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Effect of electron irradiation on vortex dynamics in YBa,Cu;O;_ 5 single crystals
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We report on the drastic change of vortex dynamics with the increase of quenched disorder: for rather weak
disorder we found a single-vortex creep regime, which we attribute to a Bragg-glass phase, while for enhanced
disorder we found an increase of both the depinning current and activation energy with magnetic field, which
we attribute to the entangled vortex phase. We also found that the introduction of additional defects always
increases the depinning current, but it increases activation energy only for elastic vortex creep, while it
decreases activation energy for plastic vortex creep.

DOI: 10.1103/PhysRevB.64.092513 PACS nuniber74.72.Bk, 74.60.Jg, 74.60.Ec, 74.60.Ge

The effect of random pinning on crystalline order and onserved in the region of plastic creep is nontrivial, and reasons
dynamics of the flux-line-latticéFLL) was a subject of nu- of such behavior are not known. The aim of this paper is to
merous experimental and theoretical investigations. Neutroshow the effect of pointlike defects concentration on vortex
diffraction* and muon-spin-resonarfcexperiments gave ex- dynamics and pinning parameters in Y:BasO,_ s single
perimental evidence for the existence of two vortex solidcrystals.
phases with different positional correlations. Magnetization The investigated sample was Y&a,O;_ 5 single crystal
measurementof Bi,Sr,CaCyOg showed that the fieltl,,  with T,~93.5 K andAT.<0.5 K. Twin planegTP's) inside
at which a steep increase of the measured curdgt) the measured part of the sample were aligned in one direc-
begins, coincides approximately with the field above whichtion. The transport current was applied along #te plane
the intensity of Bragg peaks sharply decreds@he field and at an angler=45° with respect to TP’s. Measurements
H,, was interpreted as a phase boundary between low-fieldvere performed in magnetic fields applied parallel to the
ordered and high-field-disordered vortex phases. These erxis. Temperature stability of the sample during measure-
perimental results are supported by theoretical studies. It waments was better than 5 mK, and measurements in the nor-
shown that in presence of rather weak disorder the FLL remal state showed that overheating of the sample at the high-
tains a quasi-long-range order resulting in the so-calleast dissipation level of 5@W did not exceed 10 mK.
Bragg-glass phaseHowever, with the increase of random  Additional defects were introduced by irradiation with
pinning or magnetic field a transition to strongly disordered-2.5-MeV electrons, which are suitable for production of
entangled vortex phadglass phaseis predicted®® A sharp  pointlike defects. Irradiation was performed at temperatures
increase in magnetization below the fish-tail peak positionT<10 K (Ref. 14 and after irradiation the current-voltage
H, was observed in Ngh<Ce, 15CuQ,_4 (Ref. 7 and non-  characteristicsSCVC) were measured without heating the
twinned YBaCu;0,_ 5 (Ref. 8 single crystals. sample above 110 K. This excludes diffusion, and therefore

