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Evidence of two-dimensional Josephson strings in high-purity YBgCu30,_ 5 single crystals
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A strange oscillating magnetization appears in high purity XB80,_ 5 single crystals for a parallel to the
layers applied field. For these magnetic oscillations few things are yet known. Our results over an extended
field and temperature regime show that they are actually evidence of the two-dimensional vortices existing at
low enough temperatures. We demonstrate that the oscillations are a reliable and accurate tool for extracting
crucial parameters in the vortex matter study. And, surprisingly, our data reveal that for a parallel field, the
temperature dependence of the magnetization contradicts the present theoretical expectations.
[S0163-18299)13621-X

[. INTRODUCTION critical as temperature is, will affect the magnetic oscillations
or even the measured critical currents. Finally and impor-

The detection of the locked-in vortex state with the theo-tantly, it remains open for elucidation in what extend we can
retically predicted, accompanying, intrinsic pinning has beerbenefit from the study of lock-in oscillations in exploring the
the focus of a great deal of experimental interest. First amixed phase and how magnetic hysteresis measurements can
anomaly in torque measurements was observed in an umctually compensate for intrinsic weaknesses of the other
twinned YBaCuO,_5 single crystal by Farrelet all and  techniques used in the observation of the locked-in state.
was attributed to a transition to the locked-in stafesimilar Indeed, torque measurements are unable to give any es-
anomaly was observed in single crystals 0§®jCaCy0Og  sential information on the dynamics that govern the behavior
by Steinmeyeret al® and of TLBa,CaCyOg by Chung, of locked-in vortices. Even their apparent use in finding out
Chaparale, and Naught8rOn the other hand, careful trans- the angular boundaries of the locked-in state can be restricted
port measurements in YB@u;O;_ s exhibited an abrupt, im- due to thermal fluctuations and extrinsic pinning effects
pressive drop of resistivity for fields applied in thb plane  which can mask or extinguish the transitit?On the other
and flux motion geometry vertical to the layésdue to  hand, in the case of magnetotransport studies one has to take
intrinsic ~ pinning.  Elegant  vector  magnetization into account that for applied fields parallel to the layers the
measurement$ proved also to be useful in detecting the resulting vorticegsknown as Josephson vortices or Josephson
lock-in transition, by monitoring the accompanying trans-stringg experience a quasi-two-dimensioriaD) staté®*3at
verse Meissner effect. low enough temperatures, below a threshold valiie

In magnetic hysteresis measurements, however, intrinsie-80 K. It is therefore evident that the limitation of transport
pinning appeared much later, in the pioneering measureneasurements to high temperatures, above 80 K, makes the
ments of Oussenet al® as a unique sequence of magnetiza-study of the quasi-2D regime and consequently the detection
tion “jumps” or “oscillations,” the lock-in oscillations as of the 2D to 3D transitiotf''® temperaturer*, impossible.
we have chosen to call them. Nevertheless, these first obsdrurthermore, in interpreting a transverse Meissner effect one
vations are still far from being fully and detailed analyzed;has to be aware of possible electrodynamic and not thermo-
since then clear cut, sharp oscillations have neither appearetynamic (vortex lock-in origins® In any case, these tech-
in the literature nor been studied. Demagnetizing effects, oriniques, for different reasons, are not in a position to en-
entation problems or, as we shall show, problems of sampliéghten us about the behavior of the 2D Josephson strings
quality, conspire against the observation of lock-in oscilla-system or verify the existing theories for the vortex lattice
tions. structure and behavior in the quasi-2D regime.

As a result, the signature of intrinsic pinning in magnetic A major step forward to fill this extended gap of knowl-
hysteresis measurements is still virtually unexplored anakdge is made in the present work. After reiterating the unique
many questions remain unanswered. Ex@ctmechanism up to now presented results of lock-in oscillations, we go
that produces the lock-in oscillations has yet to be fully pre-further by fully and analytically describing, for the first time,
sented, analyzed, and mapped on the experimentally olthe underlying mechanism; in addition we explore the effect
served magnetic hysteresis shape. And, although theoretf an in-plane rotation of the magnetic field in the observed
cally the problem seems trivial and the answer wellmagnetic oscillations. Subsequently, we illustrate how ran-
documented?® experimentally it is still far from certain in dom point disorder can affect the magnetic oscillations, by
which way changes in a parameter of the vortex system aaltering the effectiveness of intrinsic pinning. We compare

