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Electric field effects in high-Tc cuprates
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Dependences ofTc on hole concentration in YBa2Cu3O72y ~Y-123! and Bi2Sr2CaCu2O81x ~Bi-2212! cu-

prates have been calculated in the transverse electric fieldEW in the framework of the two-band model. The
phase space for the pair-transfer scattering between the overlapping bands is determined by the position of the
chemical potential. The dependence ofTc on the hole concentrationnh has a maximum. The calculatedTc(nh)

agree inEW 50 with the experiment in Bi-2212 and Y-123 cuprates. The electric-field effects in cuprates are
considered with the use ofTc(nh). In metal-insulator-superconductor structures, the electric field induces
changes in the carrier concentration and in the position of chemical potential. The field-induced shifts ofTc

depend on the strength and polarity of the electric field. For maximum field effect, the superconductor has to
be away from optimal doping, i.e., maximumTc , dTc /dnh50, and has to be closer to the maximum of the

slopedTc /dnh . The asymmetryuDTc(EW )uÞuDTc(2EW )u changes withEW . In agreement with experiment, the

shifts uDTc(EW )u decrease when the film thickness increases. The field effects in both systems are similar, but in
Bi-2212 they are stronger. The theory agrees qualitatively and, in some cases, quantitatively with experiment.
The dependence of the ratio of surface and bulk conductivities on the film thickness (d) allows us to obtain

quantitative agreement between the calculatedd dependence ofuDTc(EW )u and the experimental data in Y-123
and Bi-2212. The influence of the photodoping onTc of cuprates and photoinduced superconductivity are
discussed.@S0163-1829~98!01633-6#
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I. INTRODUCTION

Since the beginning of the 1960’s there has been an
going effort to use transverse static electric fields to mo
late the superconducting properties of films.1–3 These activi-
ties were extended to the high-Tc cuprates shortly after the
discovery of these superconductors.4–31 For example, the su
perconducting transition temperatureTc of 5–10 nm-thick
(YBa2Cu3O72y) ~Y-123! and Bi2Sr2CaCu2O81x ~Bi-2212!
films is shifted by several kelvin.9,10,20,22,24The effect is large
~25–30 K! in a Y-123 film with weak links16,18 for applied
polarizationsP5eE'23108 V/cm. Under these condition
the critical current density is changed by'30– 50 % at 4.2
K.9,10,22,24 Here e designates the dielectric constant of t
gate insulator in the metal-insulator-superconductor str
tures. A notable increase of the superconducting transi
temperatureTc and the normal-state conductivity was o
served in illumination experiments32–38 on thin films of
YBa2Cu3O72y . The illumination by a continuous-wav
laser33 givesDTc'8 K. The mechanisms of these phenom
ena are expected to be similar.

Currently it is still being debated which mechanism i
duces these large electric and laser field effects. Two dif
ent mechanisms13–15,23,26,30,31,39–41have been proposed and
is not yet clear which one, or possibly the combination of
two, leads to the effects observed.

According to the first mechanism~see, e.g., Refs. 1, 15
25, 40, and 41!, the electric field interacts with the charg
carriers via the Coulomb forces and directly influences th
concentrationnh . The altered mobile carrier concentration
turn changes the superconducting transition temperature
order parameter~s! and thus leads to the observed field e
fects. Analogously, the photodoping induces the change
PRB 580163-1829/98/58~9!/5795~8!/$15.00
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carrier concentration and leads to the change in super
ducting properties.

