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Theory of charge transfer at the high-T. superconductor/electrolyte interface
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17071 Moscow, Russia
(Received 30 March 1995)

We discuss the kinetics of electrochemical process on the high-T. superconducting electrodes
dependent on the type of superconductivity. The existence of the hump of an appreciable height in
the temperature dependence of the current clearly points towards the BCS s-type superconductivity,
involving a gap in the electronic spectrum. The height of the hump should be much less in the case of
the unconventional d-wave pairing, while the absence of the hump is a signal about the importance
of pair-breaking processes typical of the strong-coupling theories or even about bipolaron (bosonic)
mechanism. Low-temperature tails at the current/temperature curve are also informative being
determined by the electronic states within the gap typical of the unconventional d-wave pairing.

The superconductors are attractive materials for ap-
plications as the electrodes in electrochemical systems.
However, the study of their electrochemical properties
began only recently after the discovery of the high-T,
superconductors (HTS). Extensive experimental investi-
gations of the kinetics of the electronic transfer reactions
were performed in a broad temperature region includ-
ing the point of the superconducting transition 7.} In
most of the experiments the superconductors of the type
YBa,;CuzOr_s were used in contact with solid electrolyte
AgQB'—alumina. Rather common observation in various
systems is a hump of the electric current near T,. The
increase of the current at the maximum point does not
usually exceed a factor of 2 or 3.

The first theory of elementary electron transfer pro-
cesses at the superconductor/electrolyte interface was
presented in Refs. 4 and 5, where a quantum mechan-
ical theory of the elementary act of charge transfer was
extended to the systems under consideration. The tra-
ditional BCS model of the conventional weak-coupling
superconductor was used in both papers. A qualitative
explanation of the hump in the current/temperature de-
rent/temperature dependence has been given in Ref. 6
based on the assumption of weak coupling of the reacting
ions in the electrolytes with vibrational medium modes.
This approach may serve as a basis for the extension of
the theory to HTS, which is the aim of the present paper.

We assume below that the coupling of the electron ac-
ceptor (or donor) in the electrolyte with the electrode is
small (nonadiabatic reaction). Then the electric current
can be calculated using the theory of electrochemical elec-
tron transfer reactions developed in Refs. 7 and 8. The
total electric current is the difference of anodic i, and
cathodic i, currents related with the electron transitions
from the reactant in the electrolyte to the electrode or
in the opposite direction, respectively, i = i, — i.. The
expressions for i, and i. have the form

i = Bue / dEp(E)(1 — f(E))Wa(E), (1)
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io = e / dEp((E)f(E))W.(E), @)

where ®, and ®. are the functions of the reactant con-
centrations in the reaction zone, p(E) and f(E) are the
DOS and Fermi distribution function for the electrons
in the electrode, W,(E) and W,(FE) are the probabilities
(per unit time) of the electron transition to (or from) the
electron energy level E in the electrode from (or to) the
ion in the electrolyte. The electron energy is counted
from the Fermi level.

The BCS theory of superconductivity based on the
conventional s pairing in the weak-coupling limit implies
the existence of an energy gap 2A near the Fermi level
in the superconducting state and gives for the density
of electronic states (DOS) outside the gap the following
expression:

| E |

P (E ) Po (E ) m )
where po(FE) is the DOS in the normal state, assumed to
be a smooth function of E. Hereafter we put po(E) = 1.
A may be approximately described by

| E|> A, (3)

A = Ao(1-T/T.)Y2 (4)

Experimental data for HTS show that in some of them
(e.g., in Nd2_.Ce,CuOy4 and in the newly discovered Hg
based cuprates) a significant energy gap exists® with large
values of the ratio %‘1 = 5-8. Experimental data are fit-

ted better when a weak inelastic smearing (pair-breaking
effects) is introduced to (3) following Dynes et al.:'°

pr(E) = Re(p(E — iI')), 5)

where I' is the lifetime broadening of the gap. Coffey
proposed!! for T the following temperature dependence:

