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The rotation of magnetic field H off the plane of twin boundaries (TBs) has been found
to induce transition of an ordered vortex solid phase to a disordered one due to transverse
deformations of vortex lines near the TBs. It has been shown that the variation of both
the depinning current density J, and the activation energy U lef corresponding to plastic
vortex creep with angle 6 = ZH,TB are not changed qualitatively with increasing concen-
tration of point defects n,, but this variation is strongly affected by the evolution of
a kinked structure of vortex lines with the angle 0. It has been also shown that the
current density J, and energy U lef behave quite differently as the angle 6 and the
concentration n; vary, and in particular, angular variation of the pinning force in the
creep regime F , which is defined by competition between the current density J, and the
energy Uplef, depends on the concentration n; and on the driving force value.

YcTaHoOBIEHO, UTO ITOBOPOT MarHuTHOro moJig H ¢ BBIXOJOM M3 MJIOCKOCTU TDAaHUI ABOM-
HuKoB (I'J]) MHUIUHpPYyeT Ilepexo]] YHOPALOUYEeHHOI BUXPeBOil (hasbl B HEYIOPALOUEHHYIO
13-3a IMOABJIEHUS MONEepeuHbIX TedopManmii BuxpeBblx HuUTeil B okpectHocTu I'[l. ITokasaHo,
UYTO M3MeHeHHe IJIOTHOCTH TOKa [JeNUHHUHTA J, U 9Hepruu aKTUBALNHI Uplef, COOTBETCTBYIO-
mell mjacTuuecKoMy Kpuny Buxpeit, ¢ yraom 0= ZH,I']l] xauyecTBeHHO He MeHAETCSA IIPU
YBeJIUYEHUY KOHIEHTPAIUK TOUEUHBIX Ae(DEKTOB Nn,;, U 9TO U3MEHEHHUE OIPeeAeTCA dBOJIIO-
nueil 3uMr3aroo6pasHOil CTPYKTYpPhl BHXPeBBIX HuTelt ¢ yriaom O. IlmormocTe Toka J, m
9HEeprus Upff UBMEHHAIOTCS [IPOTUBOIOJOKHEIM 00pasoM Kak ¢ yruom 0, Tak ¥ ¢ KOHIIEHTDPA-
uueit n;, a KOHKpPeTHasd yTJOBaf 3aBUCHMOCTL CHUJIBI NIHHHUHTA B PeXMMe KPHUIIa Fp, KOTO-
pas ompejenseTc KOHKypPeHIUell MeJy MJIOTHOCThIO TOKa J, U dHeprueit Uplef, 3aBUCUT OT
KOHIIEHTPALMH 7; U BeJUYUHBI ABUKYIIEeH CHUIIBI.
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The effect of point and planar defects on
the deformation of vortex lines, on the
phase state, pinning force, and dynamics of
a vortex solid has been reconsidered after
discovery of high-T, materials. It has been
shown that in the presence of a weak point
disorder and in low magnetic fields, the
elastic energy E, dominates over the pin-
ning energy Ep, and therefore, an ordered
Bragg glass (BG) phase is formed, which
does not contain topological defects [1]. The
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pinning force of the BG phase is inde-
pendent of the magnetic field [2, 3] that
corresponds to 1D-pinning mode. However,
the energy E,, becomes lower than E, with
increasing point disorder or magnetic field
strength, and the ordered BG phase becomes
transformed into a disordered one [4]. The
disordered phase contains dislocations with
screw components resulting in formation of
an entangled vortex solid (EVS), and thus,
to realization of 3D-pinning mode. The
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Fig. 1. (a) Sketch of measurements geometry.
(b) Kinked structure of vortex line near the
TB in tilted magnetic field. (¢) Vortex con-
figuration in presence of the random point
disorder.

order-disorder (OD) transition is accompa-
nied by an increase of the pinning force [5]
due to dimensional crossover [6, 7] and bet-
ter accommodation of the disordered phase
to the pinning landscape [8].