0163-1829/99/5@2)/147729)/$15.00 PRB 59 14772 ©1999 The American Physical Society



PRB 59 EVIDENCE OF TWO-DIMENSIONAL JOSEPHSE. .. 14 773

directly magnetic hysteresis measurements in the locked-in 0 ————1———T—— 71—

state with torque magnetometry measurements, demonstrat- W 30K ay

ing that lock-in oscillations can be an accurate, straightfor- 40K .

ward and powerful tool for extracting parameters vital in 50K

vortex matter studies. ]
But even more surprisingly, we reveal the temperature 60K |

dependence of the measured magnetization for applied mag-

netic fields parallel to the layers. We clearly show that in .

strong contradiction to theoretical expectations the critical

currentdoes notdecrease monotonically with temperature. Ha//a-axis _

l L | L | n L . |

Il. EXPERIMENTAL

The single crystals investigated were grown by a conven-

tional self-flux method, using Y-stabilized zirconia 20 40K _
cruciblest*®a method known to give crystals of extremely \MM\\ S0k
high purity!®~*8The high quality of the crystals investigated 4K ]

is further demonstrated by the first observation of a new
transition line in the vortex phase diagram of Y.BasO;_,

a result of the existence of an extremely weakly pinned, qua-
siperiodical, vortex lattice phas&.Samples are oxygenated Ean H //b-axis | 7
for 10 days at 500 °C in flowing oxygen and quenched at I i ]
room temperature. The procedure yields crystals with an -10
oxygen content 7 §=6.91, according to the existing diffu-

sivity studies?’ and a high critical temperatufg,=93.6 K.

The samples have a sharp superconducting transition, with
magnetic widthAT.<0.3K; this is defined as the tempera-
ture range over which the zero field cooled magnetization, i
a field of 0.1 mT, varies from 10 to 90%. Crystal DTO has
dimensions 1.4%1.2x0.125mn{ and a mass of 147@g, o .
while crystal DT3 is 1.6%1.08<0.091 mni and weights magnetization curves at dlfferent temperatures upTto
1129 ug. Crystal thickness is estimated using the mass an_60 K for crystal D.TO’ In an increasing applied f'eld. up to
the theoretical density of 6.8 g/émThe crystals are de- ''a_ 12T. The applied field is parallel to one ofthe prmupgl
twinned by applying about 50 Mpa of uniaxial stress atax.ls_; of theab plane(each separate case is |nd|cated on Fig.
550 °C in air for 30 min and then reoxygenating for one dayl)’ in order to see th_e effects clearly we shifted the curves
at 500 °C in flowing oxygenR! The procedure is highly suc- along the vertical axis, a procedure that does not qualita-
cessful and gives detwinned samples for which polarized'vely affect the signal. It is clear that the magnetic isotherms

light microscopy revealed a surface fraction of misalignedexhibit.a strong osciIIatpry _behavior, With ospillations whose
phase of much less than 1% periodicity increases with field. As seen in Fig. 1, and below

Magnetic hysteresis measurements were carried out on e will illustrate in much more detail, the maxima of these

12 T vibrating sample magnetometer in the University Ofoscnlatlons are temperature independent. . . .
Southampton. Samples were first zero field cooled at the de-. Here we give a full account .Of the m(_echamsm, pictured n
sired temperature and then subjected to an applied magne idd: 2, comparing the theoretical predictions to the experi-
field H,. Unless otherwise specified, in our measurements
the direction oH is in the plane defined by either theaxis ® > ¥
or theb axis and the normal to thab plane. The angle that l
H, makes with the basal plane is measured with the accuracy
of our setup,§<1°. Measurements were performed with a == = (b)
constant sweep rate of 5 mT/sec. Torque magnetometry mea- increasing *

surements were performed in a homemddT torque mag- applied l

netometer in the University of Paris-Sud in Orgay?® The field > =
torque on the sample was measured by rotating the magnetic T

field in respect to one of the major crystalline axes. A ca-
pacitive method was used, in which the deflection of the
capacitance electrode gives the corresponding torque on the
sample?®?®

M (arb. units)

6 60K -

1 L 1 L 1 L | L 1 L 1 s 1

2 4 6 8 10 12 14 16
pH (D
0o a

FIG. 1. The measured magnetization for an applied fi¢ldn
rEhe ab plane, increasing up to 12 T and at the indicated tempera-
tures, for sample DTO@) Hlla axis, (b) Hallb axis.

