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When the magnetic fieldd is rotated around the axis parallel to the short side of columnar-defected
YBa,Cus0, single crystals, we observe a narrow dip in the irreversible magnetic momelitdarallel to the
columns. The conditions for the existence of this phenomenon have been clarified by investigating different
sample geometries and field orientations. Using the anisotropic critical state model, we show that the anomaly
arises from a sharp increase of the critical current density parallel to the field rotation plane. Possible expla-
nations for the underlying vortex dynamics are discuspgd163-18208)04237-4

I. INTRODUCTION II. EXPERIMENTAL

A. Samples

The enhancement of vortex pinning in high-temperature \ye have studied five twinned YBA,0, single crystals
superconductors(HTS's) by columnar defects is well taken from a single batch, which were characterized mag-
established. There have been some studies how the di- netically prior to irradiation. At 77 K they displayed no
rection of magnetic field effects the vortex-column interac-“fishtail” peak and the shielding current density was below
tion, but with limited (~1°) angular resolution. Recently, 10* A/cm?, indicative of little pinning in the virgin state. In
using vector magnetometry with high angular resolution, thefour crystals(AH, AE, HA, andAW), columnar defects were
transformations of the vortex structure in columnar defected¢reated by 2.2 GeV Au ion irradiation; for crystdpR,
YBa,Cuz0, single crystals were studied. It was found that2.7 GeV U ions were used. As is usual, the irradiation direc-
the behavior of the reversible transverse magnetization rdion was tilted slightly(~1°), away from thec axis to avoid
lated to the direction of vortices, corresponds to the generallghanneling. All samples are rectangular in shape; their di-
accepted physical picture of vortex lock-in phenomenamensions and irradiation fluences, expressed as matching
When the anglep between the column direction and the field B, are listed in Table I.
magnetic fieldH is less than the lock-in angle, , vortices
are locked to the column direction. For larger anglgs B. Alignment procedure

<¢<¢r, the vortex structure is kinked. Finally, whep The effects that we are concerned with here occur over a
> ¢, the vortices become rectilinear and closely parallel to, 5 row range of angle between the applied figldand the
H column direction. We use a vibrating sample magnetometer

Thus for smalle, vortex pinning by columns is much equipped with two perpendicular pickup coils that simulta-
stronger than bulk pinning by point defects, but at laggbe

columns become ineffective. The critical current dendity TABLE |. Dimensions and matching fields of the irradiated
should therefore decrease rapidly with increasmp@quiva-  crystals.
lently, there should be a peak in the irreversible magnetic

momentm;,(¢) at ¢=0. This was indeed reported previ- Sample Matching
ously. However, in this work we found that over a substan- number  Imm — smm  tum  5=l/s field/T
tial portion of the field-temperature plane, there isnani- AH 1.26 0.57 o5 291 3
mumof m;,(¢) instead of a maximum at=0, but only for AE 112 0.72 27 1.47 1
certain orientations of the field rotation pla_ne with respectto  ya 1.25 0.9 25 1.38 0.3
the sample geometry. Here we explore this unexpected phe- Ay 1.4 0.75 20 1.87 0.1
nomenon in detail, present a phenomenological interpreta- |, 1.76 0.54 38 326 0.04

tion, and discuss its possible physical origin.
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C. Measurement regime

In the present study, we are concerned with flux pinning
as reflected by shielding currents, which generateran
versible momentm; we obtainm from the difference be-
tween the upward and downward legs of the magnetization
loops. As we have pointed out previousl§or H applied at
an arbitrary angle, the shielding currents in a thin plate su-
perconductor are closely confined to the plane of the plate,
unlessH is very nearly parallel to the plate. The associated
momentm is therefore nearly parallel to the plate normal; we
obtain its magnitude from the vector addition of the mea-
sured momentsngy and m,;. However, similar behaviour
can also be deduced fromgg alone.

