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We have used a high-resolution scanning SQUID microscope to directly image conventigzgl (
Josephson vortices trapped in grain boundaries, and half-intégée)( Josephson vortices trapped
at the tricrystal point, of the higit= superconductor YB&w0,_s grown on tricrystal substrates of
SrTiOs. Our observation of the half-integer vortex at the tricrystal point is the first direct demonstration
of the positive paramagnetic Meissner effect in a polycrystalline figfilm. In addition, our images
provide the first direct measurement of the Josephson penetration depth.

PACS numbers: 74.60.Ge

Half-integer flux quantization is a powerful tool for penetration depth;. Recently Fischeet al. have imaged
probing the symmetry of the superconducting gap in bothYBa,Cu;O;_s Josephson grain boundary junctions in the
YBa,Cu;0,_s and other unconventional superconductorsshort junction limitA; ~ w, wherew is the width of the
It was first predicted by Bulaevski, Kuzii, and Sobyaninjunction, using a low-temperature scanning electron micro-
[1], and first related to unconventional superconductivityscope [12]. In this limit the spatial variation of the imaged
by Geshkenbein and Larkin [2]. Geshkenbein, Larkin, andsupercurrent is not directly related to the Josephson pene-
Barone predicted that half-integer flux quanta would betration depth.
spontaneously generated at the intersection of three grain Our samples [9] consisted of thin films of the high-
boundaries if there is an odd number of sign changes of thieemperature superconductor Y&a50;_5 120 nm thick
normal component of the superconducting order parametgrown epitaxially onc-axis up tricrystal substrates of
in a closed loop around the tricrystal point [3]. BraunischSrTiO;. The tricrystal substrates were fabricated from
et al.[4] and Sigrist and Rice [5] used this spontaneoug100) component crystals that were reoriented, polished,
magnetization mechanism to explain the positive paramagnd fused together to form three approximately® 30
netic Meissner screening often observed in polycrystallindicrystals that meet at a single point (Fig. 1). The
films of high-T. superconductors. A number of demon- grain boundaries of YB&u;0,_5 epitaxially grown on
strations of this effect in specialized geometries have beethe bicrystal substrates have been well characterized by
made, including interference measurements in single cryslectron microscopy, by their resistive transitions, and by
tal YBaCu;O;-5-Pb SQUIDS [6,7] and tunnel junctions their current-voltage characteristics [13—16].

[8], direct imaging of half-integer flux quanta in a tricrys- The samples were imaged using a high-resolution scan-
tal ring geometry [9], and in a thin film YB&wO,-s-Pb  ning SQUID microscope (SSM) [17-19]. In our mi-
geometry [10]. Evidence for this effect in current-voltagecroscope [20] a pickup loop integrated into a |@w-
measurements of a grain boundary junction at the tricrystaduperconducting quantum interference device (SQUID)
point in a geometry very similar to that used by Tsuei [9]sensor is mechanically scanned about a micron above the
was reported by Milleet al. [11]. sample surface. The signal is proportional to the normal

We report here the first direct experimental observacomponent of the magnetic field at the surface. Our pickup
tion of spontaneous magnetization in a controlled geomloop, with the smallest diameter (4m center-to-center
etry tricrystal point in a thin film of YBaCwO;-5. This  loop diameter, with 0.§&m linewidth) and most carefully
technique has several advantages. First, the observatishielded pickup loop fabricated to date, allows us to spa-
of half-flux quanta in a geometry that requires no pho-tially resolve the Josephson penetration length. All the
tolithographic patterning makes sample fabrication sigimages in this paper were taken with the sample at 4.2 K.
nificantly easier. Second, the fields associated with the The present tricrystal geometry produces an odd num-
half-flux quantum in the form of a Josephson vortex areber of negative Josephson critical currents around a path
about 50 times larger than those in a Béh diameter ring, enclosing the tricrystal point, if the order parameter of
making measurements using less sensitive techniques thaBa, Cu;0;—5 has d-wave symmetry [5,9]. In the ab-
scanning SQUID microscopy feasible. Third, these exsence of a supercurrent, any choice of the superconducting
periments provide a direct measurement of the Josephsqiase for the three subsections of the YBaO,—; film
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FIG. 1 (color). Schematic diagram for the tricrystal (100) 10um

