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Thermoelectric effect in superconductive tunnel junctions
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The theory of hole superconductivity predicts the existence of a charge imbalance in the quasiparticle
excitations in superconductors, which gives rise to a thermoelectric effect of universal sign across tunnel
junctions when one or both electrodes are superconducting. Recently, temperature gradients of appreciable
magnitude have been experimentally achieved in NIS tunnel junctions, opening up the possibility of testing this
prediction. However, a thermoelectric effect across a tunnel junction could also arise from energy dependence
of the transmission probability across the barrier, independent of the nature of the superconducting state of the
electrodes. We explore the consequences of these two effects acting simultaneously and to what extent it is
possible to differentiate between them experimentally. It is concluded that careful experiments should be able
to single out the intrinsic effect arising from the properties of the superconducting state. These experiments
would yield a measurable quantity that characterizes the superconducting state of a material, in addition to
providing a stringent test of the theory of hole superconductivity.@S0163-1829~98!02437-0#
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I. INTRODUCTION

The theory of hole superconductivity1,2 predicts the exis-
tence of a charge imbalance in the quasiparticle excitat
in the superconducting state: quasiparticles are positiv
charged on average. This gives rise to a thermoelectric e
in tunnel junctions when one or both electrodes
superconducting.3 Measurement of this effect would provid
information on a fundamental parameter of the superc
ductor,n, that determines its degree of electron-hole asy
metry . The parametern is proportional to the slope of th
superconducting gap function versus energy. The theory
dicts the sign ofn to be universal~positive in our conven-
tion! and gives rough estimates for its magnitude, rang
from a few meV for high-Tc superconductors to a fewmV or
less for conventional superconductors.

It has recently been experimentally demonstrated that
possible to establish large temperature gradients ac
S-I -N tunnel junctions by simply circulating an electric cu
rent across the junction and ensuring proper thermal ins
tion from the environment.4–7 For the electronic tempera-
ture, a factor of 3 temperature drop has been achieved
Al-Cu tunnel junctions when appropiate thermal decoupl
between electrons and lattice exists.5 It has also been dem
onstrated that it is possible to cool the lattice itself of one
the electrodes by a small amount with respect to the o
electrode, and it is speculated that a drop in the lattice t
perature similar to what has been achieved in the electr
temperature will be attainable.6 While these experiment
have not yet been performed with high-Tc superconductors
it is likely that they will be done in the future.

These experimental developments open up the possib
of providing a stringent test of the theory of hole superco
ductivity. Establishing that the parametern is negative or
zero for any superconductor would demonstrate that
theory does not apply to it. Moreover, because the theor
based on general principles applicable to all solids,2 finding
of a single example wheren is substantially different from
the theoretical expectation would cast serious doubts on
PRB 580163-1829/98/58~13!/8727~11!/$15.00
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applicability of the theory toanysuperconductor. More gen
erally, measurement of the slope of the superconducting
function is of intrinsic interest as a way to characterize
superconductor and could be important in other theoret
frameworks. Thus we believe it is an interesting task to p
form n spectroscopy on all known superconductors, by m
surement of the thermoelectric effect or by other metho
that may be developed in the future. Tabulation ofn, to-
gether with other fundamental parameters of the superc
ductor such as energy gap and critical fields, will provi
useful information on each superconductor and may s
new light on relationships between materials parameters
superconductivity, that could suggest criteria helpful to t
achievement of higher temperature superconducting ma
als.

However, a thermoelectric effect across a tunnel junct
may also arise from energy dependence of the transmis
probability across the barrier, independent of the nature
the states of the electrodes. This explanation was propose
interpret the thermoelectric current that was observed in
early experiment by Smith, Tinkham, and Skocpol8 when
one side of a Pb-I -Al ( I 5 insulator) tunnel junction was
heated by laser irradiation. These authors found good ag
ment with a calculated effect using a one-band WKB a
proximation and no intrinsic electron-hole asymmetry in t
electrodes themselves. As pointed out by these authors
ergy dependence of the normal-state density of states in
electrodes would not be expected to lead to a thermoele
effect, as it would be cancelled by a corresponding chang
the group velocity of the carriers.9 Thus, assuming that no
temperature gradients exist in the electrodes themsel
only the intrinsic electron-hole asymmetry of the superco
ducting state discussed here and energy dependence of
rier transmission could be possible sources of an obse
thermoelectric effect.

In this paper we explore the expected thermoelectric
fect in NIS tunnel junctions when both the intrinsic effe
predicted by the theory of hole superconductivity and ene
dependence of the transmission probability exist. Is it p
8727 © 1998 The American Physical Society
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8728 PRB 58J. E. HIRSCH
sible to disentangle one effect from the other? Can such
periments be used to extract the value of the asymmetry
rametern of the superconducting electrode? Can the the
of hole superconductivity be proven wrong by such expe
ments even in the presence of an unknown energy de
dence of the transmission probability? We will see that
answer to these questions is affirmative. Furthermore,
examine the feasibility of measuring the effect under the
perimental conditions of the experiment of Leivo, Peko
and Averin,5 and conclude that the experiment is quite fe
sible. Thus, both as a test of the theory of hole supercond
tivity and more generally as a way to measure an intrin
property of a superconductor, the energy dependence o
gap function, we suggest that it is a worthwhile experim
to perform.

