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Magneto-optical imaging of Shubnikov phase
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Abstract

Among the various methods to obtain images of the Shubnikov phase in superconductors the high-resolution

Faraday effect enables one to local (spatial resolution of about 0.8 pm) and dynamic observations of domain

structures, In this paper the different types of flux penetration into the different kinds of high-T. samples

(sintered materials, single crystals and thin films) are presented. It is found that the obtained domain

structures of single crystalline materials depend strongly on the geometry of the samples.
The possibility to local observations allows to study the influence of various microstructures on the pinning

behaviour. As a new feature of the high-T. superconductors, it is shown that in the remanent state vortices

of opposite polarity have nucleated at the sample edges. Domain patterns of high energy heavy-ion irradiated

high-T. samples show the advantages of a local determination of the acting volume pinning forces and critical

current densities. Using the capability to dynamic observations, flux creep effects can be visualised.

1. Introduction

To observe directly the behaviour of Shubnikov

phase in superconductors, many methods are descri-
bed in the literature and are also applied to high-T,
superconductors [1-6]. Among them, only the high-
resolution Faraday effect (HRF) technique combines
a high spatial resolution (~ 0.8 wm) with the possi-
bility to dynamic observations of domain structures.
So, the HRF technique enables one to study the in-
fluence of microstructure on the pinning behaviour in
a direct way.
In this paper, a comparison of flux penetration into
various types of high-T. samples (sintered samples,
single crystals and epitaxial thin films) is discus-
sed, and, new features not observed on conventio-
nal superconductors are presented. As an application
of the HRF technique, local determinations of criti-
cal current densities and effective activation energies
on partly heavy-ion irradiated DyBa;CuzO~_; single
crystals are also shown.

2. Faraday effect

The magnetic field distribution of a superconduc-
tor in the Shubnikov phase Bis imaged by detecting
the rotation of the polarization plane of the linear
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polarized light within the magneto-optical layer in re-
gions where flux is present in the underlying super-
conductor. In regions without flux, the light is reflec-
ted without rotation of the polarization plane. This
light is not able to pass the analyzer which is set in
crossed position with respect to the polarizer. In this
way, the Shubnikov phase will be imaged as bright
domains whereas the Meissner phase remains dark.
To achieve an observable rotation angle of the pola-
rized light, several conditions for the thickness of the
magneto-optical active layer have to be fulfilled [7, 8].
Observations by means of the HRF technique are pos-
sible only in the temperature range 5 K < 7 < 20 K.
The lower boundary is given by the cryostat used;
the upper boundary is imposed by the temperature
dependent Verdet constant of the Europium chalco-
genides thus leading at high temperatures (7" > 20
K) to very low contrasts between Meissner and Shub-
nikov phase.

For a detailed description of the experimental setup
we refer to {8, 9, 10]. All images can be observed di-
rectly at the microscope or may be transferred to an
image-processing system for analyzing purposes [7].
The external magnetic field is generated by a copper
solenoid coil producing a maximum field 0of 0.5 T or by
a small pulsed coil which is mounted directly beneath
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the sample and is cooled down to T = 5 K together
with the sample. This small coil allows to reach ex-
ternal magnetic fields up to 1.3 T. The length of the
pulses is typically 15 ms thus allowing observations of
remanent states only with the camera system used.
To calibrate the obtained flux-density profiles in terms
of the local flux-density, B,(z), a comparison between
the intensities of the light measured at the supercon-
ductor and at a Schott BK 7 glass coated also with the
EuSe layer was performed [8]. From these calibrated
flux-density profiles, the acting local volume pinning
forces, f,(z), and critical current densities, j.(z), are
obtained [7, 8] using the model described by Friedel
et al. (11] in a one-dimensional form:

. 1 8B.(z)

je(z) = P (1)
and

fo(2) = jo(2)B. (=) (2)

In these equations effects of curved flux-lines are not
regarded [12, 13]. In this way, the critical current
densities determined from the measured flux density
profiles on thin film samples are too low as the cur-
rent is mostly carried by the undetectable gradient
0B, [0z (cylindrical coordinates). To solve this pro-
blem a numerical calculation method was developed
by Theuss et al. [13] which reproduces the measure-
ment via the Biot-savart law.

