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Observation of viscous flux flow in YBgCu30O-_ s low-angle grain boundaries
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The dynamics of vortices within an YB@u;O,_;s 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 resjstivity
It is observed that the well-known phenomenological expressidp,~B/B., remains valid. The effect of
the anisotropy of the superconductor on flux flow is also experimentally investigated.
[S0163-18298)51130-1

The motion of vortex lines under the Lorentz force arisingperatureT.. Also, high frequency measurements, in which
from a current density, is an important topic that has been the vortices are oscillated within the pinning well potential,
widely studied in the case of low-temperature superconducthave been used to obtaim as well as the pinning
ors(LTS). In particular, the viscous movement of vortices atparameterd? In what follows we demonstrate that
currents sufficiently high as to overcome any pinning effectsyBa,Cu;0,_5 (YBCO) low angle (<10° [001J-tilt grain
has been extensively investigated.In this situation, the boundariesGB) provide a useful model system whereby the
Lorentz force per unit length over a vortex ling,=j X ¢ viscous flux-flow regime can be accessed.

(¢o being the flux quantuinis balanced by the viscous drag  Recently we have established that a vortex state is
and the dynamic pinning force. A moving vortex with a ve- reached in an YBCO low angl@®) GB when the magnetic
locity v,,, experiences a viscous drag per unit length,, field H is applied within the plane of the boundaryFor H
=V, 7, where n is the viscous drag coefficient. From pio- perpendicular to the plane of the filtSee Fig. 1, vortices
neering experimental work by Kim, Hempstead, and Sttnadare pinned in the boundary by the dislocation cores created
a very simple relationship between the flux flow resistivity to accommodate the bicrystal misorientatidn® If j (jL H)
p¢(=dE/dj) and the normal state resistivify, was estab- is in excess of the critical current density, the narrow line
lished: of vortices pinned in the GB moves in response to the Lor-

entz force on the vortices, generating a volt&facross the

pilpa~BIB.s, (1) boundary. It should be noted that this voltage is generated

over a very short distance, of the order af (see below,
where B=uoH is the magnetic flux density and., around the boundary. As a consequence, even for very low
= uoHco With He, the upper critical field. Various models voltages of a fewwV, very high electric field<€ of the order
have explained this behavior by computing the viscosjty of 10° Vm™! are generated. This electric field is around 10
on fundamental grounds and under different constrdifts, times the usual field generated inj & measurement on an
the simplest one being the widely used Bardeen-Stephen
model’ Hao and Clerfi have extended this model for the
case of anisotropic superconductors, arriving at similar ex-
pression to Eq(1) along the different principal axes of the
superconductor.

Experiments to investigate flux flow in high-temperature
superconductor§HTS) by measuring the current-voltage
(j-E) characteristics are particularly interesting. For ex-
ample,B;, may be determined provided the simple relation
expressed by Edq1) is valid. However, such experiments are
difficult to perform in HTS at high temperatures due to the
dominance of thermally activated flux cregffhese effects
result in a highly nonlinealj-E response at low electric

fields, moving the regime of viscous flux flow, whergcan FIG. 1. Sketch of the hexagonal vortex lattice in the vicinity of
be safely determined, to high electric fields. Consequently, [001}-tilt grain boundary(GB). For an applied fieldd within the
experimental care to avoid heating in the samferrent plane of the GB, parallel to the axis of the film, vortices are
pulses, etg.must be taken because of the high power densityinned by dislocation cores in the boundary. However, when a cur-
jE involved!®! Using pulsed current voltage measure-rent in excess of the critical one is applied, vortices in the GB start
ments, Kunchur, Christen, and Philiisiave confirmed the  to move with velocityv,, due to the Lorentz forcE, directed along
validity of Eg. (1) for temperatures close to the critical tem- the GB.
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3 4 5 6 ary (see Fig. 1 Itis helpful to analyze the generation of the
33 AR ‘ ‘ i voltage induced by flux flow in terms of the Josephson

