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and j can be expressed as 

where 0, and 0, are the  angles of the  crys- 
tallographic axes with respect to the  junc- 
tion interface, Ad,, is phase differe~lce a t  the 
junction, and the  gauge-invariant phase is 
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As is obvious fro111 Ecl. 1, the negative sign 
of 1; can be co~lsidered a phase shift of 7 

added to A+,,-he~lce, the  ter~ninology 
7-j~u11ction. 

T h e  supercurrent of a junction made 

A high-resolution scanning superconducting quantum interference device microscopy 
study of tetragonal single-layer TI,Ba,CuO,+, films, deposited on tricrystal SrTiO, sub- 
strates, demonstrates the effect of spontaneously generated half flux quanta. This ob- 
servation shows that in addition to YBa,Cu,O,, the order parameter symmetry in 
TI,Ba,CuO,+, is consistent with that of a d X z p y 2  pair state. This result also rules out any 
bilayer or twinning effects and any pairing that IS incompatible with the fourfold rotational 
symmetry as in the TI,Ba,CuO,+, superconducting system. 

from s - w a ~ ~ e  superconductors with a n  iso- 
tropic or anisotropic gap is al~vays positive, 
and such junction is called a zero-j~ul~ction. 
In  1987, Geshkenbein, Larkin, and Barone 
(13) suggested that it is possible to have a 
negative supercurrent for a Josephson junc- 
tion made of a non-s-wa\7e superconductor 
i that  is. a suoerconductor with nodes in the  

A n  ~unarnbiguous determi~lation of the  
pairing sylnrnetry in copper oxide supercon- 

not  a pure two-dimensional d-wave pair- 
in s  syrnnletry (d , :~ , ? ) ,  which has a four- 
fold rotation axis. I n  addition, as a result 
of certain bilayer and chain  effects, it is 
possible, for example, to have two sets of 

ductors is necessary to ~u~lderstand the  ori- 
gin of hish-temperature superconductivity. 
,4 test of order parameter symmetry requires 
a definitive measurement of the  phase of 
the  energy gap in the superconducting state. 
Recently, s e ~ ~ e r a l  phase-sensitive experi- 
lnents (1 -7) have produced strong evidence 
for d-wave pairing symmetry. W o l l ~ n a n  e t  al. 

, L 

gap function). More recently, Sigrist and 
Rice (1 2) have sho\vn specifically that for 
the case of a junction bet~veen two d-~vave 

order parameters with opposite signs that  
can  mimic the  observed d,rp,: gap struc- 
ture ( 8 ,  'I). This  situation can  be resolved 
by a d-wave tricrystal experiment with a 
tetragonal single-layer cuprate system 
such as T12Ba,Cu0,+, (T12201). Here,  we 
present results of such a tricrystal experi- 

s ~ ~ p e r c o n d ~ ~ c t o r s  i and j, the m a x i m ~ ~ n  Jo- 
sephson current 1:(0,, 0,) can be expressed as 

In  the  m a x i m ~ ~ m  disorder limit for a tet- 
ragonal crystal, Ecl. 3, the  Sigrist-Rice clean 
limit for111~11a is replaced by 

(1 ) reported a phase-sensitive measurement 
usinc the  i~lterference effect in Ph- 
Y ~ a z u  ,oi -, superconducting quantum 
interference devices (SQUIDS), suggesting 
a d-wave order oarameter svmmetrv. This 

lnellt tc) show that ,  as in  the  case of 
YBCO, the  half-integer flux q u a n t ~ u n  ef- 
fect has been observed in  the  T12201 svs- Based o n  Ecls. 3 and 4 ,  a tricrystal (100) 

SrTiO, substrate was designed to test the  
d-wave pairing symmetry in YBCO. T h e  

was follolved by several Inore convincing 
pairing sylnlnetry exper i~nents  using tri- 
crystal ring magnetometry ( 2 ,  3) ,  S Q U I D  
interferonletry (4 ,  5),  and single j ~ ~ n c -  
t ion modulation (6 ,  7). H o ~ v e l ~ e r ,  all 

tern and its pair wave function has nodes 
and lobes consiste~lt  with a d-wave pairing 
symmetry. 