We need to avoid the complications arising from demag-
netizing effects, so all the results reported here are at fields
large compared with the critical state full penetration field

FIG. 1. Geometry of the angular studi¢a) Rotation axis par- Hpen. The latter is proportional to the critical current density
allel to the long is denoted byg; (b) rotation of the applied fieltd  j, which itself varies greatly between our samples because of
by the axis parallel to the short sample sislés denoted by the their wide range of fluences. Consequently, the regions of the
angle . field-temperature plane that have been examined are not the
same for all samples.
neously measurai. andm... the components of the mad- The da_lta presented here qrise fr@nscans withe set to

USly std ort Mponents ot theé Mag- g. 4nq vice versa, although in setting the sample alignment
netic moment parallel and perpendicular to the app(feti- and for other reasons, we have explored other orientations

zonta) magnetic field, respectively. The sample can begjose 1o the column direction. Our procedure was always to

rotated about a vertical axi§ig. 1) with high angular reso- iy an orientation, and then measure a magnetization loop;
lution (0.019 and reproducibility’, but the uncertainties in the converse protocol, with sample rotation in fixed field can
sample mounting and in column direction may cause thgeadily generate artifacts. While some flux creep is always
latter to be tipped out of the horizontal plane by up-th° or  present, the features reported here are not sensitive to it, as
so. Later we added a vertical solenoid, swept synchronouslyhecked by performing magnetization loops at widely differ-
with the main horizontal superconducting coils, to tilt the ent sweep rates.
field rotation plane into alignment with the columns. This tilt
range is limited by dissipation in the secondary solenoid, . RESULTS
which can generate a maximum vertical field-o40 mT. )

Within the horizontal plane, the column direction can be ~ Figure 2 shows the angular dependences é6r samples
readily identified, either through rull in the reversiblepart ~ HA, AH, andi2. Over a broad angular range, the moment
of the moment transverse to, or anextremumin the irre- increases as the field direction approaches that of the col-

versiblemoment parallel taH.2 As the direction of theab ~ UMNS, @s seen previoushHowever, fore scans(short rota-

planes can also be determined in a similar manner, we caiP? @xis, there is a narrow dip in magnetic momentgat

find the misalignmen{~1°) between the projections of the tho evrlﬁlelnt \'Ar/]itﬁ"ﬂfarm\l/es't "]ﬁ‘llth?:é%h ?ﬁ?qermz?r; brrrc])z?/t/jer for
columns andc axis to the rotation plane with an accuracy € sample € lowest fluende. 1his um was
N . . found to exist only below a threshold fieldyH,, which
better than 0.1°. As we found it of no importance for the L . .
. . decreases with increasing temperature, and which can be
results presented here, we will further assume thaixis

coincides with the direction of the columns which was use reater or smaller than the matching fieid, . For uoH

th | f directi MoHp no dip is present.
as the zero angle reterence direction. . Furthermore, at a given field, the presence of a minimum
As we shall see below, the observed behavior depen

o . X oo epends on the rotation plane with respect to the sample
critically on whether the field rotation axis is parallel to the geometry[Fig. 2b)]: Samples of large aspect ratiaH and
long side or to the short transverse side of the thin plateliqu) exhibit no dip at all forg scans(long rotation axi§
sample(Fig. 1). For investigations over a substantial angularyjle HA, which is almost square, shows a dip in(6)
range, the sample does have to be remounted, and the c@lmilar to that seen im(¢). These curves are not perfectly
umn direction relocated for the second set of measurementsymmetric about the origifthe column directioy) this may

By using the secondary solenoid, data could be obtained fafesult from the deliberate small misalignment between the
both rotation planes within a limited angular window without irradiation direction and the-axis and the uncertainty in
remounting the sample. setting the rotation plan€Sec. Il A).