The paper is organized as follows. Section II reviews
effect predicted by the theory of hole superconductivity; S
III derives the effect expected due to the nature of the barr
and in Sec. IV we obtain the expected current versus volt
in the presence of both effects. Section V presents nume
results in various cases, and Sec. VI considers the exp
mental feasibility. We conclude in Sec. VII with a discu
sion.

II. INTRINSIC THERMOELECTRIC EFFECT

In the theory of hole superconductivity the gap functi
varies linearly with band energy. We parametrize it as

Dk5DmS 2
ek

D/2
1cD[D~ek!, ~1!

whereek is the hole kinetic energy measured from the cen
of the band andD is the bandwidth. A Hamiltonian tha
gives rise to this gap function is a tight-binding model with
correlated hopping interaction term,1,2,10 and the parameter
Dm and c are obtained from solution of the BCS equatio
for this model.1 The nonzero gap slope

m5
Dm

D/2
~2!

is what distinguishes this case from the simplests-wave su-
perconductor with constant gap. More generally, a gap fu
tion described by the form Eq.~1!, at least in the vicinity of
the Fermi energy, could arise in other theoretical fram
works.

The quasiparticle energy is given by

Ek5A~ek2m!21Dk
25Aa2~ek2m2n!21D0

2, ~3!

with m the chemical potential and

a5~11m2!1/2, ~4a!

D05
D~m!

a
, ~4b!

n5
m

A11m2
D0 . ~4c!

Thus, the ‘‘Fermi surface’’ in the superconducting state,
fined as the locus ink space of quasiparticle excitations
x-
a-
y
i-
n-
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minimum energy,ek5m1n, is different from the normal-
state Fermi surface,ek5m. The BCS coherence factors a
given by the usual form

uk
25

1

2S 11
ek2m

Ek
D , ~5a!

vk
25

1

2S 12
ek2m

Ek
D . ~5b!

Figure 1 shows a schematic plot of the gap function a
quasiparticle energy versus hole kinetic energy. Note t
quasiparticle excitation energies are larger forek2m,0
than for ek2m.0, which implies~within our convention!
that quasiparticles are positively charged on average.

The quasiparticle current from the normal metal to t
superconductor in aNIS tunnel junction for quasiparticles o
energyEk is proportional to3

JNS5S 11
n

Ek
D @ f n~Ek2eV!2 f s~Ek!#

1S 12
n

Ek
D @ f s~Ek!2 f n~Ek1eV!# ~6!

for processes involving quasiparticles of energyEk . Here,V
is the voltage of the normal metal relative to the superc
ductor andf n and f s denote the Fermi distribution function
for the normal metal and the superconductor at temperat
Tn andTs , respectively. In the derivation of Eq.~6! ~Ref. 3!,
it is assumed that the transmission probability across the
rier is independent of energy.

Equation~6! predicts the existence of both an asymme
in I -V characteristics in the absence of temperat
gradient,11 and of a thermoelectric effect in the presence o
temperature gradient. The theory of hole superconducti
predictsn to be positive for all superconductors, of ord
meV for high-Tc materials andmeV for conventional super-
conductors. Thus, in the absence of other effects, apositive
current should flow from the hotter to the colder electrod
and a thermoelectric voltage should exist under open cir
conditions with the hotter electrode positive with respect
the colder one.3 The temperature dependence of the para
eter n is shown in Fig. 2. It scales proportionally toD0

2 so

FIG. 1. Energy gap functionDk and quasiparticle energyEk

versus hole kinetic energyek . The minimum in the quasiparticle
energy is shifted from the chemical potentialm to m1n.
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PRB 58 8729THERMOELECTRIC EFFECT IN SUPERCONDUCTIVE . . .
that it goes to zero linearly asT→Tc . The carrier concen-
tration dependence ofn in the theory of hole superconduc
tivity follows approximately that of the critical temperature3

For small temperature gradient the asymmetry param
n directly gives the thermopower of the junction, through t
relation

V05
n

e

Ts2Tn

Tn
, ~7!

with V0 the open circuit thermoelectric voltage. This is va
for uTs2Tnu!Ts . Without restriction to small temperatur
gradients, we obtain at low temperatures (Ts ,Tn!Tc) the
approximate relation

V05
n

e

kTn

D0
@e~bn2bs!D021#. ~8!

Thus, the thermoelectric voltage can be orders of magnit
larger thann/e when the normal metal is much colder tha
the superconductor. In the recent experiments,4–6 it was
shown that cooling of the normal electrode with respect
the superconducting electrode is achieved when anNIS tun-
nel junction is biased with voltage smaller than the superc
ducting energy gap.

For the normal and superconducting electrodes at
same temperature, Eq.~6! predicts a larger tunneling curren
when positive current flows from the normal metal to t
superconductor, i.e., when the superconductor is negati
biased. This is seen most clearly in the appearance of di
ent size peaks indI/dV for bias voltages close to the supe
conducting gap.11 Note that this effect is opposite in sign t
the thermoelectric current generated when the normal m
is colder than the superconductor, which is the situation
prevails when current flows. Nevertheless, the nature of
effects is such that one does not compensate the other,
in particular, the tunneling asymmetry persists even in
presence of a temperature gradient.