3. Results and discussion

The observation temperature in all experiments
shown is T' = 5 K. The external magnetic field is ori-
ented perpendicular to the sample surface and hence
parallel to the c-axis of the single crystalline materi-

als.

3.1 Flui penetration in different high-T. samples

In figs. 1 (a) and (b), domain patterns obtained
on a sintered YBay;Cu3zO7_s sample (8 — poHezr =
273 mT) and on a DyBa;CuzO~_; single crystal (b
~ poHer: = 273 mT) are shown. The flux is found
to penetrate a sintered sample in two steps [14-16]
and only the last step, the penetration of flux into
single grains, can be detected magneto-optically. In
large grains, a flux front is observed within the grain.
Also the orientation of the grains with respect to the
external magnetic field can be observed directly. As
described in a previous paper, the magneto-optically
determined local pinning forces depend reciprocally
on the grain size [17]. In contrary to the sintered
samples, the single crystal shows the penetration of a
flux front into the sample.

Figure 1. Observation of fluz penetration into a sinte-
red Y BayCusO7r_s sample (a - poHeor = 273 mT) and
into a Y BayCu3Or_s single crystal (b — poHesr = 246
mT)at T = 5 K; the exzternal magnetic field is oriented
perpendicular to the sample surface. Clearly visible is the
penetration of fluz into single superconducting grains in
(a) whereas the single crystal (b) shows the penetration of

a fluz front.

200 um|

Figure 2. (a) Observation of flur penetration into an
epitazial thin film of YBayCu3Or_s at T = 5 K and
poHez: = 130 mT. A defect-free homogeneous sample will
show a radial symmetric domain pattern. (b) Domain pat-
tern obtained on a rectangular DyBa,Cu3zO+_s single cry-
stal at T = 5 K and poH.z: = 273 mT. The penetration
of fluz is found to be largest in the middle of the sample
edges.
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Figure 3: Domain patterns of a DyBa,Cu3O7_s single crystal with a nearly rectangular shape in the remanent state using
the pulse technique; the temperature is T = 5 K. (o) poH, = 210 mT. (b) poH, = 260 mT. (c) uyoH, = 300 mT. (d)
poH, = 340 mT. (e) uoH, = 380 mT. The white arrows point at the newly entered domains of fluz lines with opposite
polarity. (f) poH, = 430 mT. The full penetration state (uo H"* } is reached and the Meissner phase has vanished completely.
(9) noH- = 680 mT. (h) poH, = 1020 mT. The intensity of the Shubnikov phase decreases. (i) poH, = 1300 mT.

3.2 Geometry dependence of the domain patterns

The domain patterns obtained on single crystalline
materials are found to depend strongly on the sample
geometry [18, 18]. This is shown in figs. 2 (a) and (b)
for a circular patterned YBa;CuzO7_s thin film (fig.
2 (a)) and for a nearly rectangular DyBa,Cu307_;
single crystal (fig. 2 (b)). In a sample with a nearly
rectangular shape the penetration is found to be lar-
gest in the middle of each sample edge and no pe-
netration starting from the corners is detected. This
behaviour was also found on conventional supercon-
ductors like thin niobium foils [20]. On epitaxial thin
films also the penetration of flux as a flux front is
found if the sample is homogeneous and contains no
disturbations like small cracks or improperties in the
substrate. Such defects will be detected immediately
using the HRF technique; so the HRF technique could
be applied to control the homogeneity of superconduc-
ting devices.