Magnetic measurements showed that in optimally dopeénnihilation and clustering of the defects. Irradiation was
YBa,CusO,_ 5 crystals no fishtail behavior is observed both performed at dose rate 42L0™ cm™?sec * and at an angle
in detwinned and twinned® samples, while decrease of the 5° off the ¢ axis to avoid electron channeling. Homogeneity
oxygen content always induced nonmonotonal(H) of electron beam was about 5%. Following procedure used
curves. Two distinctive peculiarities in the magnetizationin Ref. 15 we estimated that irradiation dosé&®€m~2 pro-
curves of oxygen-deficietht and electron-irradiatéd crys-  duces the averaged over all sublattices concentration of the
tals were observedl) the peaksH,, andH, shift toward  defects 104 dpa, and that the penetration rangd mm is
lower magnetic fields with increasing defect concentrationat least two orders higher then thickness of the crystal
and(2) in magnetic fieldsH<H, the current], increases, =7 um resulting in homogeneity of the defects along the
while in magnetic fieldsH>H, the current],, decreases axis better then 1%. Reduction of tiig after irradiation was
with increasing defect concentration. It is belieletf that AT, =0.65, 1, and 1.3 K after irradiation with doses'3,0
the peakH , separates elastic vortex creep in low and plastic2 X 10'8, and 3x 10 e/cn?, respectively.
vortex creep, mediated by motion of the FLL dislocations, in  Figure 1 shows field variation of the measured “critical”
high magnetic fields. Thus the introduction of additional de-currentJ,, determined at an electric field level 19V/cm.
fects leads to an increase of vortex pinning in the region oBefore irradiation the currerd, continuously decreases with
elastic creep and such behavior is expected. On the othémncreasing field as it was previously observed by Zhukov and
hand, decrease of pinning force with increasing disorder obeo-workers in crystals with very small oxygen deficiengy,
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FIG. 1. Field variation of the currerdt,,. The inset shows vor- FE L g
tex velocity versus) before (open symbolsand after(dark sym- \vAo f;
bols) irradiation with o= 10 e/cn?. NN
\9\3\0
=0.031° After irradiation theJ,(H) curves show fish-tail B
behavior and the peak positidty, in the J,,(H) curves shifts H (kOe)

toward low fields with the dose. It is also seen that introduc- 0 10 200

tion of additional defects increasds, for H<H,, while J7 (A /em)

the currentJy, decreases with the dose fbt>H,. Such FIG. 2. () The E(J) curves plotted a&(J) vs 10. The inset

variation O_f the_‘]m and H,, with increasing Of the def_ect shows field variation of thd. andU,. (b) The E(J) curves mea-

concentration is analogous to the behavior previouslyreq peforésquaresand after irradiation with doses #acircles,

observed in oxygen-deficiefitand in electron-irradiatédf 25 10'® (up triangulars and 3< 101 e/cn? (down triangular

YBa,Cus07- 5 smg_le C_"YSta|5- _ _ and plotted a€(J)/J vs J*2 The inset shows,(H) dependence
In low magnetic fields Ki<15 kOe for nonirradiated (dark symbolsandU(H) dependencéopen symbolsderived for

sample, andH <H, for irradiated samplgsthe CVC data T=85 K before irradiation(squares and after irradiation with

follow the dependencé doses 1¥ (circles, 2x 10 (up triangulary, and 3x 10'8 e/cn?
(down triangulars and derived for T=82K and ¢=3
E=Ey exd —(Ug/kT)(J: /)], (1)  x10“®e/cn? (diamonds.

where the exponent=1, E, is a constantl, is the acti-
vation energy, and is the Boltzmann constant. The depin-
ning critical current], can be determined by extrapolation of
the ratiopy(J)/pgs to u_nity13 assuming that at current den- —~ 7_0.8 predicted for the Bragg-glass phase for not too
sity J=J the differential resistivityp;=dE/dJ equals the  gma| current§. With increase of disorder a transition of the
flux flow resistivity in the Bardeen-Stephen models  Bragg glass to entangled vortex phase is expetietfter

= pnB/Bc,,"” wherepy is the normal state resistivity. Induc- jrragiation the weak increase bf, and rapid increase f,

tion of the upper critical field was estimated assuming thalyith magnetic field correlates with previous experimental
Bep=(dBo/dT)(T—T) with  dBg,/dT=—-2.5T/K. finding$* for magnetic field8>B,,,, or in magnetic fields
Field variation of thel. is shown in the inset of Fig.(@.  \yhere the entangled vortex solid is expected. Therefore we
Substituting these values 6f in Eq. (1), and fitting experi-  pelieve that after irradiation we test the entangled vortex
mentalE(J) curves by this equation we derivéth(H) de-  phase and dynamics of this phase is characterized by the
pendence shown in the inset of Figag . increase of bothl, and U, with increasing magnetic field,