III. BARRIER EFFECTS

As discussed above, when the gap as function of b
energy has a finite slope, such as predicted in the theor
hole superconductivity, a tunneling asymmetry as well a

FIG. 2. Temperature dependence of the parametern in the
model of hole superconductivity for two sets of Hamiltonian para
eters that give rise toTc593 K.
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thermoelectric effect arises from the intrinsic nature of t
superconducting state. However as we discuss in this sec
such effects can also arise from the nature of the tunne
barrier.

For tunneling between nonidentical electrodes the tunn
ing current will in general not be an even function of th
voltage across the barrier.12 Because of the different work
functions of the two electrodes, an electric field across
barriers exists when the Fermi levels of the two electro
coincide; this causes the transmission coefficients in b
directions to be different. This effect is not dependent
whether the electrodes are in the normal or superconduc
state. Here we will assume that any such asymmetry
persists in the normal state can be substracted out, and
treat electrodes with equal work functions for simplicity.

A second source of asymmetry, as well as of a therm
electric effect, arises from energy dependence of the tra
mission probability across the junction.8,12 The tunneling
probability between two metals with work functionW across
a gap of widthd is given within the WKB approximation by

T5Ce22*0
ddxA2m

\2 @V~x!2~E2eV!#, ~9a!

V~x!5W2
V

d
x, ~9b!

whereV is the applied voltage,E is the electron energy, an
we have assumedW2eV.E. Figure 3 shows a diagram o
the barrier assumed. Integration yields

T~E,V!5Ce24/3A2m/\2d/V$[W2~E2eV!] 3/22~W2E!3/2% ~10!

and assumingW@E,V we expand and obtain

T~E,V!5T0F11A2m

\2

d

W1/2
~E2eV/2!G ~11!

which for the free-electron mass yields

T~E,V!5T0F110.51d~A!W~eV!1/2
E2eV/2

W G . ~12!

Note that this expression satisfies

T~E,V!5T~E2eV,2V!, ~13!

-

FIG. 3. Diagram of barrier across which tunneling occurs. Bo
electrodes are assumed to have the same work functionW.
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8730 PRB 58J. E. HIRSCH
yielding a symmetric transmission probability, as assum
Thus we will take the transition probability of an electron
be of the form~we omit the argumentV on the left side for
brevity!

T~E!5T0@11c~E2eV/2!# ~14!

and the parameterc is given by

c50.51
d~A!

W~eV!1/2
. ~15!

For a typical barrier withd520 A andW54 eV this yields

c55.1 eV21. ~16!

In our numerical examples we will considerc’s ranging from
0 to 10 eV21.

The tunneling current between two normal electrodesn1
andn2 ~from n1 to n2), with n1 at voltageV relative ton2,
is proportional to

Jn1n2
~Ek ,V!5F12cS Ek2

eV

2 D G@ f n1
~Ek2eV!2 f n2

~Ek!#,

~17!

whereEk is the quasiparticle energy at electroden2 . For the
two electrodes at the same temperature it gives rise to s
metric tunneling characteristics, as expected, since

Jn1n2
~Ek ,V!5Jn2n1

~Ek2eV,2V! ~18!

for temperaturesTn1
5Tn2

. There is however a thermoelec
tric effect due to the energy-dependent transmission.
zero voltage Eq.~17! is

Jn1n2
~Ek,0!5@12cEk#@ f n1

~Ek!2 f n2
~Ek!# ~19!

and the current involving quasiparticles of energy2Ek is

Jn1n2
~2Ek,0!5@11cEk#@ f n2

~Ek!2 f n1
~Ek!#, ~20!

so that whencÞ0 there is a zero voltage thermoelectr
current whenTn1

ÞTn2
proportional to

J0~ uEku!5Jn1n2
~Ek,0!1Jn1n2

~2Ek,0!

52cEk@ f n1
~Ek!2 f n2

~Ek!# ~21!

from quasiparticles of energyuEku. For tunneling between a
normal and a superconducting electrode the current is
portional to

JNS5F12cS Ek2
eV

2 D G@ f n~Ek2eV!2 f s~Ek!#

1F11cS Ek1
eV

2 D G@ f s~Ek!2 f n~Ek1eV!#, ~22!

where nowEk.0 andN is at voltageV relative toS. Equa-
tion ~22! reduces to the sum of Eq.~17! for Ek and 2Ek
when both electrodes are normal. The current Eq.~22! is no
longer symmetric in the voltage, and will be larger when t
superconductor is positively biased ifc.0 when the elec-
trodes are at the same temperature.
d.

-

or

o-

e

In the above WKB analysis it was assumed that the t
neling probability for an electron increases with energ
which gives rise to positivec in Eq. ~22!. This will always be
the case for tunneling across vacuum, but not necessaril
for tunneling across an insulator. If the Fermi level is in t
bandgap of the insulator close to the top of the valence ba
in fact the opposite may be true. Modeling the insulator w
a valence and a conduction band~two-band model! it is
shown in Ref. 13 that the tunneling probability for an ele
tron of energyE is proportional to

T~E!5Ce22*dxA2m

\2

~Ec2E!~E2Ev!

Eg , ~23!

with Eg5Ec2Ev the energy gap. Thus, forE close toEv the
transmission willdecreaseasE increases. This will give rise
to a transmission coefficient of the form Eq.~14!, but now
the parameterc can also be negative.

