
_r_)(}t)=(_105 MANUSCRIPT January 1993
85088-20-105
8f_88=GO-10_

Enhancements of the Critical Currents of YBaCuO Single Crystals

by Neutron (n) and Proton (p) Irradiation*

B.M. Vlcek, M.C. Frischherz, H.K. Viswanathan, U. Welp,

G,W. Crabtree, and M.A. Kirk

Materials Science Division and Science & Technology Center for Superconductivity

Argonne National Laborato_. , Argonne, IL 60439

ANL/MSD/CP--78800

DE93 007892

• coatraeto_d the O.$.Govemmecduncl_ [
¢or_actNo.W.31-10_ENG-38. Aoeordlnoly, [
the U.S.Governmentretains• nocmxclusiv•, I
r_ally4roettmmmtoPublishor rolx_lueetho [
publishedformo_this eootdl)ut_,or allow [
otherstodojo, torO.S.Governmentpuqx:_m.J

1992 Applied Superconductivity Conference, Chicago, IL
August 22-28, 1992

jmc

DISCLAIMER _ _ % _qj

This report was prepared as an account of work sponsored by an agency of the United States "_
Government. Neither the United States Government nor any agency thereof, nor any of their O S
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute _r imply its endorsement, recom-., _ . _. _,_.ewt_;

mendation, or favoring by the United States Government or any agency thereof. The views _ : ' i _t_
and opinions of authors expressed herein do not necessarily state or reflect those of the _ii_' : " _ '_. il &sl|
United States Government or any agency thereof.

*Work supported in by the U.S. Department of Energy, BES-Materials Sciences under
c_ ract #W-31-109-ENG-38 and the National Science Foundation-Office of Science and
Technology Centers for Superconductvity under contract #91-20000 (UW).

• t)IIB'TI::IIBUT'ION OF' THIS DOCUMENT IS UNLIMITED



I I i

i h,

ENHANCEMENTS OF THE CRITICAL CURRENTS OF YBaCuOSINGLE CRYSTALS BY
NEUTRON (n) AND PROTON (p) IRRADIATION

B. M. Vleck, M. C. Frischherz, H. K. Vishwanathan,U. Welp, G. W. Crabtree, M. A. Kirk
Material Science Division, Argonne National Laboratory,Ft.60439

Abstract--We present the results of magnetization hysteresis comparable critical currents. The critical currentat 10K and
and Tc measurements of neutron and proton irradialed lT is enhancedby a factorof 5 for the neutronirradiated
YBaCuO single crystals. The crystals used for comparison sample and a factorof 9 for the protoninadiated sample. The
were irradiatedto a fluence of 2xl017n/cm 2 (n, E>0.1MeV) enhancement of the critical currentof the proton irradiated
and lxl016p/cm 2 (p, E=3.5MeV). The critical currentsat lT sample is mainly due to the creation of point defects or their

clusters,whereasfor the neutronirradiatedsample it is eattsed
and 10K are enhanced by a factor of 5 for the neutron by a combination of point defects or their clusters anddefect
irradiatedand a factor of 9 for the proton irradiatedsample cascades. As expected, annealing effects in the protonrespectively. After irradiationthe crystals were annealedat
100, 200 and 300°12 for 8h each in air. Following each irradiatedsample are stronger than in the neutron irradiated

sample. The critical temperatures are decreased after
annealing step the critical temperatureand the magnetization irradiationwith neutrons and protons by about 0.5K and IKhysteresis at 10 and 70K was measured. Upon annealing,we
observe a decrease of the critical currents, which is more respectivelyandrecover fully afterannealing.
pronouncedfor the proton irradiatedsample. This decreaseis
related to tt_ removal of point defects or their small clusters. 2. EXPERIMENT

Thus, their contributionto pinningcan be studied. The critical Tc measurementswere carriedout in a field of IOe
temperaturedecreases afterboth types of irradiationby about with HIIc,by cooling in zero field. Magnetization hysteresisO.5Kand is fully recoveredafterannealing.

measurementswere carriedout in a Quantum Design SQUID
magnetometerin fields up to 5Teslaat temperaturesof l0 and