T =T+ I (T/T:)3, (6)

where I'g and I'; are constants.
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The deviations of the electronic properties from those
of the conventional BCS with s pairing is even greater for
HTS YBa;CuzO7_s where the electronic states within
the energy “gap” were found experimentally.® The DOS
inside the ”gap” depends on F linearly, while for E — co
it behaves similarly to the conventional BCS, demon-
strating also much weaker singularity (or even absence
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of singularity) at | E |[= A. These features of the DOS
are characteristic for an unconventional BCS d-wave pair-
ing, but the comprehensive microscopic theory is still in
progress. In order to have the DOS which rationalizes
these well established experimental features of the “gap-
less” HTS and does not rely on any particular micro-
scopic theory we introduce the following model DOS:

]
| E | 175
= q— = — <
pd(E) a A’ 96’ IEI—Aa (7)
A2 3/A\* 5 /A\° 35 /7A\® 53
E)=1+b(= (= (= =2 (= =—
pa(B) =1+ (E) +8(E) +16(E) +128<E)’ b=-5 [EI>A ®)

where a,b are the parameters determined by the condi-
tion of the continuity of the DOS at the points | E|= A
and from the integral condition on the DOS: [ (pa(E)—
1)dE = 0, which means simply that [ p(E)dE is con-
served on going into the superconducting state. Thus
pd(FE) depends only implicitly on the number of terms in
Eq. (8), which is obtained from the expansion of (3) at
large E.

The form of transition probability in Egs. (1) and (2)
depends on the strength of the coupling of the charge
with the medium modes,* which for polar media is mainly
characterized by the solvent reorganization energy E,,!2
E, = (1/87)(1/eoo—1/e0) [ (D; — Dy)*d®z, where ¢ and
€ are the static and optical dielectric constants, and D;
and D ¢ are the electrostatic inductions due to the charge
distributions in the initial and final states. If the reorga-
nization energy is sufficiently small, then the dependence
of the transition probability of the electron with energy
E is of the resonance form?'3

2
we=2" IR 9)
(E +6)" + (AksT)

where V is the electronic matrix element, § depends on
the electrode potential and reactant concentrations and
A= ﬁ%f(",,%) <« 1, where Q(™) is the characteristic vibra-
tional frequency of the medium. The case when the con-
centrations of the reactants and products are maintained
constant and equal to each other is considered below for
the sake of simplicity. Since an exact form of the poten-
tial drop due to the conduction (normal) electrons of the
superconductor is not known, we consider here the “clas-
sical” model of superconductor with no potential drop
inside it. It is assumed also that all the potential drop
occurs in the compact part of the double layer near the

3 T T T T

(T
te(Te)

Te
FIG. 1. Cathodic current :C(TT )) vs T,I% calculated for two

different DOS: p(E) (dotted) and pa(E) (solid). Parameters:
ks =1;Te = 100; 2 = 4; 72 = 0.0L;T, = 0;AT. = 2; 2 = 0.5.

Ielectrocle. The potential drop in the diffuse layer of the
electrolyte is taken into account by analogy to the so-
called 7 effect leading to the corrected Tafel plots, i.e., we
study the dependence of the current on the potential drop
between the superconducting electrode and the point of
location of reactant in the electrolyte. As usual we as-
sume that it is located at the boundary of the compact
layer. The quantity § is then simply § = ¢o — @, where ¢¢
is an equilibrium value of the electrode potential at which
the total current 7 equals zero. Equation (9) is equally
valid both for the forward and backward electron trans-
fer. Since the potential is counted from the equilibrium
one, introduced from the condition of zero total current,
the functions of the reactant concentrations in Egs. (1)
and (2) are equal to each other. Taking into account that
for the anodic and cathodic current § has a different sign
and the DOS is an even function of F, one can see from
Egs. (1), (2), and (9) that i.(¢ — ¢o) = ia(do — ¢). The
cathodic current will be therefore considered below in de-
tail. We shall discuss mainly the behavior of the current
at T < T, in the neighborhood of T., where the max-
imum of the current has been observed.! The cathodic
current dominates at ¢¢9 — ¢ > 0, whereas at ¢g — ¢ < 0
the anodic current prevails.