For the case wherec is positive, which we expect to be
more likely, the thermoelectric current will be opposite to t
temperature gradient~negative thermopower!, i.e., opposite
to what the intrinsic asymmetry in the model of hole sup
conductivity predicts. Similarly the tunneling asymmet
will be such that larger current flows for positively biase
superconductor, opposite to what is predicted by the mo
of hole superconductivity. However for negative c as cou
be obtained from the two-band model, the effects due to
barrier and due to intrinsic asymmetry are of the same s
We will consider both signs ofc in the numerical studies.

IV. TUNNELING CURRENT

We follow Tinkham’s14 analysis of tunneling through a
barrier distinguishing between electron and holeli
branches of the quasiparticle spectrum. The tunneling cur
from normal to superconducting electrode involving qua
particles of energyEk is given by

JNS5uk
2uTk,q,qF

u2@ f n~Ek2eV!2 f s~Ek!#

1vk
2uTk,q.qF

u2@ f s~Ek!2 f n~Ek1eV!#, ~24!

whereq is the momentum of an electron in the normal met
k the quasiparticle momentum in the superconductor,
Tk,q the transition amplitude in the tunneling Hamiltonian14

The transmission probabilities are taken to be

uTk,q,qF
u25T0@12c~Ek2eV/2!#, ~25a!

uTk,q.qF
u25T0@11c~Ek1eV/2!#. ~25b!

On summing over the quasiparticle momentak that give rise
to the same quasiparticle energyEk, we use Eq.~5! and the
relation

ek2m5n6
1

a
AEk

22D0
2, ~26!

so that

(
k

uk
2511

n

Ek
, ~27a!
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(
k

vk
2512

n

Ek
, ~27b!

and the current in the presence of both intrinsic asymm
and energy-dependent transmission probability is, for qu
particles of energyEk , proportional to

JNS~Ek ,V!5S 11
n

Ek
D @12c~Ek2eV/2!#@ f n~Ek2eV!

2 f s~Ek!#1S 12
n

Ek
D @11c~Ek1eV/2!#

3@ f s~Ek!2 f n~Ek1eV!#, ~28a!

so that the total current from normal to superconducting e
trode is

I NS~V!5
1

eRaED0

`

dE
E

AE22D0
2

JNS~E,V!, ~28b!

with R the junction resistance in the normal state, anda
given by Eq.~4a!.

For a small temperature gradient, the zero-current ther
electric voltage is now given by

V05
~n2cD0

2!

e

Ts2Tn

Tn
, ~29!

and at low temperatures (Ts ,Tn!Tc) by

V05
~n2cD0

2!

e

kTn

D0
@e~bn2bs!D021#. ~30!

More generally, the magnitude of the effects due to intrin
asymmetry and energy-dependent transmission will be c
parable if

c;
n

D0
2

, ~31!

otherwise one of the two effects will dominate. Note that t
implies that the relative importance of barrier effect and
trinsic asymmetry will be similar for high- and low-Tc ma-
terials for similar barriers, sincen is expected to scale ap
proximately asD0

2 .

V. NUMERICAL RESULTS

We consider as an example a superconductor withTc
5100 K and zero-temperature gapD0516 meV. This
could be a representative case for high-Tc oxides and we can
also infer from this the expected behavior in other regim
~e.g., conventional superconductors! by suitable scaling. The
intrinsic asymmetry parametern for this case is expected t
be a few meV. We calculate the tunneling current using
~28!, with junction resistanceR51 V.

In Fig. 4 we compare the effect of intrinsic asymmet
and energy-dependent transmission on tunneling charact
tics. The results forn51.5 meV and constantT(E) ~solid
lines! are almost indistinguishable from those forn50 and a
T(E) with c5210 eV21 ~Eq. 14!, both giving rise to a
larger peak for positive voltages~i.e., when the sample is
ry
i-

c-

o-

c
-

s
-

s

.

is-

negatively biased!. In particular, as the temperature increas
and the gap becomes smaller, both the intrinsic asymm
and the asymmetry due toT(E) are similarly reduced. This
indicates that observation of a tunneling asymmetry that
appears as the system becomes normal~by either raising the
temperature or applying a magnetic field! cannot by itself be
interpreted as evidence for intrinsic electron-hole asymme
in the superconductor. Conversely, observation of symme
characteristics cannot by itself be interpreted as evide
against intrinsic electron-hole asymmetry, as they could a
from cancelling effects of intrinsic asymmetry and energ
dependentT(E), as shown in Fig. 4~b!.

Next we consider the effect of different temperatures
the normal and superconducting electrodes. Here, it is m
useful to look atI versusV, as no appreciable effects appe
in dI/dV in the presence of a temperature gradient. Fig
5~a! showsI versusV for a case of intrinsic asymmetry: th
slope ofI versusV is determined by the temperature of th
normal electrode, and when the temperature of the super
ductor is raised the curve shifts more or less rigidly dow

FIG. 4. Tunneling characteristics for a superconductor with z
temperature gapD0516 meV andTc5100 K, for temperatures
T510, 25, 50, and 75 K. The temperature dependence of the
is usual BCS, and the asymmetry parametern is proportional toD0

2 .
The degree of energy dependence of the tunneling probability
energy is given by the parameterc @Eq. ~15!#. Here and in the
following figures, positive current flows fromN to S, and positive
voltage denotesN is positive with respect to S.~a! Full lines: c
50, n51.5 meV~at T50; at T.0, n decreases proportionally to
D0