Theory  behind the  test of pair wave 
function svmmetrv. T h e  details of our tri- 

~llisorielltation angles and the angle be- 
tween the  grain bou~ldary planes were cho- 
sen so that a YBCO tri-j~unction ripg locat- 

crystal experiments have been described 
elsewhere (2 ,  3, 1 1 ). In essence, these ex- 
perirnents were designed to  decipher the  
~nicroscopic phase inforn~ation of a pair 
wave function by combining two macro- 

these experi~nents were l i~ni ted to  the  
YBaZCu30ip, (YBCO) system. T h e  crys- 
tal structure of YBCO is orthorhombic 
( the  a and 17 directions in the  CuO,  planes 
are s t ruc t~~ra l lv  and electronicallv ill- 

ed at the tricrystal meeting point co~ l t a i~ led  
one or three ~ - j ~ u l ~ c t i o n s  (Fig. 1) .  I11 addi- 
tion, three rings with even-number junc- 
tions (two rings located at the  bicrystal 
grain boundaries and one in the grain) were 
fabricated as a control. A scanning SQUID 
lnicrosco~e (SSM) (14) was used to  n o r -  

equivalent because of the  presence of CLIO 
chains) and there are t ~ v o  C u O Z  planes per 
~ l n i t  cell. According to  several recent the- 

scopic quantum coherence measurements 
( that  is, f lux.quantizatio and pair tunnel- 

A .  

invasively measure the  gro~ulld state of the  
rings at 4.2 K and near zero ~nagnet ic  field. 
T h e  fact that only spontaneous magnetiza- 

ing) in  a superconducting cuprate ring in- 
terrupted by three grain boundary junc- 
tions. O n  the  basis of the consideratiolls of 

oretical ~nodels  (&I@),  these t ~ v o  features 
of the  YBCO crvstal structure can comnli- 
cate,  even invalidate, t he  conclusionL of 
d-wave pairing syrnlnetry deternli~led from 
the  phase-sensitive experiments. Strictly 

free energy (1 2) and flux quantization (2 ) ,  
it has been sho\vn that the pro~lnd state of a 

tion of a one-half magnetic flux quantum 
(@,,/2) has been directly observed in the  

u 

superconducting ring with a n  odd number 
of r - j ~ n c t i o n s  is doubly degenerate and 
should exhibit a spontaneous ~l~agnetization 
of one-half flux iluantum, i-(@J2 = /1/4e) 
(where h is Planck's constant and e is the 

three-junction ring, but not  in the  control 
rings, supports d-wave pairing in YBCO. 

Tricrystal experiment using T12201. 
speaking, the  t~vofold rotational syrnlnetry 
of a n  orthorholnbic crvstal surror ts  a n  

L L 

admixture of s -  and d-wave pair states but Here we present our results o n  the  tricrystal 
experiment with TI2201 instead of YBCO. 
T h e  TI2201 single-layer, tetragonal, epi- C. C. Tsuel, J. R.  K~rtley. M. RUPP, J. Z Sun, A. Gupta, fu~ldamental charge of a n  electron or pro- 
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content ( 6 )  in the  post-annealed films, the 
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superconducting transition temperature can 
be varied from ~ 0 to 80 K reproducibly. 
Some results of the x-ray diffraction (XRD) 
measurements on the T12201 films indicate 
that the intensity as a function of 29 shows 
only (001) reflection peaks (Fig. 2). A rock
ing curve (x-ray <x> scan) of the (0010) 
reflection of a T12201 film grown on a 
single-crystal SrTi03 substrate has a full 
width at half-maximum equal to 0.265°. 

