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We present an experimental and theoretical study of the current-phase rélé@grior 45° grain bound-
aries in YBaCu;O,_, films. A model of strongly inhomogeneous Josephson junctions, in which the presence
of randomly alternating current leads to a deviationgf) from the well-known sing) dependence, has been
used. This deviation decreases with the temperafuesd is described by the formula(¢)=1.(T)(sing
+¥(T)sinZp). Using the developed model, the coefficienis calculated and its temperature dependence is
found to be in good agreement with experimd®0163-182@09)01417-4

A fundamental property of a weak link of small size is the properties of strongly inhomogeneous Josephson junctions
relationship between the total supercurrgrand the Joseph- has been developed and has allowed the succesful descrip-
son phase difference across a Josephson junctibbhThis  tion of the suppression of the critical currénthe decrease
relationship has the general form(e)=1.f(¢) and is of the plasma frequency,and the position and magnitude of
called the current-phase relatid€PR. For any kind of the flux flow step'*
weak link the CPR has a period of2and is an odd function In this paper we report on the measurements of the CPR’s
of the Josephson phasén particular, the simplest case can in 45° YBaCu;O,_, GBJ's for different temperatures. We
be realized for tunnel junctions between two conventionaklso derive the dependentg ¢) of a Josephson junction in
superconductors, where the CPR is given by the equation the presence of a randomly distributed alternating current

density. It will be shown below that the predicted CPR is in
ls(@)=I;sin(gp). (1) good agreement with experiment.
We experimentally investigated the CPR by using a single
Here, | is the critical current of the Josephson junction.  junction interferometer circuit, where the weak link of inter-

The deviation Alg=1s—lsr from Eq. (1) has been est is incorporated in a superconducting ring with a suffi-
theoretically predicted and experimentally observed inciently small inductancé. In this method an external flux
weak links with direct conductivity, i.e., point contacts and @, is applied to a superconducting ring, and the phase dif-
SNS (superconductor—normal-metal—supercondyucfonc-  ferencep=27®/®d, across a weak link is determined by a
tions2? It has been shown that in all these cases the deviagyx & penetrating into the ring.
tion of the CPRAI is negative and the maximum of the  |n the absence of fluctuations and of a quasiparticle cur-

supercurrent shifts towards larger The situation is even rent the Josephson phase satisfies the general single-
more complicated in the case of a junction between twqunction interferometer equation

high-temperature superconduct8r& Recently, the observa-
tion of a nonsinusoidal CPR for 45° YB@u;O,_, grain- o=~ Bf(¢), 2)
boundary junctiongGBJ’s) has been reportetin this work
it has been observed that the CPR displaymsitivedevia- where ¢,=27®./®y and B=27LI /Dy are the normal-
tion Al and the supercurrent reaches its maximum value foized external flux and critical current, respectivély.
smaller ¢. A number of experiments for most high- cu- When the conditiorB<1 is valid one can obtain the CPR
prates is consistent witll-wave symmetry of the order for the complete phase range. Thus by monitogngith a
parameteP~’ In the frame of thed-wave scenario, strong superconducting flux detector as a functionggf, the CPR
deviations from the harmonic dependence have beegBf(¢) has been obtain€d.The application of this method is
predicted® However, the positive shift dfy(¢) has not been technically difficult because of the thin-film design and the
explained yet and there is an inconsistency between theomgquired small values of the interferometer inductance. In
and experiment. A problem is thdtwave effects are more this respect the method developed in Ref. 17 has a great
pronounced in GBJ's with large angles of misorientation,advantage. The interferometer is coupled through a mutual
which, however, are strongly inhomogenedds®and a ran-  inductanceM to the tank circuit with a known impedane
domly distributed alternating current density is present. In this arrangement the effective impedanZg;; of the

On the other hand, a similar highly inhomogeneous rewhole system depends ap, and the CPR can be obtained
gime in a Josephson junction has been observed in the presem the measurement of this dependetice.
ence of pinned Abrikosov vortices penetrating the supercon- For impedance measurements a driving radio-frequency
ducting electrode$:*? A theory of the static and dynamic currentl; as well as a sweep currehj, are supplied to the

0163-1829/99/5@.7)/115024)/$15.00 PRB 59 11502 ©1999 The American Physical Society



PRB 59 PHASE DEPENDENCE OF THE JOSEPHSON CURREN . 11 503

tank circuit. The external flux in the ring is generated by the
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wherek is a coupling coefficient an@ is the quality factor owing through the tank coll for various temperatures

of the tank circuit. Hereg(¢4.) is the phase angle between
the drive current,; and the tank voltage). Making use of
Egs. (3) one can determine the CPR from the experimenta
data ofa(@yc)-

All layers for the GBJ's were grown using the pulsed
laser deposition technique @h00) oriented SrTiQ bicrys-
tals with a[001] tilt angle of 45°. Two types of bicrystals
were used: symmetric (22.5°/22.5°) and asymmetri

show that the quasiparticle current is negligible. The ex-

mples of the CPR'’s for two different temperatures, obtained
rom the a(¢y.) dependenciegFig. 1), and Egs.(3) are
shown in Fig. 2. The curves are found to display a positive
shift Al. Moreover, we obtain that this deviation decreases
with temperature.

