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Temperature-dependent pinning of vortices in low-angle grain boundaries in YBgCu3;0,_ 5
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Low-angle grain boundaries with misorientation anglés:5° in optimally doped thin films of
YBa,Cu;0O,_ s are investigated by magneto-optical imaging. With a numerical inversion scheme of Biot-
Savart’s law it is possible to obtain the critical current density across the grain boundary with a spatial
resolution of about um. This technique is now applied to determine the temperature dependence of the
critical current density across low-angle grain boundaries. The detailed analysis of the temperature dependence
shows a crossover in the pinning properties of Abrikosov-Josephson vortices which are located in the grain
boundary.

DOI: 10.1103/PhysRevB.68.054508 PACS nuniber74.25.Sv, 74.72.Bk, 74.78.Bz, 74.25.Qt

The critical current density in thin epitaxial films of high- vestigate the pinning that acts on the so-called Abrikosov-
temperature superconductors of upjte=8x 10t A/m? ata  JosephsottAJ) vortices inside the grain bounda’?’
temperature off =5 K has its origin in the efficient pinning The experiments are carried out on thin films of optimally
of flux lines!?In the case of films on well oriented, unmodi- doped YBaCu,O,_ 5 (YBCO) grown on bicrystalline stron-
fied substrates, screw dislocatichedge dislocation$dislo-  tium titanate substrates. The substrates are orientf@0iH
cation chains,or columnar defecfsare discussed as pinning direction and contain symmetric tilt grain boundaries with
sites, mainly generated due to growth mode associated efrisorientation angles of 0°-5°. The YBCO films are grown
fects and/or the relaxation of the film stress caused by thby pulsed laser deposition up to a thickness of typically 150
lattice mismatch to the substrate. The presence of grainm. Afterwards a chemical etching process is performed to
boundaries, however, drastically reduces the critical currentsbtain square shaped films with a lateral dimension of 1 mm.
of these films. At the grain boundary, the local breaking of The critical currents of the grain boundaries are measured
the crystal symmetry causes an array of dislocation cores ihy means of quantitative magneto-optics in the temperature
the superconducting film. The strain field of these dislocarange ofT =7—90 K. The experimental setup consists of a
tions creates regularly ordered normal conducting regions. ferrimagnetic lutetium-doped iron garnet film as field sensing
Although the superconductivity is suppressed at these disldayer® and combination of a polarization light microscope
cations, these normal conducting regions can act as pinningnd a charge-coupled device camera. The magnetic-flux den-
sites for flux lines® It has been found that the critical current sity distribution can be imaged with a spatial resolution of
across grain boundaries decreases exponentially with inabout 3 .m with high quantitative precissid.
creasli?_§;15misorientatiqn angle abqve a threshold angliﬁb of Figure 1 shows the magneto-optical image of a YBCO
~5°.7 ®An explanation can be given by a local bending offjim containing a 3° boundary at different temperatures. The
the band structuré!’in combination with the appearance of gray_scale represents the flux density compoBsrperpen-
localized states due to oxygen deficiency or _dlso}ﬂ'e?r‘? _ dicular to the film, bright parts refer to high local flux den-
The behavior of the critical current across grain boundariegjies The images are obtained after zero-field cooling and
with mlsglrlzezntatlon gngles lower thah is found to be very applying an external field at temperaturesTet 7, 25, and
complex,™* the critical current strongly depends on the 50 K. The magnitude of the external field is chosen with the

relative orientation of the grain boundary to the current . . .
flow?3 and on the local magnetic-flux denstyTherefore criterion to observe a constant penetration depth in the un-
" perturbed film for all temperatures. This lead to external

this topic is still the subject of intense research. _ ; .
In this paper, detailed investigations of current densitied!€/dS Of Bex=48,32,16 mT, respectively. The influence of

across low-angle grain boundaries are presented, with paf€ grain boundary occurs as the two bright lines in the upper
ticular stress on the temperature dependence of the criticR't Of the images. o

current. The measurements show a distinct difference be- These measurements show a changing influence of the
tween the temperature dependence of the current densiti€§ain boundary on the flux density distribution at different
across the grain boundary and the current densities in th@mperatures. Whereas the penetration depth in the unper-
adjacent grains. This is strongly related to the different structurbed film is nearly constant as mentioned above, a strong
ture of the flux lines in and between the grai€®With the  increase of the penetration depth at the grain boundary with
application of a quantitative magneto-optical technique, it isncreasing temperature can be observed. This is directly re-
now possible measure the critical current density across lowlated to a significant drop of the grain-boundary current with
angle grain boundaries with a spatial resolution of a fewrespect to the film current.

micrometers. This resolution is adequate to extract the part of To get deeper insight into the current-density distribution
the critical current that is not related to flux line interactionsthe magnetic-flux density data are treated by a numerical
with neighboring vortice¥ and can therefore be used to in- calculation scheme. The calculus is based on the law of Biot
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FIG. 2. Magnitude of the current density in the YBCO film
containing a 3° grain boundary &t=7 K. White parts of the gray-
scale representation refer to a current denpiy2.5x 10t A/m?.