The second mechanism13,19 is based on an electric-field
induced oxygen rearrangement. Using a modification of
asymmetric next-nearest-neighbor Ising~ASYNNNI!
model,42 it was shown that considerable rearrangement
chain oxygen occurs upon the application of an external e
tric field, which causes a change in the doping of the Cu2

planes in Y-123. As a result, the carrier concentration, wh
is related to the ordering of oxygen vacancies, is changed
key point in this theory is the inclusion of an extra term
the Hamiltonian of ASYNNNI model to take into accoun
the interaction between the electric field and the oxygen e
tric dipole moments. The existence of permanent dipole m
ments in Y-123 has been detected in seve
experiments43–46that indicated the existence of ferroelectri
ity, antiferroelectricity,43,44,46,47 or relaxor ferroelectricity45

in YBa2Cu3O72y . This is still a debated topic. As in an
electronic device, the temporal response is determined by
RC time constant, the product of the channel resistance
the gate capacitance. The model based on field-induced
dering of oxygen atoms predicts characteristicRC times of
the order of minutes. In Ref. 29 the measured value of
RC time constant of the device on the base of Y-123 fi
equals 0.5ms. This result is consistent with the interpretatio
of the field effects in the high-Tc cuprates as a direct charg
transfer by the electric field, but inconsistent with a mod
based on electric-field-induced rearrangement of oxygen
oms. One counterargument to a second mechanism cont
that the oxygen binding energies are too high to be overco
by the suggested processes in this mechanism.

In Ref. 25 the electric-field effects in Bi2Sr2CaCu2O81x
and YBa2Cu3O72y films have been measured. It was show
5795 © 1998 The American Physical Society



de
or
s

h
or

nd
co
ar

m
n
n

is
Y

di

e
.

o

h-
fo
p

to
n
a

es
e

f

-

ed

to
r

5796 PRB 58P. KONSIN AND B. SORKIN
that the field effects attained are rather similar. This provi
direct evidence that in Y-123 and Bi-2212 superconduct
the field effects are based on direct field-induced change
carrier concentrationnh , which implies that the large
electric-field effects are a generic property of the high-Tc

superconductors.
In this paper, we consider the electric-field effects in hig

temperature superconducting films in metal-insulat
superconductor structures~see Fig. 1!. We shall describe the
situation microscopically in the framework of the two-ba
model. First we shall calculate the dependences of super
ducting transition temperature in Bi-2212 and Y-123 on c
rier concentrationnh ~Secs. II and III!. Then we shall calcu-
late electric-field-induced effects in superconducting fil
connected with the change of the chemical potential a
consequently, with the change of the carrier concentratio
the electric field~Sec. IV!. The electric-field effects in Bi-
2212 and Y-123 are considered. The comparative analys
field effects in these model superconductors Bi-2212 and
123 are made. The photoinduced superconductivity is
cussed~Sec. V!.

II. MODEL

It is of fundamental importance to explain the doping d
pendence of the superconducting properties in cuprates
this paper, the dependences ofTc on the hole concentration
nh in Bi-2212 and Y-123 systems have been calculated
the basis of the two-band model proposed for high-Tc super-
conductivity in Refs. 48–50. The two-band model for hig
Tc superconductors has been known for a long time and
high-Tc superconductors these ideas have been develo
further ~see, e.g., Refs. 48–53!. In accord with Ref. 48, the
superconductivity is induced by the interband coupling~in
which the interband Coulomb contribution dominates! and a
remarkable volume of the Brillouin zone contributes in
pairing, in contrast to the BCS and the phonon interba
attractive case. The free energy of this model in the me
field approximation is written as49

FIG. 1. The schematic cross section of the metal-insula
superconductor field effect structureVg is applied perpendicula
voltage.
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kW
„ẽs~kW !22kBT ln$2 cosh@Es~kW !/2kBT#%…

1udsu2hs~ udsu,T!D
2

W

2
h1~ ud1u,T!h2~ ud2u,T!~d1* d21d1d2* !, ~1!

where

hs~ udsu,T!5(
kW

tanh@Es~kW !/2kBT#

Es~kW !
, ~2!

Es~kW !5@ ẽs
2~kW !1udsu2#1/2. ~3!