2); dashed lines,n50, c5210 eV21. Note that the dashed an
solid lines closely agree at all temperatures;~b! n51.5 meV, c
511.5 eV21: the energy-dependent transmission almost exa
cancels the intrinsic asymmetry effect.
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8732 PRB 58J. E. HIRSCH
wards; a zero-voltage currentI 0 exists from the supercon
ductor to the normal metal and a zero-current voltageV0
whereN is positive with respect toS. Similarly in Fig. 5~b!
the same behavior~with opposite sign! is found with no in-
trinsic asymmetry but energy-dependentT(E). Note how-
ever that the magnitude ofc required to give the same mag
nitude effect asn51.5 is smaller than that required to giv
symmetric tunneling characteristics@Fig. 4~b!#. In other
words, if intrinsic asymmetry andT(E) effects are of a mag
nitude such as to cancel each other indI/dV, the thermo-
electric effect due toT(E) would dominate.

As seen from Fig. 5~a!, a temperature gradient whereTs is
larger thanTn causes less current to flow fromN to S than
whenTs5Tn for the sameTn for small voltages, so thatuI u is
smaller for positive than for negative voltages. For voltag
somewhat larger than shown in Fig. 5~a!, however, the asym
metry in the density of states takes over and bothI and
dI/dV are larger for positive than for negative voltages. O
the scale of Fig. 4, the temperature gradient does not cha
the dI/dV behavior shown in Fig. 4.

From the results presented so far, we conclude that
not possible to distinguish effects due to intrinsic electro
hole asymmetry versus energy-dependentT(E) neither in the
voltage and temperature dependence ofdI/dV nor in the
voltage dependence ofI in the presence of a temperatu

FIG. 5. Current versus voltage for anNIS tunnel junction with
the normal electrode colder than the superconducting one~solid
line! and for both electrodes at the same temperature, as indic
~dashed and dash-dotted lines!. ~a! n51.5 ~at T50), energy-
independent transmission (c50). ~b! No intrinsic electron-hole
asymmetry (n50) and energy-dependent transmission,c
54.5 eV21, with the transmission probability of anelectron in-
creasing with energy.
s

ge

is
-

gradient across the barrier. As we will see in what follow
distinction does become possible when we consider dep
dence of thermoelectric current and voltage on temperat
magnetic field, or barrier thickness.

A. Temperature dependence of thermoelectric effect

We consider the zero-voltage thermoelectric currentI 0 for
a fixed temperature differenceTs2Tn510 K, as a function
of Ts . Figure 6~a! shows the behavior for two cases wi
intrinsic asymmetry and energy-independent transmiss
and two cases with no intrinsic asymmetry and ener
dependentT(E). The behavior is qualitatively different as
approachesTc , as the current due to intrinsic asymmet
vanishes and that due to energy-dependentT(E) saturates at
a nonzero value. Thus, this measurement provides a c
qualitative difference of the consequences of both effects
the presence of both effects together they add, andI 0 versus
temperature can change sign, as shown in some exampl
Fig. 6~b!. Note also that even if it does not change sig
evidence for a nonzeron in Fig. 6~b! is that I 0(T) has finite
slope asT approachesTc , in contrast to Fig. 6~a!. Thus, if it
is found that the thermoelectric current goes to zero aT
→Tc , we would conclude thatT(E) is energy independen
and intrinsic asymmetry exists, otherwise one would cal
late the expectedI 0(T) for various values ofn andc until a

ed

FIG. 6. Zero-voltage thermoelectric currentI 0 versus tempera-
ture of the superconducting electrode for fixed temperature dif
enceTs2Tn510 K. ~a! Full lines: intrinsic asymmetry, energy
independent transmission. Dashed lines: no intrinsic asymme
energy-dependent transmission.~b! Some cases with both intrinsi
asymmetry and energy-dependent transmission.
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best fit is found. Because of the qualitative difference in
two effects asT→Tc , the fitting procedure would allow de
termination ofn andc given sufficiently accurate experimen
tal results forI 0 .

The zero-current thermoelectric voltage is shown in Fig
for some cases. At low temperatures, the thermoelectric v
ages become rather large when the normal metal is co
than the superconductor, as described by Eq.~30!. As T ap-
proachesTc , V0 goes to zero if only intrinsic asymmetr
exists and remains finite for energy-dependent transmis
~inset!.

For the case where the superconductor is colder than
normal metal, the behavior of the zero-voltage thermoe
tric current is similar, as shown in Fig. 8~a!. However, the
voltages at low temperatures are much smaller in this c
as shown in Fig. 8~b!. This is to be expected from Eq.~30!.

B. Magnetic-field dependence

In the presence of a magnetic field large enough to s
press the gap in the superconductor, the intrinsic asymm
is also suppressed, while the asymmetry due toT(E) per-
sists. Figure 9 shows the zero-voltage thermoelectric cur
versus energy gap for fixed transmission and various va
of intrinsic asymmetry~a! and for fixed intrinsic asymmetry
and varying transmission energy dependence~b!. Here, Tn
520 K, Ts550 K. Note that the curves are nonmonoton
in most cases. For example, a decreasing energy gap
causeI 0 ~in absolute value! first to increase and then de
crease both forn50 as well as forc50. Again, as the gap
goes to zero,I 0 remains finite only if energy dependence
T(E) exists. If I 0 changes sign as a function ofD0 , it indi-
cates that both intrinsic asymmetry and energy depende
in T(E) exist. For large energy dependence ofT(E) and
small intrinsic asymmetry, no change in sign occurs; nev
theless, even in that case a small intrinsic asymmetry wo
be detectable as it makes the maximum inI 0 versusD0 dis-
appear.

