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Intrinsic Channeling of Vortices along the ab Plane in Vicinal YBa2Cu3O72d Films

P. Berghuis, E. Di Bartolomeo, G. A. Wagner, and J. E. Evetts
Department of Materials Science and Metallurgy and IRC in Superconductivity,

Pembroke Street, Cambridge CB2 3QZ, United Kingdom
(Received 4 April 1997)

We have measured the critical current densityjc as a function of the orientation of a magnetic field in
vicinal YBa2Cu3O72d films. When both field and Lorentz force lie within theab plane, we observe a
minimum in jc. At high temperatures, as thec-axis coherence length approaches theab-plane distance,
the minimum injc could not be observed, indicating that this effect is related to the breakdown of the
rectilinear vortex state for fields at a small angle to theab planes. Our results are the first demonstration
of intrinsic channeling of vortex strings along theab planes. [S0031-9007(97)04039-8]

PACS numbers: 74.60.Ge, 74.25.Ha, 74.72.Bk, 74.76.Bz
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The profound effect of the planar nature of the superco
ducting state on the vortex structure and the vortex p
ning characteristics in high-Tc superconductors has bee
probed in many experiments. In a recent review Blatt
et al. [1] discuss the complex vortex structures in the
materials in an external fieldH at a reduced tempera
ture t  TyTc. The nature of the vortex state depends o
(i) the anisotropy parameter´, (ii) the ratiodyjabstd where
d is the distance between the superconducting planes
jab the Ginzburg-Landau (GL) coherence length in th
ab plane, and (iii) the angleq between theab planes
and B the magnetic flux density. At sufficiently low
temperatures, for anglesjq j , q1 with tansq1d  dyjab ,
the rectilinear vortex state breaks down and a kink
vortex structure emerges, which is fully developed f
jq j , q2, with tansq2d  ´. The kinked vortex state is
expected to cross over into a “locked” vortex state
which B is strictly parallel to theab planes [2], i.e.,
q  0 independent of the angleqH betweenH and
the ab planes if jqH j , qL the lock-in angle. At high
temperaturesT . Tcr , with Tcr such that the GL co-
herence length in thec direction jcsTcrd  ´jabsTcr d 
dy

p
2, a rectilinear vortex state persists for allq [3],

and no lock-in transition is expected. The kinked vo
tex structure consists of vortex segments threading throu
the ab planes (pancake vortices) and vortex segme
parallel to theab planes (vortex strings). The pancak
vortices have a fully developed normal core with sp
tial extentjab . In contrast, the vortex strings are cha
acterized by a weak suppression of the order parame
c in the superconducting plane and a phase core wh
has dimensionsd in the c direction andL  dy´ per-
pendicular to thec direction. In the case of YBa2Cu3O7

(YBCO) we have´ , 0.2 [4–7], d , 1.2 nm [8], and
jabs0d , 1.6 nm [5]. Thus,q1 , 35± andq2 , 11± for
t  0, and usingjcstd , 0.25s1 2 td20.5 nm [5] close to
the critical temperatureTcs90 Kd, we haveTcr , 80 K.

The kinked vortex structure significantly affects the d
pendence of the critical current densityjcsqH d on the ori-
entation ofH. The geometry of the vortex state give
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rise to threebulk pinning contributions. (In addition, sur-
face pinning effects associated with the energy barrier
vortex penetration of the sample [9–11] may occur.) T
first contribution is generally referred to as intrinsic pin
ning [12]. It operates in the presence of a current de
sity j such that the Lorentz forceFL  j ^ B on the
strings acts in thec direction [13]. The second mecha
nism originates from the interaction between the panca
vortices and (extrinsic) defects. Because of the suppr
sion of the order parameter over a length scalejab, pan-
cake vortices interact strongly with sample defects on
scale of a few nanometers such as, e.g., oxygen vac
cies or columnar defects introduced by heavy ion irr
diation [14]. A third pinning contribution arises from a
corresponding defect pinning of vortex strings, which o
curs when the vortex strings experience a finite Loren
force along theab plane. Because of the small reduc
tion of the order parameter in the superconducting pla
adjacent to the string, it is expected that defect pinni
of strings is much weaker than defect pinning of pa
cake vortices [1]. The strength of each individual pinnin
contribution can be probed experimentally in transportjc

measurements on samples using specific field-sample
entations. Withec a unit vector in thec direction, we
define jc,in ; jcsB'ec, FL k ecd, associated with intrin-
sic pinning, jc,str ; jcsB'ec, FL'ecd, associated with
defect pinning of strings, andjc,pc ; jcsB k ec, FL'ecd,
with pancake pinning.

