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Abstract

Scanning Hall probe microscopy with an effective spatial resolution of ~1 pm has been used to investigate the vortex structures in
superconducting Bi,Sr,CaCu,0g. s single crystals in the temperature range 77.3-81.3 K and zero applied field (in the presence of the
earth field). The vortex images were obtained in real time mode as the temperature increased slowly for 3.36 h. At 77.3 K, the vortices
were arranged in a chain structure. With the increase of the temperature, two jumps in the vortex array occur at 77.3 K, immediately
when the temperature starts to rise, and at 79.2 K with a good stability between jumps. The second jump is accompanied by the jump
in the average magnetic induction when bundles of 4-5 additional vortices enter the scanning area and the vortex array get disordered.
These directly visualized transitions in the vortex lattice are consistent with a vortex creep over the surface barriers at high temperatures.

A short movie is presented.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Investigation of flux structures and dynamics of the
dilute vortex lattice, are useful for the optimization and
improving the performances of the devices based on the
motion of the single flux quanta.

For very small fields, B < @y//> (where ®y=2.07 x
10~7 Gem? is the flux quantum and / the magnetic field pen-
etration length), the vortices are well separated, their inter-
action is week, and only the nearest neighbors vortices
substantially contribute to the interaction energy of the
system [1].

Usually, data on the structure and dynamics are obtained
from either macroscopic measurements or microscopic
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probes whose signal is the average of a large ensemble of
vortices. For the better understanding the physical phenom-
enon, in particularly that observed at macroscopic level in
layered superconductors it is important to extend these stud-
ies to the truly microscopic (local) level.

In order to register the motion of individual vortes,
Geim et al. [2] used a method based on the measurements
of the vortex-induced magnetoresistance in a normal-metal
microprobe. The direct imaging of the vortex lattice were
carried out on stabilized (relaxed) lattices for a given flux
and temperature. There are few exceptions like the direct
observation of melting of the vortex solid in Bi,Sr,-
CaCu,0g45 (Bi-2212) single crystals by Oral et al. [3]. An
interesting example of direct visualization of the vortex
dynamics in Bi-2212 crystal at 77.3 K, when the applied
field increases, is given in the Ref. [4]. Nevertheless, no
direct visualization of the vortex dynamics with varying
temperature was carried out to our knowledge.
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We report here the first direct observations on the vortex
dynamics in diluted flux line lattice with increasing temper-
ature in Bi-2212 single crystals using a scanning Hall probe
microscope (SHPM) with an outstanding field sensitivity of
~3 x 1077 THz "? and a spatial resolution ~1 um.

2. Experimental

The design of low temperature scanning Hall Probe
Microscope (LT-SHPM) used in this work is presented in
detail elsewhere [5]. The active Hall sensor has an effective
spatial resolution of ~1 um, and a scan area of about
~13 x 13 um?. The measurements were performed in nar-
row temperature range 77.3-81.3 K in the very weak earth
magnetic field (residual field near the scanner head).

To avoid the excess of temperature fluctuation the hea-
ter was switched off and the increase of the temperature
was achieved by closing the needle valve in the cryostat
device.

We used high quality as-grown Bi-2212 single crystals
with the area of the ab plane of 2 x 2.5 mm? and a thick-
ness of about 100 um. The critical temperature of the sam-
ples was 84.7 K, as determined from H,(T) (or H. (7))
curve.

SHPM measurements were performed after earth-field-
cooling (EFC) of the crystals down to 77.3 K and the pro-
cesses were shot in a movie consisting of 133 images.

3. Results

By cooling the Bi-2212 single crystal in low applied
fields, a residual induction of order of few tenths of Oerst-
eds remains trapped within the sample and the vortices sta-
bilize in chains. Examples of such assembly of vortices are
shown in the Fig. 1. The reason of this chain-like arrange-
ment at very low field in the absence of a component of the
applied field parallel to the ab plane is still under debate.

Fig. 2 shows nine SHPM scans at different temperatures,
chosen from the 133 images of the attached movie. The
time variation of the temperature is shown in the Fig. 3
with a zoomed in of the initial instant when the tempera-
ture starts rising shown in the inset. Each picture in
Fig. 2 (movie) corresponds to only one scan taken in real
time scanning mode (~1 frame/s) and not to an average
on several images. One can exactly evaluate the average

Fig. 1. SHPM images after earth-field-cooling (EFC) to 77.3 K taken on
two Bi-2212 single crystals of the same quality as the crystal studied in this
paper (image (a) is taken from Ref. [4]). The stable vortex lattice consists
of flux lines arranged in the line. Scan size is 13 x 13 um?.