(a)

= (d

FIG. 2. Schematic representation of the transition between two
successive commensurate states,4 andn=3, which produces
IIl. RESULTS AND DISCUSSION the observed lock-in oscillationgéa) Commensurate state=4, (b)
vortices between planes are only weakly pinn@,formation of
In the locked-in state the fishtail shape of the magnetikinks and antikinks: domains with=4 andn=3, and(d) com-
hysteresis changes fundamentdlighown in Fig. 1 are the mensurate state=3.
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(H,llc axig) increases up to approximately 30 times when
compared to this at the longitudinal geometfythus, from

Y all the above, it is evident that any increaséHqfwill lead to
a decrease of the vortex spaciagand an accompanying

C G . enhancement of the mutual repulsion of the strifmsnts of
il upward curvature such as B in Fig. 1
ST @ Nevertheless, in order to proceed from one commensurate
e state,H,,,; with I=(n+1)d, to the next,H, with I=nd,
a changes in have to occur for field values in the intermediate

FIG. 3. Structure of the equilibrium, compressed, Josephsoh€dion ofHy.; andH,. This is illustrated in Fig. @) and
vortex lattice with ratica/l = 2y/v3, i.e., the magnetically observed Nas been a theoretical suggestion long before the observation

case for a parallel to the layers applied field. Dark areas represe@ lock-in oscillations:*>*® The increase oH, leads to a
the cross section of the Josephson cores. point where the parallel motion of the cores is prohibited due
to strong repulsion applied by the other cores in the same
mental results as these are mapped in Fig. 1. The anisotropi€hannel;” now it is favorable for the nuclei to actually
London model predicts for nearly parallel fields a hexagonaFrossthe CuQ layers by the creation and motion of pairs of
vortex lattice compressed along thexis and expanded in kinks and antikinks. A fast reorganization of vortices from
the plane direction of the crystal?® with a field indepen- then+1 to then commensurate state begins. In the quasi-2D
dent ratioa/l = 2y/v3 [Fig. 2@)], wherea and| stand for the ~ regime, which is the case for the temperature regime dis-
average vortex distance parallel and perpendicular takhe cussed here, the kink-antikink pair is a 2D Abrikosov vortex-
plane, respectively, see also Fig. 3. The vortex lattice wittntivortex pair in theab plane® In this incommensurate
thea/l ratio predicted by the anisotropic London model is astate, the pair has to face the enhanced pinning interactions
state of minimum vortex-vortex interaction energy. Thispresent in the Cu@plane. Thus, one expects the effective
state in the layered cuprate superconductors will be commerinning force to maximize resulting to a peak in the mag-
surate with the order parameter modulation alongathais,  hetic hysteresis. This is the case in our lock-in oscillations
for certain only values of the applied field,. For H, for points as C in Fig. 1.
=H,, itis |=nd, wheren=1,2,3,..., and the cores of the  As it is obvious from the geometry of the probléfithe
Josephson Stringsjosephson cores or Josephson niclei kink-antikink pair faces a force parallel to tlad plane and
members of the compressed hexagonal lattice, lie in betweece it is nucleated, it also moves in the direction parallel to
the layers. This is the case in the dips of the magnetic hysthe layers(points of downward curvature such as D in Fig.
teresis(e.g., points A and E in Fig.)1 1). In this way, the whole vortex line is “transported” to the
IncreasingH, but staying neaH,, any changes in the neighboring interlayer spacing. Finally the vortex system ar-
vortex density can be accommodated with motion of thdives at the new commensurate state and the circle is then
cores parallel to the layef&ig. 2(b)]. There are only two repeatedFig. 2(d)].
factors opposing such a guided motion: firstly the repulsive Note that the above description should be valid only up to
vortex-vortex interaction which initially, for the commensu- & threshold value of the magnetic field
rate values o8, is expected to be minimum and secondly the
pinning of Josephson vortices by extrinsic defects. Taking Ho=®o/vd?, 2
into account the absence of a normal core, one expects Jo-
sephson strings to be much less effectively pinned by extrinwwhereHy~200T in the case of YB&£u;O;_ s AboveHy,
sic defects. This was explicitly shown by Blattet al,}°  all the interlayer spaces are occupied and any further in-
who demonstrated the reduction of the elementary pinningrease ofH, results in a mere further stacking of nuclei in
force acting on a Josephson vortex, compared with the forceach of the interlayer spacts?®
acting on an Abrikosov vortex, by a factor of approximately  Figure 4 illustrates the competitive nature of point disor-
(§ab/)\j)3, for both 6T, and 81 pinning; &, is the in-plane  der and layered structure, critical for the appearance of the
coherence length and, the Josephson lengtfi®the core’s  lock-in transition. Pictured are the magnetic hysteresis loops
length along the layers—see also Fig. 3. We should alsdéor crystal DTO, for two different temperatures 5 and 60 K.
consider that for the case of vortices laying parallel to theH, is parallel to theb axis. In one case the misalignment
layers there is a dramatic softening of the component of thérom theab plane is§;<<1° while in the other we intention-
shear modulus parallel to the basal plan%ﬁ. Using the ally created a misalignment @f,~2°. For 6, lock-in oscil-

