PHYSICAL REVIEW B VOLUME 59, NUMBER 21 1 JUNE 1999-I

Evidence for vortex staircases in the whole angular range
due to competing correlated pinning mechanisms
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We present measurements of the angular dependence of the irreversible magnetizatiogCag®Baingle
crystals with columnar defects inclined with respect todteis. At high fields a sharp maximum centered at
the tracks direction is observed. At low fields we identify a lock-in phase characterized by an angle-
independent pinning strength and observe an angular shift of the peak towardaxikethat originates in the
misalignment between vortices and applied field in anisotropic materials. The interplay among columnar
defects, twins, and intrinsic pinning by tlaé planes generates a variety of staircase structures. We show that
correlated pinning dominates for all orientations of the applied f{80163-1829)09417-5

A difficult aspect of the study of vortex dynamics in high-  The crystal used in this study was grown by the self-flux
temperature superconductors in the presence of correlateflethod!* and has dimensions-200x 600x 8.5 um®. Co-
disorder is the determination of flux structures for appliediymnar defects at an angl@,~32° from thec axis and a
fields tilted with respect to the pinning potential. As three'density corresponding to a matching fid,=3 T were in-

dmersional vorex, configuratans canmot, be Arecty 20 voduced by iradiaon wih 315 MeV AG' ions at the
’ 9 y y andar acceleratqBuenos Aires, Argentina

angular dependence of magnetization, susceptibility, o o : .
transport dat&.** dc magnetizatiotM was measured in a Quantum Design

According to theoretical modelé® when the angle be- superconducting quantum interference device magnetometer
tween the applied fielth and the defects is smaller than the With two sets of pickup coils, and both the longitudin®(;
lock-in angleg, vortices remain locked into the defects thus parallel toH) and transverseM, perpendicular té1) com-
producing a transverse Meissner effect. For tilt angles larggponents were recorded. The sample could be rotitesitu
than¢_ and smaller than a trapping angte , vortices form  around an axis perpendicular td using a homemade
staircases with segments pinned into different defects angevice'® The angle® between the normal to the crystéhat
connected by unpinned or weakly pinned kinks. BeygRd  coincides with thec axis) andH was determined from the
vortices will be straight and take the direction of the applledangmar dependence of the response in the Meissner state.
field, thus being unaffected by the correlated nature of thee details of this procedure, that give us an absolute accu-
pinning. In principle, this picture should apply with minor 5y _1° ang relative variations between adjacent angles
differences to twins, columnar defects, and intrinsicy o than 0.2°, are described elsewHér€areful align-

pinnIng: . ' S .. ment of the rotation axis with the normal to the plane of
Many experiments have confirmed the directional pinning. =~ .. = -
due to columnar defects, twins, and Cu-O plahddEvi- rradiation ensures that the conditia|| tracks can be
’ : gichieved within~1°.

dence for a locked-in phase arises from the observation o
the transverse Meissner efféftbut a quantitative determi-  !Sothermal magnetization loopd,(H) and M (H) were
nation of ¢_(H,T) for columnar defects had not been done'ecorded at fixed®. The sample was then rotated, warmed

until now. The introduction of columnar defects inclined UP @boveT, and cooled down in zero field to start a new
with respect to the crystallographic axis has beerUM: In this way, the initial Mglssner response was recorded
used6-8101%q discriminate their pinning effects from those for ach angle. We use the widths of the hysterasi(H)
due to twin boundaries, and from anisotropy effects. How-2ndAM,(H) to calculate the modulusl;=AAM{ + AM;
ever, the vortex staircase configurations resulting from thé&nd direction of the irreversible magnetization ved#yr. It
combined effect of the various correlated structures had nds known that in thin sample¥l; is normal to the surface due
yet been explored in detail. to geometrical constrairs;'® except above a critical angle
In this work we report studies of the vortex pinning in ~87° for the geometry of our crystal. We have confirmed
YBa,Cu;O; crystals with inclined columnar defects, for the that Mjllc within 1°, for all ® <85°.
whole range of field orientations. This allows us to determine From now on we analyze the modullg as a function of
the misalignment between the applied and internal fields du&, H, and®. Figure 1 showsVl; versus® at two tempera-
to anisotropy, as well as to identify the angular range oftures. For clarity, only a few values &f are shown. Accord-
influence of each correlated pinning structure. We preseritg to the critical state Bean modéll; is proportional to the
the first determination of the lock-in angle of tracks usingscreening current density (which is lower than the critical
irreversible magnetization. currentJ.. due to thermal relaxationThe geometrical factor
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FIG. 1. Widths of the hysteresis loops;(H) as a function of
the applied field angl® for several fields, at temperaturés T
=70 K and (b) T=60 K. The inset shows a blowup of thd
=2 T data near the axis for T=60 K. The units in the inset are
the same of those of the main figure.

