-
soscopic normal junctions. We show that the temperature
dependence of the thermopower coefficient S and the
Peltier coefficient I7 is very sensitive to the nature of the
external circuit. Moreover, the ordinary Onsager picture
[3] has to be modified as well as the relation I7T=T'S.

In Sect. 2, we review the definition of S and 1. We
demonstrate the sensitivity of these coefficients to the
structure of the normalized density of states in Sect. 3.
We show that, for a finite energy gap, S diverges as
1/T, while for a dip in the density of states (DOS) it
decreases exponentially with decreasing temperature. Our
main message concerns thermo-Coulomb effects - ther-
moelectric effects in mesoscopic junctions where charging
effects are important. We demonstrate the sensitivity of
S and IT7 to the coupling of the junctions to the external
circuit (measuring or driving) and discuss the validity of
the Onsager picture in such junctions, in Sect. 4.

In Sect. 5, we analyze measurements of the thermo-
power in a granular material in terms of thermo-Coulomb
effects. Finally, the conclusions are presented in Sect. 6.

2. The thermopower and the Peltier coefficients

The Seebeck effect is the development of a voltage V
across an open junction (zero electric current) when a
temperature gradient A7 is applied. The operational
definition of the thermopower coefficent .S is

S= hi v (2)
= Iim —,
AT—0 AT

where V'is the measured voltage across the open junction
(infinite external resistance).

Alternatively, V is defined as the applied voltage re-
quired to balance the current due to the temperature gra-
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dient. For macroscopic junctions both definitions yield
the same result. Moreover, within linear response theory
(applicable for macroscopic tunnel junctions), the electric
current passed through the junction is

I(V,AT)~ lim A AT
( ) AT—0 oAT V=0
ol
+ lim — (3)
v—o OV AT=0

Hence, the thermopower coefficient for I(V, AT) =0 may
be expressed as

—> (4)

AT=0

which is the form typically used for calculations.

The Peltier effect refers to the heat current that passes
across the junction when the two sides are kept at equal
temperature and an electric current 7 is forced to flow.
Accordingly, the Peltier coefficient /7 is defined as

oI
IT=lim —-2
I—0 al

(5)

AT=0

Within linear response theory,
oI ovilTt . .
= , IT is given by

using the relation

ov oI
oI
lim ﬁ
V=0 AT=0
=" 6
e ©)
im =
y—o OV AT=0

which has a form equivalent to that of (4). Using the
Onsager relations for the off-diagonal terms

% AT=0= EZ—IT V=O’ @)
we obtain the following relation

II=T78§. ] ®
Note that, similarly to (5), we can obtain

S=1lim 0l , )

o 01 AT=0
which motivates us to view S as the measure of the en-
tropy transferred per carrier.
3. The effect of the normal density of states

In this section we consider macroscopic junctions, so that
the charging energy contribution may be ignored and the

linear response definitions of the thermopower coefficient
and the Peltier coefficient are applicable. For such a tun-
nel junction, the electric current passed through it is
I=e(r—1), where the electron tunneling rates from the
right and left, respectively, are

+ o

| DIEYD,(E—eV)[T(E~eV)

yr=

%R

x[1=fTAT(ENdE, (10)

T DUED,(E—eV) £ THT (B

—

<[1— fT(E—eV)]dE. (11)

1
J=
e’ R

Here f7(E)=1/lexp(E/kyT)+ 1] is the Fermi-Dirac
distribution function, D, (E) and D,(E) are the right and
left electrode normalized DOS [4], and R is the normal
state resistance of the junction, which includes the nor-
malization factors of D,(E) and D,(E).

