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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 superconductiy®p163-18208)02437-0

I. INTRODUCTION applicability of the theory t@ny superconductor. More gen-
erally, measurement of the slope of the superconducting gap

The theory of hole superconductivitypredicts the exis- function is of intrinsic interest as a way to characterize a
tence of a charge imbalance in the quasiparticle excitationsuperconductor and could be important in other theoretical
in the superconducting state: quasiparticles are positivelframeworks. Thus we believe it is an interesting task to per-
charged on average. This gives rise to a thermoelectric effeébrm » spectroscopy on all known superconductors, by mea-
in tunnel junctions when one or both electrodes aresurement of the thermoelectric effect or by other methods
superconductind Measurement of this effect would provide that may be developed in the future. Tabulationofto-
information on a fundamental parameter of the supercongether with other fundamental parameters of the supercon-
ductor, v, that determines its degree of electron-hole asymductor such as energy gap and critical fields, will provide
metry . The parameter is proportional to the slope of the useful information on each superconductor and may shed
superconducting gap function versus energy. The theory prarew light on relationships between materials parameters and
dicts the sign ofv to be universalpositive in our conven- superconductivity, that could suggest criteria helpful to the
tion) and gives rough estimates for its magnitude, rangingachievement of higher temperature superconducting materi-
from a few meV for high¥; superconductors to a fewV or  als.
less for conventional superconductors. However, a thermoelectric effect across a tunnel junction

It has recently been experimentally demonstrated that it isnay also arise from energy dependence of the transmission
possible to establish large temperature gradients acrogsobability across the barrier, independent of the nature of
S-1-N tunnel junctions by simply circulating an electric cur- the states of the electrodes. This explanation was proposed to
rent across the junction and ensuring proper thermal insulanterpret the thermoelectric current that was observed in an
tion from the environmerft:” For the electronic tempera- early experiment by Smith, Tinkham, and Sko&palhen
ture, a factor of 3 temperature drop has been achieved imne side of a Pb-Al (I=insulator) tunnel junction was
Al-Cu tunnel junctions when appropiate thermal decouplingheated by laser irradiation. These authors found good agree-
between electrons and lattice existd.has also been dem- ment with a calculated effect using a one-band WKB ap-
onstrated that it is possible to cool the lattice itself of one ofproximation and no intrinsic electron-hole asymmetry in the
the electrodes by a small amount with respect to the otheglectrodes themselves. As pointed out by these authors, en-
electrode, and it is speculated that a drop in the lattice temergy dependence of the normal-state density of states in the
perature similar to what has been achieved in the electronielectrodes would not be expected to lead to a thermoelectric
temperature will be attainabfeWhile these experiments effect, as it would be cancelled by a corresponding change in
have not yet been performed with high-superconductors, the group velocity of the carriefsThus, assuming that no
it is likely that they will be done in the future. temperature gradients exist in the electrodes themselves,

These experimental developments open up the possibilitgnly the intrinsic electron-hole asymmetry of the supercon-
of providing a stringent test of the theory of hole supercon-ducting state discussed here and energy dependence of bar-
ductivity. Establishing that the parameteris negative or rier transmission could be possible sources of an observed
zero for any superconductor would demonstrate that théhermoelectric effect.
theory does not apply to it. Moreover, because the theory is In this paper we explore the expected thermoelectric ef-
based on general principles applicable to all sofifisding  fect in NIS tunnel junctions when both the intrinsic effect
of a single example where is substantially different from predicted by the theory of hole superconductivity and energy
the theoretical expectation would cast serious doubts on thdependence of the transmission probability exist. Is it pos-
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sible to disentangle one effect from the other? Can such ex-
periments be used to extract the value of the asymmetry pa-
rametery of the superconducting electrode? Can the theory
of hole superconductivity be proven wrong by such experi-
ments even in the presence of an unknown energy depen-
dence of the transmission probability? We will see that the
answer to these questions is affirmative. Furthermore, we
examine the feasibility of measuring the effect under the ex-
perimental conditions of the experiment of Leivo, Pekola,
and Averin® and conclude that the experiment is quite fea-
sible. Thus, both as a test of the theory of hole superconduc- e
tivity and more generally as a way to measure an intrinsic '2.%0 80  -60  -40  -20 0
property of a superconductor, the energy dependence of its e, (meV)
gap function, we suggest that it is a worthwhile experiment
to perform. FIG. 1. Energy gap functiol, and quasiparticle energl,
The paper is organized as follows. Section Il reviews the’ersus hole kinetic energyi.. The minimum in the quasiparticle
effect predicted by the theory of hole superconductivity; Sec&nergy is shifted from the chemical potentjalto . + v.
[l derives the effect expected due to the nature of the barrier, . L
and in Sec. IV we obtain the expected current versus voltagB!iNimum energy e, = u+ v, is different from the normal-
in the presence of both effects. Section V presents numericatat€ Fermi surfaces, = u. The BCS coherence factors are
results in various cases, and Sec. VI considers the experdiven by the usual form
mental feasibility. We conclude in Sec. VII with a discus-

(meV)

