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Observation of viscous flux flow in YBa2Cu3O72d low-angle grain boundaries

A. Dı́az, L. Mechin,* P. Berghuis, and J. E. Evetts
Department of Materials Science and Metallurgy and IRC in Superconductivity, University of Cambridge, Pembroke Street

Cambridge CB2 3QZ, United Kingdom
~Received 8 April 1998!

The dynamics of vortices within an YBa2Cu3O72d low-angle grain boundary have been investigated by
means of current-voltage measurements with a magnetic field applied in the plane of the boundary. The high
electric field regime can be explored without significant heating of the sample because the gauge length for the
flux flow is of order the intervortex spacing, enabling the accurate determination of the flux flow resistivityr f .
It is observed that the well-known phenomenological expressionr f /rn'B/Bc2 remains valid. The effect of
the anisotropy of the superconductor on flux flow is also experimentally investigated.
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The motion of vortex lines under the Lorentz force arisi
from a current densityj , is an important topic that has bee
widely studied in the case of low-temperature supercond
ors ~LTS!. In particular, the viscous movement of vortices
currents sufficiently high as to overcome any pinning effe
has been extensively investigated.1–4 In this situation, the
Lorentz force per unit length over a vortex line,FL5 j3f0
~f0 being the flux quantum!, is balanced by the viscous dra
and the dynamic pinning force. A moving vortex with a v
locity vf , experiences a viscous drag per unit lengthFdrag
5vfh, whereh is the viscous drag coefficient. From pio
neering experimental work by Kim, Hempstead, and Strn5

a very simple relationship between the flux flow resistiv
r f(5dE/d j) and the normal state resistivityrn was estab-
lished:

r f /rn'B/Bc2 , ~1!

where B5m0H is the magnetic flux density andBc2
5m0Hc2 with Hc2 the upper critical field. Various model
have explained this behavior by computing the viscosityh
on fundamental grounds and under different constraint6,7

the simplest one being the widely used Bardeen-Step
model.7 Hao and Clem8 have extended this model for th
case of anisotropic superconductors, arriving at similar
pression to Eq.~1! along the different principal axes of th
superconductor.

Experiments to investigate flux flow in high-temperatu
superconductors~HTS! by measuring the current-voltag
( j -E) characteristics are particularly interesting. For e
ample,Bc2 may be determined provided the simple relati
expressed by Eq.~1! is valid. However, such experiments a
difficult to perform in HTS at high temperatures due to t
dominance of thermally activated flux creep.9 These effects
result in a highly nonlinearj -E response at low electric
fields, moving the regime of viscous flux flow, wherer f can
be safely determined, to high electric fields. Consequen
experimental care to avoid heating in the sample~current
pulses, etc.! must be taken because of the high power den
jE involved.10,11 Using pulsed current voltage measur
ments, Kunchur, Christen, and Philips10 have confirmed the
validity of Eq. ~1! for temperatures close to the critical tem
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peratureTc . Also, high frequency measurements, in whi
the vortices are oscillated within the pinning well potenti
have been used to obtainh as well as the pinning
parameters.12 In what follows we demonstrate tha
YBa2Cu3O72d ~YBCO! low angle ~<10°! @001#-tilt grain
boundaries~GB! provide a useful model system whereby t
viscous flux-flow regime can be accessed.

Recently we have established that a vortex state
reached in an YBCO low angle~4°! GB when the magnetic
field H is applied within the plane of the boundary.13 For H
perpendicular to the plane of the film~See Fig. 1!, vortices
are pinned in the boundary by the dislocation cores crea
to accommodate the bicrystal misorientation.13,14 If j ( j'H)
is in excess of the critical current densityj c , the narrow line
of vortices pinned in the GB moves in response to the L
entz force on the vortices, generating a voltageV across the
boundary. It should be noted that this voltage is genera
over a very short distance, of the order ofa0 ~see below!,
around the boundary. As a consequence, even for very
voltages of a fewmV, very high electric fieldsE of the order
of 102 Vm21 are generated. This electric field is around 14