anisotropic scaling approa¢hwe have lations appear at 60 K, indicating that we are below the criti-
cal angle for lock-ing*. On the other hand, fof= 6, at 60
Cis= Coee ", (1) K the absence of oscillations in the magnetic hysteresis veri-

fies that this second angle is above the critical one. As Blat-
wherecgg is the shear modulus in the isotropic case whileter et all® have showng* can be considered either tempera-
e=1/y, y being the anisotropy parameter. ture independent, or even weakly increasing with decreasing
Due to the aforementioned reasons, the motion of the Jdemperature. Therefore, we expect to observe lock-in oscil-
sephson strings is greatly facilitated for directions parallel tdations also at 5 K, fo¥= 0,. However, as Fig. &) shows,
the layers. This explains the extremely weak irreversibilityno oscillations appear at this temperature and the magnetic
measured for the field lying in thab plane: the scaled to size hysteresis is essentially the same as for the second, mis-
width of the magnetic hysteresis for transverse geometnaligned, orientation. At these very low temperatures, even for
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FIG. 4. Magnetic hysteresis loops fbir,/lb axis and two orien-

tations 6, , 6, (see textfor (@) T=60K and(b) T=5 K. FIG. 5. Lock-in oscillations for crystal DTO and fét, (a) along

the a axis, (b) along theb axis.

our high purity samples, the pinning energy of the randomysgillations and of the positions of the magnetization
point disorder background is quite large and, as Tathiki maxima and minima is in agreement with the case of pinning
predicted, kinks can be nucleated at the defects. The creatigfaused by matching of the perpendicular vortex lattice spac-
of such kinks destroys the alignment of vortices and spoilsng | with the layered structure.
the lock-in transition between the lay&td’ and hence the  We should mention that the magnetic loops Tor 60 K
absence of oscillations. The purity of the samples is therefordisplay some additional characteristics, namely, a slight shift
an important factor in the determination of the lock-in tran-of lock-in oscillations towards lower fields, which we discuss
sition and the observation of lock-in oscillations. in detail below, and the appearance of additional peaks at
One has to note that the theoretical prediction of jumps irhigh fields (e.g., between 0.345 and 0.4T4 ¥ for H,lla
the magnetization existed long before our observations. Thesixis). These additional peaks are observed at field values
were one of the possible consequences considered of coroemparable to the VSM's accessible range, i.e., around 10 T
mensurability effects between the interlayer distance and th@=ig. 1), which makes their study problematic. We now
vortex lattice spacing along theaxis*?33!Bulaevskii and  know that they are not a side effect due to the interaction of
Clent® estimated, using the anisotropic London model, thethe Josephson nuclei with the chains, since they are observed
field dependence dfto be for any orientation of the applied field within treb plane.
Though one could speculate that at this point other regular
vortex structures which do not have minimal free energy
(with a/l ratio other than 2/v3) become energetically favor-
with B,=uoH,. Taking into account, next, the existence of able, in the field range we can access these extra peaks ap-
the layered structure and incorporating their results in theear only when increasing the magnetic field.
Lawrence-DoniaciLD) model, they predicted that the tran-  Since the observed oscillations are a direct consequence
sition from one commensurate to another commensuratef the interaction of the locked-in lattice of Josephson
state by jumps i (and consequentlyin a), is accompanied vortices®*3 with the periodic pinning structure that the lay-
by jumps in the measured magnetization. ers represent, it is natural to expect that their measurement
The periodicity that characterizes the layered structurevould allows us to probe the nature of the lattice and the
and the succession of the commensurate states, together wittechanism of vortex motion at the low-temperature
the field dependence bfas given by Eq(3), are the reasons quasi-2D regime.
for the periodicity of the magnetization in thﬁ;”z space, as Indeed, based on the lock-in oscillations we can monitor
depicted in Fig. 5. Data are for DTO, at temperatures of 30and map the position of the Josephson cores along thés
40, 50, and 60 K witlH , applied parallel to tha andb axes  of the sample in a very simple and accurate way, for every
and increasing(the data corresponds to these of Fig. 1 value of the applied magnetic field. From E¢®) and(3) it
Again the curves have been shifted vertically for clarity. Weis straightforward to show that
observe a remarkable periodicity of the lock-in oscillations 1/
with their period being the same for all temperatures. The (‘GHO)
temperature independence of the periodicity of the lock-in 2H,