The profiles on the left and below the image refer to the current
density along the solid black lines.
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For this special case, this relation can be inverted unambigu-
ously by using Fourier transformation and the convolution
theorent? The application of this numerical scheme allows
the calculation of the current-density distribution in the
sample with a lateral resolution of aboutyem. The reduc-
tion of the resolution compared to the flux density measure-
ment is due to a necessary suppression of the experimental
noise level which is enhanced by the Fourier-transform pro-
cedure.

The application of the inversion scheme on the data of
Fig. 1 yields the corresponding current-density distribution.
A gray-scale representation of the magnitude of the current
density for the measurement B&5 K is plotted in Fig. 2.

The horizontal profile in Fig. 2 indicates the current den-
sity that crosses the grain boundary. In contrast to the current
density occurring in the unperturbed film, which has a con-
stant magnitude of .~2.5x 10'* A/m?, the grain-boundary
current density varies drastically. This is related to the strong
dependence of the grain-boundary current on the local
o ~ magnetic-flux densityt A strong increase of the grain-

FIG. 1. Magneto-optical images of the flux density distribution boundary current density with increasing local flux density
of the bif:rystalline sample containing a symmetric 3° grain bound-Can be found in low-angle grain boundaries. This is related to
ary at different temperatureg:=7 K (top), T=25 K (middie, T yhe jnfluence of vortex-vortex interactions inside and in the
1—6521]? (Izcgt;c;:zi.\/z?; applied external fields are 48 mT, 32 mT, and vicinity of t_he_grain bqundar% |

' ' To obtain information about the structure of the grain-
and Savart that relates the flux density distribution with theboundary vortices, the interaction between the flux lines and
current density appearing in the sample. For the case of #he grain-boundary dislocations is of high interest. To extract
two-dimensional current-density distributigr(j,j,,0), it this interaction from the current-density data, it is necessary
reads explicitly to get rid of the influence of vortex-vortex interactions. This
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FIG. 3. Temperature dependence of the critical current densities 0.01 O'IOZ 005 0.1 0.2 0.5
across the grain-boundafgray) and in the graingblack). /(-1 [1/K]

FIG. 4. Logarithmic plot of the current density in the grains. The
can be done by focussing the determination of the currentnes represent a power-law behavjge(T,—T) ¢ for a=1.7 (a)
density on selected sections of the grain boundaries, whemnd a=1.0 (b).
the influence of the magnetic-flux density is small. For this
purpose, two main conditions have to be taken into accountith the temperature-dependent set of data for the grain-
First, the local magnetic-flux density at the measured sectioRoundary. This is shown in Fig. 5. _
has to be small enough to reduce the vortex-vortex interac- FOr the grain-boundary current density also a two-step
tions and second, it is necessary to have the grains in thiR€havior is found. The crossover temperature is determined
section already penetrated by magnetic flux to avoid perturbith T~44 K, which is in the same range as in the case of
ing surface barrier effect. These conditions are, of course, the film current. In the temperature regime below the cross-

temperature dependent and it has been found that a local fik/€"» the exponent is found to bea=3.0, a much stronger
density of B,,.=(1/2)By is suitable, withBy; giving the decrease than the current density in the film shows. This

external flux density that leads to a penetration depth of*Plains again the magnetic flux penetration in the magneto-

about 1/3 of the distance between the samples border arffPtical images of Fig. 1. For higher temperature, the slope of

center. This refers to the situation that is shown in Figsin€ fitting straight line also changes. In the higher-

1(a—0 and leads, e.g., tB,,.~16 mT atT=25 K. Even if temperature range above=44 K with a=1.1 nearly the

the magnitude of the local flux density is small, it is neces-S@Me power-law dependence occurs as found for the current

sary to subtract the influence of the local flux line-flux line 4€NSity in the grains. ,
interaction on the current density, this is done by assuming a 10 obtain further information another sample also con-
model which is presented in Albrecht al?* taining a symmetric 3° tilt grain-boundary is investigated,

Under the above conditions the temperature dependendBiS time in the remanent state. An external field Bf,
of the critical current on the 3° boundary is determined.=2°0 mT has been applied, afterwards the measurement is
Figure 3 shows the current densities of the unperturbed filnp€rformed in zero field. Th|slsamgle shows a current density
and the grain-boundary in the temperature rangeref7 N the banks ofj.=3.0x 10" Aim? at T=7 K, a slightly
—90 K.