Fig. 2. SHPM images obtained in real time scanning mode during the
temperature increase from 77.3 K to 81.3 K: (a) image 5, T=773K,
t=1273s; (b) image 18, T=77.301 K, r=4036.74s; (c) image 19,
T=77.303K, t=4217.35s; (d) image 50, T="77.53 K, t=6726.2.19;
(e) image 55, T=77.78K, t=7458.7s; (f) image 59, T=78.17K,
t=28533s; (g) image 89, T=79.15K, t=10308.3s; (h) image 90,
T=79.2K,t=10348s; (i) image 133, 7= 81.3 K, # = 12099 s. The images
are reversed. Scan size is 13 x 13 pm? Attached movie presents 133 images.
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Fig. 3. Time ¢ dependence of the temperature 7 during the experiment.
Two arrows indicate 7 and 7 at which two jumps (Fig. 2b—c and f-g) in the
vortex configuration occur. Inset: zoom in of the same plot close to the
first jump occurring when the temperature starts to rise.

magnetic induction from the number N of vortices present
in the scanned area a” as

B =N" 1)

As can be seen in Fig. 2 for the constant temperature, the
configuration of the vortex lattice is stable, Fig. 2a (image
5) and b (image 18). The vortices are arranged in the line,
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hence, the total number of vortices is N =~ 3 and the aver-
age induction calculated using Eq. (1) is (B) = 0.34 G.
Actually, this is the residual field generated by the applied
(earth) field as will be seen clearly below.

The first jump in the vortex configuration (Fig. 2c
(image 19)) occurs when the temperature starts to increase
as can be seen in the inset to Fig. 3. After the jump, two
single-flux vortices in the right-up corner tend to form a
bundle whereas the vortex from the bottom joins into
another bundle. Note that the average induction did not
change in this process.

A further increase of the temperature from 77.3 K up to
79.2 K leads to a clear tendency of motion of the entire
ensemble of vortices towards right-up corner, though its
configuration and the magnetic inductions do not change
(Fig. 2c—f). A proof of this motion is that the right-up vor-
tex vanishes from the scanned area in the image 18
(Fig. 2b) and another vortex (or bundle) enters the left-
down corner in the image of Fig. 2e (image 55) and f (image
59); particularly, the first jump was accompanied by a sim-
ilar displacement of the vortex lattice (compare the images
of Fig. 2b and c¢).

The second jump in the vortex configuration, which
occurs at 79.2 K (image 89 in Fig. 2g), involves a jump in
the number of vortices (magnetic induction) as well. The
average induction after the second jump is (B) ~ 0.9 G.
The most important fact is that the flux entered (hopped)
the scanned area as bundles consisting of 4-5 vortices.
Between the image 89 in Fig. 2g and the image 133 in
Fig. 2i the configuration of vortex lattice and the number
of vortices (magnetic induction) did not change signifi-
cantly even though the temperature was raised by 2 K.

4. Discussion

The noticeable flux-creep towards right-up corner direc-
tion even in the frame of the same vortex configuration
(images c—f and g-i in Fig. 2) indicates the action of some
energetically barriers. A significant bulk pinning is unlikely
at the elevated temperatures where the investigations were
carried out in Bi-2212. Indeed, it was shown that, at high
temperatures, bulk pinning is very weak and the hysteresis
loop, hence, the irreversibility, is mainly due to the surface
and geometrical barriers [6]. No significant vortex creep
over the geometrical barriers was detected within the exper-
imental time scale 107°-10~" Oe/s on Bi-2212 [7]. To date,
both the theoretical reports and experimental data indicate
that the vortex creep over surface barriers in “clean” lay-
ered superconductors like Bi-2212 prevails over any other
barrier at elevated temperatures.

A typical local magnetization curve taken at 77.3 K on
our single crystal is shown Fig. 4. Since the induction B
inside the sample was measured directly by the Hall probe,
the magnetization is defined as the difference between
induction and the applied field, M = B — H. A hint of the
existence of the surface barriers is the asymmetric shape
of the hysteresis loop, i.e., a sharp drop-off in magnetiza-
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Fig. 4. Local magnetization loop measured at 77.3 K and a sweep rate of
1.6 Oe/s.

tion above flux penetration on the ascending (increasing
absolute value of the field) branch, and the nearly flatness
of the descending (decreasing absolute value of the field)
branch. Additionally, the absence of any change of the sign
of the magnetization on the descending branch suggests the
absence of the bulk pinning. Therefore, the dynamics of
vortices should be determined mainly by the elastic energy
of the flux line lattice (vortex—vortex interaction) and the
presence of the surface barriers in this temperature range.

First, we discuss the second jump in the vortex configu-
ration at 79.2 K after that the induction rise with almost
0.7 G.

In the absence of surface barriers the flux enters (exits)
the sample at first penetration field H¢ [1,8],

NG 2)
4ni” ¢
at which the internal flux tread becomes energetically
favourable. The presence of the surface effects prevents
the flux entering at H.; until a higher thermodynamic crit-
ical field H, is reached. In the real samples, the first flux
entering occurs at full flux penetration field H,, which lies
somewhere in between: H, < H, < H, [9].