| = (Dov3/2y)1%B, 1 3)

=n. (4)
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Taking, for example, the data for crystal DTpictured in L L
Fig. 1), we find one of the commensurate states Tat 1.0
=50K, for H, parallel to thea axis, atH,=3.45T. For this
value, Eq.(4) givesn=7.94 that is, by taking the integer part
of the resultn=_8. This means the realised Josephson vortex
lattice has a spacing perpendicular to the plane of |
=8d; thus, at this certain value of the applied field, a buffer
zone of seven interlayer spaces separates every occupied one
by the Josephson cores. Knowihgit is trivial to find the
cores separation distanca within the same interlayer
spacing®? In other words, we canompletelycontrol the vor- 0
tex entry and exit in the sample, over an extended magnetic
field range, fixing both the number and the mutual separation 1.0
of vortices, a procedure that can be essential for future ap-
plications.

Importantly, as it was first shown in Ref. 9, lock-in oscil-
lations can be used for measuring essential physical param- 0.5
eters of YBaCu;O;_5 as is the out-of-plane and in-plane
anisotropy. Indeed, from Ed3) and the periodicity of the
lock-in oscillations in theH % space, it is straightforward

0N : ! ' '
to extracty as 0 20 40 60 80 100

e
W

1 (arb. units)

v3 _ [A[B, 1’2]) 2 ¢ (deg.)
=—qy —| . 5
YT o d ©) FIG. 6. The measured torque for sample DT3, for the indicated

. . . emperatures anid , rotated in(a) the caplane andb) thecb plane.
In Eq. (5), one has to take into account that in each period OfAngles are measured from teexis. Symbols represent the experi-

the magnetization oscillations[B; *?], | is changing byd.  mental data and lines the theoretical fits, using @0 (see text

Using the reported value aff=120K of d=1.164

X107 °m (Ref. 33, ®,=2.067x 10" '°Vs and that for crys- |ations with those extracted with a conventional method,
tal DTO A[B, /%] is equal to 0.069 and 0.066 *? for the  namely, torque magnetometry. For this reason we carried out
direction of the applied field parallel to the andb axes, torque measurements on one of the crystals which exhibited

respectively, we end up with lock-in oscillations, crystal DT3.
As Kogar? has pointed out, in higfi oxides the ten-
_ o [Me . dency of the screening current loops to flow preferentially
Yeb™ mb_6'3i0'1’ Halla axis, ©) close to theab plane has an important consequence: the mag-

netization has a perpendicular to the applied field compo-

Me nent. The result is the existence of an anisotropy torgque
YVea= H:5'6i 0.1, H,llb axis. (7) given by
a
The difference of the anisotropy factosg, and y., is ex- () M X H 8
pected from the observed difference of the periodicity of the vV =|MXH,|. ®)

lock-in oscillations forH ylla axis andH ,llb axis (Fig. 5) and _ _

verifies previous measurements of in-plane anisotropy itY is the volume of the sample anflis the angle between the
YBa,Cu;0;_5 Indeed, Dolaret al3 using the Bitter deco- external fieldH, and thec axis. For temperatures close to
ration technique obtained a factgg, ranging from 1.11to  Tc. Dby an anisotropic London treatment, E@) can be
1.15. In our case,y, is estimated as the ratio of,/y., and  translated to a more practical relation, yielding the angular

is equal to 1.13-0.04 (Ref. 35. dependence of the reversible torffie

On the other hand, the values of the out-of-plane anisot- ) 5 N
ropy parameter reported in the literature until now for ™(¢) _ PoHasin24)(y°—1) [ BHe(T)y ©
YBa,Cu;0;_s by means of various techniques, are scattered Y, 64m\2(T)e(h)y Hae(o) /)’