An elegant way to elucidate these different pinnin
contributions is to measurejc in vicinal YBCO films in
which ec is rotated over an angleuc, the vicinal angle,
with respect ton, a unit vector perpendicular to the film
For convenience we also define two vectors in the pla
of the film, n1  ec ^ n (along theab planes) andn2 
n ^ sec ^ nd perpendicular ton1. The merits of vicinal
films for the assessment of the pinning contributions
high-Tc superconductors are as follows:

(i) The three critical currentsjc,in, jc,str , and jc,pc can
be measured on asinglefilm in which two perpendicular
tracks are patterned with directionsn1 andn2. In c-axis
© 1997 The American Physical Society
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films with the principle crystallographic axes aligned wit
the sample boundaries, the force free configurationj k H
inhibits the determination ofjc,str .

(ii) Because of the angleuc between the surface and the
c axis, the surface pinning contribution can be separa
from bulk pinning effects in angularjc measurements. In
a recent paper we resolved bulk intrinsic pinning from
surface pinning [11] in tracks with directionn1.

(iii) High quality films with jc values comparable to
c-axis films can be produced. Hence, the transport ch
acteristics are not limited by weak link grain boundaries

These unique features of vicinal films enable angul
measurements ofjc to resolve for the first time the inter-
connected contributions of the Lorentz force, anisotrop
surface barrier, defect, and vortex structure to the critic
current in YBCO films. In this paper we focus on the na
ture of defect pinning of the string segments.

Vicinal YBCO films were grown by high pressure dc
sputtering [15] using a novel radiative heater design [16
The films, with thicknessD  100 nm, were deposited
on a standard (001) SrTiO3 substrate (sample Y0) and
three vicinal SrTiO3 substrates, which had a misorienta
tion of 2± (sample Y2), 4± (Y4), and 6± (Y6) between the
f100g axis and the surface.sn1 k f010gd. X-ray diffrac-
tion rocking curve measurements on Y4 and Y6 confirm
vicinal YBCO growth. The (005) peak rocking curve
width was 0.4±, for both Y4 and Y6. The vicinality of
sample Y4 and Y6 was also confirmed by means of AFM
STM characterization of the surface topology. Detaile
STM data on sample Y4 showed a regular terraced str
ture [11,17,18] with terrace step height,1.2 nm instead
of the spiral-island morphology associated withc-axis
growth [19,20].

After deposition AgyAu contacts were evaporated an
annealed in pure O2. Ion milling was used to pattern
narrow trackss11 3 500 mm2d with current and volt-
age contacts in the standard four point geometry. Lo
temperature resistance andI-V measurements were per
formed in a commercial (Oxford Instruments) flow cryo
stat equipped with an 8 T superconducting magnet an
sample holder with a two-axis rotation stage [21]. Th
temperature stability is better than 10 mK and the angu
resolution is better than 0.1±. A 1 mV criterion was used
to determinejc values. TheTcsR  0d of the samples
was 89.5 K. Because of the vicinality of the films,jc is
not isotropic in the plane of the film. For example, for Y
at T  77 K, B  0 T, we obtained for a track aligned
with the ab planesjcsj k n1d  4.2 3 106 Aycm2, com-
parable toc-axis film results. For a track alongn2 we
obtainedjc  1.6 3 106 Aycm2.