SrTiO; substrate, with two scanning SQUID microscope images ) )

of a blanket coverage of YB&WO,_5 on the substrate. When FIG. 2 (color). Expanded images of some of the vortices
cooled in nominally zero field (a) the only flux trapped in the labeled in Fig. 1: (a) A bulk vortex, (b) a Josephson vortex
sample is a half-flux quantum at the tricrystal point. When thetrapped on the diagonal grain boundary, (c) a Josephson vortex
sample is cooled in a field & X 1077 T, a half-flux quantum trapped on the horizontal grain boundary, and (d) a half
is trapped at the tricrystal point, four Josephson vortices arguantum Josephson vortex trapped at the tricrystal point.
trapped along the grain boundaries, and seven bulk vortices are

visible, trapped apart from the grain boundaries. The full scale

ariation in flux through the SQUID sensor in these images is . - S .
X_léq,'o_ n Tt fhroug Q ' mag Iamphtudes. The solid lines in Fig.3 are cross sections

through the data of Fig. 2, as indicated by the contrasting
lines. The dotted lines in Fig. 3 are modeling of the
will involve a highly energetically unfavorable Joseph- experimental cross sections as follows.
son coupling energ¥; = I. cod¢; — ¢;) across at least
one of the grain boundaries [1,2]. This energy is reduced
by the generation of a spontaneous supercurrent around
the tricrystal point. In the limi2#LI./®y > 1, where
L is the effective inductance of the tricrystal point and
®, = h/2e is the superconducting flux quantum, this su-
percurrent will generate exactly half of a flux quantum
(h/4e) at the tricrystal point [5]. Josephsgh/2e) vor-
tices also can be trapped along the grain boundaries, and
bulk (h/2e) vortices can be trapped in the film away from
the grain boundaries.

Figure 1(a) shows an SSM image of the central region
of the sample, cooled in nominally zero field. The visible
flux is a h/4e Josephson vortex at the ftricrystal point.
Figure 1(b) shows an image of the same area recooled
throughT. in a field of3 X 1077 T. Inthisimage there s
a half-flux quantum at the tricrystal point, two Josephson . —
vortices along each of the horizontal and diagonal grain 0.0 H 1M H
boundaries, and seven bulk flux quanta away from the grain Z20 -10 0 10 20
boundaries. Position ( pm )

Figure 2 shows expanded images of the vortices labelegi 3 The solid lines are cross sections through the data as

(@)—(d) in Fig. 1(b). Contour lines have been placed onndicated by the contrasting lines in Fig. 2. The dashed lines
the data at 0.1, 0.3, 0.5, 0.7, and 0.9 of the full scalere fits to the data as described in the text.
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The field at a distance from a superconducting bulk order(A;/A;)?, and leads to
vortex [Fig. 2(a)] in the limitr > A, ¢, where Ay is the
London penetration depth artdis the film thickness, is B(x,y) = Byseclix/A)e /A (6)
given by [21-23]

with d = 2A;.
B(F) = (®o/2m)F/|r]. (1) Once the fields at the surface are known, the fields at
heightz are derived by