Figure 10 shows the behavior of the zero-current therm
electric voltage versusD0 for various cases forTn520 K,
Ts550 K. Here again the qualitative difference occurs
D0→0, while for largeD0 the dependence ofV0 on gap for
both intrinsic asymmetry and energy-dependentT(E) is
similar.

FIG. 7. Zero-current thermoelectric voltage for the same ca
as in Fig. 6~a!. The inset shows the region of temperature close
Tc amplified.
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C. Barrier thickness dependence

The parameterc that gives rise to the thermoelectric e
fect due to the barrier is directly proportional to the barr
thickness, as discussed in Sec. III@Eq. ~15!#. Hence, in the
presence of both intrinsic asymmetry and energy-depen
transmission, measuring the thermoelectric effect for diff
ent barrier thicknesses should be useful in sorting out the
effects. In particular, as the barrier thickness approac
zero, the intrinsic effect will dominate. However, when th
barrier becomes very thin the tunnel junction will no long
be ideal and the effect due to intrinsic asymmetry is a
weakened, as discussed in Ref. 3. Here we assume tha
barrier remains ideal in the range of thicknesses conside

Figure 11 shows the zero-voltage thermoelectric curr
~a! and the zero-current thermoelectric voltage~b! versusc,
which is proportional to the barrier thickness for various v
ues of the intrinsic asymmetry parametern in the presence of
a fixed temperature gradient. The zero-voltage curren
given by

I 05
2

eRaED0

`

dE
E

Ae22D0
2F n

E
2cEG@ f n~E!2 f s~E!#,

~32!

so that it is linear inc. Hence, even if the intrinsic asymme
try is small and the barriers are not very thin, extrapolat

s
o

FIG. 8. Dependence of current and voltage on temperature w
the normal metal is at higher temperature than the supercondu
Tn2Ts510 K. ~a! Zero-voltage thermoelectric current,~b! zero-
current thermoelectric voltage. The parameters are indicated in
figure.
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of I 0(c) to c50 should not be too difficult, and would pro
vide direct information on the intrinsic asymmetryn.

The thermoelectric voltage, Fig. 11~b!, shows a rapid
crossover from intrinsic asymmetry dominated for thin b
riers to barrier dominated for thicker barriers; observation
this crossover would provide direct information on the ex
tence of these competing effects. If however the intrin
asymmetry is very small, it would be difficult to extract in
formation on n from V0 if only a limited range of thick
barriers was available. Nevertheless, except for this cav
the fact that the thermoelectric voltage can become v
large at low temperatures suggests that measurement oV0
versus barrier thickness may be the most direct way to
tract information on the intrinsic asymmetry.

VI. EXPERIMENTAL FEASIBILITY

We consider the circuit shown in Fig. 12. As discussed
Leivo, Pekola, and Averin,5 a SINIS structure provides a
more efficient way of cooling than the originalNIS structure
considered by Nahum, Eiles, and Martinis,4 because it avoids
heat leakage through theSN contact used to bias the junc
tion. Leivo, Pekola, and Averin used two additional ‘‘the
mometer’’SIN junctions to measure the temperature drop
the N electrode through a floating voltage measuremen
constant bias current. In Fig. 12 we show instead aS8IN and

FIG. 9. Zero-voltage thermoelectric current versus gapD0 for
~a! fixed transmission and various degrees of intrinsic asymm
and ~b! fixed intrinsic asymmetry and varying energy-depende
of transmission.Tn520 K, Ts550 K. The curves are labeled b
the value of the asymmetry parametern at zero temperature with
zero-temperature gapD0516 meV; asD0 is reduced,n is reduced
proportionally toD0

2 .
-
f
-
c

at,
ry

x-

y

at

a N8IN junction; these should serve the purpose of b
measuring the temperature drop as well as detecting the
moelectric voltage.

The entire system in Fig. 12 should be at temperatureTs ,
and when the currentI re f r flows the electrodeN will be
cooled to a lower temperatureTn . The normal metalN8 may
be the same metal asN, but will be at temperatureTs . We
use a tunnel junctionN8IN rather than a metallic contact t
avoid heat losses. The superconductorS8 should have a
lower critical field thanS, so that it would be possible to
suppress the superconductivity inS8 with a magnetic field
while maintaining the refrigerating power of theSINISsys-
tem.