3.3. Nucleation of vortices with opposite polarity

Due to the large demagnetizing factors of the
samples investigated here and the small lower critical
fields, in high-T. samples the nucleation of vortices
of opposite polarity as the pinned vortices is observed
directly [21, 22]. In figs. 3 (a) - (i), remanent states of
a nearly rectangular, twin-free DyBa,Cu30O~7_;4 single
crystal are shown using the pulse technique. Fig. 3 (a)
shows the crystal after applying an external magnetic
field of 210 mT; in the following we will use the abbre-
viation poH, to characterize the remanent states. In
this image, we have now the following multi-domain
pattern (from the sample edge to the centre of the
sample) formed by: (1) a domain located directly at
the sample edges consisting of newly entered vortices
of opposite polarity (called 'negative’ direction) with
respect to the pinned vortices; (2) the so-called an-
nihilation zone where B, = 0 mT; (3) the domain of
pinned vortices with ’positive’ direction; (4) the Meis-
sner phase as the crystal could not be filled completely
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with flux at this relatively small external magnetic
field. In previous papers.[21, 22] it was shown that
these 'negative’ vortices are generated by the stray
fields of the pinned vortices. Due to the large dema-
gnetizing factors of the samples investigated here the
stray fields are large enough to nucleate new visible
vortices of opposite polarity.

In the following images, figs. 3 (b) - (e), the exter-
nal magnetic field is raised stepwise until in fig. 3
(f) the full penetration state, uoH™, is reached. On
further raising the external field in figs. 3 (g) — (i),
the measured intensity of the flux begins to decrease.
The domain of vortices with opposite polarity beha-
ves in the same manner thus indicating the coupled
behaviour of the two domains. In the case of external
fields larger than poH*, more flux lines enter the cry-
stal causing larger stray fields which generate a larger
amount of vortices of opposite polarity. So, there is
an increasing process of annihilation of vortices of op-
posite sign thus leading to a large zone with a small
flux density and to vanishing pinned vortices.

3.4. Flux creep effects

polleq = B ml

-

5004m .

t=1s t = 600s

Figure 4. (a) Domain pattern of a DyBa:CusO7-s sin-
gle crystal at T = 5 K, poHest = 137 mT. The time-
dependent observations are carried out on the lower sam-
ple edge. (b) Undisturbed region of the same crystal shown
with higher magnification, t = 1 3. (c) Same region as in
(b), but after t = 600 5. Clearly visible is the relazation of
the domain into the Meissner region.

Fig. 4 (a) shows a DyBa;Cu3O7_; single crystal at an
external field of uoHox; = 137 mT. On the lower sam-
ple edge, a time-dependent observation of the domain
patterns is performed using a higher magnification.
This observation is presented in figs. 4 (b) and (c) at
t=1sandt=600s. The deeper penetration of flux
into the Meissner region is obvious. From these ob-
servations, we determine the amount of flux in a given
region by integrating the flux density profiles. Using
these data, the effective activation energies for flux
creep can be estimated using the model of Beasley et
al. [23] and of Hagen and Griessen [24]

d®

§=- Q(tstart) . dln(t)

t=lsiart

== (U/kB -T:{:ihl1(t,wr,/ro)) - @)

Here S denotes the creep rate, 7y the relaxation time,
& the flux in the sample or in the chosen region, tsiar
is the starting time of the experiment and kp the
Boltzmann constant. The plus sign in eq. (3) is valid
for an increasing applied field before starting the rela-
xation experiment under a constant field, the negative
sign holds for a relaxation experiment after decreasing
the external magnetic field and in the remanent state.
To is caleulated from the experimental data using the
description given by Schnack et al. [25].

At a temperature of 7 = 5 K and external fields in
the range of 100 — 300 mT, the magneto-optically
determined activation energies of YBayCu3O7_g,
DyBa;CuzO7_; and Bi-2212 single crystals lay in the
range of 10 — 30 meV [26].

3.5. Heavy-ion irradiated samples

As an example for application of the HRF tech-
nique observations of domain patterns on heavy-
jon irradiated high-T. samples is shown.  The
DyBa;CuzO7_; single crystal was irradiated with 0.5
GeV iodine ions with a fluence of ¢t = 9.0 x 10!°
ions/cm?. The irradiation was carried out at the low
temperature facilitv of VICKSI at the Hahn-Meitner
institute, Berlin. This kind of irradiation produces
columnar tracks with a diameter of ~ 10 nm in the
target material. These columnar tracks are found to
be very effective pinning centres in previous papers
[27-31].