1. INTRODUCTION 70K.

lt is well established that the critical currents of Neutron irradiationswere performed at the Missouri
YBaCuO single crystals increase upon irradiation with University ResearchReactor(MURR) in the Hl positionto a
neutrons[1],protons[2], electrons [3]. The defects createdare fluence of 2x 1017n/cm2(E>0.1MEV). Proton irradiationwas
different,depending on the kindof irradiationimposedon the carriedout at room temperaturein ',heTANDEM accelerator
material. Whereas with electron Lrradiationonly point defects at Argonne NationalLaboratories. The ct)stal was irradiated
and point defect clusters are created, neutron and proton to a fluence of lxl016p/cm 2 with 3.5MEV protons. The
irradiation creams point defects, point defect clusters and thickness of the crystal (301lm)was less than the range of the

defects. Since proton irradiationpossesses a larger protonsat this energy(551am).
fraction of low energy recoils than neutron irradiationat the In the courseof this experiment6 neutronirradiated
chosen fluences [4], more point defects and !_ss defect samples and 3 proton irradiatedsamples have been studied.
cascades compared to neutron irradiation are created. In Tire results are similar in ali cases, the crystals shown here
earlier work, [5] it has been shown, thatcascade defects are representtypicalexamplesof the results.
effective pinning centers. The role of point defects, in
contrast has not yet been fully clarified, partlybecause they 3. RESULTS
are invisible in conventional TEM. lt has been shown in the
study of electron irradiatedcrystals, that point defects are The critical currentswere calculated from the magnetization
effective pinning centers[3], [6], andthatthey areremovedby hysteresismeasurementsby using the anisotropic criticalstate
annealing [7]. Cascade defects, in contrast are stable at model [9], [10]. Inorder to characterizethe annealing results,
annealing temperaturesup to 400°C [5], [8]. Thus, annealing the following definition for the reduction of the critical
experiments provide the possibility to distinguish between currentsis used:
point defects or theirclusters anddefect cascades.

In this paper we present the results of the critical decrease(%) Jc(afterirr')'Jc(afterannealing)
current and critical temperature measurements on two = Jc(afterirr.)_Jc(beforeirrl)....x 100 (1)
YBaCuO single crystals, which were irradiatedwith neutrons
alzl protonsrespectively. After irradiationthey were annealed Fig. I shows the results of the critical currentsafterirradiation
at 100°C, 200°C and 300°C in air for 8h each. The fluences and annealingfor theneutronirradiatedsample.
for irradiationwere chosen so thatthe maximumof the critical
currentis reached. After irradiationthe samplesexhibit
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Fig.1. Criticalcurrentdensity as a functionof field for Fig.2. Critical currentdensity as a function of field for
Hllc at 10K (top) and 70K (bottom) before neutron HIIc at 10K (top) and 70K (bottom) before proton
irradiation,after neutronirradiationand after annealing irradiation,after proton irradiationand after annealing at
at 100°C, 200°C and 300°C 100°C, 200°C and 3000(`

Upon irradiationto a fluence of 2xl017n/cm 2 we observean Fig. 3 and Fig. 4 show the results of the measurementsof the
increase in the critical currentby a factorof 5 at ITesla and critical temperature of the neutron and proton irradiated
10K. The increase of the critical currentat 70K would be samplerespectively.
infinite, since essentially no hysteresis was observed before
irradiation.Afterannealing at IO0°Cand 200°C we observea
slightdecrease of the critical currentat 10K(using equation1, Neutronirr. 100°C 200°C 300°C
less than 10% at each step). After annealing at 300°C the 10K 0% 9% 33%
critical current is reduced by about 30%. At 70K, each 70K 9% 34% 52%
annealing step leads to a decrease of the critical currenL Protonirr. 100°C 200°C 300°C
Annealing at 100°C has the smallest _mpact,leading to a 10K 23% 47% 68%
decreaseof about 10%, annealingat 200°Cend 300°C reduces 70K 15% 32% 60%
thecritical currentby about 30%and50% respectively.

Fig. 2 shows the results of annealing of the proton Table.l recoveryof the critical currentat a field of 2Tesla
irradiated sample. Proton irradiation to a fluence of
lxl016p/cm 2 leads to critical currentscomparable to that of Neutron irradiationreduces the critical temperature
the neutronirradiatedsample. A variationin critical currents by about 0.5K. Each annealing step increases Tc, after
by a factor of two is within the statisticalvariationof several annealing at 300°C the critical temperature is even slighdy
crystals irradiatedunderidentical conditions. "Hiedecreaseof higher thanbefore irradiation.
the critical currentfollowing annealing, however, seems now Proton irradiationleads to a reduction of the critical
to be independentof measuringtemperature. Each annealing temperature by about 1K. Again it increases with each
step leads roughly to about the same decrease of the critical annealing step, after annealing at 300°C the critical
current of about 20%. After the final annealing step the temperature is againhigher thanbefore irradiation.
critical current is decreased by about 70% at 10K. A
summary of the decrease of the critical currents as a function
of annealingtemperatureat a field of 2T is given in tablel.
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leaves the cascade defects unchanged, the decrease of the
critical currents after annealing is therefore attributed to the
removal of point defects or their clusters. The larger effect of

