
7

Defect Cascades Produced by Neutron Irradiation in in
Superconductors*

M. C. Frischherz1*3, M. A. Kirk1- J. Farmer2, and H. W. Weber*

Materials Science Division, Argonne National Laboratory, Argonne, IL 60439
2Missouri University Research Reactor, Columbia, MO 65211

3Atominstitut der Osterreichischen Universitaten, A-1020 Wien, Austria

February 1994

cuttador d *» US.Gomrmttt infer contact
No. W-31-l»£NG-3#. Acamfnfr. lh» V.S.
Gowwnm>m rataim a norm dmiw.

ol ihi* comrbulion.« afew Chan la (to «o. for

Submitted to the 7//t international Workshop on Critical Currents in Superconductors, Alpbach,
Tyrol/Austria, Januaiy 24-27,1994.

•This work was partly supported by the National Science Foundation-Office of Science and
Technology Center for Superconductivity, under Contract No. STC 91-20000 (MCF), the U. S.
Department of Energy, BES-Materials Sciences, under contract W-31-109-Eng-38 (MAK) and the
Midwest Superconductivity Consortium



DEFECT CASCADES PRODUCED BY NEUTRON IRRADIATION IN
YBa2Cu3O-.5 SUPERCONDUCTORS*

M. C. FRiSCHHERZ1-3 . M. A. KIRK1. J. FARMER2 and
H \V. WEBER3

' ' Materials Science Division, Argonne National Laboratory, Argonne, 1L 60439
-J Missouri University Research Reactor, Columbia, MO 65211
J) Atominstitut der Osterreichischen Universitaten. A-1020 Wien. Austria

ABSTRACT
The defect cascades produced by fast neutron irradiation of VBa2Cu3O7.g single crystals

were studied by transmission electron microscopy. The visible defects were found to have
sizes between I and 5 nm. Defect densities were obtained as a function of neutron fluence
between 2 and 8xlO21 nr2 (E>0.l MeV). The measured defect density scales linearly with
fluence and amounts to lxlO22 m"3 at a neutron fluence of 2xlO21 m'2. The defect stability
was studied at room temperature and through annealing to 400 °C.

1. Introduction

Irradiation experiments on high temperature superconductors have been a very active
field in the last years. These experiments can help in the investigation of flux pinning
mechanisms but they are also interesting from an application point of view because of the
possibility of significantly enhancing the critical current density, Jc, which is too low for
most applications in bulk materials. There is already a wealth of literature on the response
of various high Tc materials to different irradiation conditions; for reviews see, e.g., (1-4).
To model the individual defects produced by the primary knock-on atoms (PKOs) with
high energy (at lower fluences), initial experiments with ions (5) were performed. The
structure of individual defect cascades and the defect structure preceding amorphization
are studied there. In this contribution we will concentrate on individual defects produced
by neutron irradiation.

2. Experimental

YBa2Cu3O7.5 (Y123) single crystals with typical sizes of 1x0.5x0.1 mm3 were
grown by the flux method in gold crucibles according to the procedures reported in (6).
The onset of the superconducting transition temperature was between 90 and 92 K, with a
transition width of 0.5-1 K, measured in a low field SQUID. Thinning for TEM was done
by crushing the crystals in methanol and depositing them on a 1000 mesh grid without a
carbon film. One crystal was thinned by electropolishing using the technique described in
(7). It was found that electropolishing is only useful for low fluence irradiations because
some interaction took place between the damage by the polishing procedure and the
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damage from irradiation. The samples, either thinned and deposited on grids or whole
crystals, were sealed in quartz tubes, which were backfilled with helium. The quartz tubes
were sometimes wrapped loosely in 0.5 mm cadmium sheets in order to shield thermal
neutrons. Then the quartz tubes were put into flooded aluminum cans and irradiated in the
HI position (outside the core but within the graphite reflector) of the Missouri University
Research Reactor (MURR) and in one case in the low temperature irradiation facility
(TTB) of the FRM reactor in Munich at 5 K. Both reactors have a mixed neutron
spectrum with a degraded fission peak, a 1/E epithermal regime and a thermal peak. The
water temperature reaches 43 °C at full power at MURR. Samples were irradiated to 2.4,
and 8xlO21 trf2 (E>0.1 MeV).

