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Electric field effects in high-T. cuprates
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Dependences of ;. on hole concentration in YB&wO;_, (Y-123) and BpSr,CaCyOg . (Bi-2212) cu-
prates have been calculated in the transverse electricHietdthe 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 dependencelgfon the hole concentratiam, has a maximum. The calculat&d(n;,)
agree iNE=0 with the experiment in Bi-2212 and Y-123 cuprates. The electric-field effects in cuprates are
considered with the use df.(n,). In metal-insulator-superconductor structures, the electric field induces
changes in the carrier concentration and in the position of chemical potential. The field-induced shijfts of
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., maximuim, dT./dn,=0, and has to be closer to the maximum of the
slopedT,/dn,. The asymmetryAT (E)|#|AT.(—E)| changes wittE. In agreement with experiment, the
shifts|ATC(I§)| 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 thickdpsdldws us to obtain
guantitative agreement between the calculatetependence deTC(E)| and the experimental data in Y-123
and Bi-2212. The influence of the photodoping ®gp of cuprates and photoinduced superconductivity are
discussed[S0163-182808)01633-9

[. INTRODUCTION carrier concentration and leads to the change in supercon-
ducting properties.

Since the beginning of the 1960’s there has been an on- The second mechanidft®is based on an electric-field-
going effort to use transverse static electric fields to moduinduced oxygen rearrangement. Using a modification of the
late the superconducting properties of fillnd These activi- asymmetric next-nearest-neighbor  Ising ASYNNNI)
ties were extended to the high-cuprates shortly after the model;? it was shown that considerable rearrangement of
discovery of these superconductérs! For example, the su- chain oxygen occurs upon the application of an external elec-
perconducting transition temperatufe of 5-10 nm-thick tric field, which causes a change in the doping of the €uO
(YBa,Cus07_y) (Y-123) and BipSr,CaCyOg,, (Bi-2212) planes in Y-123. As a result, the carrier concentration, which
films is shifted by several kelvin%?%222%The effect is large is related to the ordering of oxygen vacancies, is changed. A
(25-30 K) in a Y-123 film with weak link$®8for applied  key point in this theory is the inclusion of an extra term in
polarizationsP = eE~2x 10 V/cm. Under these conditions the Hamiltonian of ASYNNNI model to take into account
the critical current density is changed by30-50 % at 4.2 the interaction between the electric field and the oxygen elec-
K.%102224 Here ¢ designates the dielectric constant of thetric dipole moments. The existence of permanent dipole mo-
gate insulator in the metal-insulator-superconductor strucments in  Y-123 has been detected in several
tures. A notable increase of the superconducting transitiorxperiments$~*®that indicated the existence of ferroelectric-
temperatureT, and the normal-state conductivity was ob- ity, antiferroelectricity}>***®4” or relaxor ferroelectricit{?
served in illumination experimerits® on thin films of in YBa,CwO,_,. This is still a debated topic. As in any
YBa,Cu0;_y. The illumination by a continuous-wave electronic device, the temporal response is determined by the
laser® gives AT.~8 K. The mechanisms of these phenom-RC time constant, the product of the channel resistance and
ena are expected to be similar. the gate capacitance. The model based on field-induced or-

Currently it is still being debated which mechanism in- dering of oxygen atoms predicts characteri®i€ times of
duces these large electric and laser field effects. Two differthe order of minutes. In Ref. 29 the measured value of the
ent mechanisns1%2326.30.3139-443ye heen proposed and it RC time constant of the device on the base of Y-123 film
is not yet clear which one, or possibly the combination of theequals 0.5us. This result is consistent with the interpretation
two, leads to the effects observed. of the field effects in the high-, cuprates as a direct charge

