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Magnetoresistance and plastic dissipation in twinned YB#Cu;0,_ 5 samples
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Using electrical transport measurements, we studied the Ohmic plastic dissipation of twinnggLy®a s
samples with the magnetic field aligned along thexis. The extracted activation energig¢T,B) were
analyzed in the framework of a magnetically induced pinning by twin planes. Vortex-antivortex interactions
were derived from the magnetic image effect induced by the deformation of the surrounding supercurrents. The
presence of twin planes leads to a crossover from a field-independent activation @pardgields) to a
B~ %5In(B) dependencehigh fieldy. The observation of this two-step response is compared with similar
observations on heavy-ion-irradiated samp|&9163-18209)14425-4

INTRODUCTION cuss the observed dependences and consider the interaction
of both the twin plane and neighbor vortices. Finally, con-
Since the unit cell of Y-Ba-Cu-O is slightly orthorhombic, clusions will be drawn.

twin planes form easily during the growth process. The exact
electrical nature of these planes is still a subject of discussion
and probably strongly sample dependent. Nevertheless, it is Single crystal
now well known that such extended defects act as strong A single crystal of Y-Ba-Cu-O was grown using the
pinning centers. Many experimental results, magnetic pseudoflux methoBiThe electron diffractiofED) study was
torque® magnetizatiorf, and resistivit§ show a strong in- carried out using a JEOL 200 CX electron microscope
crease of the pinning efficiency when the magnetic inductiorequipped with an eucentric goniometet60°). The high-
is aligned with the twin planes. Recently, using scanningesolution electron microscof#iREM) was performed with
tunneling spectroscopyMaggio et al. showed the magnetic @ TOPCON 002B electron microscope, having a point reso-
interaction of the twin boundaries and the vortices. lution of 1.8 A. Both microscopes are equipped with energy-

On the other hand, flux pinning by correlated disorder indiSPersive spectroscopy analyzers. More than 50 crystallites
superconductors  has bgen %hey subject of intens ere characterized, using ED and HREM. The electron dif-

investigation§’ because of its ability to immobilize vortices, acUON Were carried out in order o reconstitute the recipro-
gations- t Y . " ' cal space and to identify the presence of alien phases such as
reduce dissipation effects, and create high critical curre

: NtShe “green phase,” YO, or BaCQ,. Every tested crystallite
At low temperature, such systems are predicted to form @ypibited the expected cell of Y123 phase, without any evi-
Bose-glass phase below the so-called Bose-glass temperatigiénce of precipitate, and no departure from the Y123 com-
Tgg Where vortices localize on the defects. Abdlg; the  position. The clear splitting of thék0 reflections in the
system melts into a liquid. Many vortex configurations are[001] ED patterns confirms the orthorhombic distortion of
then expected, depending on the value of the applied fielthe cell, and the formation of twin domains. In the present
versus the so-called matching figbg,=d 2d,, wheredis  example, the cross shape of the reflectitse enlargement
the average distance between extended defects. If one cofenfirm the existence of two systems possessing perpendicu-
sidersd, the average distance between twin planes, the cofar domaingFig. 1(@]. The HREM imag¢Fig. 1(b)] shows
responding matching field is given tg{l‘;v'”:q%/dz_ In the the nature of the twining boundariés10 and (110), indi-
H-T phase diagram, the Bose_g|ass |B&;(T) is a decreas- cated by Iarge white arrows. Two bOUndariéabeled'l and

ing function of the temperature and is limited by the value2 in the pictur¢ are spaced by approximately 750 A which is
Baa(T) =By at low temperature. Thus f(BZBg)Nm vorti.  Close to the average value observed over all the studied crys-

: o : llites which is~800 A. Also, our sample possessed a
ces are expected to be in a liquid state, with short-rangéa BOw ' :
correlation order. In the limit of vanishing currents, this value of 91 K which is close to the optimum for ¥-Ba-Cu-O

. .. samples. One can note the presence of a third perpendicular
phase presents an Ohm|c response tc_> transport excnatloﬁgm boundary(labeled tb in the white arroywWe notice that
and allows the extraction of an activation energy(,T,B)

X . ) . most of the imaged twin planes are coherent, without an
which reveals the underlying mechanism of the flux-line deet(; g b y

SAMPLES DESCRIPTION

o . “strain field or specific defects, giving rise to a uniform con-
pinning. In order to study these mechanisms, we measureg st petween the boundaries. This highly regular contrast

the dc transport responfR(T) andE(J)] of two samples in - confirms the good oxygenation of this material since oxygen
their Ohmic regime. _ _deficiency generates microstructures and tweed structdfes.