The partial derivatives of the current with respect to
the temperature difference and the voltage are given by

lim _il_
ar—o OAT |,y
1 E0fT(E)
=R _IOO Dz(E)Dr(E)? 7K dE, (12)
.0l
lim ET%
AT—0 VAT=O
_1 + o afT(E)
=R J' D,(E)D,(E)( 2 >dE. (13)

o0}

For normal metal tunnel junctions we evaluate the in-
tegrals using the Sommerfeld expansion

e o fT(E) N m ,
_jm G(E) [_T] dE~G(0)+g(kBT)2G 0)

(14)
and obtain
o1 n?kiT
lim —— ~ 2" 1D,(0)D,(0)] 1
Jim AT R Rer PODO) (15)
. oI
Im —
y—o OV AT=0
1
~R {D;(0),(0)+§ (nks T)*[D,(0) D, (0)]"} . (16)
The thermopower coefficient is then given by
SzﬂzkéT [D,(0) D, (0)) '
3¢ D(0)D,(0)+¢(nk,TY[D,(0)D,(0)]"
(17)



Note that, when the second derivative may be ignored,
S is proportional to the temperature times the logarithmic
derivative of the normalized DOS, which is the known
result for bulk metals.

Next, we consider a model junction {motivated by the
semiconductor DOS) with electrodes that have the fol-
Jowing normalized DOS

D, E<-—4
D(E)=30 —A<E<A (18)
\D, E>4A

where D, and D, are constant normalized DOS below
and above the gap of size 2 4. Since there is a finite gap,
the Sommerfeld expansion is not applicable. To proceed,
we express the current as

2 4w
_Dﬂ

_e?j

eV+4

[fT(E—eV)—fTTT(E)dE

19)
D

& | /T (E=en)=[THT(E)dE.

For low temperatures, 4> k,7, the Fermi functions
of the first integral may be approximated as
f(EYy=xexp(—E/kyT) and one minus the Fermi func-
tions of the second integral can be approximated as
1 f(E)=exp(E/kzT). Using these approximations,
(19) is integrated and

D? A
I=—= -
oR [kBTexp< kBT>

V+4
—ky(T+AT)exp <—ke(Tj:AT))]

2

D,
— Nk, (TH+AT
+eR [B( + )eXP<

(20)
4
kB(T+AT)>

—ky T exp <—e:+TA>] .
B

The thermoelectric power may now be calculated from
(3) to give

A A
ZVY (DD exp | ~
(kB-I-T>( »— D) p< ka>

S=—
A
e(D}+ D?) exp <_kBT>

k, /{D?—D3}\ 4

m ( : Z) : (21)
e \D:+D; /) k;T
ol
In this case, both the electric conductivity <ﬁ> and

the temperature gradient contribution to the current
1 . .
< > are exponentially small with the same exponen

AT
tial dependence (oc exp <— >> Therefore, S is pro-

kyT
portional to the ratio of the prefactors. This result is
qualitatively different if there are allowed energy states
in the gap region. For example, if there is a small density
of states in the gap region, the numerator of (21) will still
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Fig. 1. The effect of gap states (Dg) on the thermopower. Equation
(22) for D,/D,=1.5. The lines (1)—(5) are for D,/D,=0.0, 0.01,
0.1, 1.0, 10.0 respectively

be exponentially small for low temperatures, but the de-
nominator will contain algebraic terms in 1/7. Hence,
the exponential terms will no longer cancel and S will
exponentially decrease as T—0. For a finite density of
states in the gap, such that
D, E< -4
D(EY=4§D, —A4<E<A, (22)
D E>A

a

the thermopower coefficient is

S A

kB/ekaT

1+kBT <ex i%—l)
x a \FPr,T

A
x In (exp—k T+1>]
B

5 D2~ Dj] o)

D2+ D7+ D? <exp 4 ——1)
a e \FP LT

In Fig. 1 we show the effect of D, on the temperature
dependence of S.

