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Observation of dynamic flux-line relaxation in ion-irradiated Bi ,Sr; gCaCu,O,
by Lorentz microscopy
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The dynamical behavior of individual flux lines in f8ir, LCaCyO, thin film irradiated with 240-MeV
Au'*" ions was investigated by Lorentz microscopy. To evaluate the pinning effect of columnar defects, the
irradiation to a single crystal was partially blocked by using a mask. The flux-line relaxation after changing the
equilibrium conditions in the two regions, one irradiated and the other without irradiation, was observed
simultaneously. Just after switching off the magnetic field at 4.5 K, the flux-line density in both regions
decayed logarithmically with time from uniform configuration. However, the relaxation rate in the irradiated
region was less than that in the nonirradiated region. The flux-line density in the equilibrium state in the
irradiated region was much higher than that in the nonirradiated region. These results revealed that the pinning
force was enhanced by ion irradiation. Also it was observed that reversely polarized flux lines are generated
and pair annihilation occurs between opposite flux lines during the relaxation, which has never been revealed
by conventional macroscopic techniques.

INTRODUCTION heavy ion irradiation on BBr; {CaCyO, were investigated
by observing the dynamic behavior of flux lines by Lorentz
The enhancement of the critical current density of microscopy.
high-T. superconductors is very important in practical appli-

c;ations. Obtaining Iarge!clrequires. strong pinning of flux EXPERIMENTAL METHODS
lines because, when flux lines begin to move due to the Lor- _
entz force induced by an electric current, a voltage is gener- A. Sample preparation

ated and this breaks down the superconducting state. To in- A single crystal of BjSI, {CaCu0, (BSCCO with a size
vestigate the pinning mechanism and to identify the effectivegys 6x6x30 mn? was prepared by standard floating zone
pinning centers, it is necessary to observe flux-line dynamicgethods using an imaging furnace. The critical temperature
with pinning centers. _ T, of the crystal was about 87 K as determined by a super-
It has been reported that crystallographic defects and nonsgnducting quantum interference devi®QUID) magneto-
superconducting inclusions can improdg.* In particular, meter.
irradiation of highT; superconductors with electrons, neu- gscco films with thickness of 200—300 nm which were
trons, or ions is found to be effective in inducing these de"fairly uniform within a 100<100 um? area were cleaved
fects. In_general, high energy electrdrspeutrons, and  from the single crystal as specimens for transmission elec-
light ions’ create point defects and/or small defects whosgygn microscopy(TEM). The thin films were mounted on the
pinning force is relatively small and they are effective only atlow-temperature specimen stage of a 300-kV field emission

low temperatures resulting in small increaseJin On the  glectron microscop similar to the one used in our previous
other hand, heavy ions with energy of hundreds of MeV,,qrkg14-16.18,19

(Refs. 6—9 create an amorphous region along their linear
tracks in the crystal of highF, superconductors. These co-
lumnar defects have been found to act as strong pinning cen-
ters of flux lines, especially for highiz superconductors with The experimental setup is illustrated in Fig. 1. The speci-
layered structure; thus they enhance Jhe® men was tilted to both the external magnetic field and the
To investigate the interaction between columnar defectincident electron beam. The image of a single flux line is a
and flux lines, scanning tunneling microscoTM) for  spot consisting of bright and dark regions. The flux-line di-
NbSe (Ref. 11 and the Bitter technique for Bsr,CaCyO,  rection is along the line dividing the bright and dark regions,
(Refs. 12 and 1B8have been used for the static relation. and the polarity is determined from the side on which the
However, flux-line dynamics cannot be observed by theselark region is found.
techniqgues. On the other hand, with the Lorentz The contrast of each single flux line depends on the angle
microscopy* =16 and electron holograph{° which use a at which the specimen is set to the horizontal and on the
coherent electron beam, flux-line dynamics and the interacdefocusing. The larger the setting angle of the specimen and
tion with surface steps in Nb thin films can be obsertfed. the defocusing, the greater the contrast. In the present work,
In the present work, the columnar defects produced byor the observation of a thicker specimen, the specimen was

B. Experimental setup
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FIG. 2. Schematic diagram of ion irradiation. 240-MeV*Al
ions are irradiated on cleaved BSCCO thin film through gub®-
thick Cu grid mask with 2%25 um? windows. Both the irradiated
and nonirradiated regions can be observed simultaneously by Lor-
entz microscopy.