. 1 €— M
sion. 2_"[q14 2K
e 2( ! Ex ) (53
1. INTRINSIC THERMOELECTRIC EFFECT 1 e
2 K~ M
In the theory of hole superconductivity the gap function Uk—§< 1- E, ) (5b)

varies linearly with band energy. We parametrize it as . . )
Figure 1 shows a schematic plot of the gap function and

_ quasiparticle energy versus hole kinetic energy. Note that
=A(e), @ quasiparticle excitation energies are larger fqr u<0

) o than for e,— >0, which implies(within our conventioh
wheree is the hole kinetic energy measured from the centefpat quasiparticles are positively charged on average.
of the band andD is the bandwidth. A Hamiltonian that  The quasiparticle current from the normal metal to the

gives rise to this gap function is a tiglrg)t—binding model with agyperconductor in A1S tunnel junction for quasiparticles of
correlated hopping interaction terhi;'®and the parameters energyE, is proportional t
A, andc are obtained from solution of the BCS equations

Ay=An

6k+
bz ¢

for this model* The nonzero gap slope v
Ins=| 1+ | [Tn(Bx—eV) —Ts(E0)]
"B @ v
| N . . 1= 2 |[f(EQ—fo(ExteV)]  (6)
is what distinguishes this case from the simpkstave su- k

perconductor with constant gap. More generally, a gap funce, orocesses involving quasiparticles of enefgy Here,V

tion described by the form Eq1), at least in the vicinity of 5 e \oitage of the normal metal relative to the supercon-

the Fermi energy, could arise in other theoretical frame,q(or andf . andf, denote the Fermi distribution functions

works. N . for the normal metal and the superconductor at temperatures
The quasiparticle energy is given by T, andTs, respectively. In the derivation of E¢6) (Ref. 3,

it is assumed that the transmission probability across the bar-

rier is independent of energy.

Ev=(e—mw)*+Ai=Val(e—u—v)+ag, (3

with u the chemical potential and Equation(6) predicts the existence of both an asymmetry
in |-V characteristics in the absence of temperature
a=(1+m?)*, (48 gradient' and of a thermoelectric effect in the presence of a
temperature gradient. The theory of hole superconductivity
A :A(r“) (4b) predicts v to be positive for all superconductors, of order
0" g meV for highT. materials angueV for conventional super-

conductors. Thus, in the absence of other effecizositive
m current should flow from the hotter to the colder electrode,
V= on- (40) and a thermoelectric voltage should exist under open circuit

conditions with the hotter electrode positive with respect to
Thus, the “Fermi surface” in the superconducting state, dethe colder oné.The temperature dependence of the param-
fined as the locus ik space of quasiparticle excitations of eter v is shown in Fig. 2. It scales proportionally mg o]
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FIG. 3. Diagram of barrier across which tunneling occurs. Both
0 0.2 0.4 0.6 0. 1 electrodes are assumed to have the same work fundion
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_ thermoelectric effect arises from the intrinsic nature of the
FIG. 2. Temperature dependence of the parametén the  gsyperconducting state. However as we discuss in this section,
model of hole superconductivity for two sets of Hamiltonian param-g ,ch effects can also arise from the nature of the tunneling
eters that give rise td,=93 K. barrier.

] ] ) For tunneling between nonidentical electrodes the tunnel-
that it goes to zero linearly a6—T.. The carrier concen- ing current will in general not be an even function of the

tration dependence of in the theory of hole superconduc- \gjtage across the barrié.Because of the different work
tivity follows approximately that of the critical temperatute. fynctions of the two electrodes, an electric field across the

For small temperature gradient the asymmetry paramet§fariers exists when the Fermi levels of the two electrodes
v directly gives the thermopower of the junction, through thecgincide; this causes the transmission coefficients in both
relation directions to be different. This effect is not dependent on

whether the electrodes are in the normal or superconducting
, (7)  State. Here we will assume that any such asymmetry that
e T, persists in the normal state can be substracted out, and will
treat electrodes with equal work functions for simplicity.

A second source of asymmetry, as well as of a thermo-
electric effect, arises from energy dependence of the trans-
mission probability across the junctiéi? The tunneling
probability between two metals with work functiéi across

v kT, a gap of widthd is given within the WKB approximation by

VO___[e(ﬁnfﬁs)AO—l]_ (8)
T:Cefzfgdx\/i—r;[V(X)f(EfeV)], (93

vT—T
VO:— S n

with Vg the open circuit thermoelectric voltage. This is valid
for |T4—T,|<Ts. Without restriction to small temperature
gradients, we obtain at low temperaturék; (T,<<T.) the
approximate relation

e Ay

Thus, the thermoelectric voltage can be orders of magnitude
larger thanv/e when the normal metal is much colder than
the superconductor. In the recent experiménisit was
shown that cooling of the normal electrode with respect to
the superconducting electrode is achieved whehl BB tun-
nel junction is biased with voltage smaller than the superconwhereV is the applied voltageE is the electron energy, and
ducting energy gap. we have assumed/—eV>E. Figure 3 shows a diagram of
For the normal and superconducting electrodes at ththe barrier assumed. Integration yields
same temperature, E() predicts a larger tunneling current
when positive current flows from the normal metal to the T(E V):Cef4/3\/Wd/V{[Wf(EfeV)]3/27(W7E)3/2} (10)
superconductor, i.e., when the superconductor is negatively '
biased. This is seen most clearly in the appearance of differy
ent size peaks idl/dV for bias voltages close to the super-
conducting gap! Note that this effect is opposite in sign to
the thermoelectric current generated when the normal metal