The interband interaction constantW is supposed to be
independent of the wave vectorkW . Here ẽs(kW )5es(kW )2m;
es(kW ) are the electron energies in the bands51,2; m is the
chemical potential. In Eqs.~1!, ~2!, and~3!, ds are the non-
equilibrium order parameters in which equilibrium valu
ds5Ds are found from the minimization of the model fre
energy~1!.

From the free energy~1!, the equation determiningTc
follows (z52m is the chemical potential of holes!

kF~G12z,G22z!F~G32z,G42z!51, ~4!

with

F~Gs2z,Gs82z!5E
Gs2z

Gs82z dE

E
tanh

E

2kBTc
, ~5!

k5 1
4 W2r1r2 . ~6!

It is supposed that the limits of integration in Eq.~5! for the
higher band (s51) are$2G1 ,2G2% and for the lower one
(s52), $2G3 ,2G4%. The densities of statesrs per spin are
supposed to be constant.

We consider the case whenG150 fixes the top energy o
the higher band of the widthE1 , G35E0 , where2E0 is the
top energy of the lower band and the cutoff energy2Ec
determinesG25G45Ec . As in Refs. 48–50, the supercon
ducting transition temperature for the actual caseE0,z
,Ec equals

kBTc51.14@z~z2E0!#1/4~Ec2z!1/2

3expF2
1

2 S 1

4
ln2

z

z2E0
1k21D 1/2G . ~7!

In Ref. 48 this expression and two equations forE0.z and
E05z have been used for the description of theTc(nh) de-
pendence in La22xMxCuO4 and YBa2Cu3O72y . Here we
consider clean and impurity doped Bi-2212 and improv
results for Y-123.

r-
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III. DEPENDENCE OF Tc ON CARRIER
CONCENTRATION AT E¢ 50

The necessary relations betweenz andnh look like48

z5
nh

r1
1

1

2
E1 , if z,E0 , ~8!

z5~r11r2!21~nh1r2E01 1
2 r1E1!, if z.E0 , ~9!

z5S nh

r1
1

1

2
E12

r2

r1
kBT ln 2D , if z5E0 . ~10!

Herenh is treated as the number of holes per cell, which
added by doping to CuO2 planes in YBa2Cu3O72y and
Bi2Sr2CaCu2O81x .

The assumption of the homogeneous distribution of
charge density across the samples is good approximatio
high-Tc superconductors with two CuO2 layers (m52) in
the unit cell~Ref. 54!. In analogy with graphite intercalatio
compounds, the charge distribution is strongly inhomo
neous form>3 (Tl2Ba2Cam21CumO2m14) with a depletion
in the central layers~Ref. 54!. In our model the effective
~average! chemical potential appears, which corresponds
the average carrier concentrationnh . In experiments~Refs.
55 and 56!, the dependence ofTc on the average carrie
concentrationnh is determined~the homogeneous picture!.
Smooth variation of superconducting properties with dop
~carrier concentration! and the absence of the phase sepa
tion from microscopic probes favor a uniform phase
doped cuprates~Ref. 57!.

Using Eqs.~4! and ~7!, the dependences ofTc(nh) for
pure Bi-2212 and impurity doped Bi-2212 are calculated~see
Fig. 2, Dp5nh/2). We use the following densities of state
r151.0 (eV)21, r252.2 (eV)21, the width of the higher
band E154 eV, and fitting parametersW50.22 eV, Ec
52.33 eV, E052.18 eV for clean Bi-2212 andr1
51.0 (eV)21, r252.2 (eV)21, W50.19 eV, Ec