All these XRD data suggest that the 
T12201 films are characterized by high-quali
ty, c-axis-oriented epitaxial film growth. The 
four sharp cj)-scan peaks 90° apart from the 
reflection of (105) of the T12201 epitaxial 
films suggest strong in-plane alignment of the 
T12201 film with the substrate. To rigorously 
prove that our epitaxial film is tetragonal 
using only the XRD data is impossible because 
the splitting of certain XRD reflections due to 
orthorhombicity is not observable in our epi
taxial films. For example, when the tetragonal 
to orthorhombic phase transition takes place, 
the (110) reflection is replaced by (020) and 
(200) peaks, which are not allowed in c-axis-
oriented epitaxial films. We also unsuccessful
ly attempted to detect the orthorhombic 
structure with the x-ray cj)-scan measurement. 
It turned out that the estimated difference in 
(j) values between the two structures is about 
the same as the observed peak width in the (j) 
scan. However, the tetragonality of our 
T12201 epitaxial films was finally ensured 
with the use of Raman spectroscopy, by estab
lishing a one-to-one correspondence in the 
values of critical temperature (Tc), and the 
positions of the Raman peaks (associated with 
the 0 2 and 0 3 phonon modes in the Ba-O 
and Tl-O planes, respectively) between our 
films and the tetragonal polycrystalline bulk 
samples that were prepared under similar an
nealing conditions for making the films (15). 
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After the T12201 film was deposited on 
the tricrystal (100) SrTi03 substrate, but 
before it was photolithographically pat
terned into rings, several microbridges (25 
|xm by 10 |xm) across each bicrystal grain 
boundary, away from the tricrystal meeting 
point, were made to ascertain the overall 
junction quality. The approximate linear 
temperature dependence of normal-state re
sistance and the relatively high Tc values 
(—80 K) suggested that the film was near 
optimum doping (Fig. 2). The small shoul
der below the sharp resistance drop is char
acteristic of a grain boundary weak link. 
The current-voltage (I-V) curve of this 
junction, measured at 4.2 K, exhibits a typ
ical resistively shunted Josephson (RSJ) 
junction characteristic. The results of I-V 
measurements repeated on junctions locat
ed at various spots along the grain bound
aries indicate that the grain boundary junc
tions mostly show RS] behavior and the 
value of Jc is highly dependent on position, 
ranging from 1 JJLA to 0.5 mA. 

To test the pairing symmetry, we pat
terned four rings (48 jxm in inner diameter, 
10 |xm in width) using a standard photo
lithographic process (Fig. 1). To measure 
directly the magnetic flux threading 
through the rings, we used a high-resolution 
SSM {14). The microscope is composed of 
an integrated, miniature SQUID magne
tometer and a mechanical scanning mech
anism. In the microscope, a pickup loop (4 
|xm in loop diameter and 0.8 JJUTL in line 
width) integrated into a low Tc SQUID 
sensor is mechanically scanned relative to 
the sample and the SQUID chip is inclined 
about 10° with respect to the sample plane. 
The sensor is mounted on a cantilever and 
scanned in direct mechanical contact with 
the sample. The distance between the con
tact point and the pickup loop center is 

150 

100 

50 

0 

•j 

"fo 
-1 

I 

4.2 K y 

-2 0 
y(mV) J 

/ 
f 

j 
1 
: i 

T -

\A 

2/ 

In
te

n
si

ty
 (

au
) 

i 1 

/ 

1 r 

[-18 

r c 

1 ; 
0 0 1 
1 * § 

t̂ o 

I I 

00
10

 

80 
CO o o 

I 
L LJL i 

H 

0 10 20 30 40 | 
20 

_] 
100 
7(K) 

200 

Fig. 1 . A schematic sketch of the tricrystal (100) 
SrTi03 substrate, showing the locations of the 
zero-, two-, and three-junction rings. 