@ . relation'2

7 ﬂ(PAolo-'tzzeVAolﬁ, (2)

. where ¢ is the phase difference of the order parameter

1 between two point®\ and O at opposing sides of the junc-
tion, andV,g is the instantaneous voltage generated by the

changing phase. We assume that vortices on each side of the

boundary remain pinned while a single row of vortices in the

GB moves(see Fig. 1 Each vortex passing across the line

connectingA and O induces a phase changer,2and since

the vortex spacing ig, (agz 2¢,/v3B), the average rate of

change ofpag, deao/dt, will be

V(1Y)

-3 _
100 — T ‘ 25x10 ﬁQDAol(?tZZWVqS/ao. (3)
80 L 20x10° This can be inserted into Eq2) to yield VAO! the time
I averagedi.e., measuredvoltage betweer andO:
~ 60 15x10° ~ =
E ] § Vao=dovylag. (4)
o4 10x10° & Using the resuIEAo= v 4B (Ref. 2 and combining with Eq.
(4), we obtain
1 5x10° = = =
Eao=VaoBao/¢o=(2W3)Vao/ay. 5
1 ox10° This result indicates that the effective lengtl; over which
, ¢ is changing isd.=v3ay/2. We have therefore calculated
J(A/m’) the electric field E from the IV curves asE=V/dg

- =2VIV3ay. According to our assumption of a single row of
FIG._2. (8 The measured curr_ent-volt_age characteristics for bOti\/ortices moving along the GB, while nearest neighbors at
the grain boundaryGB) and the intragrairilG). The IG curve has oth sides of the GB remain pinned. this is fully self-
a pronounced rounding effect due to flux creep, however the Gé) istent. D t f thi P Id' h th y | f
trace is clearly linear, characteristic of simple flux flogh) The EO?:S'S ent. Fp"’.‘]f ures from 'S. wou 'dC angg e \(/ja l]fe 0
same curves as i@ but normalized to yield the electric fieland - For ex_amp_e, Ita row tWO_Vortlces wide movesstead o
current density (see text for the calculation ¢fandE for the GB. one), dert is twice thelva!ue Q'Ve” here and herE:ehoquI be
halved. However this implies a GB that is alsajg2wide

YBCO film track typically 100um long. Consequently high (=40 nm at 7 T, the maximum field in our experimentser
electric fields, well above the critical current region wherethe whole width of the track, otherwise the narrowest point
flux creep dominates, can be achieved. Although the poweshould determin& according to Eq(5). A common source
densityjE is very high(up to 1.5< 10> Wm™3in our casg  of roughening of GB’s is meandering, typically 50 nm for a
it is generated in a volume 1@imes smaller than the track high-angle GB® We have not found a corresponding value
volume. Thus theotal power dissipated is also 4@imes  for a low-angle GB, although one expects a lower value
smaller, leading to negligible heating of the sampl&o  since dislocations instead of overall crystalline disorder de-
verify these ideas we have magéE measurements on both fine the GB. The good numerical agreement found in this
a 4° GB and the interior of the grain for an YBCO film work using Eq.(5) strongly suggests that the effective length
deposited on a SrTighicrystal. The film is the same used in dei used is the proper one. The vortex movement in the GB
a previous publicatiolf and experimental details are given resembles that of flux shear in artificial weak-pinning
there. channel’” However we note that in a GB there is strong
In Fig. 2@ we present as measured current-voltagepinning caused by the dislocations, athg is determined by
curves for the GB and for the interior of the grdl) at the the intervortex distance and not by a constant channel width.
same temperature and fidlgerpendicular to the plane of the  The calculation for the GB dfalso requires discussion. It
film). Striking differences are apparent: in the IG curve typi-is well known that stresses associated with the dislocation
cal rounding caused by flux creep can be observed, whereasres in YBCO low-angle GB reduce the cross section of the
the GB curve is highly linear. In Fig.(B) we have trans- current patht® Therefore, it is convenient to introduce an
formed the current-voltage datajteE. In the case of the IG, effective cross section for current transport. A good estimate
as usual, we have just divided the measured voltage by thean be obtained by comparirjg measurements on the GB
contact distancé€l35 um) and the current by the track cross and IG withH parallel to theab planes of the film® In this
section (0.1& 40 um?). The calculation of andE in the  case no pinning by the GB dislocations should be observed
case of the GB requires a more careful analysis. andj. should be similar for the IG and the GB track. Indeed
As discussed above, the voltage in the GB is generated bye find that the ratio between the critical current densities of
flow, with velocity v, of the line of vortices in the bound- the IG and the GB tracks, Rj.=].(IG,Hllab)/
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FIG. 3. Plot of the flux flow resistivityp; versus the applied
magnetic field at 60 K and 77 K for the GB. A linear part, in FIG. 4. j-E characteristics for the GB taken with the magnetic
accordance with Kim’s expression, Ed), can be identified. The field applied perpendicular to theb planes(squaresand parallel to
departure ofp; from this dependence occurs at a fi@l, marked  the ab planes(circles of the film. The different slopes are due to
with arrows in the figure. the anisotropy in the viscous flux flow of vortices moving either
along theab planes(squares or crossing then{circles. Higher
. L. . slope corresponds to higher flux flow resistivity.
jc(GB,Hllab), is independent of field and temperatuRg;
=4.3+0.6. The difference between the IG and GHs then  \hich v is generated and, in turn, the valuesbéalculated