According to the first mechanisifsee, e.g., Refs. 1, 15, transfer by the electric field, but inconsistent with a model
25, 40, and 4}, the electric field interacts with the charge based on electric-field-induced rearrangement of oxygen at-
carriers via the Coulomb forces and directly influences theioms. One counterargument to a second mechanism contends
concentratiomy,. The altered mobile carrier concentration in that the oxygen binding energies are too high to be overcome
turn changes the superconducting transition temperature aryy the suggested processes in this mechanism.
order parameté¢s) and thus leads to the observed field ef- In Ref. 25 the electric-field effects in Br,CaCyOg 4
fects. Analogously, the photodoping induces the change adnd YBaCu;0;_ films have been measured. It was shown
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voltage.
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direct evidence that in Y-123 and Bi-2212 S“percond“Ctor?ndependent of the wave vectBr Heree (E):e (lz)—,u'

the field effects are based on direct field-induced changes of |, - o .
. ; o €,(K) are the electron energies in the band 1,2; u is the
carrier concentrationn,,, which implies that the large

. . chemical potential. In Eggl), (2), and(3), &, are the non-
electric-field effects are a generic property of the high- equilibrium order parameters in which equilibrium values
superconductors.

) . . ... . 0,=A, are found from the minimization of the model free
In this paper, we consider the electric-field effects in h'gh'energy(l).

temperature superconducting films in metal—i_nsulator— From the free energyl), the equation determining,
superconductor structurg¢see Fig. 1. We shall describe the ¢5j1ows ({=—u is the chemical potential of holes
situation microscopically in the framework of the two-band

model. First we shall calculate the dependences of supercon-
ducting transition temperature in Bi-2212 and Y-123 on car- kF(L1= 4 T= OF (3= 4, Iy=0) =1, (4)
rier concentratiom;, (Secs. Il and Il). Then we shall calcu- )
late electric-field-induced effects in superconducting filmsWlth
connected with the change of the chemical potential and, J
consequently, with the change of the carrier concentration in _ [Fer—¢dE E
the electric field(Sec. IV). The electric-field effects in Bi- Fo=&le = 0= frug E tanh2kBTC’ ®
2212 and Y-123 are considered. The comparative analysis of
field effects in these model superconductors Bi-2212 and Y-
123 are made. The photoinduced superconductivity is dis-
cussedSec. V. It is supposed that the limits of integration in E§) for the
higher band §=1) are{—TI';,—I',} and for the lower one
(0=2),{-T3,—T',4}. The densities of statgs, per spin are
supposed to be constant.

We consider the case whéh =0 fixes the top energy of
the higher band of the widtk,, I'3=E,, where—E, is the

It is of fundamental importance to explain the doping de-top energy of the lower band and the cutoff energ§.
pendence of the superconducting properties in cuprates. [#eterminesd’>;=I'y;=E;. As in Refs. 48-50, the supercon-
this paper, the dependencesTofon the hole concentration ducting transition temperature for the actual cdsg<{
n, in Bi-2212 and Y-123 systems have been calculated or~Ec €quals
the basis of the two-band model proposed for highsuper-

k=3W?p1p,. (6)

1. MODEL

conductivity in Refs. 48—-50. The two-band model for high- keTo=1.14 {({— Eg) |Y4(E.— ) V2

T. superconductors has been known for a long time and for

high-T. superconductors these ideas have been developed 1(1 ., ¢ . vz

further (see, e.g., Refs. 48-53n accord with Ref. 48, the xexp =5 | zIn —E, + @

superconductivity is induced by the interband coupliirg

which the interband Coulomb contribution dominateasd a  In Ref. 48 this expression and two equations Ege> ¢ and
remarkable volume of the Brillouin zone contributes into Eq= ¢ have been used for the description of thgn,,) de-
pairing, in contrast to the BCS and the phonon interbancpendence in La ,M,CuQ, and YB3Cu;O; . Here we
attractive case. The free energy of this model in the meaneonsider clean and impurity doped Bi-2212 and improved
field approximation is written 48 results for Y-123.
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FIG. 2. The theoretical dependencesTgfon the hole concen- FIG. 3. The theoretical dependenceTof on the hole concen-

tration Ap for pure Bi-2212(curve ) and doped Bi-2212curve 2 tration Ap for Y-123 (solid line) in comparison with the experiment
in comparison with the experiment for pure Bi-221iangles  (circles (Ref. 56.
(Ref. 59, Bi-2212-Y,Tm (squares (Ref. 56, and Bi-2212-Na,K