Fig. 2. The temperature dependence of electrical 
resistance, R(T), for one of the grain boundary 
junctions in the TI2201 d-wave tricrystal experi
ment. The I-V curve of this junction at 4.2 K is 
shown in the upper left inset. The XRD and cj)-scan 
data are presented in the lower right inset; au, 
arbitrary units. 

about 5 |xm. The pickup loop structure is 
thus about 1 JJLITL above the sample surface. 

An SSM image of the four rings in the 
geometry of Fig. 1 was obtained at 4.2 K and 
in a nominal zero magnetic field (Fig. 3). 
There are several depressions in the SQUID 
signal, except for the zero-junction ring at 
the positions where the rings are interrupt
ed by the grain boundaries. This indicates 
that these grain boundary junctions are 
weakly coupled and that the junction qual
ity and uniformity varies from junction to 
junction. However, the fact that all the 
rings exhibit flux quantization for magnetic 
fields below 50 mG suggests that all the 
rings in this sample are indeed supercon
ducting at low fields. 

Determination of the quantum states. 
To quantitatively analyze the magnetic flux 
quantum states of these rings, we used mag
netic field titration (3). In response to a 
change of the externally applied magnetic 
field, a screening current is generated in a 
superconducting ring. By running the SSM 
line scans through the centers of the rings 
while varying the external field, one can plot 
the differences in sensor flux inside versus 
outside the ring, AOSQ, for all the rings as a 
function of the applied field (Fig. 4A). From 
such magnetic field titration data, one can 
determine the gauge-invariant phase shift, 
<|>], as well as the flux trapped in the ring. 
One can see that this is true by consider
ing the free energy, U, of a superconduct
ing ir-ring (with a self-inductance L and a 
circulating current I) as a function of the 
flux threading the ring and the externally 
applied magnetic flux <J>a: 

U 

L|ICI 

$ 0 

2L 

277. 
-((£) + (J)a) + 7T (5) 

where O = LI. Minimizing U against O 
gives the ground state of the ring. As shown 
by Sigrist and Rice (12) and others (11), 
the minimization of U (<£, Oa) with Oa = 0, 
and for a IT ring leads to a doubly degener
ate ground state corresponding to ±4>0/2 
spontaneous magnetization, provided that 
the U c product is much larger than O0 

(from here on we define Ic = \lc\). The 
requirement of U c » <I>0 ensures that the 
cost of magnetic energy in maintaining 
±<l>o/2 spontaneous magnetization is well 
compensated for by the gain in Josephson 
energy (Eq. 5). 

In other words, the phase difference in
duced across the junction to support the 
spontaneous magnetization current is insig
nificant compared to the gauge-invariant 
phase shift cfy = IT, if Llc » O0. For the 
case of a finite applied field, one can min
imize the free energy U(0 , Oa) to obtain 
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values of ground-state flux @, as a function 
of a,. The sensor signal Amsa is then re- 
lated to @, through 

where M(0) is the mutual inductance be- 
tween the SQUID pickup loop (positioned 
above the center of the rine) and the rine. -. - 
The results of such numerical calculations 
(Fig. 4B) show that @, as a function of @, 
invariably intercepts the horizontal axis 
(a, = 0) at @, = 0.5@,, for the case of 
4, = P: a manifestation of a P-ring. The 
slope d@,/d@, for @, = 0.5@,, at the inter- 
cept, however, varies greatly if Ll, 5 mo. In 
this case, the amount of flux trapped in the 
ring as measured by the vertical intercept is 
reduced significantly from its asymptotic 
value of 0.5 a,, for LI, >> a,,. This finding 
indicates that fractional vortices arising 
from low-I, P-junctions are possible and do 
not necessarily imply a violation in time- 
reversal symmetry (1 6). 