If there is no energy dependence in the transmiss
across theS8IN and N8IN junctions, the voltageV0 mea-
sured between electrodesN8 andS8 will be the zero-current
thermoelectric voltage due to intrinsic asymmetry in the
perconductorS8, provided the junctionsS8IN andN8IN are
exactly opposite each other. To average over geome
asymmetry, the voltageV0 should be measured with positiv
and negativeI re f r , and averaged. If the junction’s transmi
sion has energy dependence, the effects ofT(E) in theS8IN
andN8IN junctions should come in with opposite signs a
nearly cancel out if the junctions are of similar nature a
thickness; the residual effect should be representable b
small ‘‘effective’’ value of the parameterc in the tunneling
characteristics discussed in the previous secti

ry
e

FIG. 10. Zero-current thermoelectric voltage versus gap for~a!
fixed transmission and various degrees of intrinsic asymmetry
~b! fixed intrinsic asymmetry and varying energy dependence
transmission.Tn520 K, Ts550 K.
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The cooling power of the refrigerating junctions is dete
mined by the heat current that flows when an electric curr
circulates. For energy-independent transmission and no
trinsic asymmetry, the heat current is given by4

FIG. 11. Dependence on magnitude of transmission param
c, which is proportional to barrier thickness, of~a! zero-voltage
thermoelectric current and~b! zero-current thermoelectric voltage
Tn520 K, Ts550 K.

FIG. 12. Schematic circuit for measurement of thermoelec
effect. The entire system is at temperatureTs , and when the curren
I re f r circulates the electrodeN will be cooled to a lower tempera
ture Tn if Vre f r;D0/2. The electrodesS8 and N8 will remain at
temperatureTs . If the barriersS8IN and N8IN are similar, the
voltageV0 will measure the intrinsic asymmetry parameter of t
superconductorS8. The junctionsS8IN andN8IN can also be used
to measure the temperature drop inN as in the case of Leivo
Pekola, and Averin.
-
nt
n-

j q5
1

e2R
E

D0

`

dE
E

AE22D0
2 ~E2eV!@ f n~E2eV!2 f s~E!#.

~33!

In the presence of intrinsic asymmetry or of energ
dependent transmission, the magnitude ofj q will be slightly
different for positive and negative junction polarity. How
ever, in theSINIS geometry these effects will average o
and we will not consider them in what follows.

The cooling power is largest when the bias voltage of
refrigerating junctions is close toD0 /e, as shown in Fig. 13.
As a function of temperature, the cooling power first i
creases asT is lowered belowTc and the gap opens up, an
decreases again at lower temperatures as the number o
cited quasiparticles becomes small. Figure 14 shows
maximum cooling power as function ofTs for Ts5Tn and
for Ts2Tn50.1Tc , as assumed for the results in Figs. 6 a
7. In that case, the maximum cooling power occurs forTs
;0.43Tc .

The electronic temperature that can be reached in thN
electrode depends on the coupling between electrons
phonons, which is expected to be proportional to the
power of the temperature, as discussed in Ref. 5. The en
transfer from electrons in the normal electrode to phonon
given by5

ter

c

FIG. 13. Cooling power of anSIN junction with zero-
temperature gapD0516 meV andTc5100 K. The numbers nex
to the curves give the value ofTs /Tc .

FIG. 14. Maximum cooling power versusTs for Ts5Tn and for
Ts2Tn510 K for the case of Fig. 13.
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j l5SV~Ts
52Tn

5!, ~34!

where we assume that the lattice is at temperatureTs . Here,
V is the volume of the normal electrode andS is a constant
that depends on the strength of electron-phonon coupling
the experiment of Leivo, Pekola, and Averin,S was esti-
mated to be

S54 nW/K5 mm3, ~35!

and the normal electrode dimensions were 0.5mm, 0.3mm,
and 35 nm for length, width, and thickness, respectively

Equating the heat current Eq.~33! to the heat loss Eq.~34!
yields an estimate for the temperature that will be attaine
the normal electrode. Figure 15 showsTn versusTs esti-
mated this way versusTs and the experimental data of Leivo
Pekola, and Averin, whereS is aluminum andN is copper.
We also show the cooling power for the case whereTc
53.72 K, as it would be if the superconducting electrodeS
were Sn. The sample dimensions and strength of elect
phonon coupling were taken to be as for the case of Le
Pekola, and Averin.

For the case of Leivo, Pekola, and Averin, the critic
field of S ~Al ! would beHc5105 G. ForS8, one should use
a superconductor with lower critical field, to be able to su
press superconductivity inS8 with a magnetic field while
maintaining it inS. For example, one could use Ga or Z
with critical temperaturesTc51.091 K andTc50.875 K
and critical fieldsHc551 G andHc553 G, respectively.
To measure then parameter of Al one could use Al forS8
and Sn forS, with Hc5309 G. The refrigerating junction’s
resistance assumed for Fig. 15 is 1K V; better results
would be obtained with smaller junction resistance a
smaller sample dimensions.

To estimate the magnitude of the expected thermoelec
effect for these cases, the critical temperature needs to
scaled by a factor of approximately 100 from the cases
cussed in Sec. V. However, we expect the asymmetry par
etern to be reduced even more, perhaps by a factor of 10
i.e., n51.5 mV. Then, the thermoelectric voltages that w
be measured corresponding to a few mV in the graphs
Sec. V will be a fewmV. Concerning the currents, for th

FIG. 15. Temperature of normal electrodeTn versus tempera-
ture of superconducting electrode for a junction of dimensions
parameterS @Eq. ~31!# as in the case of Leivo, Pekola, and Aver
for S5Al ( Tc51.14 K) and for S5Sn (Tc53.72 K). The resis-
tance of the refrigerating junction is assumed to be 1 KV.
In
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results in Sec. V we assumed a resistance for theS8IN junc-
tion of R51 V. Assuming a more realistic value,R
;100 V, we conclude that currents will be scaled down
a factor of approximately 105 from those shown in the fig-
ures in Sec. V, hence we expect measured thermoele
currents for these cases to be of order nA. We conclude
the expected values for thermoelectric voltages and curr
are well within what can be detected in the laboratory. In
experiment of Smith, Tinkham, and Skocpol8 with a Pb-I -Al
tunnel junction, a superconducting quantum interference
vice galvanometer was used to measure thermoelectric
rents down to a few pA.