\Y
V(X)=W-

aX, (gb)

nd assumindV>E,V we expand and obtain

2m d
1+ ?W—M(E—GV/Z)

is colder than the superconductor, which is the situation that TEV)=To (19

prevails when current flows. Nevertheless, the nature of the

effects is such that one does not compensate the other, anghich for the free-electron mass yields

in particular, the tunneling asymmetry persists even in the

presence of a temperature gradient. E—eV/2
T(E,V)=T, l+0.51d(A)W(e\/)1’2—} (12)

Ill. BARRIER EFFECTS

As discussed above, when the gap as function of banflote that this expression satisfies
energy has a finite slope, such as predicted in the theory of
hole superconductivity, a tunneling asymmetry as well as a T(E,V)=T(E—eV,—V), (13
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yielding a symmetric transmission probability, as assumed. In the above WKB analysis it was assumed that the tun-
Thus we will take the transition probability of an electron to neling probability for an electron increases with energy,
be of the form(we omit the argumen¥ on the left side for  which gives rise to positive in Eq.(22). This will always be

brevity) the case for tunneling across vacuum, but not necessarily so
for tunneling across an insulator. If the Fermi level is in the
T(E)=To[1+c(E—eV/i2)] (14 pandgap of the insulator close to the top of the valence band,
and the parameter is given by in fact the opposite may bg true. Modeling the insulgtqr with
a valence and a conduction bailvo-band model it is
d(A) shown in Ref. 13 that the tunneling probability for an elec-
c=051——. (15  tron of energyE is proportional to
W(ev)12 gyE is prop
For a typical barrier wittd=20 A andW=4 eV this yields ax/2m e BNETE)
yp y T(E)=Ce Z™Npz— &, (23
c=51 ev™ (16 with E;=E.—E, the energy gap. Thus, fé close toE, the
In our numerical examples we will consides ranging from transmlssmrj vx{llkiecrea_segsE increases. This will give rise
0to 10 eVl to a transmission coefficient of the form Ed4), but now
The tunneling current between two normal electrodes the parametee can also be negative.
andn, (from n; to n,), with n; at voltageV relative ton2, For the case where is positive, which we expect to be
is proportional to more likely, the thermoelectric current will be opposite to the

temperature gradier(hegative thermopoweri.e., opposite
eV to what the intrinsic asymmetry in the model of hole super-
Jnlnz(EkaV):{l_C(Ek_ 7”[fn1(Ek_eV)_fn2(Ek)]7 conductivity predicts. Similarly the tunneling asymmetry
(17) will be such that larger current flows for positively biased
superconductor, opposite to what is predicted by the model
whereE, is the quasiparticle energy at electrade Forthe  of hole superconductivity. However for negative ¢ as could
two electrodes at the same temperature it gives rise to synbe obtained from the two-band model, the effects due to the
metric tunneling characteristics, as expected, since barrier and due to intrinsic asymmetry are of the same sign.
We will consider both signs of in the numerical studies.

Inn(EV)=Jp 0 (Ey—eV,—V) (19
for temperature§, =T, . There is however a thermoelec- IV. TUNNELING CURRENT
tric effect due to the energy-dependent transmission. For e follow Tinkham's* analysis of tunneling through a
zero voltage Eq(17) is barrier distinguishing between electron and holelike

branches of the quasiparticle spectrum. The tunneling current

Inyny (B0 =[1=CE[n, (B — o (EW)] (19 from normal to superconducting electrode involving quasi-

and the current involving quasiparticles of energ¥, is particles of energf, is given by
Inn(—EO=[1+cE[fr (E)—fo (B, (20) Ins= Uk| T qeq | 2L Fn(Ex—eV) — f(E)]
so that whenc#0 there is a zero voltage thermoelectric +vﬁ|Tk,q>qF|2[fS(Ek)—fn(Ek+eV)], (24

current WhenTnla&Tnz proportional to
whereq is the momentum of an electron in the normal metal,

Jo(|ExD)=3p.n.(Ex,0) + Iy n.(— E,0) k the quasiparticle momentum in the superconductor, and
vz vz Ty q the transition amplitude in the tunneling Hamiltonfén.
=2cE fn (Ex)—fn (EW] (21)  The transmission probabilities are taken to be
from quasiparticles of enerq_)Ek|. For tunneling betwee_n a |Tk,q<qF|2:T0[1_C(Ek_eV/Z)]v (259
normal and a superconducting electrode the current is pro-
portional to | Twq>qel*=To[ 1+ C(E(+eVi2)]. (25D
Ins=|1—c| Ex— i/) }[fn(Ek—eV)— f(En)] On summing over the quasiparticle momektthat give rise
2 to the same quasiparticle enerBy, we use Eq(5) and the
eV relation
t1tc| Bt o | (B~ fo(BxteVv)], (22