Decoration experiments show that the su-
perconducting order parameter (SCOP) at
the twinning boundaries (TBs) in a
YBa,Cu;0;_5 compound is suppressed [9],
and TBs affect the spatial distribution of
vortices in both parallel and inclined to the
TBs magnetic fields [10]. This is confirmed
by magnetic [11, 12] and transport [13, 14]
measurements, which show that the pinning
force F, changes non-monotonously with
angle 6 = Z/ZH,TB. However, particular FP(G)
dependences can differ one from another in
different samples, thus causing discrepancy
in interpretation of experimental data. This
can be due to dynamics effects, which
strongly affect the Fp(e) function character
in the vortex creep mode [13, 14], and by
difference in the contributions to the total
pinning force from point and plane defects,
that is natural for different samples. The
aim of this work is to study experimentally
the evolution of vortex dynamics with angle
0 in samples under controlled variation of
point defect concentration ng.

The measurements were performed on
the YBa,Cu;07_g crystal having dimensions
5x0.2x0.007 mm?® with T,=93.56 K and
AT.=0.4 K. The smallest dimension corre-
sponded to the c-axis, the twins were ori-
ented unidirectionally, and the average dis-
tance d between the TBs was 0.3 pm. The
transport current J was applied along the
ab-plane and at an angle of 45° to the TBs
plane. The sample was rotated in the mag-
netic field so that the vector H was perpen-
dicular to the vector J, as it is shown in
Fig. la. The resolution of angle = /H,c
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Fig. 2. Evolution of the p(J) dependences
with angle B in unirradiated crystals (a) and
those irradiated with a dose ¢ = 1018 elec-
trons per cm? (b).

was better than 0.05°. The concentration of
point defects was varied by low-temperature
(T<10 K) irradiation with 2.5 MeV elec-
trons [3]. The vortex dynamics was studied
by measuring the current-voltage charac-
teristics E(J) for dc¢ current at 85 K in
15 kOe magnetic field. The irradiation-
measurement cycles were performed without
heating the sample above 110 K, so that the
effect of point defects concentration on pin-
ning and dynamics of the vortex solid could
be studied [3].

The measurement results plotted as
p(J)=E(J)/J vs \J are presented in Fig. 2.
The Figure shows the evolution of p(J)
curves with the angle B prior to (panel a)
and after (panel b) irradiation to a dose of
¢ = 1018 electrons per em?2. It is seen that
an increase in the angle  up to 1° does not
change the position of p(J) curves, while
the curves measured 3 > 2° are separated
well. First of all, it is to note that the
latter fact is caused by interaction of vor-
tices with the twins rather than by the crys-
tal anisotropy. Indeed, the pinning force is
independent of the angle  (at least up to
40°) in both non twinned crystals [12] and
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twinned ones [2] if the vector H remains
parallel to the TBs plane [2]. Therefore, we
believe that for small angles B < ;=1°, the
vortex lines remain trapped by the twins, as
it has been predicted by theory [15]. In our
experimental geometry of measurements,
the angles B and 6 are related as V2sin =
sinf, and we obtain the value of the lock-in
angle 0;=0.7° agreeing with previous ex-
perimental studies [12]. We attribute the
changes in pinning and dynamics of vortices
observed at angles B > 2° to the deformation
of vortex lines near the TBs, which is
shown in Fig. 1b [16]. Here, at the angles
0 smaller than a certain critical 8, value,
some part of the vortex line L, is trapped
by the TB, the vortex fragment L, and the
twin plane limit the angle 6., and far away
from the TB, the vortex lines are aligned
along the external field.

Previous measurements performed on the
crystal in the magnetic field Hllc [3] have
shown that prior to irradiation, the vortex
velocity v = E/cB is independent of the
field, and thermal creep follows the relation

E(J) = Egexpl(-Uy/ kgD, /D], (1)

where J, is the depinning current density,
and Uy is the creep activation energy (in
Fig. 2a, this relation manifests itself in the
negative curvature of p(J) curves). These
regularities correspond respectively to 1D-
pinning of the BG phase formed at a weak
point disorder and contains no dislocations
[1], and to elastic creep with a diverging
activation energy U(J) = Uy(J,./J). As is
evident from Fig. 2, both the introduction
of point defects and the rotation of field off
the TBs plane by the angle (>4° result in a
radical change in vortex dynamics: the cur-
rent-voltage characteristics become straight
lines being plotted as log[E(J)/J] vs J.
This means that the thermal creep is de-
scribed by the relation