times the usual field generated in aj -E measurement on an

FIG. 1. Sketch of the hexagonal vortex lattice in the vicinity
a @001#-tilt grain boundary~GB!. For an applied fieldH within the
plane of the GB, parallel to thec axis of the film, vortices are
pinned by dislocation cores in the boundary. However, when a
rent in excess of the critical one is applied, vortices in the GB s
to move with velocityvf due to the Lorentz forceFL directed along
the GB.
R2960 © 1998 The American Physical Society
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YBCO film track typically 100mm long. Consequently high
electric fields, well above the critical current region whe
flux creep dominates, can be achieved. Although the po
density jE is very high~up to 1.531012 Wm23 in our case!,
it is generated in a volume 104 times smaller than the trac
volume. Thus thetotal power dissipated is also 104 times
smaller, leading to negligible heating of the sample.15 To
verify these ideas we have madej -E measurements on bot
a 4° GB and the interior of the grain for an YBCO film
deposited on a SrTiO3 bicrystal. The film is the same used
a previous publication13 and experimental details are give
there.

In Fig. 2~a! we present as measured current-volta
curves for the GB and for the interior of the grain~IG! at the
same temperature and field~perpendicular to the plane of th
film!. Striking differences are apparent: in the IG curve ty
cal rounding caused by flux creep can be observed, whe
the GB curve is highly linear. In Fig. 2~b! we have trans-
formed the current-voltage data toj -E. In the case of the IG
as usual, we have just divided the measured voltage by
contact distance~135mm! and the current by the track cros
section (0.16340mm2). The calculation ofj and E in the
case of the GB requires a more careful analysis.

As discussed above, the voltage in the GB is generate
flow, with velocity vf , of the line of vortices in the bound

FIG. 2. ~a! The measured current-voltage characteristics for b
the grain boundary~GB! and the intragrain~IG!. The IG curve has
a pronounced rounding effect due to flux creep, however the
trace is clearly linear, characteristic of simple flux flow.~b! The
same curves as in~a! but normalized to yield the electric fieldE and
current densityj ~see text for the calculation ofj andE for the GB!.
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ary ~see Fig. 1!. It is helpful to analyze the generation of th
voltage induced by flux flow in terms of the Josephs
relation1,2

]wAO /]t52eVAO /\, ~2!

wherewAO is the phase difference of the order parametec
between two pointsA and O at opposing sides of the junc
tion, andVAO is the instantaneous voltage generated by
changing phase. We assume that vortices on each side o
boundary remain pinned while a single row of vortices in t
GB moves~see Fig. 1!. Each vortex passing across the lin
connectingA and O induces a phase change 2p, and since
the vortex spacing isa0 (a0

252f0 /)B), the average rate o
change ofwAO , ]wAO /]t, will be

]wAO /]t52pnf /a0 . ~3!

This can be inserted into Eq.~2! to yield V̄AO , the time
averaged~i.e., measured! voltage betweenA andO:

V̄AO5f0nf /a0 . ~4!

Using the resultĒAO5n fB ~Ref. 2! and combining with Eq.
~4!, we obtain

ĒAO5V̄AOBa0 /f05~2/) !V̄AO /a0 . ~5!

This result indicates that the effective lengthdeff over which
w is changing isdeff5)a0/2. We have therefore calculate
the electric field E from the IV curves as E5V/deff
52V/)a0. According to our assumption of a single row o
vortices moving along the GB, while nearest neighbors
both sides of the GB remain pinned, this is fully se
consistent. Departures from this would change the value
E. For example, if a row two vortices wide moves~instead of
one!, deff is twice the value given here and henceE should be
halved. However this implies a GB that is also 2a0 wide
~'40 nm at 7 T, the maximum field in our experiments! over
the whole width of the track, otherwise the narrowest poi
should determineE according to Eq.~5!. A common source
of roughening of GB’s is meandering, typically 50 nm for
high-angle GB.16 We have not found a corresponding valu
for a low-angle GB, although one expects a lower va
since dislocations instead of overall crystalline disorder
fine the GB. The good numerical agreement found in t
work using Eq.~5! strongly suggests that the effective leng
deff used is the proper one. The vortex movement in the
resembles that of flux shear in artificial weak-pinnin
channel.17 However we note that in a GB there is stron
pinning caused by the dislocations, alsodeff is determined by
the intervortex distance and not by a constant channel wi