1
e nmve BT 2

where nowE, >0 andN is at voltageV relative toS. Equa-

tion (22) reduces to the sum of Eql7) for E, and —E,

when both electrodes are normal. The current@g) is no SO that
longer symmetric in the voltage, and will be larger when the
superconductor is positively biaseddf>0 when the elec- E uﬁ=1+ 1, (273
trodes are at the same temperature. K Ex
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) v A e B B A
> vi=1——, (27b) :
k Ex 2.5F
and the current in the presence of both intrinsic asymmetry ;
and energy-dependent transmission probability is, for quasi- 20 ;
particles of energ¥,, proportional to § L5 E
S -
14 -
Ins(Ei, V) =| 1+ = |[1~C(Bx— eV J[fn(Ex—eV) e
k -
0.5 F
V -
—f(EY ]+ 1—E—k [1+c(E+eVi2)] 0.0 b
X[ fs(Ep) — fF(Ex+eV)], (283
so that the total current from normal to superconducting elec- 3.0 T T
trode is C (b)
2.5
Ins(V)= 1afwdc E Ins(ELV) (28b) 205
N _eR Ag I_\/EZ_Ag N ’ ’ - E
T 15 ¢
with R the junction resistance in the normal state, and = E
given by Eq.(4a). 1.0 F
For a small temperature gradient, the zero-current thermo- E
electric voltage is now given by 0.5 ¢
PN N I T O o I
Vo:(” cAp) Ts—Th (29) 0020 0 20 40
e Ty v (mV)
and at low temperatureS{,T,<T.) by FIG. 4. Tunneling characteristics for a superconductor with zero

temperature gapj\,=16 meV andT.=100 K, for temperatures
T=10, 25, 50, and 75 K. The temperature dependence of the gap
is usual BCS, and the asymmetry parameter proportional tmg.

. .. . The degree of energy dependence of the tunneling probability on
More generally, the magnitude of the effects due to intrinsicenergy is given by the parameter[Eq. (15)]. Here and in the

asymmetry and energy-dependent transmission will be comp|iowing figures, positive current flows from to S, and positive

~(v—cA) kT,

0 5 A_O[e(ﬁn*ﬁs)Ao_ 1]. (30)

parable if voltage denotedN is positive with respect to Sa) Full lines: ¢
=0, v=15 meV(atT=0; atT>0, v decreases proportionally to
v AS); dashed linesy=0, c=—10 eV . Note that the dashed and

e~ A_o, (32) solid lines closely agree at all temperaturds; v=1.5 meV, c

=115 eV'!: the energy-dependent transmission almost exactly
otherwise one of the two effects will dominate. Note that thiscancels the intrinsic asymmetry effect.
implies that the relative importance of barrier effect and in-
trinsic asymmetry will be similar for high- and loW; ma-  negatively biased In particular, as the temperature increases
terials for similar barriers, since is expected to scale ap- and the gap becomes smaller, both the intrinsic asymmetry

proximately asAg. and the asymmetry due fB(E) are similarly reduced. This
indicates that observation of a tunneling asymmetry that dis-
V. NUMERICAL RESULTS appears as the system becomes nofimaleither raising the

temperature or applying a magnetic fietchnnot by itself be

We consider as an example a superconductor With interpreted as evidence for intrinsic electron-hole asymmetry
=100 K and zero-temperature gafy,=16 meV. This in the superconductor. Conversely, observation of symmetric
could be a representative case for highexides and we can characteristics cannot by itself be interpreted as evidence
also infer from this the expected behavior in other regimesagainst intrinsic electron-hole asymmetry, as they could arise
(e.g., conventional superconductoby suitable scaling. The from cancelling effects of intrinsic asymmetry and energy-
intrinsic asymmetry parameter for this case is expected to dependen® (E), as shown in Fig. &).
be a few meV. We calculate the tunneling current using Eq. Next we consider the effect of different temperatures in
(28), with junction resistanc®=1 (). the normal and superconducting electrodes. Here, it is more

In Fig. 4 we compare the effect of intrinsic asymmetry useful to look at versusV, as no appreciable effects appear
and energy-dependent transmission on tunneling characterigt dI/dV in the presence of a temperature gradient. Figure
tics. The results for=1.5 meV and constanf(E) (solid 5(a) showsl versusV for a case of intrinsic asymmetry: the
lines) are almost indistinguishable from those for0 and a  slope ofl versusV is determined by the temperature of the
T(E) with c=—10 eV ! (Eq. 14, both giving rise to a normal electrode, and when the temperature of the supercon-
larger peak for positive voltage@.e., when the sample is ductor is raised the curve shifts more or less rigidly down-
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FIG. 5. Current versus voltage for & S tunnel junction with FIG. 6. Zero-voltage thermoelectric currditversus tempera-
the normal electrode colder than the superconducting (8oéd  ture of the superconducting electrode for fixed temperature differ-
line) and for both electrodes at the same temperature, as indicateshce T,— T,,=10 K. (a) Full lines: intrinsic asymmetry, energy-
(dashed and dash-dotted line¢a) »=1.5 (at T=0), energy- independent transmission. Dashed lines: no intrinsic asymmetry,
independent transmissiorc£0). (b) No intrinsic electron-hole energy-dependent transmissigh) Some cases with both intrinsic
asymmetry ¢=0) and energy-dependent transmissiog,  asymmetry and energy-dependent transmission.
=4.5 eV, with the transmission probability of aslectronin-

creasing with energy. . . . .
g 9y gradient across the barrier. As we will see in what follows,

distinction does become possible when we consider depen-
dence of thermoelectric current and voltage on temperature,
magnetic field, or barrier thickness.

