REAFEEBUKNSFY

Tohoku University Repository

Electron irradiation induced amorphization in
YBa2Cu307 and GdBa2Cu307 superconductors

00 OO0 OO0

journal or Applied Physics Letters
publication title

volume 53

number 14

page range 1326-1328

year 1988

URL http://hdl.handle.net/10097/34899




Electron irradiation induced amorphization in YBa,Cu,0, and GdBaCu;0,

superconductors

mM. Nastasi,? Don M. Parkin,”® and 7. G. Zoceo®

Los Alemos National Laboratory, Los Alamos. New Mexico 87545

Jd. Koike

Department of Materials Science and Engincering, Northwestern University, Evanston, Hlinois 60208

P.R. Ckamoto

Materials Science Division, Argonne National Laborarory, Argonne, Hiinois 60439

(Recetved 3 June 1988; accepted for publication 2 August 1988)

Transmission electron microscope specimens of the oxide superconductors Y Ba,Cu,C- and
GdBa,Cu,0, have been irradiated at 35 K with 1 MeV electrons and doses up to 1.5 107 ¢/
cm”. Electron diffraction data show the two different superconductors do not respond similarly
with GdBa,Cu,0; being more resistant to amorphization than YBa,Cu;0,. Amorphization
appears {0 be dependent on displacements occurring at the Y/Gd lattice site. In addition, it
appears that within each material, the electron dose required to initiate amorphization is lower
for grain boundary irradiations relative to large single grain irradiations.

Recent studies involving the new class of high-tempera-
ture oxide superconductors have shown these materials to be
very sensitive to particle irradiation,”® producing alter-
ations to elecirical and structural properties. Room-tem-
perature ion irradiation studies have shown that the loss of
superconductivity is correlated with the formation of an
amorphous phase at grain boundaries.° Studies emploving
3 MeV electron irradiation at 20 K have also proven effective
at reducing the superconducting transition temperature but
resulting structural changes were not examined.” In the pres-
ent letter we examine the amorphization ability of 1 MeV
electrons on YBa,Cu, 0, and GdBa,Cu,0; superconductors
cooled to 35 K.

Bulk samples of the high-temperature superconductors
YBa,(u,0; and GdBa,Cu, 0, were produced using stan-
dard powder metallurgy techniques.” Transmission electron
microscope ( TEM) specimens were prepared from the bulk
superconductors using a standard ton thinping technigue.
Miiling took place at 126 K using 6 keV Ar and a thinning
angle of 15°. TEM examination of the as-milled specimens
indicated that the material was fully crystalline and that
milling damage was kept to a minimum.

High-cnergy electron irradiation studies were per-
formed in the Argonne National Laboratory High Voitage
Flectron Microscope (HVEM). The samples were cooled to
35 4+ 3 K and irradiated with | McV electrons at peak elec-
tron dose rates between 2.48x 10" and 6.97 X 10" elec-
trons/cm’/s. A catalog of TEM micrographs and diffraction
patterns at various electron doses was maintained through
the irradiations. Focused electron irradiations were per-
formed at both the centers of large single grains, and at grain
boundaries which appeared to be clean and free of any sec-
ond phases, crystalline or amorphous.

The calculated number of atomic displacements result-
ing from the electron irradiations (dpa)} was estimated using
Gen’s tables of total cross sections for atomic displacements
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by fast electrons.” A displacement energy of 20 ¢V for all was
assumed. This value was chosen based on the recent electron
irradiation work of Mitchell ef al.’ and Kirk ef /' and
results reported by Clark ef ¢/, that prolonged 300 keV elec-
tron irradiation amorphized YBa,Cu,0,.% Assuming a 20
eV displacement energy led to a caleulated number of atomic
displacements per unit electron dose of 43.3x 10 ** and
42.0x 10" ** dpacm*/electron for YBa,Cu,0, and
GdBa,(Cu,0,, respectively.