With the aid of the results shown in Fig. 
4B, one can now understand why, as shown 
in Fig. 4A, the titration curves for the 
three-junction ring intercept at exactly 2 
half of the magnetic field spacing between 
the Amsa(@,) curves for the zero-junction 
ring (in one quantum state) and the two- 
junction ring (in zero quantum state). On 
the other hand, the significantly reduced 
(by about 40%) slope of the A@sa versus 
@, curves at the intercept point suggests LI, 
- 0.3@,, (Fig. 4B). This is consistent with 
our results of I, measurements, which show 
that the values of I, of the grain boundary 
junctions located along the 60" slant grain 
boundary are particularly low. The cause of 
low I, may be oxygen deficiency, photoli- 
thography-induced degradation at the grain 
boundaries, or both. It is clear that the 
actual flux spontaneously generated at the 
tricrystal point of our ring samples can be 
substantially less than @J2 if LI, @,. 

However, as a convenience we will contin- 
ue to use the generic term half-flux quan- 
tum effect to describe this effect in super- 
conducting rings with P-phase shifts. 

The spontaneous generation of half-flux 
quanta in the T12201 tricrystal ring was 
further confirmed by repeating the experi- 
ment with a blanket film of T12201 depos- 
ited on a (100) SrTiO, substrate of the . , 

same geometry as shown in Fig. 1. An 
SSM image of the sample cooled to 4.2 K 
in nominal zero magnetic field is shown in 
Fig. 5A. The full-scale range of the false 
colors corresponds to 0.025 @,, variation 
in the flux threading through the sensor 
SQUID pickup loop. This image is of a 
square of 200 p.m by 200 pm with the 
tricrvstal ~ o i n t  at the center. An e x ~ a n d -  
ed view of the Josephson vortex trapped at 
the tricrystal point (Fig. 5B) shows that 
the vortex spreads along all three grain 
boundaries emanating from the tricrystal 
point. The spatial extent of the spread is a 
measure of the Josephson penetration 
length, A,. The unequal flux penetration 
along the grain boundaries suggests that 
the critical current densitv ( a  k,-'I2) var- 

The spontaneous magnetization of half- 
integer flux quantum is a manifestation of 
the ground state of a P-junction supercon- 
ducting system. Its occurrence should be 
independent of the macroscopic geometry 
of the tricrystal sample. 

This point has been demonstrated recent- 
ly by Kirtley et al. (17) with blanket YBCO 
films epitaxially grown on a tricrystal SrTiO, 
substrate by direct imaging integer flux 
(h/2e) Josephson vortices trapped in bicrystal 
grain boundaries and half-integer flux (h/4e) 
Josephson vortices only at the tricrystal in- 
tersection. The fact that only one half-inte- 
ger Josephson vortex is trapped at the tri- 
crystal point of the T12201 blanket film sug- 
gests spontaneity and leads to the conclusion 
that the half-inteeer flux auantum effect is 
also observed in the tricrystal blanket film of 
T12201. We have modeled the data present- 

Fig. 3. SSM image of the four 12201 rings (at 4.2 
K and nominal zero magnetic field) in the geometry 
of Fig. 1. The flux quantum states of these rings 
are indicated in the figure. 

, . 
ies greatly from boundary to boundary. 

-. 
Applied magnetic field (mG) 

'd@o 
Fig. 4. (A) Dierences in sensor flux inside versus 
outside the ring, A@,, as a function of applied 
magnetic field for zero-junction (O), two-junction 
(O), and three-junction (0) rings. (B) Calculated 
ground-state flux @, as a function of applied flux 
@, in units of @,. 