(circles (Ref. 56. =2.39 eV,E;=4.0 eV,E;=2.15 eV for Bi-2212-Y,Tm and
Bi-2212-Na,K. As follows from fitting for both cases, the
Il. DEPENDENCE OF T, ON CARRIER lower band is narrovicf. Ref. 58. As seen from Fig. 2, good
CONCENTRATION AT E=0 fitting of the experimental data by the theoretical curves can

be achieved in both cases. The difference between the two
cases is mainly connected with the different valueshbf
1 Optimally doped clean Bi-2212 and Bi-2212-Y,Tm; Bi-
—E,, if {(<E,, (8) 2212-Na,K haveAp=n;/2=0.17 and 0.22, respectively. As
follows from Fig. 2, the dependence.(n,/2) for pure Bi-
. L ) 2212 and impurity doped Bi-2212 are not reduced exactly to
{=(p1tp2) (NhtpoEotzpiEr), 1 {>Eo, (9 the universal behaviol.(ny/2)/TemaNn/2) proposed in
Ref. 59. In the model of Ref. 48, the shift of the chemical
potential with the carrier concentration changes the phase
volume for pair-transfer scattering of electrons between the
bands and leads to the observed dependence of the supercon-
Heren,, is treatgd as the number of .holes per cell, which arejycting transition temperatufg, on n,,. The maximum of
added by doping to Cufplanes in YBaCuO;_y and T (n,) corresponds td lying in the common region of both
Bi,Sr,CaCyOg. « - bands roughly in the middle betwe&p andE.

The assumption of the homogeneous distribution of the Eqr the YBaCu;0;_, superconductor we use the param-
charge density across the samples is good approximation ier valuesp;=0.9 (eV) %, p,=2.2 (eV) !, W=0.23 eV,
high-T. superconductors with two CyQayers fn=2) in g =233 eV,E;=4.0 eV, andE,=2.18 eV. This set of pa-
the unit cell(Ref. 54. In analogy with graphite intercalation gmeters differs slightly from that used in Ref. 48. The cal-
compounds, the charge distribution is strongly inhomogeyjated dependence @i, on Ap for Y-123 in comparison
neous form=3 (T1,B&,Ca,—1CunOzm+4) With a depletion  yith the experimental data is depicted in Fig. 3. The agree-
in the central layergRef. 54. In our model the effective ment is good. Using the relations betwegpand the oxygen
(averagg chemical potential appears, which corresponds tqontenty given in Refs. 48 and 59, the dependerfcéy)

55 and 56, the dependence of. on the average carrier

concentratiom;, is determined(the homogeneous pictyre

Smooth variation of superconducting properties with doping
(carrier concentrationand the absence of the phase separa- Electrostatic screening, as described in the Thomas-Fermi
tion from microscopic probes favor a uniform phase formodel, counteracts the penetration of the electric field into a
doped cupratetRef. 57. superconducting film and thus reduces the field effects. The

Using Egs.(4) and (7), the dependences df(ny) for  Thomas-Fermi charge screening length equals
pure Bi-2212 and impurity doped Bi-2212 are calculaisze
GSEFO )1/2

Fig. 2, Ap=n;/2). We use the following densities of states hmeg |12

p1=1.0 (eV) !, p,=2.2 (eV) !, the width of the higher 'TF:(4m—kFe2) =\ 7%,
band E;=4 eV, and fitting parameter®¥=0.22 eV, E, ¢

=2.33eV, Ey=2.18 eV for clean Bi-2212 andp; Wwhereeg is the dielectric constant of superconductig,
=1.0 (eV) 1, p=2.2 (eV) 1, W=0.19 eV, E. andngare the Fermi energy and the carrier concentration in

The necessary relations betwegandn;, look like*®

Ny
[=—+
p1 2

=M 2e P2 Ting|, it =By (1O
p1 2 ! p1 8 ’ o

IV. INFLUENCE OF THE ELECTRIC FIELD ON T,

11
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the sample in the absence of the external electric field (
=0), respectively, anc is the electron charge. In some
papers:+1>233q s called the Debye penetration length

but actuallyl 4= (ekgT/4me?ny)Y? and |1 for metals and
degenerate semiconductors has to be used. For Y-123, the
carrier concentratiomy~5x 107 cm™3, €,=26, and thus
l-e,=5A (Ref. 11). In Ref. 24 estimates of;r=5-10 A
have been obtained. In superconducting films of conven-
tional metals,|tg<1A, which leads to relatively small