Apart from the fact that there is a difference by a factor of 2) I'T=44 K
about 2 between the two current densities, no significant fea-
ture of the grain-boundary current can be observed in Fig. 3. 1k
To get a deeper insight into the temperature dependence, a :
power-law behavioje (T.—T) ™ is checked by plotting the
data on a logarithmic scale ovef{—T) 1. The Ginzburg- .
Landau power-law dependences of the two characteristic o 0.1
length scales\, & (T,—T) 2 suggest this ansatz. ", 2 -

Figures 4 and 5 show the temperature-dependent current[10 A/m’]
densities across the grain-boundary and in the grains on the
introduced logarithmic scale. 0.01 ¢

The current-density data in Fig. 4 can be described by a F

. [ 1 L ool 1 L ]
two-step power-law behavior. In the temperature range be- 0.01 0.02 005 041 02 0.5

tweenT=7 K and about 38 K, the phenomenological de- U1 /(T=T) [1/K]

scription j(T)o<(T—T.) ¢ vyields an exponenta=1.7, ¢

which is depicted by the straight life) in Fig. 4. For higher FIG. 5. Logarithmic plot of the grain-boundary current density.
temperatures, the slope of the fitting curve changes and orhe lines represent a power-law behavige(T.—T) ™ * for a
finds &= 1.0[straight line(b)]. This result is now compared =3.0(a) anda=1.1(b).
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a) ing defect radilL and increasing coherence lengthAt the
same time, it can be seen that a defect size that equals the
coherence lengtld shows maximum pinning force density.
TE E Owing to the temperature dependencepthere are differ-

E ] ent effective pinning sites at different temperatures.

To obtain insight into the occurring temperature depen-
dences, we consider first the Ginzburg-Landau solution for
the penetration depth=\o(T.—T)¥2 with \q~130 nm
for YBCO.3**® The condensation energy s in first-order
;\b approximation proportional ta.~2, which gives rise to a
i ] temperature dependence efT)=ey(T.—T) 1. The fact
03 R, R that the most effective pinning sites change with temperature
0.01 0.02 0.05 0.1 02 05 leads to the approximation that the critical current density is

' 1/(0.-T) [1/K] proportional to the condensation energythis suggests,

I . . «(T,—T) L ora=1, respectively.
FIG. 6. Logarithmic plot of the current density of a different (T%e Jnderstanding ofpthe mgasured temperature depen-
sample measured in the remanent state. The lines give the power-

e . . . . L
law behaviorj,o(T,—T)~* with a=2.5 (a) and a=1.2 (b). dences' requires a more deftalled congderaﬂon of the pinning
properties of the flux lines in the grain-boundary and in the

higher value than the sample before. The grain-boundary cufanks. The vortices in the banks are isotropic Abrikosov vor-
rent density is determined in this case in the remanent staféces that are pinned at structural defects in the film. The high
of the sample. In the remanent state there is always a posgurrent density results from the fact that there are existing
tion, where the local flux density is zero, which means thadefects with structural dimensions comparable to the coher-
the current density at this point is only determined by theence lengthé¢ which allow nearly optimum pinning and lead
pinning of the vortices at the grain-boundary dislocationsto the high occurring current densities of more thas 2
The temperature dependence of the current density at this 10'* A/m?2. In the presented measurements, the flux-line
point is depicted in Fig. 6. density is always much lower than the defect density, so the
It is found that the grain-boundary currents are slightlyflux lines occupy only the most effective pinning sites.
higher compared to the measurement in Fig. 5, which can be |n the case of a symmetric 3° tilt grain-boundary, the
related to the generally higher current density of the samplgortices in the grain-boundary are AJ vorticdsThese vor-
or to an improved microstructure of the grain-boundary. Atices have an enlarged coherence lengtl¢ along the
power-law fit of the data at low temperatures, gives a valugyrain-boundary and therefore an anisotropic vortex core. The
of the exponentx=2.5. In case of higher temperatures, angrain boundary itself can be characterized by an array of
exponenta=1.2 is found which is again in the same rangeedge dislocations with nonsuperconducting dislocation
as the values found from the measurements depicted in Figgores® In the case of a 3° grain boundary, these dislocations
4 and 5. The deviation from the power-law behavior thathave a distance of abodt=7—8 nm. These dislocations act
occurs for the data points very closeTis originated inthe  as pinning centers for the AJ vortices and give rise to large
error bar concerning the determinationTof. However, this  current densities across low-angle grain bounddafies.
affects only the two data points at high temperatures which Wwith this knowledge it is possible to understand the dif-
are not very robust against the determinationTgf This  ferent temperature dependence of the film and the grain-
does not influence the value af at all. boundary current in the low-temperature regime. The aniso-
These surprising results will now be discussed in the foltropic AJ vortices in the grain boundary are pinned at the
lowing. The faster decrease of the grain-boundary currentaonsuperconducting dislocation cores of the edge disloca-
with increasing temperature belof=30—-40 K can be un-  tions located in the grain boundary. With increasing tempera-
derstood by considering the pinning scenarios that are raure the condensation energy of the flux lines is reduced,
sponsible for the current densities. The current density in thimdditionally the pinning potential of the dislocations is weak-
films of high-temperature superconductors is determined bgned, because the lateral dimension of the nonsuperconduct-
the pinning of flux lines at defect structures with feasibleing dislocation cores increas&sThis leads to a stronger
lateral dimensions. The predominant pinning mechanism iglecrease of the grain-boundary currents as compared to the
flux-line core pinning. The condensation energy of a flux linefilm currents. The isotropic Abrikosov vortices in the film are
per unit lengthe=®2/(47uo\?) can vary on the length located in a landscape of defects with varying lateral dimen-
scale of the coherence lengthwhich is given in the frame- sions. Owing to the fact that the pinning force density has a
work of Ginzburg-Landau theory by=&,(T,—T)¥2 and maximum when the coherence length and the defect size
£0~1.2 nm for the case of YBC&' The presence of a defect match, the flux lines can always find a potential depth which
with a radiusL in the film now introduces a local variation of shows feasible pinning features. This reduces strongly the
€o. The resulting pinning force densify;,=maxde/ox] can  temperature-dependent decay of the current density. There-
be estimated by ,;,~ de/L, with § giving the reduction of fore, the current-density decrease in the film is much weaker
€y, always under the restrictionh= ¢. This relation clearly than in the grain-boundary. The smaller exponent2.5,
shows that the pinning force density decreases with increasvhich is found for the second sample, is related to the higher