betweerM; andJ depends o1, but it is almost constant for
O lower than the critical angle. Thus the vertical axis in Fig.
1 is directly proportional toJ over almost all the angular
range.
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ted as a function oH for three temperatures. The inset of
Fig. 2 shows a blowup of the data of Fig. 1 #8=0.4 T and
T=60 K. This curve exhibits the second main characteristic
of the low-field results, namely the existence gblateauin
M;(®) (We define® ,,, as the center of the plateau

We first discuss the origin of the shift. Maximum pinning
is expected to occur when the tracks are aligned with the
direction thatthe vortices would have in the absence of pin-
ning. For an anisotropic material, such directidioes not
coincidewith H. If ®3 is the angle between the equilibrium
induction fieldB (which represents the vortex directjosind
the c axis, minimization of the free energy fadg,<H
<HS, gives?

In( )

@

where H,(0g) =HS,/e(Og). Here HS, and HE, are the
lower and uppec axis critical fieldse is the anisotropy and
£(0) = (cog6+¢?sirtd)Y2 Fore <1 vortices tilt towards the
ab plane. Wher® =0 we have®z>0p and the optimum
pinning situation is not satisfied. Instead, maximin oc-
curs at the vortex-track alignment conditi@y=0®p . This
corresponds to an applied field angdg,,,<®p that can be
calculated from Eq. 1 by settingg= 0~ 32°. (Within this
picture the peak cannot occur &<0, thus the negative
values of® ,,, given by Eq. 1 at lowH are unphysical, and
0 ,ax Must approach zero &$—0.)

The solid lines in Fig. 2 are fits to Eq. 1 witfixed
parameterS £=1/7 and HS,(T)=1.6 T/KX(T,—T) (the
fits are not very sensitive to any of theémUsing
HE(T)/2Ink=®y/8mA\3(T)  and A2 (T)=A2,(0)(1
—T/T,) "%, we obtain a good fit to the data as a function of

HS(1—€?) sin@gcosOg
2H In k e(0Op)

Hco(Op)

Si@g—0)~ 5

The most obvious feature of Fig. 1 is the asymmetry withfield and temperature by setting only one free parameter,

respect to the axis, which is due to the uniaxial pinning of
the inclined tracks. At high fieldsH=1 T) we observe a
large peak in the direction of the track®y~32°. ForH
<1 T the peak becomes broader aprbgressively shifts
away from the tracks in the direction of the ¢ axis H
decreases. The shift decreases with increagiag shown in
Fig. 2, where the angl® . of the maximum inM; is plot-
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FIG. 2. Angle® ,, of the maximum inM;(H) as a function of
H for three temperatures. The solid lines are fits to Bg.(see
text). Bars mark the width of the plateau. Inskt;(H) versus® .«
in the region of the plateau fdi =0.4 T andT=60 K.

Nap(0)~500 A . Although this value is significantly smaller
than the accepted valtig ~1400 A ), we note that this is a
very simplified model, where additional effects such as de-
magnetizing factors, geometrical barriers, or deviations from
Ginzburg-Landau theory are not included. We nevertheless
consider that it captures the basic physics. We note that
Zhukov et al1° have reported lock-in angles for twin bound-
aries in YBaCu;O; crystals that imply arHg; about five
times larger than the usual values, a result suggestively simi-
lar to our case. The quantitative aspects of these effects
clearly require further investigation.

We now return to the plateau seen in the inset of Fig. 2.
The constancy oM,(®) indicates that the pinning energy
remains constant and equal to the value at the alignment
condition ®g=0p. This behavior is a fingerprint of the
lock-in phasé? To determine the range of the plateau with
good accuracy+1°), wehave measured about one loop per
degree affT=60 K for 10°<® <40°. The extension of the
plateau in theH-® plane at 60 K is shown as bars in Fig. 2.
Its width decreases approximatelylds?®, as expecteld for
¢, and forH>1 T it becomes undetectable with our reso-
lution. The decrease dfl; at the edges of the plateau is
sharp, a result consistent with the appearance of kinks, which
not only reducel.. but also produce a faster relaxation.