FIG. 2. The theoretical dependences ofTc on the hole concen-
trationDp for pure Bi-2212~curve 1! and doped Bi-2212~curve 2!
in comparison with the experiment for pure Bi-2212~triangles!
~Ref. 55!, Bi-2212-Y,Tm ~squares! ~Ref. 56!, and Bi-2212-Na,K
~circles! ~Ref. 56!.
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52.39 eV,E154.0 eV,E052.15 eV for Bi-2212-Y,Tm and
Bi-2212-Na,K. As follows from fitting for both cases, th
lower band is narrow~cf. Ref. 58!. As seen from Fig. 2, good
fitting of the experimental data by the theoretical curves c
be achieved in both cases. The difference between the
cases is mainly connected with the different values ofW.
Optimally doped clean Bi-2212 and Bi-2212-Y,Tm; B
2212-Na,K haveDp5nh/250.17 and 0.22, respectively. A
follows from Fig. 2, the dependenceTc(nh/2) for pure Bi-
2212 and impurity doped Bi-2212 are not reduced exactly
the universal behaviorTc(nh/2)/Tcmax(nh/2) proposed in
Ref. 59. In the model of Ref. 48, the shift of the chemic
potential with the carrier concentration changes the ph
volume for pair-transfer scattering of electrons between
bands and leads to the observed dependence of the supe
ducting transition temperatureTc on nh . The maximum of
Tc(nh) corresponds toz lying in the common region of both
bands roughly in the middle betweenE0 andEc .

For the YBa2Cu3O72y superconductor we use the param
eter valuesr150.9 (eV)21, r252.2 (eV)21, W50.23 eV,
Ec52.33 eV,E154.0 eV, andE052.18 eV. This set of pa-
rameters differs slightly from that used in Ref. 48. The c
culated dependence ofTc on Dp for Y-123 in comparison
with the experimental data is depicted in Fig. 3. The agr
ment is good. Using the relations betweennh and the oxygen
contenty given in Refs. 48 and 59, the dependenceTc(y)
can also be reproduced in agreement with the experimen

IV. INFLUENCE OF THE ELECTRIC FIELD ON Tc

Electrostatic screening, as described in the Thomas-Fe
model, counteracts the penetration of the electric field int
superconducting film and thus reduces the field effects.
Thomas-Fermi charge screening length equals

l TF5S \2pes

4mekFe2D 1/2

5S esEF0

4p2e2n0
D 1/2

, ~11!

where es is the dielectric constant of superconductor;EF0
andn0 are the Fermi energy and the carrier concentration

FIG. 3. The theoretical dependence ofTc on the hole concen-
trationDp for Y-123 ~solid line! in comparison with the experimen
~circles! ~Ref. 56!.
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5798 PRB 58P. KONSIN AND B. SORKIN
the sample in the absence of the external electric fieldEW
50), respectively, ande is the electron charge. In som
papers,14,15,23,30l TF is called the Debye penetration lengthl d ,
but actually l d5(eskBT/4pe2n0)1/2 and l TF for metals and
degenerate semiconductors has to be used. For Y-123
carrier concentrationn0;531021 cm23, es526, and thus
l TF55 Å ~Ref. 11!. In Ref. 24 estimates ofl TF55 – 10 Å
have been obtained. In superconducting films of conv
tional metals, l TF,1 Å, which leads to relatively smal
DTc(EW ) in these metals. In Ref. 17 the penetration of t
electric field into a YBa2Cu3O72y electrode was shown to
vary by as much as 100 Å in the temperature range 6
,T,110 K ~the authors of Ref. 17 were unable to specify
quantitative mechanism for this electric-field penetration
fect!. In high-Tc superconductors the low density of char
carriers is advantageous, leading to relatively large scree
lengths. Furthermore, the small coherence lengths of highTc
superconductors allow the fabrication of ultrathin films
which the total carrier density can be changed to a subs
tial extent. Correspondingly, the superconducting order
rameter~s! can rapidly change~due to the small correlation
length! to probe the field-penetrated area. An additional
duction in screening, attained, e.g., by using samples
which weak links16,18 have been incorporated, can allow o
to achieve even larger field effects. If a transverse elec
field penetrates into a superconductor, its response to
field will depend sensitively on the value of the parame
t5 l TF /jz , wherejz is the coherence length in the field d
rection. In our model, the electric-field-induced effects a
connected with the changes of the carrier concentration
the electric field and as a consequence with the change o
chemical potentialz(EW ).