Electron microscopy was performed at a voltage of 100 kV, which is below the
threshold for knock-on damage in Y123 (8), on a JEOL 100CX and a Philips CM 30 mi-
croscope. Dark field (DF) images with g = [200], [020] and [006] were taken near the
[001] or [100] pole under two-beam diffraction conditions. Counting of the defect con-
centration was done in an area with good defect visibility, usually along the second dark
thickness fringe in from the edge of a DF micrograph. Defects that show clearly the
black/white lobe contrast are counted as one, defects that show only black dot contrast or
a less pronounced black/white contrast are counted as half; their number also determines
the uncertainty quoted for yields. For calculating the defect densities, the projected thick-
ness had to be determined. This was usually done by tilting a twin boundary by a known
angle along [110] and measuring its apparent width. For defect sizing the length of the
interface between the black and white lobes and the image width perpendicular to this
interface were both characterized. The length of the interface between the black and the
white lobe was taken as the size of the defect (9), whereas the image width perpendicular
to the interface shows the extent of the strain field, to be exact, the distance at which the
strain field has fallen to 7 % r; its maximum value (9). The length of the interface is not,
and the perpendicular width only weakly dependent on w (the deviation from the exact
Bragg condition) (9).

3. Results

Fig. 1 shows an area prior to and after irradiation to 2xlO2' m"2. This area does not
show any visible defects prior to irradiation, but after irradiation several defects, some of
them circled, can clearly be identified. Under g = [200] (middle panel) all of them appear
as black/white lobe features with 1, the vector from the centre of the black to the centre of
the white lobe, parallel or anti-parallel to g. The viewing direction in this piece is [010] (a -
and b axes arbitrarily assigned), hence, the second most intense reflection is [006]. The
right panel shows a DF image taEen witH the 006 diffracted beam. Some of the defects
shown in the middle panel also appear with a black/white contrast (these are labeled "1"),
some show up only with a black dot contrast (labeled "2"), and some are not visible in
[006] (labeled "3"). The defects, which exhibit black/white contrast, have again I parallel
to g. From this and several other pieces, both c-ushed and electropolished, Cd-wrapped
and unwrapped, close to both major poles, [001] and [100], always the same density of
visible defects was measured within the experimental error: l±0.5xl022 m ° . If only
'good' looking areas are evaluated the errorbar is reduced to about 10-20 %.



Fig. 1 DF
irradiation to

images of the exact same area before (left panel) and after (middle and right panels) neutron
to 2~x I0 2 ' m"2. (left and middle): g = [200], (right): g = [006].
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The tluenee dependence of the defect density is qualiuuheiy demonstrated in Fin. 2.
Three different samples are shown, irradiated to 2, 4 and 8 -. 10-: m"- (E>0.l MeV). The
defect densities are 1.0 (±0.3). 2.2 (±1) and 3.9 (±2)xl0~ mf \ Thus, the defect density is_
seen to increase linearly with fluence up to 8xlO21 m"- within the experimental error. In
the right panel the visible defect density in the twin to the left of the twin boundary is
much lower. This is due to two effects: Firstly, the operating reflection is [020], and ;
secondly, the excitation error is smaller in this twin when it is optimized for the other f
twin, as can be seen from the different spacings of the thickness fringes. j

Figure 3 shows a distribution
of defect sizes of about 100 de-
fects, defined as the length of the
interface between the black and
the white lobe, from a sample ir-
radiated to 4xlO21 m"2. The mean
defect diameter is 2.5 run. The
strain field measured perpen-
dicular to the black-white interface
is about 2.5 times the length of the
interface for each defect. Thus, the
mean strain field diameter
amounts to 6 run.