To allow a simultaneous observation of irradiated
and unirradiated regions under the same experimen-
tal conditions, only a part of the crystal was exposed
to the irradiation while covering the other part with
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Figure 5: Domain patterns at T = 5 K of a DyBa;Cu3Or—s single crystal irradiated with 0.5 GeV '*"I-ions (pt =
9.0 x 10'° ions/cm?) as an overview measurement. Only the left half of the crystal was ezposed to the irradiation. (a)
The DyBayCu3zOr_s single crystal cooled down to T = 5 K. The photograph is taken with polarizer and analyzer set in
uncrossed position ('bright image’). The right half of the crystal was covered with a copper shield during the irradiation.
(b) Domain pattern obtained at an external field poH..: = 171 mT. Clearly visible is the border between the irradiated and
the non-irradiated region, causing a deeper penetration of fluz along this border. (¢} poHez: = 256 mT. (d) Domain pattern
obtained at poHeor = 341 mT. (e) poH oo = 512 mT. The unirradiated part of the crystal is filled completely with fluz.
Also, a penetration of fluz starting at the border into the irradiated region is found. From these images one can clearly see
that the critical currents, j.(ypt), in the irradiated half of the crystal are much larger than in the unirradiated part, j.(0).

(f) Corresponding remanent state (uoH.o, = 0 mT) to fig. 5 (e). At the sample edges, vortices with opposite sign to the
pinned vortices have nucleated.
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an absorber. Figs. 5 (a) - (f) show an overview mea-
surement using a small magnification at a tempera-
ture T'= 5 K. In fig. 5 (a), the crystal is shown with
analyzer and polarizer set in uncrossed position for
comparison with the following images. In fig. 5 (b),
an external magnetic field of poHeyy = 171 mT is ap-
plied to the sample. Clearly visible are the differences
between the irradiated part (left) and the unirradiated
part (right) of the crystal. In figs. 5 (c) to (e), the ex-
ternal magnetic field is raised stepwise from pgHpy =
256 mT (c), poHezt = 341 mT (d) to poHee = 512
mT (e). In fig. 5 (e), the unirradiated part of the cry-
stal is filled up completely with flux whereas in the
irradiated part a large amount of Meissner phase re-
sides. From these images one can clearly see that the
critical currents in the irradiated half of the crystal
are much larger than in the unirradiated part. Fig. 5
f presents the corresponding remanent state to fig. 5
(e). Again, flux lines of opposite polarity are found
at the sample edges.
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Figure 6. Fluz density profiles read on the iodine-

irradiated DyBa;CusO7_;s single crystal shown in fig. 5.
Fluz density profiles of the non-irradiated area are presen-
ted in the upper plot at various applied external fields and
in the lower plot the fluz density profiles of the irradiated
area are shown. The deeper flur penetration in the un-
irradiated area of the crystal is obvious; please note the
different length scales of the plots.

The domain patterns of the heavy-ion irradiated
DyBa;Cu307_; single crystal show also the typical,
geometry-dependent shape of the domains in both
parts of the crystal. Along the border between the
two regions, however, the flux penetrates deeper into
the unirradiated part of the crystal thus leading to a
disturbation of the domain patterns which would have
been established in a rectangular DyBa;CuzO7_; sin-
gle crystal as shown in fig. 2 (a). The deeper flux
penetration along the border is due to the differences
of the critical current densities flowing along this bor-
der. Both the irradiated and the unirradiated part
of the crystal are found to act magnetically indepen-
dent from each other. With these assumptions and
knowing the geometry-dependence of the domain pat-
terns as shown in fig. 2 (a) and (b), it is possible to
reconstruct the domain patterns of a complete irra-
diated or unirradiated crystal from the domain struc-
tures obtained from our partly irradiated samples.
Fig. 6 shows the flux density profiles obtained on the
non-irradiated part (upper plot) and on the irradia-
ted region (lower plot). The profiles are shown at the
same applied external magnetic fields but at different
length scales (unirradiated part 0 — 320 pm, irradia-
ted part 0 — 60 um). The profiles of the irradiated re-
gion show the typical linear or hyperbolic behaviour
of high-T. single crystals. The flux density profiles
found have a nearly linear shape, only the profiles ob-
tained at the largest fields in the unirradiated area
reflect the influence of the flux penetrating from the
other side of the crystal. The penetration depth of
the flux in the unirradiated region is deeper by a fac-
tor of 8 than in the irradiated area. Using such fiux
density profiles, the local critical current densities are
obtained using eq. (1).