%.. 
0 . o o . O H b  -4'0 - (ym) 

Fig. 5. (A) SSM image of a 12201 blanket film 
deposited on a tricrystal (100) Srl70, substrate of 
the same geometry as shown in Fig. 1 at 4.2 K and 
nominal zero magnetic field. (B) An expanded 
three-dimensional view of the Josephson vortex 
trapped at the tricrystal point. (C) The solid lines are 
the cross section (at an angle O with respect to the 
horizontal grain boundary) through the data in Fig. 
.5A. The dashed lines are fits of Eq. 5 to the data. 
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ed in Fig. 5 A  following the p roced~~re  ~ ~ s e d  
for YBCO (17) to determine the total 
amount of flux at the tricrystal point. T h e  
lnagnetic fields at the surface of the  sample, 
a distance r! froin the  tricrystal point along 
the  ith grain boundary, are given by 

where r ,  is the  perpendicular distance 
from t h e  grain boundary, (XI)! is the  Jo- 
sephson penetration depth along the  ith 
grain boundary, XL is the  bulk London 
penetration depth, and a, is a normaliia- 
t lon constant chosen such that  a,/{(Al);(l 
+ a! ) }  is the  same for all three erain bound- : ,, L z  

aries, and the  total flux a t  the  tricrystal 
point is QtC,, 2 ,(QJ27i)4tanp'(a!). T h e  
flux through the pickup loop is calculated 
by numerical Integration over the known 
geometry of the  loop as calibrated by h a g -  
ing bulk superconducting vortices. In  Fig. 
5C ,  the  solid lines are the  cross sections (a t  
a n  angle O with respect to the horizontal 
grain boundary) through the data in Fig. 5A. 
T h e  dashed lines are f ~ t s  of Eu. 7 to the data. 
with fitting parameters of the total flux of 
the Josephson vortex 0.42@,, X = 6, 10, and 
26 p ~ n  for [.he left, right, and diagonal grain 
boundaries, respectively. T h e  amount of flux 
required to fit the data is about 17% below 
@J2. It 1s worth noting, however, that this is 
nearly the same reduction that we found for 
YBCO and may simply represent a systemat- 
ic error due to, for example, the finite thick- 
ness effect in our analysis. T h e  fact that this 
value is closer to @,,I2 than that observed for 
the rings may be due to the fact that n o  
lithography was required to prepare the blan- 
ket film sample, providing less opportunity 
for the grain boundaries to degrade. 

W e  have run eight T12201 samples. T h e  

materials nroblerns associated with this svs- 
tern are fkmidable,  and the results from ;ix 
of the  samples were discarded beca~lse sec- 
tions of the  films were not superconducting, 
there was substantial inhomogeneous flux 
trapping in the  grain boundaries, or the  
rings did not support superconducting 
screening currents. In  two of the  samples, 
the  results of which we have aresented here. 
these problems were not evident. T h e  
SSM's ability to directly image local inag- 
netic field distribution allowed us to unam- 
biguously discriminate between high- and 
low-quality samples without being c o n f ~ ~ s e d  
by spurious flux trapping. This is a true 
advantage of scanning SQUID microscopy 
over other methods that detect only the  
average flux. 

As pointed out in our earlier work o n  the  
YBCO system ( 2 ,  1 1 ), the present design of 
the  tricrystal substrate cannot rule out 
even-parity states with an  order parameter 
varying as cos40 ( the  so-called g-wave pair- 

ing). A separate g-wave-only tricrystal ex- 
periment ( 1  1 )  has been done for the  YBCO 
system, and the  absence of the  half-integer 
flux uuantum effect in  that exneriment has 
ruled out the  g-wave pairing. In view of this 
result and based o n  a universality argument, 
g-wave pairing in  T12201 is not very likely. 
This is indeed the case, as confirmed by a n  
experiment with a blanket coverage of a 
TI2201 film o n  a g-wave-only tricrystal 
substrate. Our  SSM images never showed 
any f l ~ ~ x  trapped at the tricrystal point, as 
i v o ~ l d  be expected for a superconductor 
with g - w a ~ e  palrlng symmetrv. 

In  the  future, a systematic study as a 
f~lnct ion of doping with the d-wave tricrys- 
tal geometry should be carried out in the  
T12201 system to study the  band structure 
effect o n  pairing symmetry. Also, it is of 
great interest to  study possible macroscopic 

iluantum tunneling between the  bistable 
1 D 0 / 2  states in a T-ring with very low LI,. 
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