In Fig. 1 a schematic is given of the geometry use
for the angularjc measurements in an external fieldH.
The angle betweenH and theab plane isqH . In our
geometry the Lorentz force is always directed along t
ab planes. If we assumeB k H for qH  90± andqH 
0±, we can determinejc,pc andjc,str in the appropriate low
temperature regime forH k ec and H'ec, respectively.
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FIG. 1. Experimental geometry for the critical current me
surements in vicinal YBCO films with thicknessD. The cur-
rent j is directed alongn2, a vector given byn2  n ^ sec ^
nd, whereec and n are unit vectors along thec direction and
perpendicular to the plane of the film, respectively. Becau
of the external fieldH, with orientationqH , a vortex line with
orientationq penetrates the film. Forq , q1 kinked vortex
lines develop which are composed of pancake and string s
ments. The Lorentz forceFL is directed along theab planes,
FL k n1  ec ^ n. The force free configuration occurs whe
H is aligned withj. The angleuc betweenj and ea, a unit
vector along theab planes perpendicular ton1, enables the de-
termination ofjc,pc for H k ec and jc,str for H k ea. The total
length of the pancake segmentsLpc [Dy cossucd , 100 nm
for q  90±] and string segmentsLstr [Dy sinsucd , 960 nm
for q  0±] are indicated.

Therefore, this geometry is very suitable for assess
defect pinning by string segments and the relative stren
of string pinning and pancake pinning. In Fig. 2 w
present our main experimental result in the form ofjcsqH d
data obtained atm0H  1 T with T  25 K [Fig. 2(a)]
and T  76 K [Fig. 2(b)]. For both the high and low
temperaturejcsqH d data we observe a maximum forq 
2uc associated with the “force free” configurationj k H.
This jc maximum has been observed frequently in typ
II superconductors and is a well known characteristic
angularjc data. The novel feature of the low temperatu
jcsqHd data of vicinal films is the local minimum injc

for fields aligned parallel with theab planessqH , 0d.
In contrast, at high temperaturesT  76 K we do not
observe a notable feature forqH , 0 in the jcsqHd
data. Only in thedjcydqH curve, given in the inset of
Fig. 2(b), a slight asymmetry can be observed.

To further evaluate the shape of thejcsqH d data, we
determined normalizedjcsqHdyjcsqH  290±d curves
for T  25, 40, 60, and 76 K. These are given in Fig. 3
where we definednjc sqH d ; jcsqHdyjcsqH  290±d for
convenience. It can be seen that the shape of thenjc

sqH d
curves is remarkably independent of temperature forqH

values away from thejc minimum. In the angular regime
where the kinked vortex state appearssq2 , jq j , q1d
the scaling of thejc curves gradually breaks down an
2333
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FIG. 2. Dependence ofjc on the field-sample angleqH of
sample Y6 obtained atm0H  1 T s104 Oed. The direction
of (i) the ab planessq  0d, (ii) the currentsq  2ucd, and
(iii) the zero temperature values for the crossover angles2q1
and 6q2 are denoted by vertical solid lines. ThejcsqHd data
given in (a) were taken atT  25 K ssd. Arrows indicate the
jc,str andjc,pc values. In (b),jcsqHd data obtained at 76 K are
given shd. The correspondingdjcsqH dydqH curve, computed
numerically from thejcsqH d data, is given in the inset of
(b). The extreme values ofdjcsqHdydqH are 7.2 3 108 and
28 3 108 Aym2.

for jq j , q2 the njc
sqH d curves differ significantly. At

intermediate temperatures,T  40 and 60 K, we detect
a kink in jcsqH , 0d data, which develops into thejc

minimum at lower temperatures,T  25 K.
Although we cannot preclude finite pinning effects ari

ing from ab-twin boundaries (TB) and surface steps, w
would argue that these extrinsic structural features c
not account for thejc minimum. The anisotropic pinning

FIG. 3. Dependence ofnjc on qH for sample, Y6, obtained
at m0H  1 T at temperaturesT  25 K s—d, 40 K s222d,
60 K s· · ·d, and T  76 K sOd. The jcsqH  290±d data
used to obtainnjc sqH d are 2.6 3 1010 Aym2 (25 K), 1.6 3