The results for ff(%%}) Vs % calculated for two different
DOS [p(E) and pq(FE)] are shown in Fig. 1. The height
of the maximum is less for the “gapless” DOS and the
behavior at T < T. is markedly different. An exponential

0.8

1 1.02 1.04 1.06 1.08 1.1 112

Te

T
FIG. 2. Normalized cathodic current ::((f )) vs % for the

DOS given by p4(FE) is shown for the three different ratios of
TAC: TAC = 4 (dotted line); TAC = 3 (solid line); % = 2.5 (dashed
line). Parameters: kp = 1; Tc = 100; AT, = 2; Tic = 0.5.
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FIG. 3. Normalized cathodic current :C((TT )) vs ’17;% for

the DOS given by p4(E) is shown for the three differ-

ent values of the overpotential §: Ti = 0.4 (dotted);
—T% = 0.5 (solid); Tic = 0.6 (dashed). Parameters:

ky = 1; To = 100; 92 = 4; AT. = 2.

decay typical of “gapped” BCS is replaced by the slow
algebraic decay typical of the unconventional “gapless”

theories. With growing ratio 2AQ the maximum is shifted
closer to T, (see Fig. 2) while the height of the maximum
remains almost unaltered. Increasing § one can change
both the position and height of the maximum (see Fig. 3).

The results presented above should be supplemented
with the discussion of the pair-breaking processes, which
play an important part in the numerous explanations of
the NMR phenomena in HT'S. Calculations with the DOS
pr(E) (5) and I' given by (6) demonstrate that already
for rather weak intensity of the pair-breaking processes
—g—% = 0.1 the hump of the current is fully suppressed (see
Fig. 4). This might be the reason why the hump was
not reliably detected in the experiments of Ref. 3 with
Tl-based HTS.

Another model of superconductivity, based on bipo-
laronic mechanism, considers the elementary excitations
in the superconductor as the charged weakly imperfect
quasi-two-dimensional Bose gas with temperature de-

3 T T T T T

1 1.01 1.02 1.03 1.04 1.05 1.06
IE
T .
FIG. 4. Normalized cathodic current :‘((;: )) vs % cal-
(T

culated with the DOS pr(E) and I' given by Eq. (6)

for the four different values of I Ty = 1, I'; = 0
(solid); T = 10, T; = 0.5 (dotted); I'o = 20, I'; = 1
(dashed); T'o = 40, I'; = 2 (dashed-dotted). Parameters:

ky = 1; Te = 100; 22 = 4; AT. = 2; £ = 0.5.
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FIG. 5. The temperature dependence of - ) calculated
for the bipolaronic model with the elementary excitations
spectrum given by Eq. (10) for the three different values of §:
§ =1 (solid); § = 0.7 (dotted); § = 0.25 (dashed). Parame-
ters: ky =1, T. =5, 2 = 0.05, m = 10, no = 1.

pendent plasmon gap € in the elementary excitations
spectrum,!4

k4 k2
E=4—+4+—
\/4177,2 + 2mn'u

where v(k) = % is the correction to the spectrum of neu-
tral bosons taking into account the charge of the par-
ticles. The superfluid density n(T) involved in (10) is
assumed to be described in the form proposed in Ref. 15:
n(T) = no(1—T/T.)?/3, which takes into account critical
fluctuations close to the temperature T, of the transition
from the superfluid to normal state. The Fermi function
in Eq. (2) must be changed now to the Bose function
and the integration performed directly in k space where
the properties of the system are determined by the el-
ementary excitations spectrum. The results are shown
in Fig. 5. The temperature dependence of #ﬁ}‘% has no
peaks. This feature may serve for discrimination between
the Bose and Fermi models of HTS.