4. Thermo-Coulomb effects
in mesoscopic normal tunnel junctions

The response of a mesoscopic tunnel junction strongly
depends on its coupling to the “external world” (the im-
pedance of the external driving or measuring circuit). For
example, the /-V characteristic of a current driven junc-
tion is qualitatively different from that of a voltage biased
Jjunction. Consequently, one must reinterpret the stan-
dard Onsager picture

J=[L]F, (24)
L,=L,
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where J are the generalized fluxes and F are the genei-
alized forces. For the thermoclectric effects

1 vV
Fl=—A,u=e—

L=1I,, F=A <%>

This picture holds only in the limit of “forces control”,
that is, voltage and temperature gradient A7 bias in the
thermoelectric case. We emphasize that both the ther-
mopower and Peltier coefficients are originally defined
for current control. (An open junction may be viewed as
current controlled with I=0.) Hence, for mesoscopic
junctions, there is no unique definition for S and I7, and
each possible definition (which yields a different temper-
ature dependence of the coefficients) depends on the
measurement setup.

We proceed now to calculate the thermopower coef-
ficient for three limits. First, following the original def-
inition for S, we obtain

J_I
i 6’

:< V>time
S_—FAT ) (26)

Here {V ). is the time averaged voltage of an open
circuit junction. This case is equivalent to a zero current
source, that corresponds to the limit

T, <Tp<Tg, 27
where 7, is the time of the tunneling [5], 7, is the dwell
time (the time between tunneling ecvents) and 7 is the

response of the external circuit (infinite in this case). The
average voltage is given by

CPume iy~ 55 ey o8)

where (n) is the average number of charges that have
tunneled across the junction (in the direction of the tem-

perature gradient). p . (n) is the steady state solution of
the master equation [6]

ap(rz,f):

ot rin+Dpr+ L0+ m—Dpmn—1,1)

—[r(m+Imlp 1), (29)

where the electron tunneling rates are
1 + o 82
rm=2og _j = (E”2_>

0 (52 1 (e)
x [1—f””< —52)] dE (30)
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Fig. 2. Solid line: Calculated thermopower for a mesoscopic open
junction. The electrode normalized density of states are assumed
to be linear D(E)=D,+ D, E/E,, with D,/D =0.01. The calcu-
lation is made for a fixed ratio AT/T=0.01. Dashed line: Calcu-
lated thermopower for the same system as the solid line except the
tunneling rates used in the calculation do not include the charging
energy

1(n)=e—21i | D/(E)D, (E—ﬁ ¢ >

c 2cC
T+AT ne’ e
X f (E) [l_fT<E~F_2—E>:I dE
(31)

Following Amman et al. [5], p., (%) is given by

[T o] | il 0

i= —a i=n+1

=S T e [ 1 o]

j=—0o Li=—w i=j+1

(32)

In this limit, the charging energy reduces the tunneling
rates, and hence S decreases exponentially at low tem-
peratures, as shown in Fig. 2.

The thermopower may be interpreted as the imposed
voltage required for /=0 when a temperature gradient
AT is applied. When an ideal voltage source is assumed
(1 is smaller than 7, and 7, or zero external impe-
dance), the external circuit shorts the capacitance, and S
is the same as for a macroscopic junction [Eq. (17)].

A more interesting case is that of a dwell source (in-
termediate external impedance), that is

T <Tp<Tp. (33)

This limit may be either a closed circuit junction with a
non-ideal voltage source or an open circuit with 2 non-
ideal voltmeter. To calculate the thermopower coefficient
we use the definition of S in (4), I=e(r—1[), and the
transition rates

rzﬁ ﬂjw D, (E—E,)D,(E—eV)fT(E—eV)
x[1— fT*4T(E—E,)]dE. (34)



(! is similarly defined.) In the limit £ <k, T, S is given
by (17). In the opposite limit we approximate f(1— f)
in the equation for r as a constant s in the range
eV<E<E,

E—eV E—-E
~ — —_— |}, 35
e (=0 7)o () G
Using this approximation and a similar one for / we get
k E
S~-£D(E) =, 36
2D (36)
where
H(E,)

e E E
{ [D,(E—EC)D,(E) <E_ 1> +D,(E)D,(E~E,) E} dE

§ IDJ(E—E.) D, (E) + D,(E) D.(E~ E)]dE
0 (37)

For macroscopic junctions the Peltier coefficient I7 is
directly obtained from S, using (8). We emphasize again
that I7 is the average energy carried by the tunneling
charges. Hence, the heat current I, differs from the Joule
heat which is a measure of the heat production rate (due
to the current I).