assum de% ‘C;ha”fj.e lfromt_the reductlorr:_lnhthebG_B 01053 SeCt'OBy means of Eq(5) would be increased relative to the actual
caused by the dislocations cores which, obviously, does NQfy e of E. However to clearly elucidate this point further
depend onH and T. Moreover, theR;. value can be also ;. is necessary

deduced from the Chisholm and Pennycock mttder a 4° We may now calculate the values &, (I meaning

(+£0.5° GB, for which the effective dislocation core has a . . c2

diameter around 3.6+0.7) nm leaving an undisturbed chan- p(_arpepdmulﬁr It_o thab plafn(ra]sz with thle help Of. E_q_.(l)%

nel 1.7 (=0.4 nm wide between the dislocations. As the First, from the linear part of the normal state resistiyityo

distaﬁce[; bétween dislocations is 58.8 nm, one 6btains our sample we get the value of the slofp,/dT=4.27
: ’ 10°° Om KL As the residual resistivitp,(0) is negli-

Rjc=3.5x 0.5. Therefore, we have determined a ”Orm.a"zed;bm for these films, we obtaipn(77 K)=3.29x 10-7 Qm
j using an effective widttw.g=w/4.3 (Wwherew=7.5um is and p,(60 K)=2.56x 10" Qm. Introducing these values
the nominal track width of the GB Pn | : 5

into Eq. (1) together with the values of the slopes from the

The result of these transformations can be seen in Fig. S - iy 1
2(b). The electric field range in the case of the GB is almosgt1Inear fits in Fig.(3), dp(/dB(77 K)=1.82¢10"" Om T

_ —9 —1 H
four order of magnitude larger than for the I1G, well aboveaTd dp¢/dB(60 K)—5.Sz>< 10°QmT™~,  we obtain
the region where flux creep dominates. As a consequencg,&(77 K)=18.1T andB,(60 K)=43.6 T. These results
the GB-E curve shows a clearly defined linear part abovet@n P& shown to be in very good agreement with the ex-
j . which we interpret in terms of viscous flux flow. This part, pected values at these temperatures. Thus from the Wer-