1010 Aym2 (40 K), 6.25 3 109 Aym2 (60 K), and 1.47 3
109 Aym2 (76 K). Solid vertical lines denote the direction o
the ab planes, the current,q1, andq2.
2334
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characteristics of TB planes (' to the ab plane) do not
provide a probable explanation since we cannot invoke
sharp change in the angle between the TB and bothH and
FL around thejc minimum in our experiment. We expec
pinning of pancakes at the surface steps to be rather w
in our geometry since vortex motion occurs along th
surface stepssFL k n1d Furthermore, preliminary measure
ments by us in a different geometry of the vortex structu
with respect to the surface steps withj k n2 and n2 ro-
tation axis ofH show a similarjc minimum for H k n1,
i.e.,FL k n. This result supports the view that thejc mini-
mum is a bulk effect. The appearance of thejc anomaly
in the presence of a finite component ofFL along theab
plane forjq j , q1 andT , Tcr suggests an intrinsic ori-
gin related to the development of the kinked vortex sta
In this scenario thejc minimum arises from the weak
interaction between vortex strings and extrinsic defec
providing a channel alongab planes characterized by a
significantly reduced macroscopic pinning force dens
Fp  jc ^ B. Since the Lorentz force does not depen
on the anisotropy but depends on macroscopic field eq
tions, we can assess the relative strength of the pinn
force per unit length of vortex stringsfp,str and pancakes
fp,pc from the jc,pc and jc,str data. From the force bal-
ance equation for a vortex string,fL  fp,str Lstr , where
fL  jc,str f0D represents the total Lorentz force actin
on the vortex string andLstr  Dy sinsucd the length
of the vortex string, we obtainfp,str  jc,str f0 sinsucd
for qH  0. Following an analogous consideration fo
the pinning of a vortex line consisting of pancake se
ments we obtainfp,pc  jc,pcf0 cossucd. The ratioRp ;
fp,str yfp,pc can now be expressed in terms ofnjc

sqH d
as

Rp  njc s0d tansucd . (1)

In Fig. 4 we present theT dependence of theRp data
according to Eq. (1) for fields ranging from 1 to 6 T. I
can be seen that the dependence ofRp on H is weak.
Both jc,pc andjc,str do depend onH, which can be related
to either collective effects or a distribution in the streng
of the pinning centers. The weakH dependence ofRp

suggests that the defects responsible for pinning and
pinning regime are similar for both vortex pancakes a
vortex strings. Blatteret al. [1] consider point defects as
pinning centers for both pancakes and strings and obt
at low fields in the single vortex regimeRp , ´sjabyLd3

which becomes,4.8 3 1023 at low temperatures. Our
values forRp are larger than this estimate. In Fig. 4 w
give the curve0.68jabsT dyL, and it can be seen tha
the experimentalRp data follow theT dependence of
jab . A possible explanation for the deviation betwee
theory and experiment would be the presence of stron
pinned pancake vortices in the film even when the fie
is aligned with theab planes due to (i) self-field effects
s,1 mTd and (ii) the mosaic spread inc-axis directions
s,0.4±d. However, to reconcile the observedjc,str value
at 25 K and 1 T with the estimate of Blatter would requir



VOLUME 79, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 22 SEPTEMBER1997

u
o

o
t

f

a

n
c

s

a

,

B

s.

e

th

n

ys.
FIG. 4. Temperature dependence ofRp ; fp,stryfp,pc ob-
tained at m0H  1 T sjd, 2.5 T snd, and 6 T ssd. The
solid line displays0.68jabyL. We determinedjabsT d us-
ing the expressionjabsT d  jabs0dy

p
fWH sT d with fWH sT d the

Werthamer function [23].

an unrealistically large perpendicular component of th
field, ,40 mT at qH  0 [22]. Although string pinning
is clearly very significant forjcsqH , 0d a quantitative
analysis should take into account the presence of resid
pancakes in the film by addressing the local misorientati
betweenH andB.

In conclusion, we have measured for the first time th
critical current density associated with defect pinning
vortex strings in vicinal YBCO films and shown that i
is weaker than pinning of vortex pancakes, in accordan
with the theoretical expectation [1]. Clearly pinning o
vortex strings is very anisotropic resulting in the observe
channeling effects for motion of vortex strings along theab
planes and very strong intrinsic pinning for perpendicul
motion. This work indicates that the distinction between
kinked vortex structure at low temperatures and a rectili
ear structure at high temperatures is of major importan
and we confirm that the onset of the kinked vortex sta
occurs close to 80 K in YBCO. Our use of vicinal films
enables the usual symmetry of a transport measuremen
be reduced, and this strategy could also be used to as
other transport properties such as thermopower and H
effect in which the direction of the vortex motion plays
determining role.
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High-Tc Superconductors” of the EC.
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