For mesoscopic junctions (8) does not hold, and 17
has to be derived separately. The original definition of
the Peltier effect implicitly assumes the current source
limit. In this limit, the entropy productin due to the charge
tunneling (in the direction of the voltage drop) is:

(-2
A485= T ac (38)
T

where V- is the voltage before the tunneling event. Hence,
a4V .
(48> :e< T > and the Joule heating is I{AV) (as

expected).
The averaged excess energy transferred in each of the

2
e
tunneling events is <e Vi + C > . Therefore, the averaged
heat current is

o> =(<V> 455 )1
=;<<V>+—é->1. (39)

A more detailed discussion of the time dependence will
be given in a forthcoming publication.

5. Thermopower and magneto-resistance
of oxidized bismuth films

In this section we review low-temperature measurements
of resistance, magnetoresistance, and thermoelectric
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Fig. 3. Relative resistance increase, [R(7)—~R(4.2K)]/R(4.2K),
versus temperature for a single Bi film oxidized in steps. Each curve
is labeled by the value of R (4.2 K)

power in semicontinuous bismuth films [7]. The coupling
between grains is controlled by sequentially oxidizing in-
dividual films. Our focus is on the crossover regime where
we observe a new and striking behavior of the thermo-
power. A possible explanation based on the Coulomb
blockade in small-capacitance tunnel junctions is pro-
posed. Magnetoresistance data suggest that a sharp
charging energy onset occurs when the average intergrain
tunnel resistance exceeds ~ /e’

Samples were prepared by vapor deposition of
99.9999% purity Bi onto room temperature glass
substrates in an oxygen atmosphere of 50 mTorr. The
films were deposited in a four-probe bridge pattern
(0.8 x 10 mm?) with nominal thickness 55-70 A as defer-
mined by a quartz crystal monitor. A 300 A SiO layer
was then deposited over the conduction channel, allowing
for slower, controllable oxidation. Films prepared in this
fashion had post-deposition (dc) sheet resistances, R, of
< 1kQ. Transmission electron and scanning tunneling
microscopies indicate that the films are composed of
closely packed crystalline Bi grains which form a multiply
connected, filamentary structure. The grains are irregu-
larly shaped with diameters ranging from 200 to 1000 A.
Exposing the films to air at room temperature promotes
the growth of insulating Bi,O, at the granular surfaces.
The corresponding increases in R to values > 100 kQ are
associated with a reduced intergrain coupling and the
development of a percolative structure, as discussed in
detail elsewhere. Details of the experiments are described
in [7].

Figure 3 shows the typical low-temperature resistance
behavior for one of our films. For R (4.2 K)<k8kQ the
resistance increases as In 7, with a slope that agrees with
weak disorder theories for two-dimensional systems [8]
and is consistent with previous studies of thin, homoge-
neous Bi films. The temperature dependence for R (4 3K)
> 8 kQ is faster than In T (approximately 7~ '/2), but
not yet exponential. For example, forcing a fit to the
strong localization form [9], Rocexp{(T,/T)~ 121 yields
1, <20mK. Such a low value for 7 is not cons1stent
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Fig. 4. Thermoelectric power versus temperature for the same film
for which resistance data is shown in Fig. 3. Dashed lines are guides
to the eye

with the condition 7> 1; for which this expression ap-
plies.