In the first section, we will present the two studied The dimensions of the single crystal used for electrical mea-
samples(one single crystal and one thin fijnand describe surement was approximately 1t mmx0.5mm. Four
the microscopical analysis and the technical aspects of thgarallel silver plots were evaporated on the single crystal and
transport measurements. The second section will be devotegbld wires were subsequently glued on using silver paste.
to the experimental results, while the third section will dis- The typical contact resistance was on the order of(®.1
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(b)

FIG. 2. (a) [001] ED pattern of the thin film. Orthorhombic
: : S distortion is observed but the splitting is smaller than in the case of
(b) the single crystal. This effect is usually connected to a lower oxy-
gen content(b) HREM image of the thin film. White arrows indi-
FIG. 1. (a) [001] ED pattern of the single crystal. Note the cross cate the twin boundaries. The average distance among them is of
shape of the reflexions attesting to the existence of two systems afrder of 350 A, the strong contrast in the vicinity of the twin bound-
perpendicular domaingb) HREM image of the single crystal. The aries reveals important constraints in these regions.
white arrows, labeled 1 and 2, indicate the twin boundaries along
(110 and (110). The space between to parallel boundaries is abouf.00 ©A to ensure Ohmic response. In the case of the thin
750 A. A third boundary, perpendicular is label@t)). Crystallo-  film, we recorded isothermdE(J) curves(Fig. 4) and ex-
graphicb axis are indicated by black arrows. tracted the Ohmic resistivity from the Ohmic lowest currents
Thin film regimes. These regimes, related to the so-called thermally

_ _ _ activated flux loM TAFF), allowed us to construct tHe(T)
The film was grown using the laser-ablated depositiorngyrves.

technique(excimer KrB on a 3 mnxk3 mm (100 MgO sub-
strate. After deposition, the thin-film thickness was 500 A.
The growing conditions and disoxygenation were adjusted to RESULTS

obtain high twin plane density. TH®01] ED patterngFig. In order to get the activation energy of these Ohmic re-
2(a)] confirm the presence of orthorhombic distortion but thegimes, we considered the following TAFF expression:
enlargements show that the splitting is smaller than that ob-
served in the single crystal, often resulting in only an elon-

gated shape alongl10]* and[110]* planes of the reflec- 10°

tions. This effect is usually indicative of a slightly lower

oxygen content. As shown in the HREM imafjeig. 2(b)] [

the average distance between twin planes i850 A which q 14

is half the value observed for the single crystal. Strong con- 10 E 0.05T

trast in the image reveals the width of the twin boundaries [

(see white arrowsand the presence of important strains in-

side the structure, which is often the case with high twin

planes density. Of same origin is the relatively [0y

=87 K, which reveals a deficiency of the order parameter

due the desoxygenation of the sample. L
Four gold plots were sputtered on the film and gold wires [ — 110 S AL AL PO B

were glued on using silver paste. The typical contact resis- 0.011 0.012 0.013

tance was of order of Q. For both samples, electrical trans-

port measurements were achieved with an Adret 103A cur- 1/T (K'l)

rent source and a Keithley 182 nanovoltmeter. The magnetic

field was perpendicular to thab planes. All theR(T) curves FIG. 3. Single-crystaR(T) results recorded for ten magnetics

(Fig. 3 of the single crystal were driven with a current of fields. From left to rightB=0.05, 0.1, 0.2, 0.5, 1, 2, 3, 4, 5, 6.
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FIG. 4. Thin-filmE(J) results recorded &= 1 T for nine tem- FIG. 6. Activation energie$)(T,B) of the thin film extracted

peratures. From left to righfr=81.5, 80.9, 80.2, 79.5, 79, 78.4, [1om theE(J) measurements. From left to riglti=(T) =5, 1, 0.5,
77.9, 77.3, 76.3. 0.1, 0.05, 0.01