b 01k

[10"'A/m?]
0.01 |
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current density across the grain boundary. This means in thia reduction of the current magnitude. This approach explains
picture that the grain-boundary vortices in this sample arehe same temperature dependence of the curves in Figs. 46,
less anisotropic. respectively.

With the above described scenario one is able to under- |n conclusion, it is found that the quantitative magneto-
stand the temperature dependence of the critical current de@ptical Faraday effect is an excellent tool to investigate the
sities of film and grain boundary in the temperature regiongcal current transport in thin films of high-temperature su-
below T=30-40 K. Above this temperature both experi- perconductors. The local relation between magnetic flux and
mental sets of data show a different behavior of the currentrrent density can be determined and with this knowledge it
density. It can be foungo(T.—T) “ with a~1.0-1.2for g possible to separate the different origins of the pinning

all of the current-temperature curves. A change in the ping,.ce gensity, namely, the vortex-microstructure and the
ning properties occurs above which the different SCeNarog, ey vortex interaction. The consideration of the pinning

f::V\rI]ii:gesimﬁeteCrSﬁ’zli:]E;tgreiSCii?peC;]L?r'eeT/(:hglust6\lsVSh aescigf;reﬂ;rce density and therefore the critical current density which
9 Y- ' 99 is caused by the microstructural pinning of vortices shows

that AJ vortices in low-angle grain boundaries should be- : .
come more anisotropic with increasing temperature, th”i;{hhat both the film currents and the grain-boundary currents

means that the decay of the current density at higher te 1ave different prigins in different temperaturg .regimes..ln
peratures should become faster. This cannot be found in tH2S€ Of the grain-boundary current, the description of aniso-
data presented in this paper. Furthermore, a weaker decay BPPIC €longated Abrikosov-Josephson vortices which are
the grain-boundary current is measured in the temperatuf@nned at edge dislocations in the grain-boundary are not
range betweei =40—90 K. feasible for the whole temperature range betw@&en7 K
Additionally, the same exponent of the power-law behav-andT.. At higher temperatures, the grain-boundary vortices
ior for both the film and the grain-boundary currents is foundare pinned in a very similar way as the isotropic Abrikosov
at higher temperatures. Bringmaenal3’ showed that the vortices are, this can be clearly proved by the measured tem-
presence of defect structures in vicinity of the grain-perature dependence.
boundary can lead to a more complex shape of the AJ vorti-
ces. The current data of the Figs. 4 —6 now suggest that those The author is grateful to Ch. Jooss, E. H. Brandt, S. Le-
vortices with a complex core geometry show a very similaronhardt, H.—U. Habermeier, and H. Kronteu for stimulat-
pinning behavior as the isotropic Abrikosov vortices in theing and helpful discussions and to G. Cristiani and H.-U.
banks, only with an enhanced averaged core size that leads itabermeier for the preparation of the excellent samples.
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