wards; a zero-voltage currehy exists from the supercon-
ductor to the normal metal and a zero-current voltage
whereN is positive with respect t&. Similarly in Fig. 5b)
the same behavigwith opposite sighis found with no in-
trinsic asymmetry but energy-dependdritE). Note how-
ever that the magnitude afrequired to give the same mag-
nitude effect asy=1.5 is smaller than that required to give
symmetric tunneling characteristid$=ig. 4(b)]. In other
words, if intrinsic asymmetry an@(E) effects are of a mag-
nitude such as to cancel each otherdiidV, the thermo-
electric effect due ta(E) would dominate.

As seen from Fig. &), a temperature gradient wheFgis

A. Temperature dependence of thermoelectric effect

We consider the zero-voltage thermoelectric curtgribr
a fixed temperature differende,—T,=10 K, as a function
of Ts. Figure &a) shows the behavior for two cases with
intrinsic asymmetry and energy-independent transmission,
and two cases with no intrinsic asymmetry and energy-
dependent(E). The behavior is qualitatively different as T
larger thanT,, causes less current to flow frobh to S than  approachesl, as the current due to intrinsic asymmetry
whenT,=T, for the samél, for small voltages, so thdt| is  vanishes and that due to energy-dependéft) saturates at
smaller for positive than for negative voltages. For voltagess nonzero value. Thus, this measurement provides a clear
somewhat larger than shown in Figah however, the asym- qualitative difference of the consequences of both effects. In
metry in the density of states takes over and bbtand the presence of both effects together they add,lgneérsus
di/dV are larger for positive than for negative voltages. Ontemperature can change sign, as shown in some examples in
the scale of Fig. 4, the temperature gradient does not chandég. 6(b). Note also that even if it does not change sign,
thedl/dV behavior shown in Fig. 4. evidence for a nonzerp in Fig. 6b) is thatly(T) has finite

From the results presented so far, we conclude that it islope asl approached, in contrast to Fig. @). Thus, if it
not possible to distinguish effects due to intrinsic electron4s found that the thermoelectric current goes to zerdlas
hole asymmetry versus energy-dependgii) neither inthe —T., we would conclude thaf(E) is energy independent
voltage and temperature dependenceddfdV nor in the and intrinsic asymmetry exists, otherwise one would calcu-
voltage dependence df in the presence of a temperature late the expectetl,(T) for various values oi andc until a
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FIG. 7. Zero-current thermoelectric voltage for the same cases 1.0 | ] |
as in Fig. &a). The inset shows the region of temperature close to [
T. amplified. 3 (b)

0.5 L - ¥=0 .E=10‘ ]
best fit is found. Because of the qualitative difference in the L -7 0emds Tt~
two effects asT— T, the fitting procedure would allow de- = P e ]
termination ofv andc given sufficiently accurate experimen- - 0.0
tal results forl. = y=1.5,0=0

The zero-current thermoelectric voltage is shown in Fig. 7 s
for some cases. At low temperatures, the thermoelectric volt- 0.5 - v=4.5,c=0 7]
ages become rather large when the normal metal is colder I
than the superconductor, as described by (Bf.. As T ap- S Y PP N RPN R I
proachesT., V, goes to zero if only intrinsic asymmetry 0 20 40 60 80 100
exists and remains finite for energy-dependent transmission Ts ()
(inseb.

FIG. 8. Dependence of current and voltage on temperature when

For the case where the superconductor is colder than ﬂ}'ﬁe normal metal is at higher temperature than the superconductor:
normal metal, the behavior of the zero-voltage '[hermoelec-rn_TS= 10 K. (a) Zero-voltage thermoelectric currertt) zero-

tric current is similar, as shown in Fig(. However, the ¢\ ;irent thermoelectric voltage. The parameters are indicated in the
voltages at low temperatures are much smaller in this casggyre.
as shown in Fig. &). This is to be expected from E@30).