One should also consider possible thermoelectric effe
that could arise from temperature gradients in the norm
electrodesN andN8. Let us assume as an upper bound th
the temperature drop occurs entirely in the electrodes ra
than at the barrier. Assuming the normal electrodes are C
a temperature of 1 K its thermoelectric power is appro
mately S;20.01 mV/K; thus, this contribution should be
substantially smaller than the expected thermoelectric v
age from intrinsic asymmetry inS8 and from barrier effects.

Finally, let us estimate the voltage that could arise due
geometric asymmetry in the location of the junctionsS8IN
andN8IN. For refrigerating junctions of resistance 1 KV,
the refrigerating current will be of orderI re f r;0.2 mA if the
bias voltage is of orderV;0.2 mV, the magnitude of the
energy gap in Al. Assuming a Cu sample of resistivity ra
of 103 ~about 20 ppm impurities! and a geometric asymmetr
corresponding to a relative displacement of 2.5mm between
the junctionsS8IN andN8IN would yield a voltage drop of
approximately 1 nV. Thus the effect of geometric asymm
try can be expected to be much smaller than the expe
thermoelectric voltage; in addition, it can be largely elim
nated by circulatingI re f r in positive and negative directions

VII. DISCUSSION

We have studied the feasibility of measuring the intrin
electron-hole asymmetry expected to occur in all superc
ductors according to the theory of hole superconductivity
measuring a thermoelectric effect across tunnel junctio
The recent developments in achieving refrigeration with su
junctions open up the possibility of measuring this effe
Even in the presence of energy dependence of transmis
across the barriers, we have seen that it should be possib
detect the intrinsic electron-hole asymmetry in the superc
ductor. Essentially, the reasons are that the intrinsic as
metry is expected to be strongly dependent on the existe
of the superconducting gap, while thermoelectric effects d
to the barrier are expected to remain even when the su
conducting gap is suppressed; also, thermoelectric eff
due to barrier will be strongly dependent on the thickness
the barrier. Furthermore, they can be largely eliminated w
the geometry of Fig. 12 with similar junctionsS8IN and
N8IN. We have also seen that other sources of thermoe
tric effects as well as voltages arising from geometric asy
metries are not expected to be significant.

For superconductors with higher critical temperatur
and in particular for high-Tc oxides, the much larger magn
tude of heat transfer from electrons to phonons@Eq. ~34!#
would preclude the possibility of achieving much lower ele

d
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tronic than lattice temperatures, as was achieved in the
periment of Leivo, Pekola, and Averin.5 However, it may
still be possible in that case to achieve a substantial temp
ture drop in the normal electrode~electrons and lattice! by
thermally insulating it from the environment, as w
achieved to some degree in the experiment of Mannin
Leivo, and Pekola.6 In that case, thermal conduction acro
the tunnel barrier would limit the magnitude of gradients th
can be achieved, making it desirable to use tunnel barrier
low thermal conductivity. Also, the possibility of achievin
large temperature gradients across tunnel junctions by h
ing rather than cooling, e.g., by laser irradiation8 or by joule
heating, should be further explored.

The thermoelectric effect due to intrinsic asymme
would also occur when both electrodes in a tunnel junct
are superconducting,3 in which case the effects of the param
etern in each electrode would add. Furthermore, in that c
the cooling power of anSIS8 junction ~with different gaps
for S and S8) would be even larger in certain paramet
ranges due to the diverging density of states in both e
trodes. Thus, a setup where all electrodes are supercon
ing could provide an even more efficient way to measure
parametern of a superconductor.

The intrinsic thermoelectric effect discussed here w
arise in any superconductor where the gap function as fu
tion of energy has a finite slope at the Fermi energy. Jus
it is of interest to measure variations of the superconduc
tt

,

x-

ra-

n,

t
of

at-

n

e

c-
ct-
e

l
c-
as
g

gap on different points on the Fermi surface~e.g., s wave
versusd wave! it should be of interest to measure variatio
of the gap in directionsperpendicularto the Fermi surface.
Quite generally, this information should provide clues on t
nature of the pairing mechanism. In other theoretical fram
works one might expect the slope of the superconducting
to be zero or of random sign and to not correlate with
magnitude ofTc . In contrast, the theory of hole superco
ductivity predicts the slope to be of universal sign and
increase with the critical temperature.

In conclusion, we believe that an experimental effort
measure the parametern of superconductors~i.e., the slope
of the superconducting gap function at the Fermi energ!,
should be pursued. In addition to the technique discus
here, there may be other more direct ways of doing t
without involving tunnel junctions. Such ways should be i
vestigated. Finding a single superconductor wheren is nega-
tive or zero would invalidate the theory of hole supercond
tivity. More generally, knowledge of the value ofn of
superconductors, in addition to other fundamental proper
such as energy gap and critical field, is likely to add valua
insight into the systematics of superconductivity in nature
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