The thermoelectric power, S, for the same film is shown
in Fig. 4. Similar thermopower data have been observed
in three separate films, each oxidized in steps to span the
1 < R < 100kQ. For disordered thin films, phonon drag
effects are rendered negligible and we interpret the data
as reflecting the carrier diffusion thermopower. The neg-
ative sign indicates a dominant contribution from elec-
trons. The thermopower of metals is expected to de-
crease linearly with temperature, and this behavior
is observed down to the lowest temperatures for
R (42K)<8kQ. For R (4.2K) > 8 kQ this 7-linear de-
pendence gives way to a dramatic transition where S
diverges with decreasing temperature to values that are
several orders of magnitude larger than those for samples
having low R. Note that the temperature at which the
thermopower diverges increases with increasing oxidation
and the divergence becomes less rapid, tending toward
an Socl/T dependence. The latter behavior is charac-
teristic of a thermally activated process, as in semicon-
ductors where the energy gap, E,, gives rise to a low-
temperature (kz T < E,) thermopower, SocE, 2k, T.

For the arrangement of grains in our films we estimate
an average geometric capacitance on the order of
C=75x10"'F, which corresponds to a charging energy
E./ky=2K. From the slope of the data for the highest
level of oxidation we find an activation energy of ~1K,
which compares favorably with our estimate of E_. This
suggests that in the limit of high oxidation the charging
energy is close to its geometric value with the thermo-
power taking on a simple activated form, SocE /k;T.
This 1/7 behavior is expected for mesoscopic junctions
(Sect. 4) and for discontinuous metal films when trans-
port is by thermally activated tunneling between islands.
However, a faster than 1/7 divergence is not predicted
by a simple model.

It is possible that the sharp upturn in the thermopower
for intermediate oxidation is associated with the fact that
the films form an array of coupled junctions rather than
a single junction. During the time between tunneling
events across an intergrain junction, there can be a re-
distribution of the charge onto neighboring grains. Such

H(Tesla)

Fig. 5. Magnetoresistance at several temperatures for the oxidized
film with R(4.2K)=38.1 kQ. The inset shows r versus 7 for dif-
ferent oxidation levels as determined from the magnetoresistance
data (see text). Values of R(4.2K) are, from bottom to top (in
kQ): 1.47, 8.36, 18.0, 38.1, 62.6. The dashed line is r=hex4.12 kQ

charge fluctuations will tend to increase the observed ca-
pacitance because the area probed by the electron is
greater. The net result will be a decrease in the charging
energy, yielding an effective value, E®. This process will
be determined by the mobility of electrons on the network
and thus should be more pronounced when the intergrain
tunnel resistance (R,) is low. A similar picture might also
be relevant for a single junction. For low R, the tunneling
rate may be sufficiently high for an electron to tunnel
back and forth several times during the interval in which
it contributes to transport. It is possible that the mobility
which determines the charge redistribution in our films
is temperature dependent. This would imply a 7T-depen-
dent EST, which may be pertinent to the thermopower
data. These ideas require further theoretical support. We
now discuss magnetoresistance measurements which sug-
gest that the average intergrain tunnel resistance in the
films increases with oxidation and with decreasing tem-
perature.

For R (4.2 K) < 8 kQ these films exhibit the same weak
localization magnetoresistance (MR) that is predicted
and measured for homogencous Bi films. The phase
breaking length at 7=1K is L,~1000 A. For
H>H,=¢,/4nL; (¢, is the flux quantum) and in
the presence of strong spin orbit scattering (antilocali-
zation) we have