As one can see in Fig. 1 and in the inset of Fig2  \hich lead to rapid increase of the currely. Also, intro-
vortex dynamics, namely, field variation of the pinning pa-gyction of additional defects increases both theand J.,
rameters, strongly depends on the strength of disorder. IRssyiting in steep increase of the currdptwith irradiation
presence of weak disordeébefore irradiation J., Uo, and  qose, see Fig. 1, in agreement with previous investiga-
vortex velocityv =cE/B do not depend on magnetic field {jgng11.15
indicating a single-vortex creep regime, as it is predicted by | et us consider experimental data obtained in magnetic
the collective pinning theoly for low magnetic fields. Also, fields H=20 kOe for nonirradiated sample, and in magnetic
for this regime of vortex creep the curreli, decreases with fielgs H>H,, for irradeated samples. As one can see in Fig.

increasing magnetic field due to increase of the flux density2(b), the CVC data follow the dependence predicted for mo-
Increase of the disorder induces field variation of the pinningjon of the FLL dislocation® 2

parameters. After irradiatiod. and U, increase with mag-
netic field that leads to reduction of vortex velocity and to E(J)=pod expl— (U /KT 1— (I /3)“T}, 2)
increase of the current,, with increasing magnetic field.
These observations indicate that before and after irradiatiowhereu = —1/2, andp, is a constant. The main peculiarities
we test different vortex phases. of the curves presented in Fig(d are that the slope of the

In presence of weak quenched disorder the orderedurves measured in the same magnetic field decreases with
Bragg-glass phase is expecteshd our experimental data increasing defects concentration and that these curves inter-

probably indicates that dynamics of just this vortex phase is
described by the single-vortex creep regime. Also note, that
derived exponenju=1+0.15 is close to the value g
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e 10°_ tET/(TC—ATirr). It is_evident thatUo decreases with t_he
P LAfA'Lz';z\V NE dose increasing even if we take into account the reduction of
ke ¥ \0\0\05& < Te.
= |, . \\% - To explain this behavior, let us consider a displacement of
204 o foe %o 10° a vortex segmerit, over intervortex distanca, as shown in
Bt the left-hand inset of Fig. (8). In the absence of random
0 @ pinning the energy of such nucleus can be writtenUas
RSN S o =2E¢ 1+ Ep, WhereEg ~zs&pay Is elastic energy of the vor-
10 Bty tex segment ,;,, andE,, is the energy required for displace-
‘“g , ) ment of the vortex segmehg over the distancay. At small
=210 driving forces such a nucleus is stable whep=2E,,.
—,5102 , Thus we obtain a minimal activation energl, ~4eeay,
G ®) which coincides within a factor 4 with previous estimates
Ui~ eeoag.”? In the absence of random pinning the equilib-

0.90

(TAT -4T,) rium positions of the vortices are the straight lines as it is

shown by two parallel straight lines. In the presence of ran-
FIG. 3. (8 Temperature variation olU, and J, for H dom pinning the equilibrium positions become curved as
=15 kOe. (b) Temperature variation o, for H=15 kOe. The = shown by dashed lines in the right-hand inset of Fig).3
inset shows nuclei for the plastic creep in the absdtefe and in ~ Therefore, along the vortex lines, vortex fragments, for
the presencéright) of random pinning. which the average distance, between two neighboring
equilibrium positions of vortex lines is smaller thag, ap-
sect one another. For vortex creep described by(Bosuch  pear. In this case the enerdy,~4eeqa, is smaller than
behavior is possible only in that case when the critical curactivation energy in the absence of pinning becaygea,.
rent increases, but the activation energy decreases with ilsybstantial displacements of vortex segmems,=a,
creasing defect concentration. Extrapolating the ratio— a,=0.2a,=8 nm, due to core interaction with individual
pd(J)/pes to unity we derived field and temperature varia- pinning centers probably unreliable, and we attribute them to
tion of the currentl, shown in the inset of Fig.(8) and in  fluctuations of the defects concentration, which naturally is
Fig. 3(a), respectively. Substituting these valueslgfin EqQ.  present in real crystals. Indeed, equating the wdrk
(2), and fitting experimenta(J) curves by this equationwe =3 FLa,/c, required for displacement of the segmept
determined the field and temperature variatiotdgf shown  gver distancen,, to the elastic energy,B,=U /2, we es-
in the inset of Fig. &) and in Fig. 3a), respectively. timatedL =500 nm fore = 10'® e/cn?, and derived that for
The currentdy, is determined by the interaction of the coherence length(85 K)=5 nm the segment, interacts
dislocations with the FLL and random pinning centers. Interijth about 200 point defects. Therefore, fluctuations of the
action with the FLL results in a shear limited Contribuﬁgn defects concentration of 10% can give difference in core