C. Barrier thickness dependence

B. Magnetic-field dependence i . i
The parametec that gives rise to the thermoelectric ef-

In the presence of a magnetic field large enough to supfect due to the barrier is directly proportional to the barrier
press the gap in the superconductor, the intrinsic asymmetiickness, as discussed in Sec.[Hq. (15)]. Hence, in the
is also suppressed, while the asymmetry dud (&) per-  presence of both intrinsic asymmetry and energy-dependent
sists. Figure 9 shows the zero-voltage thermoelectric curreRtansmission, measuring the thermoelectric effect for differ-
versus energy gap for fixed transmission and various valuegnt barrier thicknesses should be useful in sorting out the two
of intrinsic asymmetry(a) and for fixed intrinsic asymmetry effects. In particular, as the barrier thickness approaches
and varying transmission energy depende(ie Here, T, zero, the intrinsic effect will dominate. However, when the
=20 K, Ts=50 K. Note that the curves are nonmonotonic barrier becomes very thin the tunnel junction will no longer
in most cases. For example, a decreasing energy gap c@@ ideal and the effect due to intrinsic asymmetry is also
causel, (in absolute valugfirst to increase and then de- weakened, as discussed in Ref. 3. Here we assume that the
crease both for=0 as well as forc=0. Again, as the gap barrier remains ideal in the range of thicknesses considered.
goes to zerol, remains finite only if energy dependence in  Figure 11 shows the zero-voltage thermoelectric current
T(E) exists. Ifly changes sign as a function Af, it indi-  (a) and the zero-current thermoelectric voltage versusc,
cates that both intrinsic asymmetry and energy dependenaghich is proportional to the barrier thickness for various val-
in T(E) exist. For large energy dependenceT{fE) and  ues of the intrinsic asymmetry parametein the presence of
small intrinsic asymmetry, no change in sign occurs; nevera fixed temperature gradient. The zero-voltage current is
theless, even in that case a small intrinsic asymmetry woulgiven by
be detectable as it makes the maximum jrversusA, dis-

appear. .
Figure 10 shows the behavior of the zero-current thermo- |o=i dE _E F_(ﬂ; [f.(E)—fy(E)]

electric voltage versud, for various cases fof,=20 K, eRala, \/eZ—AS E " ® ’

T,=50 K. Here again the qualitative difference occurs as (32

Ay—0, while for largeA, the dependence a&f, on gap for
both intrinsic asymmetry and energy-dependd@iE) is  so thatitis linear irc. Hence, even if the intrinsic asymme-
similar. try is small and the barriers are not very thin, extrapolation
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FIG. 9. Zero-voltage thermoelectric current versus @apfor FIG. 10. Zero-current thermoelectric voltage versus gap(dpr

(a) fixed transmission and various degrees of intrinsic asymmetryixed transmission and various degrees of intrinsic asymmetry and

and (b) fixed intrinsic asymmetry and varying energy-dependenceyp) fixed intrinsic asymmetry and varying energy dependence of
of transmissionT,=20 K, Ts=50 K. The curves are labeled by transmissionT,=20 K, T;=50 K.

the value of the asymmetry parametemt zero temperature with

zero-temperature gap,=16 meV; as), is reducedy is reduced ] )
proportionally toA2. a N’IN junction; these should serve the purpose of both

measuring the temperature drop as well as detecting the ther-

of I,(c) to c=0 should not be too difficult, and would pro- moelectric voltage.

vide direct information on the intrinsic asymmetry The entire system in Fig. 12 should be at temperaiyre

The thermoelectric voltage, Fig. @), shows a rapid and when the current, ¢, flows the electrodeN will be

crossover from intrinsic asymmetry dominated for thin bar-cooled to a lower temperatufig,. The normal metaN’ may

riers to barrier dominated for thicker barriers; observation ofpe the same metal a¢, but will be at temperatur&,. We

this crossover would provide direct information on the exis-yse a tunnel junctioMN’IN rather than a metallic contact to
tence of these competing effects. If however the intrinsicayoid heat losses. The superconduc®r should have a
asymmetry is very small, it would be difficult to extract in- |ower critical field thanS, so that it would be possible to
formation on» from V, if only a limited range of thick gyppress the superconductivity 81 with a magnetic field

barriers was available. Nevertheless, except for this cavegfy;je maintaining the refrigerating power of t8INISsys-
the fact that the thermoelectric voltage can become veryam

large at low temperatures suggests that measuremeig of If there is no energy dependence in the transmission

versus barrle_r thlckness_ may _be the most direct way to ©X3cross theS'IN and N'IN junctions, the voltagd/, mea-
tract information on the intrinsic asymmetry.

sured between electrodbs andS’ will be the zero-current
thermoelectric voltage due to intrinsic asymmetry in the su-
perconductofS’, provided the junction§’IN andN’IN are

We consider the circuit shown in Fig. 12. As discussed byexactly opposite each other. To average over geometric
Leivo, Pekola, and AverinR,a SINIS structure provides a asymmetry, the voltag¥, should be measured with positive
more efficient way of cooling than the originillS structure  and negativd .;,, and averaged. If the junction’s transmis-
considered by Nahum, Eiles, and Martifiisecause it avoids sion has energy dependence, the effect§(&) in theS'IN
heat leakage through tH&N contact used to bias the junc- andN’IN junctions should come in with opposite signs and
tion. Leivo, Pekola, and Averin used two additional “ther- nearly cancel out if the junctions are of similar nature and
mometer” SIN junctions to measure the temperature drop inthickness; the residual effect should be representable by a
the N electrode through a floating voltage measurement asmall “effective” value of the parameter in the tunneling
constant bias current. In Fig. 12 we show inste&il&N and  characteristics discussed in the previous section.