ATC(E) in these metals. In Ref. 17 the penetration of the
electric field into a YBaCu;0;_, electrode was shown to

vary by as much as 100 A in the temperature range 60 K
<T<110 K (the authors of Ref. 17 were unable to specify a
quantitative mechanism for this electric-field penetration ef- A o 0
fect). In high-T. superconductors the low density of charge 0T 2A0T om0 0

carriers is advantageous, leading to relatively large screening

lengths. Furthermore, the small coherence lengths of Tigh- ) L
9 9 g FIG. 4. The theoretical dependencesAdf. on polarizationP

superconductors allow the fabrication of ultrathin films in
. . . or Y-123[d=10 nm,T.(0)=8 K (curve J; 31 K (2)] and for pure
which the total carrier density can be changed to a substargi_2212 [d=18 nm, T.(0)=8 K (3): 32 K (4)].

tial extent. Correspondingly, the superconducting order pa-

rametefs) can rapidly changedue to the small correlation the volumev, i.e., the electric field changes the average

lengthy to probe the field-penetrated area. An additional recarrier concentratiom;, in CuG, planes(electric-field dop-

duction in screening, attained, e.g., by using samples Irihg). The thickness of superconducting films influences es-

; H 6,18 H
which weak links®*have been incorporated, can allow one sentiallyng and the magnitude of the field-induced effects.

to achieve even larger field effects. If a transverse electriC Using Eq.(4), we obtain the equation for the supercon-

field penetrates into a superconductor, its response to the . . e :
field will depend sensitively on the value of the parameterguc’[mg temperature in the electric field by replacidg

=1 /&,, whereé, is the coherence length in the field di- = ¢(0) by £(E):
rection. In our model, the electric-field-induced effects are - - - —
connected with the changes of the carrier concentration in ~ KFL=¢(E),Ec=Z(E)JF[Eo—{(E),Ec—{(E)]=1.
the electric field and as a consequence with the change of the (14)
chemical potentiak (E). The shift of the superconducting transition temperature of
In the framgwork of the Thomas-Fermi approx@mation, itfims in an electric field is defined adT.(E)=T(E)
was obtained in Refs. 15, 23, and 30 for the carrier concen--T (0). In thepositive electric fieldE, the carrier concen-
tration of superconductar(z) in the fieldE (the coordinate trationng<0 and, if dT./dn,)>0 (see Sec. I), it can be
ZIE), shown thatA T.(E)<0. For the negative voltagé, ng>0
. and AT,(—E)>0. In the case qT./dn,)<0, the shifts
Ne(z) =N = exp(— 2/l 1¢), (12  mentioned are opposite. This behavior correlates with ex-
E periment(Refs. 4, 8-11, 16, 18, 20, 24, 25, 27, and,29
which shows that the electric-field effects are indeed the bulk
effects.

whereE* =el;gng/eeq, € is the dielectric constant of the

gate insulatore<0, E=Vy/l, Vy is the applied voltage, and

| is the thickness of the gate insulator. _
Further, we suppose that the total charge induced by the V. CALCULATIONS FOR Bi ,Sr;,CaCu;Og.

electric field participates in conductivity and the surface and AND YBa,Cus07-,

bulk mobilities of carriers are equal. This assumption is more Next, on the base of Eq$13), (14), and the expression

justified in the case=Ir/¢;=1. Then, using Eq(12), the for ng, we calculate the dependences of the sfzﬂﬂ'g(l?) in

field-induced changes of the carrier concentrathan aver- . .
aged over the thickneskof a superconducting film is given §|2§rZCaCQ08+X ‘_fjmd YB3Cu:0;y on the applied polar-
izations P= eE. Figure 4 shows thaAT.(E) strongly de-

by the expression -\
pends onP. At the positive electric fiel&e and dT./dn;)