The calculation for the GB ofj also requires discussion. I
is well known that stresses associated with the disloca
cores in YBCO low-angle GB reduce the cross section of
current path.18 Therefore, it is convenient to introduce a
effective cross section for current transport. A good estim
can be obtained by comparingj c measurements on the G
and IG withH parallel to theab planes of the film.19 In this
case no pinning by the GB dislocations should be obser
and j c should be similar for the IG and the GB track. Inde
we find that the ratio between the critical current densities
the IG and the GB tracks, Rjc5 j c(IG,Hiab)/

h

B
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j c(GB,Hiab), is independent of field and temperature:Rjc

54.360.6. The difference between the IG and GBj c is then
assumed to arise from the reduction in the GB cross sec
caused by the dislocations cores which, obviously, does
depend onH and T. Moreover, theRjc value can be also
deduced from the Chisholm and Pennycock model18 for a 4°
~60.5°! GB, for which the effective dislocation core has
diameter around 3.9~60.7! nm leaving an undisturbed chan
nel 1.7 ~60.4! nm wide between the dislocations. As th
distanceD between dislocations is 5.660.8 nm, one obtains
Rjc53.560.5. Therefore, we have determined a normaliz
j using an effective widthweff5w/4.3 ~wherew57.5mm is
the nominal track width of the GB!.

The result of these transformations can be seen in
2~b!. The electric field range in the case of the GB is alm
four order of magnitude larger than for the IG, well abo
the region where flux creep dominates. As a conseque
the GB j -E curve shows a clearly defined linear part abo
j c which we interpret in terms of viscous flux flow. This pa
as can be seen in the inset is, roughly, the prolongation of
curve corresponding to the IG. The good match between
two curves is an excellent validation of the procedure use
obtainE and j for the GB.

The next natural step is to investigate the validity of E
~1! for the GB. In Fig. 3 we present the values ofr f extracted
from the j -E curves at different fields for two temperature
A linear region wherer f}B is clearly observed at the tw
temperatures, in agreement with Eq.~1!, the two distinct
slopes are due to the change inBc2 with temperature. We
note that if a different normalization forE were chosen, for
example, dividingV by a constant rather than a field depe
denta0 , a completely different dependence would be fou
r f}B1/2, in disagreement with Eq.~1!. This further supports
the choice ofa0 as the gauge length for the electric field in
GB. Above a certain fieldB* , r f departs from the depen
dence }B, corresponding also to a rounding in thej -E
curves. This happens atB* '2 T andB* '6 T at 77 K and
60 K respectively. One possible explanation for this is th
with increasing field ~and interaction between vortices!,
some vortices at the banks of the boundary start to move
to contribute toE. This would increase the lengthdeff over

FIG. 3. Plot of the flux flow resistivityr f versus the applied
magnetic field at 60 K and 77 K for the GB. A linear part,
accordance with Kim’s expression, Eq.~1!, can be identified. The
departure ofr f from this dependence occurs at a fieldB* , marked
with arrows in the figure.
n
ot

d

g.
t

e,

he
e

to

.

.

-
,

t,

nd

which V is generated and, in turn, the values ofE calculated
by means of Eq.~5! would be increased relative to the actu
value of E. However to clearly elucidate this point furthe
work is necessary.