In HTSC, at higher temperatures, the field at H}, is pre-
dicted to enter by the creep of the vortex half-loops over
the surface barriers as [10]

Hcl =

Hyoc (To =TT 3)

As the temperature increases, the system should cross the
H(T) line described by Eq. (3). Only in the case of a de-
graded surface, the system crosses H.((7) line when T in-
creases. Fig. 5 shows two Hy(T) curves taken at two
different sweep rates, 39.2 Oe/s and 6.5 Oe/s, obtained
from the peak fields of isothermal magnetization curves
similar to that shown in Fig. 4. For decreasing dH/dz,
the surface barriers decrease (see [7]), and vanish at zero
rate. Therefore, the lower critical field was defined as
H(T) = H(T, dH/dt — 0) in the same figure. The lowest
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Fig. 5. Temperature T dependence of the first penetration field H,
measured at sweep rates of 39.2 Oe/s and 6.5 Oe/s. The lower critical field
is defined as H(T) = H,, (T, dH/dt — 0).

rate we have used was dH/dr = 1072 Oe/s. The details of
this subject will be reported elsewhere.

The data shown in Fig. 5 gives H,; ~ 3.8 Gat 77.3K, a
value well above (B)=0.34 G that suggests a highly
diluted residual vortex lattice. At 79.2 K, where the second
jump occurs, H.; =~ 2.8 G is again above the experimentally
calculated induction (B) ~ 1.1 G. Accordingly to the same
H(7T) line, the penetration of the field of 1.1 G into the
sample would occur at ~81.3 K. However, the curves in
Fig. 5 were not subjected to corrections for the demagnetiz-
ing factor. The field near the surface of the rectangular
sample with the thickness d, and the smaller transverse size
w in the Meissner state is (w/a')l/2 times larger than the
applied field, thus the penetration field is (d/w)" ’H,
[10,11]. Therefore, the field penetrates at a lower tempera-
ture, namely at 79.2 K instead 81.3 K. In this way, the evo-
lution of the Bi-2212 system (dynamics of diluted vortex
lattice) with varying temperature attends the following sce-
nario as observed in vortex imaging. The crystal was sub-
mitted to an EFC at H,m=H,~11G from a
temperature above the critical one 7, = 84.7 K down to
713 K. At T~ 792K, when H, (or (B)) = H, ~ H, the
field leaves the sample (though a residual field of H.cgiqual =
(B) =~ 0.34 G still survives). Our experimental route of vor-
tex imaging follows an opposite direction. The temperature
starts to rise from 7'=77.3 K in the presence of the resid-
ual field H csqual- As temperature increases, the surface bar-
riers for the flux creep should decrease (see Fig. 5). At
79.2 K, the system crosses Hy(T) ~ H,; line at which the
thermal activation over surface barrier occurs via the crea-
tion and further expansion of the half-loop excitations
[9,10,12]. The fast increase of (B) towards the higher
expected value H, = 1.1 Oe, at this temperature (Fig. 3a)
is attributed to the rapid flux entry caused by the decrease
of the surface energy barrier. Indeed, Fig. 2j-1, show that a
further T increase up to 81.3 K does not induce noteworthy
changes in flux line configuration and in the mag-

netic induction. This suggests, in particularly, that above
79.2 K the difference between (B) and H, is small and no
significant number of vortices enter the sample anymore.

The simultaneous appearance of 4-5 vortices within the
scanned area (hopping bundles) is in good agreement with
theoretical predictions of Burlachkov et al. [10] who have
shown that vortices penetrate through the surface via crea-
tion of critical nuclei consisting of several vortex lines [12].
The process was experimentally evidenced in vortex-
induced magnetoresistance [2].

As regarding the first jump in the vortex lattice configu-
ration at 77.3 K, this is, in our opinion, the result of the
highly diluted vortex lattice. In such a system the vortices
are extremely separated, the interaction between them is
exponentially weak and the vortex structure is very soft. It
seems that the beginning of the temperature increase
together with the action of the surface barriers on such a
diluted lattice create a tension in it which relaxes at some
critical value in the form of vortex bundles. The evidence
of the permanent action of “‘surface pressure” is given by
the tendency of the motion of the entering vortex structure
towards the sample center (towards the right-up corner) in
the frame of the same vortex configuration (images b—f and
g—iin Fig. 2). The same dilution of the vortex lattice hinders
its relaxation in the Abrikosov state above H(see images in
Fig. 2g-i). Both single-flux vortices and vortex bundles form
the vortex lattice in this region of H-T diagram.

5. Conclusions

We report the first direct observation of the vortex
dynamics in the diluted vortex lattice with increasing tem-
perature (from 77.3 K to 81.3 K) in Bi2212 single crystals
using a scanning Hall probe microscope (SHPM). Two
jumps in the vortex configuration were observed, the ten-
dency of the motion of the entering vortex structure
towards a direction (the sample center) even in the frame
of the same vortices configuration where the magnetic
induction is not changed, and the simultaneous penetration
of a vortex bundle in the scanned area. During the temper-
ature increase both single-flux vortices and vortex bundles
form the vortex lattice in this region of the H-T diagram.
The observed phenomena are in agreement with the theo-
retical predicted magnetic flux creep over surface barriers
at high temperatures.
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