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A theoretical model of high-Tc Josephson field effect transistors~JoFETs! based on a Ginzburg–
Landau free energy expression whose parameters are field- and spatially-dependent is developed.
This model is used to explain experimental data on JoFETs made by the hole-overdoped Ca-SBCO
bicrystal junctions~three terminal devices!. The measurements showed a large modulation of the
critical current as a function of the applied voltage due to charge modulation in the bicrystal
junction. The experimental data agree with the solutions of the theoretical model. This provides an
explanation of the large field effect, based on the strong suppression of the carrier density near the
grain boundary junction in the absence of applied field, and the subsequent modulation of the
density by the field. ©1996 American Institute of Physics.@S0003-6951~96!00542-6#
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The development of practical high-Tc three terminal de-
vices has received much attention recently. There are m
different directions that have been investigated: the elec
field effect transistor, the flux-flow transistor, quasipartic
injection devices, etc. The superconducting field effect tr
sistors ~suFETs! with a homogeneous thin film channel1,2

and JoFETs with a Josephson junction channel3–8are electric
field related devices. In general, the required electric field
the field effect in JoFETs is orders of magnitude smaller th
the field required in suFETs with homogeneous thin film.

A basic question that therefore arises is to understand
large effect that an electric field has on the transport prop
ties in JoFETs. Donget al.3,4 showed that there is a 23%
modulation of the critical current on a grain boundary o
50-nm-thick channel of Sm12xCaxBa2Cu3Oy ~Ca-SBCO!.
Nakajimaet al.7 reported a 5% modulation of critical curren
on a 60-nm-thick YBCO grain boundary junction chann
which can be described by a parallel resistor model. A mo
lation of several per cent~maximum 8% in I c) has been
reported by Petersenet al.6 on the transport properties of
less than 32-nm-thick YBCO grain boundary junction cha
nel both in the normal and superconducting state. The m
recent JoFET experiments were carried out by Mannha
group8 where a similar field modulation ofI c was observed.
However it is still not clear why all suFETs with grai
boundary junction~JoFETs! show much bigger effects tha
suFETs made of homogeneous film under the same app
field. Candidate explanations include a weakly coupled S
model in the dirty limit,4 a parallel resistor model at hig
bias current, and the electromechanical effect in the die
tric layer at low bias currents.6 But none of the above gives
quantitative explanation of the dependence of the crit
current on the field. The mechanism responsible for t
large field effect therefore remains an open and very imp
tant question.

In this letter we attempt to clarify this issue, using
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phenomenological model based on the Ginzburg–Land
~GL! theory of phase transitions. A similar model has bee
already developed for the case of YBa2Cu3O72d grain
boundaries in bicrystals.9 The basic result of that study was
that the oxygen depletion can account for a major portion
the change from weak to strong coupling of grain boun
aries, which is experimentally observed10 as the misorienta-
tion angle is increased. The modification of the oxygen co
tent leads to the variation of the critical temperature as
function of distance from the boundary. The detailed wa
that this occurs is not well understood from a microscop
point of view. The phenomenological approach of Ref.
allows one to simulate the behavior of the system in terms
a few measured parameters and to calculate electromagn
properties. Our aim in this letter is to apply this method t
the field effect modulations seen in the JoFETs of Refs.
and 4. We demonstrate that the JoFET systems can be fit
the same conceptual framework as the YBa2Cu3O72d grain
boundaries.

The experimental measurements3 were taken on hole-
overdoped Ca-SBCO bicrystals junctions with 30% dopin
of Ca (x50.3) at 20 and 4.2 K. The junction itself is a grain
boundary with a misorientation of 24°, created by growin
the high-Tc film on an SrTiO3 substrate with such a bound-
ary. A schematic view of the experimental setup is shown
Fig. 1. Junctions of this kind in the YBa2Cu3O72d system
have been shown to be oxygen-deficient10,11 with a conse-
quent lowering of the critical temperature.

The basic experimental result is the modulation of th
~normalized! critical current as a function of the applied gat
voltage, as shown in Fig. 2. The input needed for the theo
is the critical temperatureTc as a function of the distance
from the boundary plane, and as a function of the appli
field. The theory then gives a prediction for the critica
current. Detailed work on the effect of doping on the critica
temperature of the cuprates12,13 shows thatTc follows a
/96/69(16)/2432/3/$10.00 © 1996 American Institute of Physics
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parabolic relation:T/Tc,max51282.63(n20.16)2, where
n is the carrier concentration~holes per CuO2 unit!
and Tc,max570 K for the material under stud
~Ca0.3Sm0.7Ba2Cu3Oy).

3 From the specific characteristics o
the specimen, given that a grain boundary of 24° cor
sponds to a weakly-coupled bicrystal, then the dependenc
the concentrationn on the distance follows an exponenti
function in accordance with the previous work.9 So at zero
applied gate voltage:n(x)50.21020.2063exp(20.2x/j),
wherej is the superconducting coherence length which
an approximate value of 2 nm.

Also, the effect of the applied gate voltageVg is taken as
a linear contribution in the concentration function, since
induced charge densityDN for the specific material can b
found from the observation thatDN/Vg5Cg /ueu

FIG. 1. Schematic view of JoFET and the circuit outline for the field eff
measurements.