Eiectron diffraction patterns and micrographs from a
GdBa,Cu (3, grain boundary region as a function of electron
dose are presented in Fig. 1. The two zone axes irradiated
were {0211 and [231]. A twin structure can be observed in
the micrograph taken of the unirradiated state, Fig. 1(a).
Afier exposing the grain boundary region to 2.5 X 107" e/cm’
(0.10 dpa) no change in the diffraction pattern was observed
but 3 loss of conirast from the twin structure was evident,
Fig. 1(b). The diffraction pattern after 1.1 107 e¢/cm’
{0.46 dpa) continued to remain crystalline in nature and did
not suggest the presence of an amorphous phase. FHowever,
electron micrographs taken ai this dose were increasingly
devoid of any contrast; twins and bend contours present in
the unirradiated specimen were no longer present, Fig. 1(c}.
A broad diffuse diffracted ring, indicating the formation of
an amorphous phase, was not observed following an irradia-
tion of 4.1 10?2 e/cm? (1.72 dpa), but could be observed
following a dose of 6.6 10" ¢/cm?® (2.77 dpa). Micro-
graphs taken from the boundary region at this dose were
devaid of contrast and did not show preferential contrast
change at the boundary interface, Fig. 1(d).

EBlectron diffraction patterns from a [010] oriented
GdBa,Cu,(, grain revealed that a single crystal of
GdBa,Cu, 05 is reasonably insensitive to | MeV electron ir-
radiation. The diffraction pattern taken after the maximum
electron dose of 1.5 X 10 e/cm’ (6.30 dpa) was very similar
to the initial vnirradiated pattern and did not show any evi-
dence for the formation of an amorphous phase.

Diffraction data from the irradiation of an YBa,Cu,O,
grain boundary region are presented in Fig. 2. The zone axes
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FIG. 1. Electron diffraction patterns and micrographs from a GdBa,Cu, 0,
grain boundary {g.b.) region {a) before electron irradiation, and (b) after
an exposure t0 2.5X 10°7 ¢/end’, (¢) LIX10% e/em’, and (d) 6.6 107
e/cm?.

of the two grains irradiated were [021] and [572}. The dif-
fraction patterns remained crystalline for doses up to
1.7X 10" e/em’ (0.74 dpa). A broad diffuse ring, indicating
the formation of an amorphous phase, was cbserved after an
irradiation of 2.3 10% e/em’ (1.00 dpa). Diffraction sig-
nals from both a crystalline phase and an amorphous phase
were observed after 2 maximum dose of 4.7 10%? ¢/cm?
(2.04 dpa ). Micrographs of the boundary region at this dose
did not show any preferential contrast change at the bound-
ary interface.

Electron diffraction patterns taken from a large single
grain of YBa,Cu,0,, irradiated along the |053] axis, indi-
cated the existence of only crystalline material for eleciron
doses up to 2.5 < i0% e/cm” (1.08 dpa). Following & dose of
3.1 10% e/em’ (1.34 dpa), the diffraction pattern began to
display broad diffuse rings, which were double diffracting
from intense crystalline diffraction spots. The relative inten-
sity of the amorphous diffraction signal to the crystalline
diffraction signal was cbserved to increase with eleciron
dose. Both patterns persisted for doses up to 5.5 % 10%% ¢/cm?
(2.38 dpa).

These electron irradiation data have shown that the su-
perconducting materials, ¥YBa,Cu,0; and GdBa,Cu,0,, do
not behave similariy to ! MeV electron irradiation at 35 K,
with GdBa,Cu,O, being more resistant to amorphization
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F1G. 2. Electron diffraction patterns from an YBa,Cu,J, grain boundary
before and after electron irradiation.

than YBa,Cu,;0,. In addition, it appears that within each
material, the electron dose required to initiate amorphiza-
tion is lower for grain boundary irradiations relative to large
single grain irradiations. The onset of amorphization for
grain boundary regions was observed to occur between the
doses of 1.7 107 and 2.3 X 10”2 e/cm® (0.74-1.00 dpa) for
YBa,Cu,0; and between 4.1 10% and 6.6x 10?2 e/cm?
(1.72-2.77 dpa) for GdBa,Cu,0,. The onset of amorphiza-
tion for large single grains was observed to ocour between the
doses of 2.5 X 107 and 3.1 X 107 e/cm?® (1.08-1.34 dpa) for
YBa,Cu,O, and was not observed for GdBa,Cu,O, at the
maximum dose of 1.5 X 10% e/cm? (6.3 dpa).