Jsn Ceg/BdxcBY2 where cos=DoB/(87\)? is the shear interaction with about 20 point defects in different positions
modulus,® is the flux quantum) is the penetration depth, of the segment.,,.

d~a, is the width of channel for moving dislocation, and  TP's strongly affect pinning and dynamics of

ap~(Po/B)"?is the intervortex distance. As one can see inyortices?*=2° In particular, being plane defects they form
the inset of Fig. &), in magnetic fields not very close to the channels of easy vortex motion along the plane of twfts.
melting point the currend,, really increases with the field in  Due to suppression of superconducting order parameter
agreement with theoretical predictions. In the presence ofiithin the TP’s, some part of vortices is trapped by the
random pinning the shear moduleg decreasés and there-  TP's 26 and pinning of these vortices along the TP’s may be
fore J¢, also decreases. However, the contribution of the corgeduced as compared with pinning in the bulk of the
pinning increases with the defect concentrafidiThe de-  crystal?* Therefore, for the same driving force, velocity of
rived increase of the curredt, with irradiation dose indi- the trapped vortices can be higher compared with velocity of
cates that increase of the core pinning dominates over redugortices placed in the bulk of crystal. In high magnetic fields,
tion of the Jgy,. contribution of the trapped vortices to dissipation of energy
The activation energy),; decreases with the increase of is small due to small fraction of these vortices. However, in
both irradiation dose and magnetic field. A decrease of thes magnetic field of 1 kOe the intervortex separatiag
activation energy with increasing field agrees with theoreti-=140 nm becomes comparable with the distance between
cal calculations, Up~eeqapxB Y24% where e,  twins d=300 nm in our sample, and a significant part of
= (Po/8m\)?, and previous experimental findings'*But,  vortices can be trapped by the TP's. Therefore, contribution
a decrease of the activation energy with increasing irradiaef the trapped vortices increases with decreasing magnetic
tion dose is not evident. Of course, tfig decreases after field, and deviation from the field scaling for nonirradiated
irradiation that leads to an increase of th€T)=\(0)/[1  sample in low fields presented in the inset of Fig. 1 probably
—(T/T.)?1*2, and hence to a decrease of the activation enreflects the reduced pinning of the trapped vortices.
ergyUmoc)CZ. However, the reduction of th€. cannot de- In conclusion, we have shown that vortex dynamics dra-
scribe the fast decrease 0t in our measurements. This is matically depends on the strength of disorder. In presence of
demonstrated in Fig.(8), which shows dependend#,, vs  weak disorder a single-vortex creep is realized, which we
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attribute to dynamical property of the ordered Bragg-glas<ritical current, but it increases the activation energy only for
phase. In presence of strong disorder and for elastic vortethe elastic vortex creep, while it decreases the activation en-
creep we have found rapid increase of the depinning currerdrgy for the plastic vortex creep.

and weak increase of the activation energy with increasing

magnetic field, which we attribute to dynamical property of ~We gratefully acknowledge support by the German Fed-
the entangled vortex solid. We also found that the introduceral Ministry for Research and Technology under Project No.

tion of additional defects always increases the depinnindJKR-032-96.
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