The effective pickup area of a circular ring is closely
approximated by the geometric mean area, rou [24]. b (ky,ky,z) = exp(—/k2 + k22)b,(ky, ky,0), (7)
We therefore use an octagonal ring of diameter 38 ’ ’
for our modeling. There is an additional pickup areawhere b, is the two-dimensional Fourier transform of
from redirection of flux by the ground planes shielding thethe field B,(7), and k, and k, are the wave vectors in
leads. We model this as an arequ# squared adjacent the x andy directions, respectively [27]. The SSM sig-
to the octagonal loop, Witlé of the flux passing through nals are then calculated by numerically integrating over
this area entering the SQUID loop. This additional areghe effective pickup loop area, using the same parame-
produces slight “tails” in the images directly below the ters as for the bulk vortex outlined above. The cross sec-
vortices. The dashed lines labeléd’ and BB’ in Fig. 3  tions in Fig. 3 labeled”C’-FF' are fits of Eq. (7) to the
are fits to the data, using the fields of Eq. (2), numericabtlata, withA; = 150 nm, and using the Josephson pene-
integrating over the pickup loop area, with °1Between tration depthA; as the only fitting parameter. We find
the plane of the loop and the surface, and using the; = 5.0 um for the Josephson vortices along the hori-
height of the loop as a fitting parameter. The effectivezontal grain boundary, whila; = 2.2 um along the di-
height is 1.8um. The height estimated from the sensoragonal grain boundary. These lengths were uniform along
geometry is 0.7um. The height determined from fitting the grain boundaries in this sample, and were reproducible
the bulk vortices fixes the effective height for modelingin two other samples with the same tricrystal substrate ge-
the Josephson vortices. ometry. The uncertainties in the penetration depths are

We model the grain boundary as two slabs of supercordominated by uncertainties in the fits, which we estimate to
ductors spaced hycentered about = 0 in thex-z plane. be 1.7 < A; < 2.7 um for the diagonal grain boundary,
Inside a Josephson junction, the phasés described by and4.5 < A; < 5.6 um for the horizontal grain bound-

the sine-Gordon equation [25,26] ary, using a criterion of a doubling of the variance from
. the least squares fit value.
V2 = sing /A3 . (2 For the half-flux quantum at the tricrystal point, we

generalize Eqg. (5) so thatand A; are different for three
The phasep is related to the current flowing perpendic- grain boundaries away from the tricrystal point. The
ular to the junction/ = J(x,y = 0)9, by the Josephson condition that the magnetic field at the tricrystal point
relation/ (x,y = 0) = J.sin¢(x)]. AsolutiontoEq. (3) varies smoothly implies that the factar/A,;(1 + af) is
which is centered about = 0 and which goes to zero as the same for each grain boundary. Combining this with

x| — o is the condition that the total flux at the tricrystal pofht=
> i(®y/27)4tan (a;) = ®y/2 uniquely determines the
$(x) = 4tan (ae HI/N), (3) a;'sforagivensetof,’s. The dashed line§G’ andHH'
_ _ _ o in Fig. 3 are fits of this model, using a decay of the fields
The flux/unit length passing through the junction is perpendicular to the grain boundaries set by the London
dd  ®y (—4a) e /A penetra’Fion depttA;, = 150 nm, Wi_th the effective height
A om A 1+ ale 2W/n (4)  set by fits to the bulk vortex, using the three Josephson

penetration depths as fitting parameters. The best fit,
If the grain boundary has two sections, positixe holding the total flux ath/4e (Fig. 3, curvesGG’ and
and negativex, the flux in each section is given by HH’), occurs forA; = 4.2 um for the horizontal grain
(do/2m)4tan 'a. A (h/2e) Josephson vortex has boundary to the left of the tricrystal point, = 8.2 um

a =1,and to the right of the tricrystal point, and; = 2.0 um for
the diagonal grain boundary.
B.(x,y = 0) = Bysechix/Ay), (5) Measurements of the critical currents of microbridges

10 xm wide fabricated on the same samples that we im-
with By = ®o/md A, [26]. Inside a superconductor, the aged had critical current densitigs that varied from
London theory give§¥2B = B/A7. Using London theory 1.5 X 105 to 4 X 103 A/cm?, widely varying resistive
to describe the field inside the superconductor is strictlyransitions and current-voltage characteristics, and non-
valid only if no current flows through the sample boundary.ideal Frauenhofer patterns. In contrast, the images of
Itis a reasonable approximation fdoy << A;. Neglecting the Josephson vortices are remarkably homogeneous. The
the x derivative in the Laplacian is an approximation of range of measured critical currents corresponds to a range
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measurements. The measured critical currents may be ) B )
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