VI. EXPERIMENTAL FEASIBILITY
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FIG. 13. Cooling power of anSIN junction with zero-
temperature gap,=16 meV andT,=100 K. The numbers next
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In the presence of intrinsic asymmetry or of energy-
dependent transmission, the magnitudeg pwill be slightly
different for positive and negative junction polarity. How-
] o ever, in theSINIS geometry these effects will average out
FIG. 11. Dependence on magnitude of transmission parametey,, 4 \we will not consider them in what follows.

¢, which is proportional to barrier thickness, @) zerq-voltage The cooling power is largest when the bias voltage of the

thermoelectric current angb) zero-current thermoelectric voltage. refrigerating junctions is close /e, as shown in Fig. 13.

T,=20 K, Ts=50 K. . ; - 2
As a function of temperature, the cooling power first in-
creases a¥ is lowered belowT and the gap opens up, and

_The cooling power of the refrigerating junctions is deter- 4o reases again at lower temperatures as the number of ex-
mined by the heat current that flows when an electric currentioq quasiparticles becomes small. Figure 14 shows the

circulates. For energy-independent transmission and no ing 4imum cooling power as function &, for T,=T, and
S S n

trinsic asymmetry, the heat current is giverf by for Ts—T,=0.1T, as assumed for the results in Figs. 6 and
7. In that case, the maximum cooling power occurs Tgr
0Y%0 ~0.43T,.

The electronic temperature that can be reached iM\the
electrode depends on the coupling between electrons and
phonons, which is expected to be proportional to the 5th
power of the temperature, as discussed in Ref. 5. The energy
! transfer from electrons in the normal electrode to phonons is

s

SRNRRSS

temperatureTg. If the barriersS'IN and N’IN are similar, the 0
voltage V, will measure the intrinsic asymmetry parameter of the
superconducto®’. The junctionsS’'IN andN’IN can also be used

to measure the temperature drop Nhas in the case of Leivo, FIG. 14. Maximum cooling power versds, for Ts=T,, and for
Pekola, and Averin. Ts—T,=10 K for the case of Fig. 13.

'S N s given by’
156 T T T T ]
[ Te=T,

N P 3 i

o 2 10f -

FIG. 12. Schematic circuit for measurement of thermoelectric < 5L ]
effect. The entire system is at temperatlie and when the current L
l,efr Circulates the electrodd will be cooled to a lower tempera- r

ture T, if Viet;~Ao/2. The electrode$’ and N’ will remain at I |
0

80 100
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1.0 T T T T — results in Sec. V we assumed a resistance foiSthsl junc-

i 2 tion of R=1 Q. Assuming a more realistic valueR

0.8 70 4 ~100 (, we conclude that currents will be scaled down by

2 1 a factor of approximately POfrom those shown in the fig-

0.6 - 77 ] ures in Sec. V, hence we expect measured thermoelectric
- i O ] currents for these cases to be of order nA. We conclude that
¥c 0.4 F Ry E the expected values for thermoelectric voltages and currents
= -7y .,‘-’7\8#\1 ] are well within what can be detected in the laboratory. In the

: o7 T ~suen ] experiment of Smith, Tinkham, and Skocpulith a Pb+-Al
0.2 L // e E tunnel junction, a superconducting quantum interference de-
,/ L ° T T vice galvanometer was used to measure thermoelectric cur-

0.0 05 0.4 06 08 ] rents down to a few pA. _ _

T, (K One should also consider possible thermoelectric effects

that could arise from temperature gradients in the normal

FIG. 15. Temperature of normal electrodlg versus tempera- electrodesN andN’. Let us assume as an upper bound that
ture of superconducting electrode for a junction of dimensions andhe temperature drop occurs entirely in the electrodes rather
paramete [Eq.(31)] as in the case of Leivo, Pekola, and Averin than at the barrier. Assuming the normal electrodes are Cu, at

for S=Al (Tc=1.14 K) and for SSn (T;=3.72 K). The resis- g temperature of 1 K its thermoelectric power is approxi-

tance of the refrigerating junction is assumed to be 10K mately S~ —0.01 wV/K; thus, this contribution should be
_ - substantially smaller than the expected thermoelectric volt-
=2 Q(T-T)), (34)  age from intrinsic asymmetry i68' and from barrier effects.

Finally, let us estimate the voltage that could arise due to
geometric asymmetry in the location of the junctids$N
andN'IN. For refrigerating junctions of resistance 1 (K
the refrigerating current will be of ordéy.s,~0.2 A if the
bias voltage is of orde¥~0.2 mV, the magnitude of the
energy gap in Al. Assuming a Cu sample of resistivity ratio

S =4 nWIKS umd, (35) of 10° (about 20 ppm impuritiesand a geometric asymmetry
corresponding to a relative displacement of 24 between
and the normal electrode dimensions were @B, 0.3 um,  the junctionsS’IN andN’'IN would yield a voltage drop of
and 35 nm for length, width, and thickness, respectively. approximately 1 nV. Thus the effect of geometric asymme-

Equating the heat current E@®3) to the heat loss Eq34)  try can be expected to be much smaller than the expected
yields an estimate for the temperature that will be attained inhermoelectric voltage; in addition, it can be largely elimi-
the normal electrode. Figure 15 showg versusTg esti-  nated by circulatind ¢, in positive and negative directions.
mated this way versubg and the experimental data of Leivo,
Pekola, and Averin, wher8 is aluminum and\N is copper.
We also show the cooling power for the case whege
=3.72 K, as it would be if the superconducting electrofles  We have studied the feasibility of measuring the intrinsic
were Sn. The sample dimensions and strength of electrorelectron-hole asymmetry expected to occur in all supercon-
phonon coupling were taken to be as for the case of Leivoguctors according to the theory of hole superconductivity by
Pekola, and Averin. measuring a thermoelectric effect across tunnel junctions.