In the framework of the Thomas-Fermi approximation,
was obtained in Refs. 15, 23, and 30 for the carrier conc
tration of superconductorns(z) in the fieldE ~the coordinate
zWiEW ),

ns~z!5n0

E

E*
exp~2z/ l TF!, ~12!

whereE* 5elTFn0 /ee0 , e is the dielectric constant of th
gate insulator,e,0, E5Vg / l , Vg is the applied voltage, and
l is the thickness of the gate insulator.

Further, we suppose that the total charge induced by
electric field participates in conductivity and the surface a
bulk mobilities of carriers are equal. This assumption is m
justified in the caset5 l TF /jz>1. Then, using Eq.~12!, the
field-induced changes of the carrier concentrationDn aver-
aged over the thicknessd of a superconducting film is given
by the expression

Dn5
1

d E
0

d

ns~z!dz5
ee0E

ed
~12e2d/ l TF!. ~13!

It is clear that ford@ l TF Dn5DQ/d ~see also Refs. 24
40, and 41!, whereDQ5e21e0eE is the field-induced sur-
face carrier density~for the surface layer!.

The expression for the chemical potentialz(EW ) follows
from Eqs.~8!–~10! for z by replacingnh→nh1nEW with nEW

5v Dn equal to the number of holes~electrons! per cell of
the
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the volumev, i.e., the electric field changes the avera
carrier concentrationnh in CuO2 planes~electric-field dop-
ing!. The thickness of superconducting films influences
sentiallynEW and the magnitude of the field-induced effect

Using Eq.~4!, we obtain the equation for the superco
ducting temperature in the electric field by replacingz

5z(0) by z(EW ):

kF@2z~EW !,Ec2z~EW !#F@E02z~EW !,Ec2z~EW !#51.
~14!

The shift of the superconducting transition temperature
films in an electric field is defined asDTc(EW )5Tc(EW )
2Tc(0). In thepositive electric fieldE, the carrier concen-
tration nEW ,0 and, if (dTc /dnh).0 ~see Sec. III!, it can be
shown thatDTc(EW ),0. For the negative voltageVg nEW .0
and DTc(2EW ).0. In the case (dTc /dnh),0, the shifts
mentioned are opposite. This behavior correlates with
periment ~Refs. 4, 8–11, 16, 18, 20, 24, 25, 27, and 2!,
which shows that the electric-field effects are indeed the b
effects.

V. CALCULATIONS FOR Bi 2Sr2CaCu2O81x

AND YBa2Cu3O72y

Next, on the base of Eqs.~13!, ~14!, and the expression
for nEW , we calculate the dependences of the shiftsDTc(EW ) in
Bi2Sr2CaCu2O81x and YBa2Cu3O72y on the applied polar-
izations P5eE. Figure 4 shows thatDTc(EW ) strongly de-
pends onP. At the positive electric fieldEW and (dTc /dnh)
.0, DTc(EW ),0 in agreement with the experimental resu
~Refs. 8–11, 16, 18, 20, 25, and 27!. For the negative volt-
ages2EW , the shiftsDTc(2EW ).0 are also in agreement wit
the experiment~Refs. 9, 10, and 27!. The asymmetry
uDTc(EW )uÞuDTc(2EW )u takes place, which also agrees wi
experiment~Refs. 9, 18, and 27!. For maximum electric-field
effect, the carrier concentration in the superconducting fi
has to be away from optimal doping~see Figs. 2 and 3! and
closer to the maximum of the slopedTc /dnh . At P52