>0, ATC(E)<O in agreement with the experimental results
(Refs. 8-11, 16, 18, 20, 25, and)2For the negative volt-
ages— E, the shiftsAT (— E)>0 are also in agreement with
It is clear that ford>1;r An=AQ/d (see also Refs. 24, the experiment(Refs. 9, 10, and 27 The asymmetry
40, and 4], whereAQ=e"'€;¢E is the field-induced sur- |AT (E)|#|AT.(—E)| takes place, which also agrees with
face carrier densityfor the surface laygr A experimeniRefs. 9, 18, and 27 For maximum electric-field
The expression for the chemical potentifE) follows  effect, the carrier concentration in the superconducting film
from Egs.(8)—(10) for ¢ by replacingn,—n,+ng with ng  has to be away from optimal dopirigee Figs. 2 and)3and
=vp An equal to the number of holdglectron$ per cell of closer to the maximum of the slopgT./dn,. At P=2

n=g5 0ns(z) z=—g(1-e ). (13
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FIG. 5. The theoretical dependences T (*= E) on Ap for
Y-123 at d=10nm; P=+5x10" V/cm (curve 1, +2
x 1% Viem (2), +5%10° V/em (3), and —2x 1% Vicm (4).

FIG. 6. The theoretical dependence®T. on P for Y-123 at
d=100 nm, T;(0)=31 K (solid line) in comparison with the ex-
periment(circles (Ref. 27.

X 10 V/cm (such value of applied polarizatid® is usually Figure 6 shows the dependenceidf.(E) on the applied
achieved in experimenthe saturation in the nonlinear de- polarizationP for a relatively thick YBaCu,O;_, film (d
pendence of AT.(E)| occurs at lowT(0), asobserved in =100 nm). As seen from Fig. 6, the calculatad(E) in
Ref. 25. More promising electric-field saturation| i (E)| Y-123 agree satisfactorilgpractically without fitting param-

is expected to occur dP|=5x 10 V/cm. The saturation eterg with the experimental resuftsand reveal rather small
effect for the positive electric fieldusually used in metal- aSymmetry in cqmparfon with the strong asymmetry of the
dielectric-superconducting film structuyés connected with €XPerimental pointgat = E only two experimental points are
the existence of a tail oT(ny) (see Figs. 2 and)dn the ~ available. Notice thatT(0)=31 K corresponds to the ex-
underdoped region. In this region the slapg, /dn, is small ~ Perimental valué! N .
[£(E)<E,] and the field-induced changes of carrier concen- F9ure 7 shows the dependenk®(E) in Y-123 with the

. j L - . carrier concentratiom,=0.135 andT.(0)=8 K on the film
trationng lead to s_mall variations A Te(E). The saturation thicknesdd for the positive and negative voltages. The shifts
effects for negative polarizations are connected with the - ) i
presence of the maxim&(ny) (see Figs. 2 and)3In the AT.(E) depend strongly on thicknesk because the field-

region Omeax(nh)[é(E)>Eo], the sloped T, /dn, is small, induced carrier concentratidrEq. (13)] decreases with.

Correspondingly, at these concentratiamsthe supercon- — 77—
ducting transition temperature changes weakly with The 80 7
shifts of the superconducting transition temperature in the I

electric field in Bi-2212 for a givenl are similar. or ]

Figure 5 shows the field-induced shiftsT (= E) on the 601 ‘2\_ T
carrier concentratiodp for Y-123. The occurrence of the 50 F i
minima [for AT.(E)<O0] and of the maximum /for < _2 ]
AT.(E)>0] is connected with the changes of slope :o or 1
dT./dn, with Ap (see Figs. 2 and )3 The minima in < 80 % -

ATC(E) as a function of Ap are caused by growing \
|AT.(E)| with the carrier concentration;,, which is maxi- SN
mal for the largest slopa@T./dn,, and with decreasing B
|AT.(E)| in the underdoped regiofthe tail in the depen-
dence ofT.(ny)]. The small slopaT./dn, in the region of
maximaT.(ny,) (see Fig. 3is responsible for the maxima of
AT,(—E). Naturally, the magnitudes AT (+E)| in the
extremal points Ap=0.08 in Y-123 andAp=0.09 in Bi-
2212 forP=2x10° V/cm) increase with the strength of the