U(T,B) whereT.(B) is the characteristic temperature above which
PTAF:PFF(T’B)eX% TTKT ) (1) fluctuation effects dominates.
Using Eq.(2), we can calculate the magnetic dependence
One can notice that the flux-flow resistivipgr is a func-  from the slope of theJ(T,B) curves, and in doing so, one
tion of both the temperature and the applied induction leadean note the similar behavior of the field dependence of
ing to a complicated determination ofU(T,B)= U(T,B) for both the crystal and thin-film sampléBigs. 7
—KTIn(prare/ pee(T,B)). On the other handpe(T,B) de-  and §. We observe two distinct regimes ending at a cross-
termines the “zero” activation energy of the process, so Wegyer fieldB,,, which is of order oBY"" for both samples. At
extractedpe(T,B) from the crossover point of all th&(T) |\ fields, the activation energy is constant. For higher

curves. o _ _fields, U(T,B) follows a roughly logarithmic dependence
For both samples the activation energies present a I'ne%hich has often been reported previously

temperature dependence except near the transition where we
observe a slight deviation from linearity at lowek(T,B)

(Figs. 5 and & This behavior is related to the fluctuation
mechanisms which dominate all other dissipation sources
when the temperature approaches Tyeof the sample. This | 1991, FeigeI'maret al. proposed a logarithmic field
study is far beyond the scope of the present paper and Willependence dfi(T,B) in terms of a dipolar interaction in a
not be presented here. Following these observations, we caf}-dimensional (2D) vortex-antivortex nucleated lodp.

DISCUSSION

write the activation energy in the form: Using a different approach, Jen&and Minhagef{ inter-
T preted this effect in terms of renormalization of surrounding
U(T,B)= Uo(B){ 1— —} 2) vortices effect. These points will be developed in the follow-
T(B) ing section.
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FIG. 5. Activation energiedJ(T,B) of the single crystal ex-
tracted from theR(T) measurements. From left to righB (T) FIG. 7. Magnetic dependent#,(B) of the activation energy of

=0.05,0.1,0.2,05,1, 2, 3,4,5, 6. the single crystal extracted from thé&T,B) results.
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25000 anisotropy of the sample nor the presence of twin planes has
- been taken into account in this description, leading to a large
[6— —@ o —_— uantitative disagreement.
20000 F g g
A [
N’ -
EE 15000 _ Low fields regime: B<B,,
= L Let us now consider the low magnetic-field regim@ (
DO 10000 - <Bg= BY™. The main observation is the absence of mag-
- netic dependence of the activation energy, leading to the
[ conclusion that vortex-vortex interaction cannot contribute to
5000 F pinning in this low-field regime. More precisely we haBe
[ <B=B}"™ so the intervortex spacina, is larger than the
an L average distanog between twin planes. In other words, only
0 > ) o one vortex can take place between two adjacent twin planes
10 10 10 and the vortex-vortex interaction is then screened by the twin
B(T) planes.

In order to describe in the same model these two regimes,

FIG. 8. Magnetic dependentsy(B) of the activation energy of W€ herein propose a description of the depinning mechanism
the thin film extracted from th& (T,B) results. including anisotropy and twin plane effects.

High-field regime: B>B,, Plastic dissipation in presence of twin planes

Ltvevitn us first consider the high-field regimeB% B The question of the pinning by twin planes is still contro-
=Bg ). One can observe the quasilogarithmic dependencgeysial, and both the question of the electrical nature of twin
which is a strong signature of a magnetic interaction betweemane and the problem of the location of the vortex core
vortices. More precisely, the zero-order Bessel functionpside or outside the twin plane are still unresol9éd:*617
which describe the radial shape of the induction around &y the present time, no precise observation of pinning by
vortex, and consequently the vortex-vortex repulsive energyyyin planes can conclude for one or the other pinning mecha-
reduces to a log function for sufficiently high fields, i.e., nism. Thus, the interaction between a twin plane and a vor-
small intervortex distances,=\/®,/B.**> Therefore, one tex can be described in two different ways. In the first case,
see that, in both caseB,, is much larger than the first pen- there is a condensation energy gain due to the position of the
etration fieldB., . The observed dissipation in this magnetic- core inside the planes. On the other hand, this situation indi-
field regime is then governed by the depinning of vortices incates that the surrounding supercurrents must flow across the
the presence of many surrounding neighbors. On the basis gfane where the order parameter is strongly reduced. Conse-
this assumption, Feigel'man proposed a model where the diguently, the penetration depth inside the twin plane is
sipation was driven by the nucleation of a 2D vortex-strongly increased leading to a vanishing of the correspond-
antivortex loop. This approach is similar to the description ofing line tension. Therefore, the pinned flux line is expected
the motion of a rigid flux line inside a lacunary flux-line to be less rigid inside the plane than its neighbors outside the
lattice 1> With correct cutoff radii, the activation energy is defect.
then given by In the second case, the vortex sits nearby the twin plane