For the case of Leivo, Pekola, and Averin, the critical The recent developments in achieving refrigeration with such
field of S (Al) would beH,=105 G. ForS', one should use junctions open up the possibility of measuring this effect.
a superconductor with lower critical field, to be able to sup-Even in the presence of energy dependence of transmission
press superconductivity i®" with a magnetic field while across the barriers, we have seen that it should be possible to
maintaining it inS. For example, one could use Ga or Zn, detect the intrinsic electron-hole asymmetry in the supercon-
with critical temperaturesT.=1.091 K andT.=0.875 K  ductor. Essentially, the reasons are that the intrinsic asym-
and critical fieldsH.=51 G andH.=53 G, respectively. metry is expected to be strongly dependent on the existence
To measure the parameter of Al one could use Al f& of the superconducting gap, while thermoelectric effects due
and Sn forS, with H.=309 G. The refrigerating junction’s to the barrier are expected to remain even when the super-
resistance assumed for Fig. 15 isKL(); better results conducting gap is suppressed; also, thermoelectric effects
would be obtained with smaller junction resistance anddue to barrier will be strongly dependent on the thickness of
smaller sample dimensions. the barrier. Furthermore, they can be largely eliminated with

To estimate the magnitude of the expected thermoelectrithe geometry of Fig. 12 with similar junctionS’'IN and
effect for these cases, the critical temperature needs to ¢’'IN. We have also seen that other sources of thermoelec-
scaled by a factor of approximately 100 from the cases distric effects as well as voltages arising from geometric asym-
cussed in Sec. V. However, we expect the asymmetry parammetries are not expected to be significant.
eterv to be reduced even more, perhaps by a factor of 1000, For superconductors with higher critical temperatures,
i.e., v=1.5 uV. Then, the thermoelectric voltages that will and in particular for highF. oxides, the much larger magni-
be measured corresponding to a few mV in the graphs itude of heat transfer from electrons to phondgs|. (34)]

Sec. V will be a fewuV. Concerning the currents, for the would preclude the possibility of achieving much lower elec-

where we assume that the lattice is at temperafyreHere,

Q is the volume of the normal electrode akds a constant
that depends on the strength of electron-phonon coupling. |
the experiment of Leivo, Pekola, and Averih, was esti-
mated to be

VIl. DISCUSSION
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tronic than lattice temperatures, as was achieved in the exzap on different points on the Fermi surfa@g.,s wave
periment of Leivo, Pekola, and AvernHowever, it may versusd wave it should be of interest to measure variations
still be possible in that case to achieve a substantial temperaf the gap in directionperpendicularto the Fermi surface.
ture drop in the normal electrodelectrons and lattigeby  Quite generally, this information should provide clues on the
thermally insulating it from the environment, as was nature of the pairing mechanism. In other theoretical frame-
achieved to some degree in the experiment of Manninenyorks one might expect the slope of the superconducting gap
Leivo, and Pekol&.In that case, thermal conduction acrossto be zero or of random sign and to not correlate with the
the tunnel barrier would limit the magnitude of gradients thatmagnitude ofT.. In contrast, the theory of hole supercon-
can be achieved, making it desirable to use tunnel barriers afuctivity predicts the slope to be of universal sign and to
low thermal conductivity. Also, the possibility of achieving increase with the critical temperature.

large temperature gradients across tunnel junctions by heat- In conclusion, we believe that an experimental effort to
ing rather than cooling, e.g., by laser irradiafi@m by joule  measure the parameterof superconductor§.e., the slope
heating, should be further explored. of the superconducting gap function at the Fermi engrgy

The thermoelectric effect due to intrinsic asymmetryshould be pursued. In addition to the technique discussed
would also occur when both electrodes in a tunnel junctiorhere, there may be other more direct ways of doing this
are superconductirgin which case the effects of the param- without involving tunnel junctions. Such ways should be in-
eterv in each electrode would add. Furthermore, in that caseestigated. Finding a single superconductor wheig nega-
the cooling power of ar81S junction (with different gaps tive or zero would invalidate the theory of hole superconduc-
for S and S') would be even larger in certain parametertivity. More generally, knowledge of the value of of
ranges due to the diverging density of states in both elecsuperconductors, in addition to other fundamental properties
trodes. Thus, a setup where all electrodes are supercondustich as energy gap and critical field, is likely to add valuable
ing could provide an even more efficient way to measure thénsight into the systematics of superconductivity in nature.
parameten of a superconductor.

The intrinsic thermoelectric effect discussed here will
arise in any superconductor where the gap function as func-
tion of energy has a finite slope at the Fermi energy. Just as | am grateful to Aviad Frydman for stimulating conversa-
it is of interest to measure variations of the superconductingions.
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