Y-123 at T,(0)=8K; P=-5x10®V/icm (curve 2, -2

electric field. The minima ofATC(+E) shift with the de- x10P Viem (2), —5x10° Viem (3), +5x107 Vicm (4), +2

crease of the electric field towards the underdoped regio 18 v//em (5), and +5x 1¢° V/cm (6) in comparison with the
and this is a manifestation of the saturation effect. For the,perimental d’atacircle for P=—2x 107 V/cm and square foP

maxima of AT (— E) the effect is opposite. =+2x10 Vicm) (Ref. 9.

80 100

d (nm)

FIG. 7. The theoretical dependencesdfF. on thicknesdl for
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1W—— T comparison with Y-123, are connected with the fact that the
ng is proportional to the unit-cell volume, which is, in
Bi-2212, 2.6 times larger than in Y-123. Whéln(0) is
lower (this case is not given in Fig.)8the agreement with
the experiment is better.

In Bi-2212-Y,Tm and Bi-2212-Na,K the electric-field ef-
fects are smaller than in pure Bi-2212. This is connected
with the fact that the averagddT./dn;| (see Fig. 2 de-
creases with impurity doping. The quantitie§T(E)|/o
- calculated for positive and negative voltages show asymme-
try |ATo(E)|#|AT<(—E)|, which changes with the thick-

nessd andE.
The less satisfactory agreement with the experiment for
10t L . R intermediate thicknesd can be explained by the following
0 20 40 60 80 100 circumstance. The field-induced carrier concentration can be
d (nm) expressed asg=vAn(os/oy,) (cf. also Ref. 28 where the
FIG. 8. The theoretical dependences & |/o on thicknesst ~ 9s @nd oy are the surfacéin the surface laygrand bulk
for pure Bi-2212 atT,(0)=32 K, os=ay, [P=+5x10’ V/cm  conductivities, correspondingly. Above, we supposed that
(curve 3, +2x 10 Vicm (2) and +5x 1 Vicm (3)]; for Y-123  0s=0y, and, consequentiyng=vAn, where An is deter-
atT,(0)=31K, os=0, [P=+5%X10" Vicm (4), +2x10° V/cm  mined by Eq.(13). The caser,=0c, has assumed high qual-
(5), and +5x 1% Vicm (6)]; for pure Bi-2212,05# 0y, [P=+2 ity interfaces, absence of interface traps, defects, and ionic
X 10° Viem (7)] and for Y-123,0.# 0, [P=+2X10° V/cm (8)]  conduction. These are characteristics that can be achieved
in comparison with the experimental data for pure Bi-228@lid  after considerable effort, as has been proven in semiconduc-
circles (Ref. 23 and Y-123(solid squares(Ref. 25, star, open  tor field-effect transistors. In the ultrathin films the larger
circle, crosgRefs. 9 and 1Band open triangléRef. 27. l+e/d supportsog~ay,, and in the thick film¥ the high
quality of surfaces favoreg~aoy,.
We use the formulass/o,=B(d)=A/d" where B(d)
<1 (cf., e.g., Ref. 2B The defects and the inhomogeneities
of the film surfaces lead to the decreaseogfand a more

rapid change off o(E) on thicknessd. The dependence of
the ratio of surface and bulk conductivities on the film thick-

(Figs. 4—8 but also for Bi-2212Figs. 4 and & As follows ness allows us to obtain quantitative agreement between the

from our calculations, the electric-field effects are similar incalculatedd dependence dfAT¢(E)|/o and the experimen-
both compounds, supporting the conclusions of Feegl2®  tal data in Y-123 and Bi-2212see Fig. 3 We use the fol-

We have also calculated the dependenced Bf(*=E) on 'E’W'“g fiting parameters st/ob: A=85 (nmy afd n