0.1 .. • ,1 .... , ....... , .... annealing on the critical currents of the proton irradiated
samples can be explained by the higher amount of point

-.-_t._, i,. defects present after this type of irradiation. Since each
0 .--,-- afle_ irr.---1_c mn. annealing step leads to about the same decrease of the critical

--,-nrc ,,. currents at 10 and 7OK, these point defects or clusters are

_' -0.1 -,-toa-c ,,. contributing to pinning by the same amount at each measuring
E temperature. About 70% of the critical current at 10K and

60% of the critical current at 70K is provided by point defects
E -0.2 or their clusters. The pinning remaining after irradiation

might be related to a more complex defect structure, which is

-0.3 described in detail in a recent publication [4].
h_ contrast, the critical currents of the neutron

irradiated sample are more reduced at 70K than at 10K. This

.0._ 0 89.4 89.8 90.2 90.6 91 suggests that in this case, the point defects or their clusters
removed by annealing contribute more to pinning at higher

T (K) measuring temperatures. This is surprising, since the defect
cascades which are visible in TEM, are of a bigger size than

Fig.3. Tc before irradiation, after irradiation and the point defects or their clusters. The pinning left after
annealing at 100°C, 200°C, 300°C of the neutron irradiated annealing is then provided by the cascade defects which are
sample very efficient pinning centers at 10K. The point defects or

clusters, are responsible for about 50% of the critical curwmt at
70K, and only 30% at 10K.

Our data do not give any direct indication for the
specific point defects or clusters responsible for pinning,
however, based on former results on electron [3] as well as
neutron irradiation [11], and taking the relatively low

0.05 .... , .... , .... ' _" " _ annealing temperatures into account, we believe that the point_ before irr.
-,,-ifmr irr. defects or clusters responsible for our annealing results are O
-.-_,rc ,nn. displacements on the basal plane and Cu displacements on the

0 -_-t, re _. r-: _ -''* cue2 plane. The latter is believed to recover at annealing?,- _ _,,--- -

temperatures starting at 300"C, and therefore responsible for
the additional pinning in the neutron irradiated sample at 10

E . 0.0 5 and 70K.
The reduction in Tc is caused by oxygen disorder,

E which recovers during mm'¢aling at 100"12 and 200°C. These

j defects are not contributing significantly to pinning in the case

-O.1 of neutron irradiation, at IOK. It is interesting to note, that the
critical temperature recovers fully after annealing, in both

_-__._-__ __- _ .---- ..... , cases even slightly higher values than before irradiation are
.0.15 ,,,.' .... ' .... ' .... ' .... observed.

90.5 91 91.5 92 92.5 93

T (K) 5. SUMMARY

Fig.4. Tc before irradiation, after irradiation and After irradiating two YBaCuO single crystals with

annealing at 100°C, 200°C, 300°C of the proton irradiated neutrons and protons at fluences where the maximumenhancement of the critical currents occurs, we observe

sample comparable critical currents after irradiation. The depression
of the critical temperature at these fluences is small, being

_,. DISCUSSION about 0.5K for the neutron irradiated and IK for the proton
irradiated sample. Annealing experiments carried out at

Neutron irradiation creates defect cascades, point 100°C, 200°C and 300°C reveal that both types of irradiation
defects and clusters, whereas proton irradiation creates create point defects or their small cluster,;, which contribute
predominantly point defects and clusters. Both types of significantly to pinning. In the case of the proton irradiated
irradiation lead to an increase of the critical currents, sample these defects act as the main pinning centers being

Annealing the crystals at 100°C, 200°C and 300°C reduces the responsible for about 70% of the critical current after
critical currents for both, the neutron and proton irradiated irradiation. Neutron irradiated samples are',less susceptible to

annealing, due to an additional defect cascade structure, which
samples and leads to a recovery of Tc. lt was shown in a is stable upon annealing. Point defects or clusters in this case
previous publication [5], that annealing at these temperatures



contribute to 50% of the critical currents at 70K, and 30% of induced flux pinning in Gd-doped YI Ba2Cu307_x and
the critical current at 10K. GdlBa2Cu307-x" submitted to Phys. Rev. B
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