When|®g— 0p|> ¢, vortices form staircases. Two ques-
tions arise here. First, which is the direction of the kinks that
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FIG. 3. Angular dependence of the irreversible magnetization F!G' 4. 'I_'emperature dependence@)g‘ym (see Fig. 3 The_solid
M, (H) for three fields aff =60 K. Open symbols: data fd >0. line is a guide to the eye. The sketches show the possible vortex

Solid symbols: data fof <0, reflected with respect to theaxis. ~ Staircases fo®>0p.
Some of the curves were displaced verically for clarity. The arrows
indicate the angle®,, beyond which the behavior is symmetric
with respect to the axis. The procedure of reflection of the data is
sketched in the inset.

Equation(2) adequately describes the main features of the
asymmetric region in Fig. 1, and fé,=0 it coincides with
the usual estimatés®® of ¢ .

There is, however, an important missing ingredient in the
connect the pinned portions of the vortices? Second, do wgtandard description presented above, namely the existence
observe evidence for a trapping angle? of twins and_ Cy-O Iay_ers, _wh|ch are adght_l_onal sources of

For ®>0,,,,, there is a wide angular range in Fig. 1 in correlgted pinning. Th|§ raises the possibility that vortices
which M, (+ ®)>M,(—®) for all H, i.e., pinning is stronger Ma&Y §|multaneously adqut to more than one of them, form-
whenH is closer to the tracks than in the crystallographicallyind different types of staircases.
equivalent configuration in the opposite side. This asymme- Pinning by twin boundaries is visible in Fig. 1 as an ad-
try demonstrates that at the angle® vortices form stair-  ditional peak centered at the axis for H=2 T and T
cases, with segments trapped in the tracks.@er® ,,, we  — 00 K. A blowup of that peak is shown in the inset. We
again observe asymmetriyl;(®) crosses® =0 with posi- observe this maximum fard=1 T. The width of this peak,

tive slope, indicating that pinning decreasestHss tilted ~ ~9°» IS in the typical range of reported trapping angles for

H 3-5,9,10 H
away from the tracks. We can conclude that staircases exterd¥y!ns: On the other hand, the fact that the peak is

at least beyond the axis into the® <0 region. mounted over an inclined background implies that vortices
The angled, between the kinks and the axis can be &€ also trapped by the tracks. Thus vortices in this angular

calculated by minimization of the free enerfyFor simplic-  '@nge contain segments both in the tracks and in 'the twins.
ity, let's consider the casel>H¢;, where®g=0 and the These two types of segments are enough to build up the
problem reduces to calculate the energy of one single vorte>§f"’“rc""$,es fo®>0, but fpr@<0 a third group Qf inclined
as the other terms in the free-energy density are the same fS1KS With 6<0 must exist in order to have vortices parallel
all configuration€:** If L, is the length of a pinned segment, © H.
andL, the length of the kinKsee sketch in Fig.)4the line
energy is ExL,e,(Op)+Lyer(6), where e(6y)
~goe(0)[Ink+0.5] and €,(Op)=~epe(Op)[Ink+a;] are
the line energy for free and pinned vortices, respectively,
is the vortex energy scale arg<<0.5 parametrizes the core
pinning energy due to the tracksmallera, implies stronger
pinning). Minimizing E with respect tod, we obtain the two
kink orientations,§, for ®<®; and ¢, for >0 .

As the tracks are inclined6, | and |6, | are different.

Another fact to be considered is that the asymmetry in
M;(®) disappears a® approaches thab planes. This is
illustrated in Fig. 3, whereM; data for—|®| was reflected
along thec axis and superimposed to the results fof®|.
There is a well-defined angl®, , beyond whichM;(®)
recovers the symmetry with respect to thexis. We have
also found tha®,, is only weakly dependent oH.

One possible interpretation is that for> 0, staircases
disappear, i.e., tha® = 6, and we are determining;

) N =0¢m— Op. However, this is inconsistent with our experi-
However, those angles are independenBofAs |© — O mental results. Indeedzs should decrease withi, and this