In order to investigate the
defect stability at elevated tem-
peratures, one sample was annealed in situ in the microscope. The result is shown in Fig.
4, where the same area of a sample is shown prior to annealing, after annealing for 10
minutes at 200 °C and after annealing to 400 °C. Three clearly visible defects are arrowed
in (a) and are clearly visible in (b), too. Of these, two are still visible in (c), albeit with
somewhat weaker contrast, the third cannot be found. However, another change, namely
the appearance of two perpendicular sets of lines parallel to [110] and [1T0], the tweed
structure, makes it difficult to decide whether this defect has in fact disappeared or is just
obscured due to the background. The tweed structure can be linked to the loss of oxygen
in the microscope vacuum, when the sample was heated to 400 °C, and was observed in
O-deficient samples before (10). We also verified the stability of these defects with time
(several months) at room temperature and after annealing in the bulk, rather than thinned.

The observation that the defect cascades produced under neutron irradiation are sta-
ble at room temperature and under annealing to 300 °C, in the thin foil and in the bulk,
independent of irradiation temperature is consistent with the assumption that these defects
are produced directly by displacement cascades rather than by clustering of migrating
point defects, similarly to the ion produced defects. In the latter case, this was proved
directly by in situ low temperature ion irradiation in the TEM, where we found the same
defect density at low temperature as after warm-up (11).

Examining the recoil spectra (12), we note that a large percentage of the PICO atoms
produced in fast neutron irradiation has an energy comparable to the one used in the ion
irradiation experiments, i.e. 50 keV. Thus, we would expect the defects to be similar.

0

Fig. 3 Size distribution of defect cascades produced by
neutron irradiation.



Fig. 4 g = [200] DF images of the same area irradiated to 4 x 1021 m"2 before annealing and after
annealing in situ for 10 minutes at 200 and 400 °C.

Investigating the strain field of the neutron defects, it was found that almost always when
we observed a defect with a distinctive I vector, it was parallel (or antiparallel) to g,
similarly to our results in ion irradiated Y123 (5). These similarities strongly suggest that
the defects have the same structure, i.e., hydrostatic strain centers of vacancy type.
Because the 1 vector of such a defect oscillates with depth (13) and because neutron
irradiation produces defects, which are homogeneously distributed throughout the foil, we
expect parallel and antiparallel to be randomly distributed, which is the case. The sizes
are somewhat smaller here ( 2 - 5 run) as compared to ion produced cascades (3-7 nm),
reflecting the difference in the recoil spectrum.

Neutron induced defect densities reported in another TEM study (14) were found to
be 10 m*3 / m~-. i.e. twice as large as ours, which is a difference outside the errorbars.
Their irradiation was performed at 80 °C. rather than at 43 °C as ours, but judging from
our annealing results this should not make a difference. However, we found that the
damage from ion milling, which was used to thin these samples, interacts with the
damage from irradiation, particularly at a fluence as high as here (3x10— nr2). thus, we
suggest that some of the defects observed in (14) are due to ion milling.

Individual defect cascades as reported in the present paper have been associated with
flux pinning already in conventional superconductors. Therefore, when enhancements of
the critical current density. Jc. after neutron irradiation were reported for the first time



(15) in \ 123 single crystals, they were attributed to defect cascades. The sizes we report
here (2-5 nm] are very close to the coherence length in the ab-plane (~ 7 nm at 77 K).
and therefore ideal for pinning the core of a vortex line.

In summary, neutron irradiation to low fluences was found to produce individual
defect cascades created by high energy PKOs. Their similarity with ion induced defects
suggests that they are hydrostatic pressure centres inwardly directed. The defects are
found to be stable at room temperature and at temperatures up to 400 °C. The mean size
is 2.5 nm, and their strain field extends to twice their size. The visible defect density is
proportional to neutron fluence up to 8xlO21 nr2 and found to be 0.5xl022 nr3/1021 nr2 .
Comparisons with magnetization measurements show the importance of these defects as
pinning centres.
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