FIG. 4. The theoretical dependences ofDTc on polarizationP
for Y-123 @d510 nm,Tc(0)58 K ~curve 1!; 31 K ~2!# and for pure
Bi-2212 @d518 nm, Tc(0)58 K ~3!; 32 K ~4!#.
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3108 V/cm ~such value of applied polarizationP is usually
achieved in experiment! the saturation in the nonlinear de
pendence ofuDTc(EW )u occurs at lowTc(0), asobserved in
Ref. 25. More promising electric-field saturation inuDTc(EW )u
is expected to occur atuPu>53108 V/cm. The saturation
effect for the positive electric field~usually used in metal-
dielectric-superconducting film structures! is connected with
the existence of a tail ofTc(nh) ~see Figs. 2 and 3! in the
underdoped region. In this region the slopedTc /dnh is small

@z(EW ),E0# and the field-induced changes of carrier conc
trationnEW lead to small variations ofDTc(EW ). The saturation
effects for negative polarizations are connected with
presence of the maximaTc(nh) ~see Figs. 2 and 3!. In the
region ofTmax(nh)@z(EW ).E0#, the slopedTc /dnh is small.
Correspondingly, at these concentrationsnh the supercon-
ducting transition temperature changes weakly withnh . The
shifts of the superconducting transition temperature in
electric field in Bi-2212 for a givend are similar.

Figure 5 shows the field-induced shiftsDTc(6EW ) on the
carrier concentrationDp for Y-123. The occurrence of the
minima @for DTc(EW ),0# and of the maximum @for
DTc(EW ).0# is connected with the changes of slo
dTc /dnh with Dp ~see Figs. 2 and 3!. The minima in
DTc(EW ) as a function of Dp are caused by growing
uDTc(EW )u with the carrier concentrationnh , which is maxi-
mal for the largest slopedTc /dnh , and with decreasing
uDTc(EW )u in the underdoped region@the tail in the depen-
dence ofTc(nh)#. The small slopedTc /dnh in the region of
maximaTc(nh) ~see Fig. 3! is responsible for the maxima o
DTc(2EW ). Naturally, the magnitudes ofuDTc(6EW )u in the
extremal points (Dp50.08 in Y-123 andDp50.09 in Bi-
2212 forP523108 V/cm) increase with the strength of th
electric field. The minima ofDTc(1EW ) shift with the de-
crease of the electric field towards the underdoped reg
and this is a manifestation of the saturation effect. For
maxima ofDTc(2EW ) the effect is opposite.

FIG. 5. The theoretical dependences ofDTc(6EW ) on Dp for
Y-123 at d510 nm; P5153107 V/cm ~curve 1!, 12
3108 V/cm ~2!, 153108 V/cm ~3!, and223108 V/cm ~4!.
-

e

e

n
e

Figure 6 shows the dependence ofDTc(EW ) on the applied
polarizationP for a relatively thick YBa2Cu3O72y film (d

5100 nm). As seen from Fig. 6, the calculatedDTc(EW ) in
Y-123 agree satisfactorily~practically without fitting param-
eters! with the experimental results27 and reveal rather smal
asymmetry in comparison with the strong asymmetry of
experimental points~at 6E only two experimental points are
available!. Notice thatTc(0)531 K corresponds to the ex
perimental value.27

Figure 7 shows the dependenceDTc(EW ) in Y-123 with the
carrier concentrationnh50.135 andTc(0)58 K on the film
thicknessd for the positive and negative voltages. The shi
DTc(EW ) depend strongly on thicknessd because the field-
induced carrier concentration@Eq. ~13!# decreases withd.

FIG. 6. The theoretical dependence ofDTc on P for Y-123 at
d5100 nm, Tc(0)531 K ~solid line! in comparison with the ex-
periment~circles! ~Ref. 27!.