between 3-1QRef. 36—40. One of the techniques for ex-
tracting y, suffering by fewer ambiguities, has proved to bewhere 8 is a constant of order unifff, Hg,(T) the upper
measurements of torque magnetizattbrBased on torque critical field measured along the axis, perpendicularly to
measurements, reports in the literafdf® give for the layers,\,, the in-plane penetration depth, arqdp)
YBa,Cu,0;_s single crystals of similar critical temperature = sir? ¢+17cos ¢. As Farrell has demonstratéd,n
with the ones presented hef€.>90K, near the optimum YBa,Cu;O;_s the above equation is valid for temperatures
doped regimgvalues ofy between 4-10. T=80K; there is also a field requiremefitnamely, H,
While our out-of-plane and in-plang values, extracted >H.;. In our measurements we worked in temperatures
from lock-in oscillations, are in good agreement with all the >87 K with an applied fielHH,=1 T, satisfying both condi-
aforementioned cases, we went further and directly comtions.
pared the anisotropy parameters extracted from lock-in oscil- Figure 6 shows torque data for sample DT3. In the case of
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FIG. 7. The values for the out-of-plane anisotropy parameters -4 -
vep @nd y., as extracted by fitting the experimental data of Fig. 6 0
with Eqg. (9) (see texk 2 L -
L | H at 41°
Fig. 6(a) H, was rotated from the axis to thea axis, while O [ with b-axis
in Fig. 6b) to the b axis. For each orientation(¢) was 2+ 0
measured at a number of different temperatures, in@e T©
90°] interval. The measurement regime was completely re- Ao e
versible. To eliminate the contribution arising from both the 0 0.268 0.536 0.804
sampleholder and the sample abdvewe subtracted from [n H 1905 (T95)
the raw signal the measured torque in the same applied field o=
but in the normal state, dt=99K. FIG. 8. Lock-in oscillations for crystal DT3, with, in the ab

To deduce the anisotropy, we followed the standard prop|ane anda) parallel to thea axis, (b) parallel to theb axis, and(c)
cedure and fitted each of the experimentab) curves pic-  in an angled~41° with theb axis.

tured in Fig. 6 with the expression of E®), using the usual

fitting parametersy, A,5(0), andBHL,(T). As clearly seen, great impact of the anisotropy parameters on vortex dynam-
Eq. (9) provides a very satisfactory fit. The resulting valuesics (for example, their devastating influence on the elastic
of v, for both orientations, are shown in Fig. 7. For rotationmodaulii), it is obvious that lock-in oscillations can be ex-
of H, in theca plane, we fin& an average anisotropy factor tremely useful in extracting valuable information on a vari-
v.p=7.56=0.14 while for rotation in theb plane the aver- ety of other research problenfe.g. the(Abrikosov) vortex

age out-of-plane anisotropy i,=6.51+0.22. This leads to matter phase diagram this is particularly true in

an in-plane anisotropy,,=1.16+0.05. On the other hand, YBa,Cu;0;_; where the additional complication of the in-
for the same crystal, we find the periodicity of the lock-in plane anisotropy can introduce effects, leading to a rescaling
oscillations to be 0.071 and 0.063 2 for H,lla axis and  of the vortex-vortex elasticit§?

H.llb axis, respectivelysee also Fig. B From Eq.(5) we In Fig. 8 we show lock-in oscillations for an applied field
estimate the anisotropy factors to be correspondingly, oriented away from one of the major axes in the basal plane.
=6.57+0.20 andy.,=5.24+0.20, i.e., an in-plane anisot- Data are for sample DT3, at 60 K akht}/lab plane, at three
ropy of y,,=1.22+0.06. The results are in reasonable different orientations: for the applied field along the two
agreement with those obtained by torque with the maximunprincipal axega axis ancdb axis) of the basal plane and at an
deviation from them being in the case @f,, approximately —angle of 41% 2° with theb axis. For the last orientation of
14%. It is interesting to note that this small deviation maythe applied field, tilted at an angl& (in our cased=41°)
point towards a possible temperature dependence dhe from theb axis within theab plane, and the geometry of the
slightly increasedy values come from torque, which was flowing supercurrents, the relevant effective mass will be an
employed in the temperature regime around 90 K, whereagverage oin, and m, ;42

we extracty from lock-in oscillations at much lower tem- )

peratures. In previous theoretical repdtts temperature- m(9)=m(41°) =m, cos’ §+m, sir’ . (10)
dependent anisotropy has been already proposed; it can hgjs, in conjunction with Eq(6) and(7), leads to an anisot-
directly attributed to coupling of the superconducting layersyopy factory,;:

due to proximity effects. A similar temperature dependence

of y for YBa,Cu;O;_4 single crystals withT,=91K was me Yea¥es 11
found by Pugnatet al,** from vector magnetization mea- Yar= o= 7 7o (11
’ : ) . m(41 41+ i’ 41
surements. However, further systematic studies are needed in (419 Ve COS Yeas
order to carefully examine this possibility. Taking into account that, as mentioned before, the values of