E(J) = pOJexp{(U;;l;/k 2Dl - (J / )V 2]},(2)

which corresponds to plastic creep mediated
by the motion of dislocations [17, 18]. The
transition from elastic creep to plastic one
realized in the field H|c at increasing con-
centration n, is caused by the transition of
the ordered BG phase into the disordered
EVS one [3]. This OD transition arises due
to increase in the pinning energy in the
irradiated crystal, Epoondl/3 [15], which
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dominates over the elastic energy
E, ;c%ssoao induced by the transverse de-
formations of the vortex lines u, = cyaq [4].
Here, ¢; is the Lindemann number; g, the
anisotropy parameter; gy = (®y/4nA)?, the
vortex line tension; ay=1.07(®,/B)1/2, the
intervortex distance; @, the flux quantum;
and A, the penetration depth. Transverse de-
formations in the irradiated sample arise due
to interaction of vortex lines with the point
defects, see Fig. lc. It is believed that trans-
verse deformations u; = cray induce transforma-
tion of the ordered vortex lattice into the disor-
dered one. The transition from the elastic creep
to plastic one observed in a non-irradiated sam-
ple at field rotation off the TBs plane through
B>4°, can arise due to the OD transition, too.
But in this case, it is initiated by transverse
displacements of vortex lines u, near the
TBs, see Fig. 1b. The length of fragment
Lyeag/2Vn)[In(ag/E)]/2 [16] specifies the
displacement amplitude

U, = thin(ec - 9) (3)

For ag(15 kOe) = 40 nm and 0 = 4°, and
for reasonable values of the anisotropy pa-
rameter € =1/5, the angle 6, = 70° [10],
and the coherence length £(85 K) =4 nm,
we obtain the amplitude 2u,=0.2a,. The dis-
placements are close to the Lindemann cri-
terion, u,~cray (c; = 0.1+0.3), and thus can
initiate the OD transition [4]. Below, it will
be shown that it is just the evolution of the
kinked structure that provides an explana-
tion for angular variations of the current
density J, and the energy U lef.

In transport measuremenfs, the J_. value
can be determined by extrapolation of the
normalized differential resistance
p=(dE/dJ)/ppg to unity [2, 3]. Substituting
these values in Eq.(2) and fitting the ex-
perimental p(J) curves to this equation, we
can determine the energy Uplef. The angular
variation of the current density J, and en-
ergy U lef obtained in this way are shown in
Fig. 3a. The depinning current density does
not change with 3 for p < f;=1°, because, as
it was mentioned above, the vortex lines
remain trapped by the TBs. At B> f;, the
current J, first rises and then drops as the
angle B increases up to its maximal value
J 4% at B=30°. The rise in J, observed in
the angular range B; < < 30° cannot be
explained by increased pinning of the

13



Yu.T.Petrusenko, A.V.Bondarenko / Interplay of point ...

0 7 14 21 27 33 0, deg
104 —_— T T T T T T
_0-0-0- a)
00000 5 24
NE I’ |:|"|:| ‘D\ ;( 2\0\{\ ’ —
5 & o ISR FAE-
< H =N & 5B
) A n /ﬂ o)
K Cw A J18
LU YA
4L « E o \
10 e = . \
s Imgu® ./ O.0 15
~o._ .
1 1 .".T. 1 1 1 1
0-0-0._ b)

104} ,EF‘ Py .‘/\ . ™
,/ N \D
NE /. /'. u i
» | AN
3 o« ™ . L}
] .. h . \‘\\ \U
- . .,, \ A
. g L N \I:L
10°+ .
1 1 1 1 1 1 1
0 10 20 30 40 50 B, deg

Fig. 3. (a) Angular variations of the depin-
ning current (light symbols) and activation
energy (bold symbols) in unirradiated
(squares) and irradiated (circles) crystals. The
dashed curve presents angular variation of
the activation energy Upl(B) =U log “1/2 cql-
culated for undeformed vortex lines [20]. (b)
Angular variation of the threshold current
Jp determined at electric field level 1 pV/cm
(bold symbols) and 100 pV/cm (light symbols)
in unirradiated (squares) and irradiated (cir-
cles) crystals.