FIG. 7. The theoretical dependences ofDTc on thicknessd for
Y-123 at Tc(0)58 K; P5253108 V/cm ~curve 1!, 22
3108 V/cm ~2!, 253107 V/cm ~3!, 153107 V/cm ~4!, 12
3108 V/cm ~5!, and 153108 V/cm ~6! in comparison with the
experimental data~circle for P5223107 V/cm and square forP
5123108 V/cm) ~Ref. 9!.
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5800 PRB 58P. KONSIN AND B. SORKIN
We suppose thatTc(0) does not depend on the film thickne
d, i.e., d>5 nm ~Ref. 60!. As follows from our theory, the
calculated dependencesDTc(EW ) on the thicknessd show
similar tendencies, as in the experiment.9

We present the electric-field effects not only for Y-12
~Figs. 4–8! but also for Bi-2212~Figs. 4 and 8!. As follows
from our calculations, the electric-field effects are similar
both compounds, supporting the conclusions of Freyet al.25

We have also calculated the dependences ofDTc(6EW ) on
the carrier concentrationDp andDTc on the film thicknessd
for Bi-2212. The main difference between the electric-fie
effects in these materials is in the larger values
uDTc(6EW )u andDTc(d) for Bi-2212 than for Y-123.

Figure 8 shows for the positive voltages the dependen
of field-induced shiftsuDTc(EW )u normalized to charge den
sity s5e0eE ~added to gate electrode!, i.e., uDTc(EW )u/s, on
the film thicknessd for Y-123 and Bi-2212 cuprates. Th
agreement with the experimental data on ultrathin films
Mannhart et al.8,10,16,18,25and by Xi et al.9,11,12 and for a
thick film27 is good. The agreement with the experiment
good, especially for an ultrathin film with weak links16,18~the
larger electric-field penetration lengths!. The normalized
quantitiesuDTc(EW )u/s in films with intermediate thicknessd
is in satisfactory agreement with the experiment.

A good qualitative agreement with the experiment can
achieved introducing the surface and bulk conductivities~see
below!.

From our calculations it follows that the thicknessd of
the superconducting films of Y-123 cuprates has to be
1.5–2 times smaller than in the Bi-2212 cuprates in orde
achieve the same effects, in agreement with the experim
with thin films.25 Stronger electric-field effects in Bi-2212, i

FIG. 8. The theoretical dependences ofuDTcu/s on thicknessd
for pure Bi-2212 atTc(0)532 K, ss5sb @P5153107 V/cm
~curve 1!, 123108 V/cm ~2! and 153108 V/cm ~3!#; for Y-123
at Tc(0)531 K, ss5sb @P5153107 V/cm ~4!, 123108 V/cm
~5!, and 153108 V/cm ~6!#; for pure Bi-2212,ssÞsb @P512
3108 V/cm ~7!# and for Y-123,ssÞsb @P5123108 V/cm ~8!#
in comparison with the experimental data for pure Bi-2212~solid
circles! ~Ref. 25! and Y-123~solid squares! ~Ref. 25!, star, open
circle, cross~Refs. 9 and 18! and open triangle~Ref. 27!.
f
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comparison with Y-123, are connected with the fact that
nEW is proportional to the unit-cell volumev, which is, in
Bi-2212, 2.6 times larger than in Y-123. WhenTc(0) is
lower ~this case is not given in Fig. 8!, the agreement with
the experiment is better.

In Bi-2212-Y,Tm and Bi-2212-Na,K the electric-field e
fects are smaller than in pure Bi-2212. This is connec
with the fact that the averagedudTc /dnhu ~see Fig. 2! de-

creases with impurity doping. The quantitiesuDTc(EW )u/s
calculated for positive and negative voltages show asym

try uDTc(EW )uÞuDTc(2EW )u, which changes with the thick

nessd andEW .
The less satisfactory agreement with the experiment

intermediate thicknessd can be explained by the following
circumstance. The field-induced carrier concentration can
expressed asnEW .vDn(ss /sb) ~cf. also Ref. 28!, where the
ss and sb are the surface~in the surface layer! and bulk
conductivities, correspondingly. Above, we supposed t
ss5sb and, consequently,nEW 5vDn, where Dn is deter-
mined by Eq.~13!. The casess.sb has assumed high qua
ity interfaces, absence of interface traps, defects, and io
conduction. These are characteristics that can be achie
after considerable effort, as has been proven in semicon
tor field-effect transistors. In the ultrathin films the larg
l TF /d supportsss'sb , and in the thick films27 the high
quality of surfaces favorsss'sb .