We may now calculate the values ofBc2
' ~' meaning

perpendicular to theab planes! with the help of Eq.~1!.
First, from the linear part of the normal state resistivityrn of
our sample we get the value of the slopedrn /dT54.27
31029 Vm K21. As the residual resistivityrn(0) is negli-
gible for these films, we obtainrn(77 K)53.2931027 Vm
and rn(60 K)52.5631027 Vm. Introducing these value
into Eq. ~1! together with the values of the slopes from t
linear fits in Fig.~3!, dr f /dB(77 K)51.8231028 Vm T21

and dr f /dB(60 K)55.8731029 Vm T21, we obtain
Bc2

' (77 K)518.1 T and Bc2
' (60 K)543.6 T. These results

can be shown to be in very good agreement with the
pected values at these temperatures. Thus from the W
thamer function20 andBc2

' (0 K)5120 T,21 we obtain the val-
ues 17.7 T and 47.7 T forBc2

' at 77 K and 60 K, respectively
in excellent agreement with our experimental values. Assu
ing a linear dependence ofBc2 on T, Bc2

' 5(dBc2
' /dT)(Tc

2T) with dBc2
' /dT'2 T/K found experimentally by othe

authors,10,22 we deduce for our film~with Tc587.3 K)
Bc2

' (77 K)'20.6 T andBc2
' (60 K)'54.0 T. We note that

the linear expression involved in this calculation has be
used previously only for temperatures close toTc , however
the good numerical agreement found here forT560 K ex-
tends considerably its validity down toT/Tc50.69.

Values of the viscous drag coefficienth can also be cal-
culated sinceh5Bc2f0 /rn (f0'2.07310215 Tm2).1 Us-
ing our experimental values from the previous paragraph
obtained h(77 K)51.131027 Ns/m22 and h(60 K)53.4
31027 Ns/m22. These estimates are in good agreement w
values reported by other authors.12

Finally we have also measuredr f whenH is applied par-
allel to theab planes but in the GB plane. Figure 4 shows
j -E curve taken at 60 K in this configuration together wi
one for which H'ab. Clearly the anisotropy has a pro
nounced effect on thej -E characteristic and the vortex vis

FIG. 4. j -E characteristics for the GB taken with the magne
field applied perpendicular to theab planes~squares! and parallel to
the ab planes~circles! of the film. The different slopes are due t
the anisotropy in the viscous flux flow of vortices moving eith
along theab planes~squares! or crossing them~circles!. Higher
slope corresponds to higher flux flow resistivity.
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cosity. Hao and Clem8 have analyzed the anisotropy of flux
flow in HTS and give the ratiorc

(a,b)/ra,b
(c) '4/3g, wherer i

(k)

represents the flux flow resistivity for a vortex moving alon
the i axis when it lies along thek axis, andg is the anisotropy
parameter@g'5 – 7 for YBCO~Ref. 21!#. Accordingly, it is
expected that, for the two configurations measured in Fig.
rc

(a,b)/ra,b
(c) '0.19– 0.27. From the fit in Fig. 4 the value

rc
(a,b)(7 T)'1.231028 Vm is obtained, and an extrapola

tion to B57 T of r f in Fig. 3 gives the valuera,b
(c) (7 T)

'4.231028 Vm. We therefore obtain an experimenta
value forrc

(a,b)/ra,b
(c) '0.29, very close to the theoretical val

ues predicted by the Hao and Clem model.
In conclusion, we have demonstrated that viscous fl

flow dominates the flux dynamic response in an YBCO low
s

.

g

4,

l

x
-

angle GB even for very low voltage, due to the small size
the flux flow gauge length over which the phenomenon h
pens. The analysis of the flux flow resistivity shows that fl
flow follows the well-known relationr f /rn'B/Bc2 as ob-
served down to 60 K and below a fieldB* . Also, the phe-
nomenological model proposed by Hao and Clem for fl
flow in layered superconductors has been tested. Due t
simplicity, the low-angle GB seems to provide an alm
ideal system for experimental studies of vortex dynamics
HTS.
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