The fact that amorphization at grain centers was ob-
served in YBa,Cu,0, but not in GdBa,Cu,0, can be ex-
plained in terms of a difference in the displacement cascade
between these materials. The maximum energy transferred,
T, froma i MeV electron is 271 eV for 8, 72 eV for Cu, 49
eViorY,3ZeV for Ba, and 28 eV for Gd. Assuming a reason-
able effective displacement threshold of 20 eV for the metal
and oxygen atoms, and using Oen’s electron displacement
cross section tables,® shows that direct displacements of Ba
and Gd from electron collisions are small compared to O,
Cu, and Y displacements. The principal source of metal
atom displacements occursinthe 3, Cu,and Y displacement
cascades.

TRIM Monte Carlo simulations'! of O, Cu, and Y dis-
placement cascades were used to determine the number of ¥,
Ba, Cu and Gd, Ba, Cu displacements in the two materials
using a displacement energy of 20 eV, thus obtaining the
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stoichiometry of displaced metal atoms in the cascade. The
average stoichiometry S per target atom is defined as

5=3P, mei('LS( 7) 47 / "do (1)
'y AT n dT

where § represents G, Cu, and Y recoils, P, is the relative
probability of producing an O, Cu, or Y recoil in a 1230,
target with a 1 MeV electron, do/d T is the differential scat-
tering cross section for an O, Cu, or Y atom receiving a recoil
energy 7, and S{T) is the resulting recoil energy dependent
stoichiometry.

For these calculations, ${7) was defined as the ratio of
displaced Y, Ba, and Gd atoms to Cu atoms, setting the Cu
stoichiometry at 3 for comparison with that in the material.
To be consistent with this definition of S( 77, the integrals in
Eq. (1) were performed from values of T corresponding to
the minimum recotl energy for displacing a metal target
atom or a Cu atom in the case of the O cascade, and 7,

=271 eV. The relative stoichiometry of metals is only
meaningful when at least one type of metal atom is displaced.

The TRIM values for S{77) from an G recoi! stimulated
cascade are given in Fig. 3 for Y, Gd, and Ba in the two
materials. The calculated values of .S using Eq. (1) and a
Seitz and K oehler approximation to the McKinly-Feshbach
displacement cross section'’? are Y,,Ba,,Cu,, and
Gd, , Ba, ,Cu,,. This result shows that the stoichiometry of
the cascade is different between the Y-based material and the
Gd-based material with the probability of Y displacements
being four times that of Gd, in reascnable agreement with
our observations. A conclusion that can be reached is that
the nucleation of an amorphous phase in either of the two
materials is dependent on the cascade displacement stoichi-
ometry and/or the number of displacements that occur at
the Y/Gd lattice sites.
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FIG. 3. TriM calculations of the ratio of displaced Y, Ba, and Gd atoms to
Cu atoms, S(T), produced by O recotls of energy 7, in the materials
GdBa,Cu 0, (Gd) and YBa,Cu, O, (V). Displacement values for ¥V, Ba,
and Gd have been normalized by setting the Cu displacement stoichiometry
at 3.
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A similar analysis was also carried ouf assuming an elec-
tron energy of 300 keV to examine the experiments of Clark
er al® Calculated values for § in this case were
Y, 1Bag, Cu,, and Gd,y Bay  Cu,y . This result shows an
even greater difference in the stoichiometry of the cascade
relative to the 1 MeV case, and suggests that the amorphiza-
tion dose at 300 keV will be 30 times larger for GdBa,Cu,0;
relative to ¥YBa,Cu,0,. However, the Y stoichiometry is lit-
tle affected between 300 keV and 1 MeV.

We have also observed that amorphization occurred
more easily at grain boundaries relative to grain centers with
electron doses being reduced by approximately 289 for
Y Ba,Cu,0, and more than 64% for GdBa,Cu,0,. These
observations are consistent with the work of Clark e ¢l
which showed the appearance of a grain boundarv amor-
phous layer in YBa,Cu,;0; following low-dose room-tem-
perature ion irradiations.” Iom-induced grain boundary
amorphization was attributed to grain boundary defect ac-
cumulation resuiting from irradiation-enhanced diffusion
and segregation. In the present experiments the samples
were maintained at 35 K during the irradiations in an at-
tempt to eliminate or minimize diffusional effects. Thus, our
observations suggest that either irradiation generated de-
fects in these materials are mobile at 35 K and are producing
an amorphous phase by accumulating at grain boundaries or
that the increased free energy of the nominally disordered
grain boundary reduces the number of additional displace-
ment needed to nucleate the amorphous phase.”’
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