Thus, lock-in oscillations provide an alternative, reliablethe anisotropy parameters for sample DT3 as extracted from
and, especially, direct way of estimating the in-plane andhe oscillations arey.,=6.57=0.20 andy.,=5.24+0.20,
out-of-plane anisotropy factors for YBau;0,_s. Due to the  from Eq.(11) one finds thaty,;=5.71+0.15. On the other
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and @, are below the critical angle for vortex lock-iff ; anglef; is
above it.

m (10-6 Am?)
=
=
|

|

hand, directly from lock-in oscillations no{¥ig. 8), we find 54K-80K
the periodicity for the angle ofH,, b axis)=41°+2° to be 25
0.067 T2 i.e., using Eq.(5) y4,=5.95+0.20, in good N
agreement with the expected result. =
; ; ; . 0012 —
Since, according to what we mentioned before, the peri- = ‘ .
odicity of the lock-in oscillations depends only on the char- N
acteristics of the layered structure, it should be unaffected by 251 TS v =
the angle of the applied field with theb plane, as long as : L %K :
this remains below the critical angt® . Indeed, Fig. 9 illus- ‘ i ‘ j i i
trates magnetic hysteresis loops at 60 K, for crystal DTO, 0.284 0.426 0.568 0.710
with H, parallel to theb axis and at three different angles [l H (D)} T-05
with theab plane. Angle®); and @, are all less than 1°. In all
these measurements lock-in oscillations are present. We also FIG. 10. Temperature development of the lock-in oscillations in
created a misalignment between the sample and the layerde range 30—-80 K, for crystal DT3 amdla axis.
structure of#;=2°*+0.5°; as seen in Fig. 9, for this angle
the oscillations disappear, indicating the existence of a critidepression of the elementary pinning energies. Therefore, an
cal angle of the order of 1°. Furthermore, as Fig. 9 clearlyincreased number of vortices becomes now locked-in. This
shows, in the locked-in state the position of the maxima andnhcreased number of locked-in vortices can account for the
minima of the oscillations are independent from the orientaincrease in the amplitude of the oscillations.
tion of the applied field. But the most unexpected finding is that, simultaneously,
An astonishing oddity of the magnetic lock-in oscillations the total widthAm of the magnetic hysteresis actually
is revealed in Fig. 10. Figure 10 exhibits the temperaturereaseswith temperature. This experimental result comes in
development of the lock-in oscillations for crystal DT3, with straight contradiction with the existing theoretical reptrts
H, along thea axis, at an angl@ smaller than 1° from thab  which predict forAm, in the case of a parallel to the layers
plane. Measurements for temperatures up to 80 K are piapplied field, the usual decrease with temperature. Indeed,
tured. Fig. 11 depicts the temperature dependence of the width of
Between 30 and 40 K the width of the hysteresim is  the magnetic hysteresism (proportional to the critical cur-
decreasing with temperature; the oscillations are weak. Thesent) for two constant applied fields of 3.3 and 8.4 T. We
appear, with a small amplitude, at high magnetic fields largeverified this result for all crystals that give lock-in oscilla-
than approximately 6 T. As demonstrated before, at lowetions and for both orientations of the applied field within the
temperatures the pinning energies of the random point diso@ab plane, i.e., parallel to both principal axasandb.
der prevent vortices from being locked between the £uO For the increase of the total width of the hysteresis, one
planes; kinks consisting of 2D vortex pancakes with normahas to consider another possible effect. For a parallel to the
cores are created in thab planes and pinned by point layers applied fieldH,, due to the easy entrance of vortex
defects®® As a result, the oscillations are expected in thiscores between the layers, the irreversibility measured by
case to be either absent or weak. magnetization is weak and reflects the extrinsic pinning, i.e.,
In the temperature interval 42—52 K two are the majorpinning of the Josephson cores from the extrinsic defécts.
findings. First, we observe an enhancement in the amplitudAs mentioned before, in the absence of a normal core, this
of the oscillations. This is expected: having moved awaypinning source for Josephson vortices is also weak. Feinberg
from low temperatures, in this temperature regime, the cretheoretically predicts the possibility that raising the tempera-
ation of kinks at the point defects is less favorable due to théure this source of pinning can actuaffirengthendue to the
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zation Am at two different applied field$1,=3.3 and 8.4 T, as e
derived from the raw data of Fig. 10. FIG. 12. A slight shift of the period of the lock-in oscillations at

elevated temperatures. Data are for sample DT3, Wifha axis.