Our results on iodine-irradiated DyBa;CuzO7_s sin-
gle crystals irradiated at various fluences @t = 7.6 x
10'° jons/cm? (sample D1) ot = 9.0 x 10'° jons/cm?
(sample D2) and ¢t = 30.0 x 10'° jons/cm? (sample
D3) are summarized in Table 1. In the field range
investigated here, it is found that the dependence of
the critical current density on the external magnetic
field is nearly constant. The critical current densities
of the unirradiated areas, j.(0), are shown together
with the critical current densities of the irradiated
regions, jc(¢t), and with the relative enhancement,
Je(¢t)/3c(0). This is to allow a comparison of the
critical current densities despite of a scatter in the
sample quality. At all fluences an enhancement of j.
is found as j. in sample D1 is enhanced by a factor of
15, in sample D2 by a factor of 8.2 and in sample D3,
irradiated at a fluence ¢t = 30.0 x 10'° ions/cm?, by
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‘ wt 7c(0) Je(st) jc(‘Pt)/jc(O)
| sample | [10!° ions/ecm?] | [10° A/m?] | [10° A/m?]
| D1 7.6 0.7 11 15.2
| D2 9.0 15 13 8.3
. D3 | 30.0 6.0 200 | 330

Table 1: Magneto-optically determined critical current densities, j., at T = 5 K in iodine-irradiated DyBa;Cu3O7—s
single crystals. j.(0) is taken from the unirradiated part of the sample, j.(pt) from the irradiated part of the sample.

a factor of 33.

The flux creep experiments also performed on iodine-
irradiated DyBa;Cu3O;_s single crystals, howe-
ver, do not show any significant irradiation-induced
change as on crystal D1 the activation energy of the
unirradiated region, U(0), is determined to 22 meV
and for the irradiated region, U(yt), is found to be
24 meV. The difference between both values is smal-
ler than the experimental error of + 3 meV. Similar
results are obtained on the other crystals [31].

As one would expect an activation energy in the range
of 1 eV to move an Abrikosov flux line out of a colum-
nar track, these results suggest that also in the 1-2-3
system the vortices have to be described as so-called
pancake vortices [32] like in the case of the Bi-2212
superconductors [28, 30].

4. Conclusions

In the present paper we have demonstrated the

advantages of a local observation of Shubnikov phase

in superconductors. The HRF method enables one
to study the influence of microstructure on the pin-
ning behaviour in a direct way. It is shown that the
flux penetration in sintered samples is totally different
from single crystalline materials like single crystals or
epitaxial thin films, as the flux penetrates into single
superconducting grains. The domain patterns obtai-
ned on single crystalline samples are found to depend
strongly on the sample geometry. The existence of do-
mains with opposite polarity in the remanent states
of all high-T. superconductors was not observed on
conventional superconductors.

Using the HRF technique also dynamic processes can
be observed as shown with the direct observations
of flux creep effects. The magneto-optically deter-
mined activation energies for flux creep are found
to be very small, typical values of YBay;CuzO7_j,
DyBayCu307.s and Bi-2212 single crystals lay in the
range of 10 — 30 meV (T = 5 K, poHeze = 150 mT).
The observations of domain patterns of partly heavy-

ion irradiated single crystals demonstrate the advan-
tages of the local determinations of critical current
densities via the HRF technique as irradiated and
unirradiated regions can be observed simultaneously
under the same experimental conditions. Columnar
tracks as induced by 0.5 GeV iodine irradiation are
found to be very effective pinning centres, however,
the effective activation energies for flux creep remain
unchanged.
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