AR _R(H)-R(0) &
"R R(0) 4n’n

where r is the sheet resistance of a homogeneous film.
The MR for R (4.2 K)=38.1kQ, shown at several tem-
peratures in Fig. 5, has a dependence that is qualitatively
similar to weak localization, behaving as In (H) in high
fields and H? at low fields. However, fitting to (40) yields
r<R. This is to be expected since R reflects percolation
effects whereas r is a measure of the sheet resistance on
the scale of the Landau orbit radius, L,. This is the
characteristic diffusion length which cuts off the coherent
backscattering responsible for weak localization in a field
H> H,. In the logarithmic field regime this length is
smaller than the average grain diameter for our films.
The following arguments lead us to conclude that r meas-

rinH, (40)
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Fig. 6. The charging energy E_, as determined from the thermo-
power data, plotted verus r for three levels of oxidation (values of
R(4.2K))

ures the average intergrain tunnel resistance for highly
oxidized films. Consider two points within a grain, one
at the center and the other near the junction with a neigh-
boring grain. The contribution at each such point to the
In (H) magnetoresistance is determined by summing the
backscattering amplitudes associated with elastic scatter-
ing “trajectories” (and their time-reversed contours), each
of which begins and ends at that point and have lengths
less than L,,. For the point at the center of the grain all
relevant trajectories are within the grain and hence the
MR is the same as that for a homogeneous film with a
sheet resistance equal to that of the weakly disordered
grains (i.e. < kQ). For the point near the junction we
must consider trajectories which cross the junction and
return. As long as these trajectories are statistically in-
dependent, the contribution to the MR will have the same
form as for the center of the grain, but will be weighed
by the intergrain tunneling resistance R,. When the latter
is much larger than the intragrain sheet resistance, as in
the highly oxidized films, the overall prefactor of the total
MR is predominantly determined by R,.

The inset in Fig. 5 shows r(T), as determined using
(40), for different levels of oxidation. A most remarkable
observation is that, for each level of oxidation, r crosses
h/ée* at approximately the same temperature below which
the thermopower data deviate from metallic (T-linear)
behavior. This is consistent with our suggestion that
E™ depends on temperature through R,(7’). Extending
this idea further, in Fig. 6 we relate the magnetoresistance
and thermopower data by plotting E, versus r. We first
extract the dependence of E, on temperature by assuming
that the thermopower is given by Soc E*/k, T. We draw
1/T curves through each of the S(T') data points at tem-
peratures below the crossover and ES™ is then obtained
from the slope. We next determine E, (r) by interpolating
from the r(T) data (Fig. 5, inset). The universal sharp
transition in E_ versus r for both different oxidation and
temperatures may reflect a fundamental interplay be-
tween Coulomb interaction effects and localization in
granular metals. This poses a stimulating theoretical
problem for future investigation.
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6. Conclusions

We have demonstrated that the thermoelectric effects
provide a very sensitive method to study the normalized
DOS structure and the interaction of the mesoscopic
junction with the “external field”. In recent years the
STM, and especially the CSTM (cryogenic STM), have
been used for spectroscopic measurements (measure-
ments of the DOS) in addition to topographic measure-
ments. Wilkins et al. [10] have shown that charging effects
(Coulomb blockade) due to the single charge transfer via
oxide impurities may obscure the measurements of the
DOS and lead to a wrong interpretation (e. g., they can
lead to a gap-like structure in the DOS). The results pre-
sented here suggest a method to overcome these diffi-
culties by the complementary (to the I~V characteristic)
measurement of the thermopower coefficient. Such meas-
urements at relatively high temperatures (hence no charg-
ing) have been performed by William and Wickrama-
singhe [11] followed by the theoretical study of Stovneng
and Lipavsky [12]. Leavens and Aers [13] presented a
pioneering study of “Vacuum tunneling thermopower”
with focus on the effect of the image potential.

In a forthcoming publication we show that the sen-
sitivity can be further increased using two serially coupled
junctions. It is also shown that the thermopower effects
provide an excellent method to study resonant tunneling
versus consecutive tunneling in serially connected tunnel
barriers, as well as dephasing between tunneling events.

We have benefitted from conversations with Y. Gefen, R.C. Jak-
levic, M. Frenk, A. Stern, and R. Wilkins. This research was partly
supported by the Wolfson Foundation through the Israel Academy
of Science, and a grant from the Ford Motor Company.
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