FIG. 2. ~a!, the experimental data from Ref. 2~the circles represent the 1
mm wide device and the squares the 30mm wide device!, in ~b!, the results
of the calculations from the~GL! theory for the two experimental tempera
turesT520 K ~solid line! andT54.2 K ~dashed line!.
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.3.231011 cm22 V21 whereCg is the areal gate capaci-
tance ande is the electron charge. The contribution is the
dn5731025 V21Vg .

In the one-dimensional case we consider, the GL fre
energy that has to be minimized takes the form~we use a
gauge where the vector potentialAW 50 for convenience,
since no magnetic field is present and the free energy
gauge invariant!:

F5a~x,T!C21
b8

2
C42

\2

2m* S ddxC D 2, ~1!

wherem* is the effective mass. We take the following form
for a(x,T):

a~x,T!5a0Tc~x!2@ tanh~3.0ATc~x!/T1!#
2 if Tc.T ~2!

59a0T
2@Tc~x!/T21# if Tc,T. ~3!

This expression fora(x,t) for T,Tc is an analytic fit to
the strong-coupling form of the gap function in Bardeen
Cooper–Schrieffer theory. AboveTc , we have less knowl-
edge about the form of the coefficients of GL theory. W
have chosen a form fora in this regime guided by two
considerations: the expression fora should continue
smoothly throughTc , and should be consistent with the
equationj5(\2/2m*a)1/2, wherej is the coherence length.
A function different from the usual first order term
(T2Tc) in the expansion close toTc is necessary in order to
cover the whole range of temperatures~it is stressed here that
Tc varies with the distance!. It is obvious that if we expand
the above function close toTc we get the usual (T2Tc)
term. b is taken as constant. The theory thus involves th
assumption that GL theory may be used over a broad ran
of temperatures. The great virtue of using this approach i
stead of a microscopic theory is that the parameters can
related to a number of observable quantities. The abo
choice has been tested in the successful fitting or predicti
of several quantities~calculation of the order parameter,
NMR studies, specific heat etc.!14,15

It is now convenient to write:C5uCuexp(if) in which
case the current densityJ is given by:J5(\e/m* )3uCu2

3df/dx.
These expressions may be simplified by the definition

f (x)5C/C(`), h(x)5a(x,T)/a(`,T), and j5J/Jc(`),
while x is taken in units ofj.

HereJc(`) is the bulk depairing current

Jc~`!52euC~`!u2
2

3 S 2a~`,T!

3m2 D 1/2. ~4!

The Euler–Lagrange equation corresponding to the G
free energy in Eq.~1! is the differential equation

d2f

dx2
2~4 j 2/27f 3!1h~x! f2 f 350. ~5!

The computational problem is to solve the nonlinear di
ferential Eq. ~13! with the boundary conditions:f (6`)
5Ay and d f(6`)/dx50, wherey is the solution of the
equation:y22y35(4/27)j 2.

At low current densitiesj , a superconducting solution
exists. The critical current is found by increasingj until no
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superconducting solution exists. This yields the quan
DI c /I c0 whereDI c5I c(Vg)2I c(0)5I c(Vg)2I c0. We plot
the calculated results together with the experimental dat
Fig. 2. It is clear that the model under study can reprodu
the basic experimental finding of the large electric field
fect on grain boundary Josephson junctions. The res
show modulation in critical current from a few percent f
small voltages to almost 20% for the largest values that h
been used.

The calculation of the order parameter gives a very go
picture of the suppression of superconductivity as we
proach the boundary~Fig. 3!. Interestingly, there is also a
region with order parameter valuesuCu greater than the bulk
value ofC due to the shape of the functionTc(x), leading to
an enhancement of the superconductivity just before the s
pression. Temperature plays a more important role in
shape of the order parameter, so at higher experimental
perature there is a well defined nonsuperconducting reg
close to the grain boundary. The application of the gate v
age alters the critical current which has small effect on
order parameter~due to the fact that it is several order o
magnitude less than the depairing current at infinity!. This
small effect can be barely detected in the asymptotic val
of C as well as the value of the peak ofC. Furthermore,
similar calculations in the underdoped regime~e.g., in an
as-madeYBa2Cu3Oy film on bicrystal! have been performed
and the quantityDI c /I c0 shows that this case is less sensiti
to the field~about half the modification observed in the ove
doped regime!.

The calculations demonstrate that if there is relative
weak coupling between the two sides of the boundary

FIG. 3. The calculated order parameter for the gate voltage of 40 V and
the two experimental temperatures 4.2 and 20 K.
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relatively small modification of the carrier density can ha
dramatic consequences. The boundary serves effectively
proximity-effect junction which changes fromS2S82S to-
wardsS2N2S as the field is applied. The result is the o
served large field effect. Thin films do not show the sa
effect because the field is being applied to a strong super
ducting region.

Another point to emphasize is that the above model d
not distinguish betweens- or d-wave symmetry of the gap
function and consequently of the order parameter. The
theory has the identical form for the two cases.14 Thus the
actual microscopic mechanism of high-Tc superconductivity
does not affect our results.

These results provide guidance for further investigatio
in this field. The large field effect on JoFETs can be ac
rately predicted within the Ginzburg–Landau theory wh
the complications of the microscopic theory are avoided.
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