Defocused image

. ) . and a 7um-long cascade. Therefore, to measure the effect of
FI_G. 1. _Ex_penmental arrangement of qux-Il_ne pbserve}tloq. Thethe columnar defects on the superconductor, the specimen
specimen is tilted 30° toothe external magnetic field which IS @p-thickness for the measurement had to be less tham.6ne
plied horizontally and BQ to the e!ectron beam. Eaph flux line is ;oo of 5um-thick BSCCO cleaved from the same single
gbs_er(\j/efl asa sdp(f:)t con:ﬁlstmgtof btrlght and dark regions. The pola ‘rystal was measured by the Quantum Design SQUID mag-
y 1S determined from the contrast. netometer before and after irradiation.
mounted at 30° to the horizontal which was a smaller angle Figure 3 shows an example of the magnetizatibh T)
than that of previous experimerits:'® Therefore, a larger curve before and after ion irradiation for a fluence of
defocusing value, 112 mm, than used previously was neededi1x 108 ions/cnt. The measurement was carried out as fol-
to maintain the same contrast for observing the flux lines. lows: (1) after cooling down the specimen with a magnetic
field of 100 G,(2) the magnetic field was switched off, and
C. lon irradiation (3) the specimen temperature was raised stepwise and mag-

. i . netization was m r h ilibrium temperature.
After cleaving the thin films for TEM observation, colum- etization was measured at each equilibrium temperature

nar defects were induced by 240-MeV i irradiation us-

ing a Tandem accelerator at the Japan Atomic Energy Re-
search Institute(JAERI). To observe the effectiveness of 1k
pinning, both irradiated and nonirradiated regions were pre- __ Do
pared in one specimen using a mask for the ion irradiation. A g
schematic diagram is shown in Fig. 2. Copper grids with a =08
thickness of 5Qum and 25¢<25 um? windows were used as
the masks against ion irradiation. The irradiated and nonirra- §0,6

A before irradiation

o after irradiation

bi

diated regions were observed simultaneously and the differ- g 4 ooo
ence in dynamical behavior of the flux lines between the two § %
regions was investigated by Lorentz microscopy. Ho4r o
The incident angle of A" ions was a few degrees off ;c)o A °O
the exactc axis because of slight bending and tilting of the § 02 o

thin films. Therefore, ion channeling, a phenomenon in A 2

which incident-charged particles are transmitted through the 0 L ,%
crystal without interaction, was automatically avoided and 0 10 20 30 40 S0 60 70 80 90 100
one ion produced a single columnar defect. The fluence mea- Temperature (K)

sured by the electron counter corresponded to the density of

columnar defects observed by TEM.

FIG. 3. The magnetizatiofM-T) curve of the BSCCO thin film
at 100 G beforgA) and after(O) irradiation. After switching off
the magnetic field, the magnetization is gradually decreased by rais-
According to simulatiorf! the ion track of 240-MeV ing the temperature. The shoulder above 22 K after irradiation
Au'** in BSCCO consists of a @m-long columnar defect shows the pinning effect enhanced by ion irradiation.

D. Magnetic properties
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FIG. 4. Effect of 240-MeV A&*" irradiation on a single crystalline BSCCO observed by electron microsdepgcanning electron
micrograph of a wide region(b) transmission electron micrograpgbright field imagé at one corner of an irradiated region, a(al
high-resolution electron micrograph of the columnar defect. Squarés @re irradiated regions and each black dotbhis a columnar
defect induced by a single ion. The columnar defect is tilted a few degrees fromatkis in (c).