In the following, we present a theory of the CPR¢) in

P ) . Ca strongly inhomogeneous small Josephson junction. In these
(19°/26°) ones. Typical values fdfc andj (77 K) of the  jnions the superconducting current density changes sign,

YBa,Cus0;_ films without artificial GB are 89 K and 2 34 randomly depends on the coordinatexd<W along the

2 B .
X 10° Alen?, respectively. Patterning of the layers was don€iynction. Such a highly inhomogeneous regime can be ob-
using photolithography and Ar ion-beam etching.

, tained in the presence of pinned Abrikosov vortices penetrat-
YBa,Cu,0,_, layers were etched into 85 mn? or 4

, ned nte ing the superconducting electrod®¥ or in a nonuniform
X 4 mnt square-washer single junction interferometer Struc'(meandering grain-boundary Josephson junction between
tures. The washer holes had a side length of0, leading

A ‘ ! two d-wave superconductoFS.The alternating current-
to L~80 pH. Layer thicknesses=70-100 nm and junction  gensity fluctuations present in strongly inhomogeneous Jo-
widths W=1-2.5um were chosen to fulfill the conditiof  sephson junctions can be characterized by an internal disor-

<1 at the desired temperature. dered static phase distributiopy(x).** Note here that a
Several tank circuits with inductances between 0.3 andmilar model has been used in Ref. 19.

0.8 uH and resonance frequencies between 15 and 35 MHz \ye consider a small Josephson junction of a side

have been used for the measurements. The unloaded qually) ;  where the Josephson penetration depiy

factor has been measured for all tank circuits at various tem-. J(ACPWU16men, I,) is mostly determined by the critical
C.

peratures and values @ <150 were obtained. A driving ¢ rrent| _ of a junction. Here), is the London penetration
rf currentl ; was supplied to the tank circuit and a voltdde depth in superconductors.

across the circuit was measured using an amplifier at room 1,4 dependence of a static Josephson phasex in the
temperature with a high input impedance. The amplitude aanL

esence of inhomogeneities is determined by a general
phase of the voltage were detected by a vector analyzer a rrel-Prange equatidi:
recorded as a function of either the amplitudd gfor | 4.

The coupling coefficienk was extracted from the period do(x) 1
Aly. of the a-l4. plot according to the relatioM Al 4. 5~ 3 siney(X)+e(X)]=0, (4)
=®,. The value ofk was between 0.03 and 0.1. The inter- dx Ao
ferometer was placed inside a five-layer magnetic shielding
in a gas-flow cryostat at a temperature in the range of 4.2 084
<T<90 K. 04
The examples of dependencies of the phase angle an :
external magnetic fluxdc current flowing in tank coill 4.) 021 e T=4.2K
are shown in Fig. 1. The validity of a small signal limit and () 004 . T=40K
an underdamped regime were proven experimentally. First, ;
from theU(l¢) curves we defined the amplitude lof gen- 02
erating a flux®, in the interferometer. Then, all measure- 0.4

ments were carried out at the amplitudel gfcorresponding

to aflux (0.05 - -0.1)®, ensuring the small signal limit. The
underdamped regime has been confirmed by the measure-
ment of both the resistance of a junction fabricated under
identical condition and the tank circuit quality factor change FIG. 2. The CPR’s restored from the(l4) dependencies
in the presence of the interferometer ring. Our estimationshown in Fig. 1. The fit of CPR’s by E¢9) is shown by solid lines.
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where )\JO=\/(ﬁc2/167-re)\|_j o) and j, is the local critical 3 T T T T 0.30
current density. In inhomogeneous Josephson junctions the é . 5
limit \j;p<€\; is valid. The Josephson phase satisfies the = 1%%
boundary conditionp|,— o= . S L ° do.20
The superconducting current across the junction can be @
expressed as follows: x o . 1015 y
w 3 14 © o o -4 0.10
|s=iotf dxsiney(X)+e(X)]. ) é -
0 E - 0.05
Taking into account a finite si2&/ of the small junction we % 0 : : . 1000
obtain ] 20 40 60 80 100
TEMPERATURE, T
w
Is:jOtJ dx{ sin oo+ @v(X)] FIG. 3. Experimental dependencies of the critical current
0 (circles and parametery (squareson the temperature for asym-
metric (19°/26°, open circles and squareand symmetric
+ 12 fxdxleldxz SiM 200+ @y(X) + o(X2)] ¢ - (22.5°/22.5°, solid circles and squaresamples.
2\507J0 0

sity, n(x) is a periodic functiorx, (W) is always small and
©) the deviation of the CPR is large and negative. It allows us to
At this poaint it is convenient to introduce the complex vari- recover a result of Ref. 19 in which a Josephson junction in
able 5(x) that randomly depends on the coordinateas the presence of the alternating fluctuations of the current
follows: density with particular wave vectors has been considered.
In the presence of randomly distributed strong inhomoge-
_* . neities, when the variable(x) is a random functiorx, we