trapped fragments L;, as it was suggested
in [19], because their fraction decreases as
sin(0,—0). Also, the reduced pinning in the
field H|lc cannot be explained by suppres-
sion of pinning by point defects, as it was
assumed in [13]: the vortices located be-
tween the TBs poorly accommodate them-
selves to the point defects landscape due to
a strong interaction with vortices trapped
by the TBs. Indeed, this interpretation im-
plies the formation of the ordered BG phase
in the irradiated sample placed in the paral-
lel field; that is in contradiction with our
measurement results. Therefore, we believe
that the current J, increases due to occur-
rence of dislocations within spatial regions
surrounding the kinks of vortex lines,
where the vortex fragments Lj; located at
opposite sides of the TBs are shifted in the
transverse direction by the distance of
2u,~0.2a,. The number of kinks increases as
sinf, thus resulting in continuous increase
of the dislocation concentration, and there-
fore, to a greater disorder of the vortex
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solid. Thus, in the unirradiated crystal, the
increase in J, with the angle B is caused
both by the transition from a weak 1D-pin-
ning of the BG-phase to a strong 3D-pin-
ning of the EVS phase and by a better ac-
commodation of disordered phases to the
pinning landscape, that results in a rather
large ratio J,.(0°)/J,"4*=4.2. In the irradi-
ated sample, the increase in J, is caused by
the latter reason only, resulting in a
smaller ratio J.(0°)/J /m*=2.4.

The reduction in current density J., ob-
served at a further increase of angle B (p >
30°) is caused by a decrease in the ampli-
tude u,;, which drops to zero at 6 =0, ac-
cording to Eq. (3). In the absence of point
defects and SCOP fluctuations within the
TBs plane, a jump-like decrease in J, at p = o
might be expected. At this angle, the ampli-
tude 2u, will become smaller than crag
value, thus initiating the opposite disorder-
order transition. Fluctuations of both the
SCOP and the concentration n; result in the
amplitude fluctuation of u,;, and therefore,
in smoothing of the transition. As is seen
from Fig. 3a, in the unirradiated sample,
the current density J, drops by about an
order of magnitude within the angular
range AP = 45+5°, and the plastic creep
gives way to the elastic one at the angle
B = 40°, thus indicating the disorder-order
transition. In the irradiated sample, the
pinning by point defects is strong, the EVS
phase is conserved up to p = 50°, and the
current density J,. decreases slowly at in-
creasing angle B due to decreasing disorder
of the vortex solid.

As is seen in Fig. 3a, the angular vari-
ation of energy Uplef differs from a monoto-
nous increase of the activation energy
UpB) = Up%e;~1/2 [20] calculated for plas-
tic creep of undeformed vortex lines. Here,
Uplo = 4geggay is the activation energy at p = 0,
and e = (2sin?P + cos2p)l/2 is the angular-
dependent anisotropy parameter. The differ-
ence is justifiable, taking into account that
transverse deformations reduce the activa-
tion energy by a factor of about (1 — u,/ay)
[3], and the U lef value estimated by fitting
the experimental data with Eq. (2) increases
at decreasing concentration of dislocations
np due to reduction in the number of jump
attempts. Thus, we can write

UB) ~ Up®A - up/ag)f(np),  (4)

where the dimensionless function f(np) ap-
proaches unity in a strongly disordered vor-
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tex solid, and f(np) — o in the ordered vor-
tex solid. Therefore, the angular variation
of energy Uplef can be interpreted as fol-
lows. At small angles B, the energy de-
creases due to appearance of additional
transverse displacements u,, i.e., the kinks,
and also due to increased concentration of
dislocations. At B > 30°, the reduction in
the amplitude ut causes the disorder-order
transition in the unirradiated sample, the
concentration of dislocations quickly drops
to zero, causing a fast increase in Uplef and
the transition from the plastic creep to the
elastic one at angles 3>50°. In the irradiated
sample, the point disorder is strong, the
EVS phase is conserved, and the energy
Uplef increases gradually with the angle 3
due to both increasing energy Upl(B) and the
decreasing amplitude u,.