The shoulder in the magnetization curve above 22 K aftechanging the condition. Since flux lines tend to flow along
irradiation shows that the pinning effect is enhanced by théhe boundary between the two regions, flux lines were not
columnar defects induced by ion irradiation. The effect ofresolved at the boundary. These results are similar to those of
ion irradiation is seen by Lorentz microscopy, to observe theur previous observation of Nb filntS Figure 8b) is a mag-
distribution and dynamical behavior of flux lines. nified detail of one part of the parallelogram shown in Fig.
5(a) recorded 25 min after switching off the magnetic field.
The arrows at the center of the micrograph point to a bound-
RESULTS AND DISCUSSION ary between the irradiated regidieft side) and the nonirra-
diated region(right side. The irradiated region includes
many flux lines and some of these make a line along the
Figure 4 shows the results of heavy ion irradiation onboundary, whereas the nonirradiated region includes only a
BSCCO thin films. The scanning electron micrograph in Fig.few flux lines in the same area. The unbalanced distribution
4(a) shows the distribution of the regions exposed under thand density of flux lines show the difference in average pin-
mask windows by an irradiation of fluence of*®@ns/cnf. ning force between the two regions caused by ion irradiation.
The transmission electron micrograiright field imagein  Figure 5c) is also an equilibrium configuration but with a
Fig. 4b) shows a magnified detail of a corner of the irradi- larger magnetic field from a different experimental proce-
ated region. Each black dot in this figure corresponds to &ure. In the case of(), the specimen was cooled to 4.5 K
single columnar defect induced by an ion. Columnar defectyithout a magnetic field, then a magnetic field of 40 G was
are found only in the unmasked regions so the Cu grid masRPplied and micrograph(€) was recorded 30 min later. The
is effective in shielding against the ion beam. Figufe 4 a  Position of the boundary in the figure is similar th The
high-resolution micrograph recorded in f@91] direction of ~ flux-line contrast was visible as vertical lines to the right side
a columnar defect. The damaged area with an amorphod@( the boundary(nonirradiated region whereas the contrast

structure is about 10 nm in diameter and is spread out gﬁ the left side(irradigted regioh has disappea_req. This is
either side of the micrograph, which suggests that the colu because the flux lines were randomly distributed by

nar defect was produced a few degrees off the exantis of columnar-defect pinning in the irradiated region. Therefore,
the crystal. the contrast of the flux lines disappears because they overlap.

On the other hand, in the nonirradiated region the flux lines
make a regular lattice structure which can be seen as vertical
B. Static configuration of flux lines lines.

In the flux-line configuration shown in Fig. 5, the effect of  Figure 5 shows that the flux-line configuration and the
ion irradiation was observed by making a comparison bedensity strongly depend on ion irradiation. These results re-
tween the two regions. In Fig.(®, two irradiated regions Veal the difference in average pinning force between irradi-
can be seen as the parallelogram caused by tilting the spe@ed and nonirradiated regions, i.e., the ion irradiation en-
men to the incident electron beam. This micrograph was relances the average pinning force of the material and the
corded 5 min after switching off the external magnetic fieldinduced columnar defects suppress the flow of flux lines and
of 10 G at 4.5 K. The flux lines in the irradiated regions aredisturb the regular lattice configuration.
visible, but the contrast of flux lines outside these regions is
lost because the flux lines in the nonirradiated region were
flowing during the exposure tim@0 seg. This shows that Lorentz microscopy showed the dynamical behavior of
the flux-line configuration was not stable for 5 min after flux lines after the equilibrium conditions changed. One of

A. The effect of ion irradiation

C. Dynamical behavior of the flux-line relaxation
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FIG. 5. Lorentz micrographs of BSCCO thin film including the
irradiated regions(a) flux-line configuration recorded 5 min after .
switching off the magnetic field of 10 G. Two irradiated regions [ = ’
(parallelogramh are visible by flux lines pinned in the columnar | " e .
defects;(b) equilibrium configuration 25 min after switching off the . 5 I’lm
magnetic field;(c) flux-line configuration after a magnetic field of |
40 G was applied. The flux-line configurations and density in the
micrographs are changed by the boundary between the irradiated FIG. 6. Dynamic observation of flux-line decay when a mag-
(left side) and nonirradiatedright side regions. netic field of 15 G is switched offia) within the magnetic field(b)

26 min after switching off the magnetic fieldg) 58 min after

switching off the field, andd) the antiparallel flux lines observed in

the relaxation process. The flux line indicated ®yis a reversely
these behaviors is a magnetic relaxation which is logarithmi@olarized flux line. Initial flux lines(colored blug in (b) and (c)
decay of magnetization measured by a SQUID magnetoméj-ecrease Wlth time. Re_versely polarized flux I!mg_slored re_()l are
ter. The relaxation process was thus directly observed in th@enerated in the specimen and flow to the initial flux lines. The
unit of a single flux line. relgxatlon by pair annihilation probably occurs in this observation