as can be seen in the inset is, roughly, the prolongation of thiflamer functiof’ and BéZ(? K)=120 T we obtain the val-
curve corresponding to the 1G. The good match between th#€S 17.7 T and 47.7 T fd8., at 77 K .and 60 K, respectively,
two curves is an excellent validation of the procedure used t4) €xcellent agreement with our experimental values. Assum-
obtainE andj for the GB. ing a linear dependence &, on T, By, =(dBg,/dT)(T,
The next natural step is to investigate the validity of Eq.—T) with dBg,/dT~2 T/K found experimentally by other
(1) for the GB. In Fig. 3 we present the valuespgfextracted — authorsi®?? we deduce for our film(with T.=87.3K)
from thej-E curves at different fields for two temperatures. Bg,(77 K)~20.6 T andB_,(60 K)~54.0 T. We note that
A linear region wheregp;=B is clearly observed at the two the linear expression involved in this calculation has been
temperatures, in agreement with Ed), the two distinct used previously only for temperatures closeTtg however
slopes are due to the changeBy, with temperature. We the good numerical agreement found here Ter 60 K ex-
note that if a different normalization fdg were chosen, for tends considerably its validity down f/T.=0.69.
example, dividingv by a constant rather than a field depen-  Values of the viscous drag coefficientcan also be cal-
denta,, a completely different dependence would be foundculated sincep=B ,¢o/pyn (ho~2.07<10 1% Tm?).! Us-
ps>=BY2 in disagreement with Ed1). This further supports ing our experimental values from the previous paragraph we
the choice ofa, as the gauge length for the electric field in a obtained 7(77 K)=1.1x10"" Ns/m 2 and 7(60 K)=3.4
GB. Above a certain fielB*, p; departs from the depen- Xx10 ' Ns/m 2. These estimates are in good agreement with
dence «B, corresponding also to a rounding in theE  values reported by other authdfs.
curves. This happens 8*~2 T andB*~6 T at 77 K and Finally we have also measured whenH is applied par-
60 K respectively. One possible explanation for this is thatallel to theab planes but in the GB plane. Figure 4 shows an
with increasing field(and interaction between vortides |j-E curve taken at 60 K in this configuration together with
some vortices at the banks of the boundary start to move anshe for whichH_L ab. Clearly the anisotropy has a pro-
to contribute toE. This would increase the lengthy over  nounced effect on the-E characteristic and the vortex vis-
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cosity. Hao and Clefhhave analyzed the anisotropy of flux angle GB even for very low voltage, due to the small size of
flow in HTS and give the ratip{®/p{) ~4/3y, wherep(®  the flux flow gauge length over which the phenomenon hap-
represents the flux flow resistivity for a vortex moving along Pens. The analysis of the flux flow resistivity shows that flux
thei axis when it lies along theaxis, andy is the anisotropy ~ flow follows the well-known relatiorp/p,~B/B., as ob-
parametef y~5-7 for YBCO(Ref. 21]. Accordingly, itis  served down to 60 K and below a fiet'. Also, the phe-
expected that, for the two configurations measured in Fig. 4)0menological model proposed by Hao and Clem for flux
pga,b)/pg%%o'lg_o_ﬂ_ From the fit in Fig. 4 the value fI_ow |_n_Iayered superconductors has been te_sted. Due to its
p(ca'b)(YT)ml.Zx 1078 Om is obtained, and an extrapola- _S|mpI|C|ty, the Iow—angle GB seems to provide an aI_mos_t
tion to B=7T of p; in Fig. 3 gives the vaIuepé‘f%,(? T) ideal system for experimental studies of vortex dynamics in

~4.2<10° 8 Om. We therefore obtain an experimental '

value forp®?/p{¢~0.29, very close to the theoretical val- ~ We would like to acknowledge support for this work from
ues predicted by the Hao and Clem model. EPSRC. One of ugA.D.) wants to acknowledge support

In conclusion, we have demonstrated that viscous fluXrom the Spanish Ministerio de Educanig Cultura through
flow dominates the flux dynamic response in an YBCO low-a FPI post-doc grant.
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