Fig. 3b shows the angular variation of
threshold current density J5 determined at
a fixed electric field under creep conditions.
It is seen that in the deep creep mode (E =
1 uV/em), it correlates with the angular
variation of the activation energy Uplef up
to the angles B of 40 to 50°, and with an
increased driving force (E = 100 uV/cm) it
correlates neither with J.() nor with J .(p)
function. This behavior is expected because
the current density J; is defined by compe-
tition between the current density J, and
energy Uplef, which oppositely very with the
angle B.

Note that previous estimations of the
angle 6, and the interpretation of the TBs
effect on the vortex solid pinning in the
YBa,Cuz0,_5 superconductor were based pri-
marily on the angular variation of the pin-
ning force under creep conditions [12-15],
and in the transport studies, the angular
variations of depinning current and activa-
tion energy were discussed only in Ref.
[20]. However, in that work, it was impossi-
ble to separate the contributions from point
defects and planar defects, because the vor-
tex dynamics in the fields H|c was defined
by the release of vortices from the TBs po-
tential wall, and the experimental data were
discussed in the context of the collective
pinning theory. It should be also mentioned
that our measurements do not provide the
exact value of angle 6,, but we may suggest
that the TBs affect pinning at least up to
= 50°, That is in agreement with some
previous studies of vortex dynamics [20,
21], and agrees with the value of p = 75°
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derived from direct observations of vortex
lattice in inclined fields [10].

To conclude, it has been found that in
samples with a weak point disorder, the
kinked vortex lines structure, which is
formed in magnetic fields inclined to the
TBs, causes the transition from the ordered
Bragg-glass phase in parallel fields to the
entangled vortex solid in tilted fields. It is
also shown that it is just evolution of the
kinked vortex structure that specifies the
angular variation of the depinning current
density and the activation energy corre-
sponding to plastic creep. Increase of the
point defects concentration causes forma-
tion of the disordered vortex solid in paral-
lel to the TBs field, and increases interval
of the angles B where the disordered vortex
solid is conserved. It is shown that increase
of the defects concentration raises the de-
pinning current density and decreases acti-
vation energy corresponding to the plastic
creep of the vortex lattice.
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B3aemMHUN BIJIMB TOYKOBUX Ta ILIOCKMX aedeKTiB
Ha ¢opmyBaHHA ()a30BOro CTaHy Ta Ha AHHAMIKY
a0pHMKOCOBCBKHMX BHXODiB y kpucraxax YBa,Cu;0;_g

IO.T.Ilempycenrxo, A.B.Bondapenkro

BcranoBieno, mjo moBopoT marHiTHoro mosiga H 3 BUXomoM 3 MIJIOIIWHU MeK IBiMHUKIB
(MII) iminiroe mepexin ynmopagkoBaHOI BUXPOBOI (hasu y HEYNOPAAZKOBAHY BHACIIOK MOABU
nomnepeyHux pedopmariii BuxpoBux HUTOK B okosi M]I. Iloxkasano, 1o 3MiHa TI'ycTHHU
CTPyMy Jemininry J, Ta eHeprii akTusamii Uplef, fAKa BiANIOBilae MJIAaCTUYHOMY KPUITy BU-
xopiB, 38 KyToM 0 = ZH,M]l AkicHO He 3MiHIOeThCA IpU 36iJbIIIEeHHI KOHIIEHTPAIlil TOUKOBUX
nedexTiB ng, i Mg 3MiHa BM3HAUAETLCA €BOJIOII€I0 3UT3aromoAibHOI CTPYKTYPH BUXPOBUX
HUTOK 3 KyToMm 0. I'ycrmra cTpymy J, Ta eHepria Uplef 3MIiHIOIOTBCA y IIPOTHJIEKHUX Ha-
IPAMKAaX AK 3 KyToMm 0, Tak i 3 KOHIleHTpAIlielo 7n,;, 8 KOHKPeTHAa KyTOBAa 3aJEeKHICTh CHIK
Hi”HiHrYy y peumMi Kpuiry Fp’ AKa BUBHAYACTHCA KOHKYPEHIICI0 Mis I'yCTHHOIO CTPyMy J,. Ta
eHepriero Up ef, 3aJIEUTD BiJl KOHIEHTpANii n, Ta Bif BeJWYMHM PyIIifiHOI cuiwm.
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