increased suppression of the order parameter in the Joseph-
son core, leading to an increase of the measured magnetigck-in oscillations at lower fields. This is because at el-
hysteresis width. Indeed, the suppression of the order parargyated temperatures and as the temperature rises, the peri-
eter in the core has been calculated by Blagteal,'” who  qdic pinning potential of the layered structure weak&as
found that it increases with temperature proportionally toand the nucleation of pairs of kinks, necessary condition for
&4y Thus, our results are actually the first experimental evithe crossing of the layers, is now favorable for the Josephson
dence in_single crystals of thd. anomaly hinted by cores at slightly lower fields. Note that in a recent numerical
Feinberg:® In addition, one has to take into account that thestudy of the lock-in oscillations, IchioR&verified this slight
layered structure offers now to an increased number ofowering of the critical fieldsH, with the increase of tem-
locked-in strings an enhanced screening of thermal fluctuaperature.
tions and effectively makes these fluctuations @Drtex
waving between two adjacent laygreestricting dissipation.

Increasing the temperature furtheXm is reduced. At
these elevated temperatures, the energy to create kinks is In conclusion, we have presented an extended study of the
reduced®*® Thermal energy is now sufficiently strong to magnetization for a large range of magnetic fields and tem-
spontaneously activate vortex kink-antikink pairs, introduc-peratures in the longitudinal geometry, i.e., with the external
ing another important mechanism of dissipattdfi! Experi-  field in the basal plane of the samples. We have demon-
mentally, the oscillations are no longer observed above 80 Kstrated that for fields applied parallel to the layers, the obser-
Taking this temperatuté as the temperatur&* at which  vation of lock-in oscillations in the magnetic hysteresis loops
vortices enter the quasi-3D regime and the lock-in transitiorof YBa,Cu;0;_ 5 can be a powerful tool for the study of the
is not any more realizable due to the increase of the cohefow-temperature quasi-2D regime.

IV. CONCLUSIONS

ence length across the layefs above thed/v2 limit, one The method offers considerable advantages over other
can extract{.(T=0) from the temperature dependence oftechniques, especially since it covers extensively the low-
the transverse coherence lerfdti+’ temperature regime giving us access to valuable information

in the most straightforward, direct and uncomplicated way.
We have showed that lock-in oscillations give us a rare in-
—i2 sight of the existing Josephson strings: we can accurately
£c(T)=£.(0)| 1— -r_C ' (12) map the position of vortices in the sample and picture the
realized vortex lattice.
But more importantly, we can reliably extract fundamen-
For T=T* we haveé (T*)=d/v2. In YBa,Cus0; 5 with  tal parameters, such as the out-of-plane and in-plane anisot-
the spacing between the superconducting layers being equapy, the in-plane coherence length and the temperattire
to d=11.64A (Ref. 33, we estimate from Eq(12) that where the Josephson vortex dimensional crossover from the
£.(0)=3.14A. The result agrees with estimationséf0)  quasi-2D to the 3D region occurs.
by other methods. For example, estimatifig0) from the We have also illustrated the competing nature of point
thermodynamic critical fieldH, derived from specific heat disorder and layered structure. The first tends to destroy the
measurements, results in a valuegpf0)=3.2 A (Refs. 48.  lock-in transition and quench lock-in oscillations, by offering
Welp et al*® using dc magnetization measurements haveto vortices favorable locations for the creation of kinks and
found £,(0)=3 A. spoiling their perfect alignment between the layers, even for
Finally, Fig. 12 offers a closer look at the data presentedan external field applied at an angle below the lock-in critical
in Fig. 10 for crystal DT3 andHlla axis, at elevated tem- angle. Thus, the need for high purity samples is essential in
peratures. As mentioned before the magnetization isothermmder to observe the magnetization oscillations.
at higher temperature$,>50K, display a slight shift of the Finally, we have presented the temperature dependence of
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lock-in oscillations up to a temperature of 80 K. Our results
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