and neither the core nor the surrounding currents sit inside

the defect. The pinning is then induced by the magnetic im-
) € age attraction due to the deformation of the supercurrent dis-
tribution in the vicinity of the twin plane. One can observe
that by this description, the twin plane is assumed to be a
normal region with a vanishing order parametdn other
words, and from a magnetic point of view, the vortices feel
the twin planes as if they were external surfaces of the
sample.

2
0

)
= In
16m 1ok 3p

U(T,B) 1+§ )

whereD is the sample thickness.

Assuming typical values for the parametédrs,,(0)
=2000 A £,,(0)=30 A] and whereD =thickness, of the
sample we get the predicted ener@. In Table | we com-
pare the calculated and measured valuesBerl T. It is

g . . From an experimental point of view, no experiments, es-
worth noticing that there is a strong disagreement betweeBeCially the magnetic decoration meth&d! can yield
Feigel'man theoretical predictions and extracted values

. . ~enough resolution to discriminate whether or not the vortex
Nevertheless, we must point out that neither the eIectromEOres and the pinned flux lines sit inside the twin plane

~ Nevertheless, observations of accumulation desertion of vor-
TABLE I. Compared results between measured and predlcte(fliceS near twin planes using scanning tunneling

energies at 1 T, using the Feige/man model. spectroscopy or magneto-optical patterns of  flux
distribution?? confirm a dominant presence of surface effects

Yod T Prediction Observation such as the Bean-Livingston barrfér.
Thin film 41500 K 11000 K In the following, the vortex-plane interaction will be de-
Single crystal 415 1P K 26 000 K scribed by a magnetic image attraction induced by the de-

formed supercurrent distribution near the twin plane surface
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This expression is of particular importance when dealing
with elastic and plastic deformations of vortices because the
constraints induced by the presence of the surrounding vor-

yortex tices are summarized in one expression. We must mention
that similar expressions have been derived by Kramer, from
a strong pinning point of vie¥? and from superfluid analo-

gies by Mathieu Simon and Plais?’~2°
Following our pinning description, the activation energy

of the depinning process is given by the energy barrier that a
vortex segment; has to overcome to free it from the attrac-
tive potential induced by the twin plar(€ig. 10. Thus, the
dipolar interaction is then given by

antivortex twin plane
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FIG. 9. Schematic description of the magnetic attraction of a €ab

vortex by a twin plane. T.he d'S‘OT“O_” of the vortex surrounding wherel, is the vortex segment attracted by the twin plane.
supercurrents near the twin plaelid lineg can be analyzed by a We can now derive thé)(T,B) expression for various

magnetic image effect where an antivor{elashed lineksis in mir- tic-field . For | inducti ~d and
ror with the vortex leading to an vortex-antivortex attraction. magnetic-ield regimes. =or 1ow Inauctions, and one
vortex resides between two twin planes. Thus, the transversal

(Fig. 9). At low fields, this mechanism is easily described byJumping length of the line reduces kp=d and consequently

U(T,B)= In

a vortex-antivortex structure with a logarithm attractive di-!1=d/7. giving rise to the following equatiofFig. 10:
polar interaction. 5

Let us now include the effect of the surrounding flux lines U(T,B<BWN~ dod inl 1+ i ®)
and the consecutive constraints. The exact description of this ’ ® Ao yNap Eap)

problem in the case of a perfect flux-line lattice is a well- o o _

known question which has yet been treateth the case of It should be noted that in this case, the activation energy is

anisotropic materials, the line energy and line tension ardéi€ld mdgpelndent.. _ wwin

very well approximated byeo=[®2/16muo\2p(T)]IN(y«) For high inductions, i.eB>Bg", we getap<d and sev-

and & (k,) =[ D2/4muey2(T) IIN(L+ 1K, £).2>%* One can €ral vortices sit between two twin planes. Thus the transver-
a . . . .