increases g, remain constant whilé, decreases and the : -
number of kinks increases, consequgntly the pinning energ?/ecrease fEOUIdNbe particularly strong Qbove the d_ep|_nn|ng
lowers. This accounts for all; that decreases as we move emperature Tqp . 40K dge to the redL_Jctlon of th_e pinning
away from the tracks. In part=cular f6 = 0> vortices be- energy by entrop'lc smearing effetlffsThls expectapon is in
) S R K . sharp contrast with the observed increas@®gf,, with tem-
come straight,=0), thuser =6, —Op| are the trapping perature, which is shown in Fig. 4 fdd=2 T. Thus the
angles in both directions. In generaf must be obtained interpretation of® g, as a measure of the trapping angle is
numerically, but fors tanf,<1 ande tan®p<1 we obtain  yyled out. Moreover, if in a certain angular range vortices
I were not forming staircases, pinning could be described by a
tang= ~tan® i}A 1-2a _ @) scalar disorder strength, then at high fiekds(®) should
k P~¢" Ink+0.5 follow the anisotropy scaling laf# M;(H,0)
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=M;[e(®)H]. Consistently, we do not observe such scalingpinned-kink structure occurs. In this new picture, the gradual
in any angular range. crossover to the symmetric regime F8| increases takes
Our alternative interpretation is that, Bisapproaches the place when most of the remaining kinks are pinned by the
ab planes, the kinks become trapped by the intrinsic pinningplanes.
This idea has been used by Harelyal® to explain that the If kink_s b_ecome locked, the tot_al length of a vortex that is
J. at low T in the very anisotropic Bi and Tl compounds with trapped inside columnar defects is the total length of a track,
tracks at®p=45° was the same foH either parallel or independent of®, and the total length of the kinks is
normal to them. Our situation is somewhat different, as we*@n(© +Op|) for field orientations* ©, respectively. As
are comparing two configurations both having kinks. ﬁ| grows, the relative difference between .the !me energy in
We first note that, according to Eq), 6; cannot be both orientations decrease_s, an effect that is relnf_orced by the
o - A small line energy of the kinks in thab planes. If kinks are
gxactly 90 fgr finites, thus the Intrinsic pinning must be not locked but rather form staircases, taking into account that
|r_1c0rpprated into the model_by assigning a lower energy 9he trapping angle for theb planes is small (~5°), the
kmks_ in the ab planes. Vortlces_may now form structures ¢, e argument still applies to a good approximation. The
consisting of segments trapped in the column; connect_ed t%mperature dependence @t is now easily explained by
segments trapped in thab planes, or alternatively an in- 5 faster decrease of the pinning of thie planes withT as
clined k!nk may transfprm into a staircase of sr_nallgr kinkscompared to the columnar defects.
connecting segments in the plansee sketches in Fig.)4 Additional evidence in support of our description comes
We should now compare the energy of the new configurafrom transport measurements in the de-flux transformer con-
tions with that containing kinks at anglég . This is equiva-  figuration. Recent results show that, in contrast with un-
lent to figure out whether the kinks @, lay within the  twinned crystals, in the liquid phase iwinnedYBa,Cu,O;
trapping regime for the planes or not. The problem with thiscrystals vortices remain correlated along thexis for all
analysis is that, ag, are independent d, one of the two  field orientations'® This suggest that, for all angles, vortices
possibilities (either inclined or trapped kinkswill be the  are composed solely of segments in the twins and inathe
most favorable for all®. Thus this picture alone cannot ex- planes.
plain the crossover from an asymmetric to a symmetric re- In summary, we have shown that the combined effect of
gime in M;(0). the three sources of correlated pinning must be taken into
The key concept to be considered in this scenario is th@ccount to describe the vortex structure in samples with in-
dispersion in the pinning energy of the tracks. The angfes clined columnar defects. We demonstrate that the lock-in
depend on the pinning strength of the adjacent trdeksn ~ phase exhibits an angle independent pinning strength, and
Eq. (2)], thus a dispersion im, implies a dispersion i . show the decrefise of the lock-in apgle with field. Our results
As O increases, it becomes larger than the smajes (that _show that a variety of cpmplex staircases are formed depgnd—
connect the weaker defeg@nd the corresponding kinks dis- N9 ©N the field orientation and strongly syggest that, at_ hlgh
appear. The vortices involved, however, do not becomd€mperatures, _correlatt_sd structures dominate vortex pinning
straight, but remain trapped by stronger pins connected b§Ver random disorder in the whole angular range.
longer kinks with largeré, . This process goes on &3
grows: the weaker tracks progressively become uneffective \Work partially supported by ANPCyT, Argentina, PICT
as the “local” 6, is exceeded, and the distribution 6f 97 No. 01120. A.S. and G.N. were partially supported by
shifts towards theab planes. When a particular kink falls CONICET. We acknowledge useful discussions with S.
within the trapping angle of the planes, a switch to theGrigera, F. de la Cruz, E. Osquiguil, and D. Niebieskikwiat.
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