7(X)= fo dy expiey(y). ™ can express our results in terms of a generalized correlation

- . . . _radiusp for the phase disordep,(x). This quantity is de-
All characteristics of the inhomogeneous Josephson junctiof eq a5

can be expressed with this variable. So, the critical current is

given by W
. PZJ dx(cog ey(x) = ¢y(0)]). (10)
le=]ot| n(W)|. (8) 0
Making use of the variabley(x) we rewrite EQ.(6) in the | the case in which this correlation radius is smakgW,
form: we use the well established methods of random potential
. . theory?® and the typical value ofy(z= is given
Is(@)=lc(sing+ysin2¢p), s y yp fy(z=|n(W)|) is g
W2 wdx 7(x) 7(X) 2
=—Re| ——H1-—-|, 9 W\“1/2 +pW pW
Y 222 Jo W p(W)[™ (W) ® ¥(z :(7\_3) Z(§i7t§ : 11

where the Josephson phase ¢+ ¢ and the random angle
&, given by the formulae'¢= n(W)/| n(W)].

Equation(9) allows us to obtain the deviation of the CPR 4
from Eq. (1) in the presence of inhomogeneities. We notice
first that the CPR is determined by the behavior of the vari-
able (x). In a homogeneous case when the disorder is ab-
sent the variabley(x) is simply proportional toc and in the
limit of a small Josephson junctioW <<\ ; the parametety 0.2
=(1/12)(W/X\;)? is small. The deviation\l in this case is
negligible. Y

A more complex scenario occurs in the inhomogeneous
Josephson junctions in which the variabigx) randomly
depends o, and the particular value of and thereforé\l ¢
are determined by the type of inhomogeneities present in a
junction. 0.0 : : : : : :

We stress here that even in strongly disordered GBJ's 0.0 05 1.0 L5 20 25 30
between two conventionds-wave superconductors, when CRITICAL CURRENT, L (1A)
the fluctuations of current density are large but do not change ¢
sign, then(x)=x andAlg is negligible. FIG. 4. Experimenta(circles and theoreticalsolid line) depen-

On the other hand, in a Josephson junction with periodidencies of parametervs | for asymmetric (19°/26°, open circles
cally distributed alternating fluctuations of the current den-and symmetric (22.5°/22.5°, solid circ)esamples.

The parametety depends strongly on the particular value of
=| »(W)| and can be large with respect to the homogeneous
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case, when the value af< \JpW. In our particular model the served experimentally. For two samples fabricated under the
parametery changes sign from sample to sample and can besame conditionsl,. was one order of magnitude larger than
positive. for the samples described above. In this case the CPR’s
Using the developed theory we can explain all importantcould be measured at>60 K only, because below 60 K the
features of experimentally observed CPR’s. First, we shovparametelg was larger than one. For both samples at tem-
in Fig. 2, by solid lines, that the CPR’s with the positive peratures between 60 and 80 K, a nearly perfect sinusoidal
deviationsAl ¢ are fitted very well by Eq(9) with tempera- CPR has been obtained.
ture dependent critical curreht and a positive parameter. In conclusion, we show that the observed positive devia-
The temperature dependencies of both these quantities f@bn of the CPR and, moreover, its temperature dependence,
two samples are shown in Fig. 3. Moreover, E. and can be explained consistently in the model of alternating
(11) display an interesting scaling betwegnand .. We  fluctuations of the superconducting current density. The
obtain thaty=1, with a coefficient depending on the width presence of these fluctuations in our case strongly supports
of the junction and a particular distribution of inhomogene-the model ofd-wave symmetry of the order parameter for
ities. This scaling is shown in Fig. 4. Note that the CPR’sYBa,Cu;0,_, superconductors.
reported in Ref. 8 are fitted by E¢Q) as well. As follows
from the model, when current inhomogeneities rarely change
sign or simply have a preferential direction, the critical cur- M.V.F. thanks the Alexander von Humboldt Stiftung for
rentl. is larger with respect to the “true” inhomogeneous support of this work. Financial support by the DFi8o 461/
case and the CPR approaches gjn{This also has been ob- 1-1) and INTAS(No. 11459 is gratefully acknowledged.
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