Figure a) shows a Lorentz micrograph of the area near ©9'°":
the specimen edge, containing both irradiated and nonirradi-
ated regions, which were cooled to 4.5 K with a magnetic
field of 15 G. The boundary of the two regions is indicated
on the figure. The density of flux lines corresponds to thecorded[6(b)] 26 min and[6(c)] 58 min, respectively, after
external magnetic field. Although the density was uniform inswitching off the magnetic field. To trace each flux line in the
the equilibrium conditiofFig. 6(@)] and just after switching decay process easily and in high contrast, micrograjhs 6
off the magnetic field, the density in both regions graduallyand &c) were recorded with larger defocusii@52 mm
decayed with time. Figures() and Gc) are relatively short than Ga); hence the flux lines colored blue and red appear to
exposure(5 se¢ micrographs of the decay, which were re- be larger than those in(&. The polarity of all of the flux

i

i
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number with timg Fig. 6(c)] and were gradually attracted to
the high-density region of the initial flux lines. There, they
and the initial flux lines pinned at the columnar defects were
annihilated when they met.

This generation of reversely polarized flux lines and the
occurrence of pair annihilation cannot be observed by mac-
roscopic techniques, which reveal them merely as the mac-
roscopic relaxation. Our Lorentz microscopy, however, re-
vealed the details of the relaxation process by showing the
individual flux lines and their polarities dynamically.

Furthermore, to investigate the relatively rapid relaxation
of the flux lines shown in Fig. 6, the dynamics of each flux
[ line was traced and the densities in both regions were mea-
0 N - sured from successive framed30 se¢ of videotape. Figure

20 100 1000 2000 7 shows the density versus logarithm of time in both regions
Time (sec) within 20 min after switching off the magnetic fie[thefore
recording Fig. @)]. The densityD(t) in both regions de-

FIG. 7. Transition of flux-line density in both the irradiatéd)  creases logarithmically with time. These logarithmic decays
and nonirradiatedA) regions. The density in both regions decays gre similar to the results of the magnetization relaxation mea-
Io_garithmi(_:ally with time. The_ relaxatior_l ra(gradien} i_n the irra-_ sured by a SQUID. The normalized relaxation rate
g':lctzdir:e?e'?;xziz:?!‘?;Sthst?o'\?vsthﬁgor}'rﬁg'atef(: regu;n.hThg glf'fel’;?: —1/Dy[dD/d(Int)] can be calculated using the data. The

P g efiect of the IndUCeq51ue ofSis 0.13 for the nonirradiated region, and is 0.11 for
columnar defects. . - . . . .
the irradiated one. The decay rate in the nonirradiated region
is about 20% larger than that of the irradiated region. This
ratio is similar to the results from Gtf ion irradiation on

lines in §b) and Gc) is determined from their contrast, initial BSCCO?

flux lines are colored blue and reversely polarized flux lines

are colored red. The reason for observing both the flux lines

at the same time is explained later. Figufd)8s an example CONCLUSION

of the antiparallel flux lines observed in this relaxation pro- Our Lorentz microscony confirmed that columnar defect
cess. At the flux line indicated by a star, the bright and dark by at columnar detects

contrast in the flux line is reversed. m_duced by heavy_ion_ irradiation act as_pin_ning_centers in

It is very difficult to record the relaxation process within NM9M1"Tc BSCCO thin film, by comparing ion-irradiated and
20 min of switching off the magnetic field, such as from non|_rrad|a_ted regions. The pinning effec_ts were sh_own in the
Figs. 6a)—6(b), since flux lines quickly flow out of the film configuration and the dynamical behavior of flux lines after
one after another, for example, in Figab However, it is ~c¢hanging the equilibrium conditions. The logarithmic decay
possible to record the relaxation on videotape. The motion off the flux-line density is similar to that revealed by macro-
flux lines seemed not to “hop” between pinning centers asSCoOpic observation. Furthermore, it was observed that the
observed in NB#6 but to “flow” in the specimen. It is relaxation consists of two processes: the generation of re-
conjectured that the diameter of the flux ling®0 nm was  versely polarized flux lines and the pair annihilation of op-
comparable to the hopping distance. positely polarized flux lines.

Also, a relaxation process was found by observing the
dynamical behavior of flux lines in the series of Fig. 6. The
flux-line density decays gradually with time in both regions ACKNOWLEDGMENTS
and the difference in density between the two regions is ex-
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