notice that the long-range interaction between vortices lead®! jumping length of the line becomés=a,, and conse-

to a dispersivenonloca) expression of;(k,) wherek, is ~ duently I;=ao/y, which then leads to the following

the wave vector of the line deformation along thexis. In ~ €guation:

all cases, this approach leads to a relation between longitu-

! \ o . dla a
dinal I, and transversdl, deformations of a flux line in the U(T B> BMWin) — 00 Inl 14+ 22 7
presence of neighboring vorticdsFig. 10 (T, @) Am g yNap(T) n an/’ @
Ca4k,) I, where the magnetic dependence &J(T,B)xaylIn(l
1= C—%hz;- (4) +ay/&yp) differs from the single Irgy) dependence previ-

ously described by Feigel'man. Let us mention that such
(b) _behavior has also been reported in the case of heavy-ion-

irradiated sample¥ but the columnar defects induce strong
core pinning which strongly differs, in nature, from the mag-
netic image attraction induced by twin planes. Consequently,
the observed dependence is changed. Nevertheless in both
cases, either columnar defects or twin planes, the two lengths
I, andl, seemed to strongly influence the magnetic response
of the flux-line lattice.

Following our description, the crossover from the two re-
gimes is expected to occur B=BY™. In a more realistic
analysis, the dispersion of the distance between twin planes
should transform this sharp crossover into a smooth one,
<o which is governed by the smallest values of Bf§" match-

lL =Q ing field, and is of course related to the largest valued.of
0 We then expect to extract largdrdistances from our mea-

FIG. 10. Schematic description of the twin plane attractian. ~ Surements than the average microscopical value.

B<BWY" soa,>d: the depinning process is driven by the nucle-  Using both expressionts) and (7), we considered the
ation of a loop with radiil, =d and|,=d/y. (b) B>B}" soa,  Mmagnetic-field dependence and fit the differeig(B) plots.

<d: the depinning process is also driven by the nucleation of &One can notice that the electronic anisotropy and penetration
loop but the presence of neighboring vortices leads teag and  depth cannot be discriminated in such measurements. There-
ly=ay/7y. fore, we solve this problem by assuming an average elec-

(a) twin planes

|
|
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TABLE II. Physical parameters resulting from the plastic analy-which governs the value of the longitudinal lendth(see

sis of extractedJ(B). Fig. 10, and consequently the value &fy(B). In other

o words, the presence of twin planes modifies the pinning
Sample T (K) d(B) Bg™ (1) £an(0) (B) Xap(0) B)  mechanisms but does not modify the intrinsic nature of the
Thin film 87 770 0.34 o5 1930 ;_/|c(>rtex.stru|cture. 'rr‘hu;, even in preshenqe of extended de(fjegts
Single crystal 91 2140 0.044 35 1150 ike twin planes, the depinning mechanisms are governed by

the two intrinsic characteristic lengthsand|, .

tronic anisotropy for Y-Ba-Cu-O compoundy+£6) which CONCLUSION

allows us to extract & ,,(0) value from our measurements. _ . L
The results of these calculations are given in Table II. we e studied two Y-Ba-Cu-O twinned samples with differ-

notice the excellent agreement between the measured en&t @verage distance between twin planes. We focused on the
gies and the fitted curveigs. 7 and & The extracted pa- Ohmic plast|.c regime where the vortices are 'supposed_ to
rameters\ ,,(0) andé,(0) are also in good agreement with undergo a Ilqwd state. The extracted activation energies
values previously publishetl. From the sample point of show a clas'_slca_ll linear temperature dependence and a two-
view, the lowest critical temperature coincides with the high-Stelo magn9t|c—f|eld dependence. Th's effec_t and the value.s of
est in-plane penetration depth, as expected from a reducdd® €nergies cannot be explained using the classical
superfluid density. On the other hand, the extracted distanc&£19¢/ man 2D model. We derived a plastic description of

between twin planes are more than twice the observed minagnetically pinned vortex by twin planes using a vortex-

croscopical values. At the present time, this fact is not Comg;mtivortex attraction by an image effect. This model predicts

pletely understood therefore, further investigations of theWo regimes separated by a crossover field close t@{ffé
twin plane distribution distances must be undertaken. Alsdnatching field. These predictions are in good agreement with
the estimatecBE.E"“ is only a crude approximation of the real thel results in terms of magnetic-field dependences and acti-
twin-plane density and its corresponding matching field.vation energy values.
Thus, the relation between the microscopical measurement
andB}™ is only semiquantitative.

In summary, let us say again that the main parameter in
the dissipation process appears to be the electrical anisotropy We are grateful to H. Ndefor providing the crystal.
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