Only cathodic current was considered above. At neg-
ative overpotentials ¢ — ¢ it dominates and is approx-
imately equal to the total current. The dependence of
the absolute value of the total electric current || on ¢ is
very informative, because it follows qualitatively to the
shape of the DOS. The current/voltage dependencies for

(k) + 02, (10)

3 T T T T T

(

0o 0.2 04 0.6 08 1 12

Te
FIG. 6. The dependence of the absolute value of the nor-
malized total electric current |i| on the overpotential § for
the “gapped” p(E) (dotted) and “gapless pd(E) (sohd) Pa-
rameters ky = 1; T. = 100; T' = 98.5; = 4 = 0.01;
'y =0; \Te = 2.
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0

FIG. 7. Absolute value of the normalized total electric cur-
rent |i| vs overpotential 4, calculated with the DOS pr(E) and
T given by Eq. (6) for the four different values of I': T'g = 1,
'y = 0 (solid); T'o = 10, T'; = 0.5 (dotted); I'o = 20, '; = 1
(dashed); To = 40, I'y = 2 (dashed-dotted). Parameters:
ky = 1; T. = 100; T = 97.5; %Q =4; \T. = 2.

the “gapped ” p(F) and ”gapless” pq(E) are compared
in Fig. 6 and manifest a significant difference originating
from the peculiar features of the unconventional d-wave
pairing. The height of the hump is much less in the case
of the unconventional d-wave pairing and the tail of the
current under low values of § is seen at the current and /or
overpotential curve, being determined by the electronic
states within the gap typical of the unconventional d-
wave pairing.

The effect of pair-breaking phenomena on the system
with s-type pairing and DOS given by pr(FE) is also con-
siderable. Already at moderate %% = 0.1 the peak due
to the electronic states at the edge of the gap is smeared
out (see Fig. 7). For the bipolaronic model the peak is
always absent and even at the maximum the current is
suppressed as compared to its value at T, (see Fig. 8).

Thus the kinetics of electrochemical process on super-
conducting electrodes depend on the type of supercon-
ductivity and may serve as an additional tool for dis-
crimination between the different models. The possibil-
ity of getting information both from the temperature and
potential dependencies of the current is notable.

It is worthwhile to point out that all the results pre-
sented above are obtained for the values of parameters
typical of the high-T. superconductors and of the elec-
trochemical experiment; therefore, changing the values of
parameters does not change considerably the appearance
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0o 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
8

Te

FIG. 8. Total electric current [i| (normalized to its
value at T = T.) vs overpotential §, for the bipola-
ronic model with the energy spectrum given by Eq. (10)
for the three different temperatures: T = 4.95 (solid);
T = 4.9 (dotted); T = 4.8 (dashed). Parameters:
ke =1,T. =5, Q=0.05 m=10, no = 1.

of the plots and at the present stage one can distinguish
between the models at the qualitative level. The exis-
tence of the hump of an appreciable height (the increase
of the current by a factor of 2 or 3) in the temperature
dependence of current clearly points towards the weak-
coupling BCS scheme of superconductivity with s-wave
pairing. The height of the hump should be much less in
the case of the unconventional d-wave pairing, while its
absence is a signal about the importance of pair-breaking
processes typical of the strong-coupling theories or even
about bipolaron (bosonic) mechanism. Low-temperature
tails are also very informative being related to the elec-
tronic states within the gap and supplying information
about the shape of DOS in this region. The exponential
tail is typical of the weak-coupling BCS scheme with s
pairing, while the unconventional d pairing will show up
in the algebraic tail.

More experimental data for different gapped and gap-
less superconductors, especially on the current vs po-
tential curves, are needed to make any solid conclusion
about the peculiarities of the quantum electrochemical
processes in HTS and their relationship with the elec-
tronic structure of these materials.
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Stiftung.
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