We use the formulass /sb5B(d)5A/dn where B(d)
,1 ~cf., e.g., Ref. 28!. The defects and the inhomogeneiti
of the film surfaces lead to the decrease ofss and a more
rapid change ofTc(EW ) on thicknessd. The dependence o
the ratio of surface and bulk conductivities on the film thic
ness allows us to obtain quantitative agreement between
calculatedd dependence ofuDTc(EW )u/s and the experimen-
tal data in Y-123 and Bi-2212~see Fig. 8!. We use the fol-
lowing fitting parameters inss /sb : A58.5 (nm)2 and n
52 for Y-123 in field E523108 V/cm and A56.5
3102 (nm)3, n53 for Bi-2212,E523108 V/cm. For the
high quality surfacess.sb and A51, n50. As follows
from our analysis, in experiments25 Y-123 films were of
higher quality than the Bi-2212 ones. The level of the fi
surface and the sample quality introduces some uncerta
in the experimental results and their reproducibility. Ho
ever, the experimental data of Refs. 4, 8–11, 16, 18, 20,
25, 27, and 29 are in qualitative agreement.

The calculateduDTc(6EW )u for the casessÞsb are
smaller @at A58.5 (nm)2 and n52 for Y-123 by order of
magnitude# than the electric-field shifts ofTc presented in
Figs. 4, 5, and 7~the casess5sb) but the shapes of the
curves are retained.

The illumination causes photodoping61 and leads to simi-
lar effects onTc . Additional charge carrier~hole! concentra-
tion 2.531019 cm23 can be photoexcited62 inducing for
Tc(0)519 K in Y-123 the shiftDTc57 K calculated on the
base of Eq.~14! ~see also Ref. 39!, i.e., Tc increases in the
laser field~in general the photoinduced Cooper pair break
has to be taken into account!. The photoexcited charge ca
rier concentration at a given time does not depend only
the number of photons in a laser pulse but also on the ch
carrier lifetime and the pulse length. The short puls
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;1 ps, should be used.62 A detailed consideration of the
illumination effects will be done in a forthcoming work.

VI. SUMMARY

In this paper the electric-field effects in cuprates are
vestigated. The dependences of the superconducting tr
tion temperature on the carrier concentrationnh at EW 50 are
calculated for cuprates in the two-band model. The
of fitting parameters allows us to achieve good agreemen
the dependence Tc(nh) with the experiment in
Bi2Sr2CaCu2O81x and YBa2Cu2O72y for EW 50. The electric-
field effects themselves are calculated practically with
any fitting parameters ifss5sb . As follows from our analy-
sis, the number of fitting parameters of the theory in wh
the different surface and bulk conductivities are introduce
equal to 2 (A andn). The other fitting parameters are used
fit the carrier concentration dependence ofTc in Y-123 and
Bi-2212 atEW 50. In our opinion, the number of fitting pa
.
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ta
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.

.

ys

B
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pl.
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lla
-
si-

e
of

t

h
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rameters used for the calculation of electric-field effe
themselves does not exceed the ‘‘critical’’ value. The agr
ment of theoretical results with experiment is good and
some cases satisfactory. Some electric-field effects are

dicted: DTc(EW ) dependence on carrier concentration, t
saturation effect, etc. The theory strongly supports
mechanism of the influence of the electric field on the sup
conducting temperature via inducing the change in the c
rier concentration directly by Coulomb forces. In nonequili
rium conditions, the contribution from the field-induce
rearrangement of oxygen in Y-123 intoDTc(EW ) is not ex-
cluded.
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