: ; . . =2 for Y-123 in field E=2x10° V/icm and A=6.5
the carrier concentratioAp andAT, on the film thicknessl X107 (nm)3, n=3 for Bi-2212, E=2x 1C¢ V/cm. For the
for Bi-2212. The main difference between the electric-field o o :

effects in these materials is in the larger values offigh quality surfaceos=oy, and A=1, n=0. As follows
from our analysis, in experimertsY-123 films were of

|ATo(=E)| andAT(d) for Bi-2212 than for Y-123. higher quality than the Bi-2212 ones. The level of the film

Figure 8 shows for the positive voltages the dependencegrface and the sample quality introduces some uncertainty
of field-induced shift§AT.(E)| normalized to charge den- in the experimental results and their reproducibility. How-
sity o= €y€E (added to gate electroje.e., ATC(E)|/U, on ever, the experimental data of Refs. 4, 8—-11, 16, 18, 20, 24,
the film thicknessd for Y-123 and Bi-2212 cuprates. The 25, 27, and 29 are in qualitative agreement.
agreement with the experimental data on ultrathin films by The calculated|AT,(+E)| for the caseo# oy, are
Mannhart et al®%1018%and by Xietal®'*?and for a smaller[at A=8.5 (nmf andn=2 for Y-123 by order of
thick film?’ is good. The agreement with the experiment ismagnitudé than the electric-field shifts of, presented in
good, especially for an ultrathin film with weak links®(the  Figs. 4, 5, and 7the cases.=oy) but the shapes of the
larger electric-field penetration lengjhsThe normalized curves are retained.
quantities| AT,(E)|/o in films with intermediate thickness The illumination causes photodopfignd leads to simi-
is in satisfactory agreement with the experiment. lar effects onl ;. Additional charge carriethole) concentra-

A good qualitative agreement with the experiment can bdion 2.5<10° cm3 can be photoexcitéd inducing for
achieved introducing the surface and bulk conductiviiee T.(0)=19 K in Y-123 the shiftAT.=7 K calculated on the
below). base of Eq(14) (see also Ref. 39i.e., T, increases in the

From our calculations it follows that the thicknedsof  laser field(in general the photoinduced Cooper pair breaking
the superconducting films of Y-123 cuprates has to be byas to be taken into accoynfhe photoexcited charge car-
1.5-2 times smaller than in the Bi-2212 cuprates in order taier concentration at a given time does not depend only on
achieve the same effects, in agreement with the experimetiie number of photons in a laser pulse but also on the charge
with thin films 2° Stronger electric-field effects in Bi-2212, in carrier lifetime and the pulse length. The short pulses,

108

10%

IAT /o (Kem?/C)

We suppose thdk.(0) does not depend on the film thickness
d, i.e.,d=5nm (Ref. 60. As follows from our theory, the

calculated dependence‘sTC(E) on the thicknesd show
similar tendencies, as in the experimént.
We present the electric-field effects not only for Y-123
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~1ps, should be uséd. 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 in
vestigated. The dependences of the superconducting tran
tion temperature on the carrier concentratignat E=0 are
calculated for cuprates in the two-band model. The us

of fitting parameters allows us to achieve good agreement

the dependence T.(n,) with the experiment in
Bi,Sr,CaCyOg, , and YBgCw,0;_ for E=0. The electric-
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rameters used for the calculation of electric-field effects
themselves does not exceed the “critical” value. The agree-
ment of theoretical results with experiment is good and in
some cases satisfactory. Some electric-field effects are pre-

dicted: ATC(E) dependence on carrier concentration, the

5ﬁfflturation effect, etc. The theory strongly supports the

mechanism of the influence of the electric field on the super-
conducting temperature via inducing the change in the car-
ier concentration directly by Coulomb forces. In nonequilib-
um conditions, the contribution from the field-induced
rearrangement of oxygen in Y-123 inthc(I?) is not ex-
cluded.

field effects themselves are calculated practically without

any fitting parameters ifs= o, . As follows from our analy-

sis, the number of fitting parameters of the theory in which
the different surface and bulk conductivities are introduced is
equal to 2 A andn). The other fitting parameters are used to

fit the carrier concentration dependenceTgfin Y-123 and
Bi-2212 atE=0. In our opinion, the number of fitting pa-
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