In presenting and analyzing the data, it is convenient to Data obtained on samplédV and AE with the secondary
distinguish field rotations in the two orthogonal planes bycoil, so thatd and ¢ could both be scanned situ, are pre-
denoting the angles asand @ for the rotation axis parallel to sented in Fig. 3. As in the initigland less precisely aligngd
the short and long side of the sample, respectiv@lig. = measurements described above, the dip is observed ¢r)

1). In what follows we shall refer to these as the short andor all cases, but the dip im(6) occurs only for the almost-
long rotation axes. square sampldE. To summarize, all five samples show a

®
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FIG. 2. The angular dependences of the normalized irreversible FIG. 3. The angular dependences of the normalized irreversible
magnetic moments of samplésl, HA, andl2 (a) for rotation axis =~ magnetic moments of samplédV and AE, measured with the ad-
parallel to the short sample sid®¢)/m(0), and(b) for rotation axis  ditional vertical solenoid to obtain more accurate alignmésete
parallel to the long sample sida(6)/m(0). For clarity, the curves text). (a) m(¢)/m(0); (b) m(6)/m(0).
have been displaced vertically. These data were taken prior to the
incorporation of the secondary solenoiec. 11 B), so that the thogonal toH (Fig. 4). Below we consider the anisotropic
alignment of the column direction to the field rotation plane is notBean model and show that the observed symmetry breaking
better than about 1°. can be related to anisotropy in the shielding currents induced

when the magnetic field is tilted.
central minimum whe is rotated around the short axis of

the sample, but for rotation around long axis, the minimum

. B. The anisotropic critical state model
occurs only in samples that are nearly square.

The standard Bean critical state model was extended some
time ago to include anisotropic critical current densities in a
rectangular plate with magnetic field applied parallel to the
A. Symmetry breaking normal’® More recently, we have shown that for fields tilted

Because these crystals are twinned, on a mesoscopic sc fiom the normal, over a large angular ramges dominated
they should have foa/r—fold symmetry ir; thd plane priorpto ?O?ally by the in-plane currenfsThis result was obtained in
T ; the closed form for an infinite strip. Assuming that it remains
irradiation. That symmetry is broken, but only weakly, by = . L . ;
the deliberate small misalignment between ¢fais and the valid for a finite rectangular slab, the standard anisotropic

irradiation direction(Sec. Il A). We can exclude this factor critical state model can be used also whtens tilted away
from the normal. In this case the angular dependence of the

as the reason for the observed behavior because of the im-a netic moment is caused by the anaular dependence of the
portance of the sample geometry found in the data, and als g y 9 P

o - . . IN-plane currents.
because no significant anisotropy in dieplane induced by L .
columnar defects has ever been reportedy., Ref. 6 and We dls_tmgwsh rotathn axes parallel to the short and long
) sample sides by denoting the angles from the normap as
references therejn

On a macroscopic scale, the rectangular shape of the and 6 (Fig. 1); mesoscopically these are equivalent, so that

platelike crystals is strongly symmetry breaking, and indeejﬁfe ang_ular dependence of th(_e current is mﬂe_pendent of the
that is the correlation we observe: a simple maximunmin (.)”emit'.on of the sample sides, i.ej;(¢)=],(¥) and
occurs only ifH is rotated by axis parallel to the long side of Ji(e)=].(0). . .

markedly rectangular crystals; otherwise there is a central .Th.en f_or small angles .Of tilt, the current anisotroy
minimum. We therefore look at the interplay between the:J”/Ji W'.” be CIOS? to unity, and so less than Fhe sample
field direction and the macroscopic shielding currents. aspect ratiog(=1/s); the pattern of current flow will be that

WhenH is parallel to the normal, the shielding currents in indicated in Fig. 4a). The magnetic moments are

IV. MODEL

a rectangular superconducting plate that flow parallel to the i1(o)s[37—k(e)]

long and short sides of the sample are mesoscopically m(¢)= ! vV, (1)
equivalent. However, ad is rotated, this equivalence breaks 67

down: the current{density j, parallel to the rotation plane ) .

acquires a component in the direction df whereas the m(6)= j1(0)s[37—k (9)]\/’ @)

currentj, perpendicular to the rotation plane remains or- 67
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FIG. 4. The “rooftop” pattern of distribution of shielding cur-
rents in a rectangular sample. The critical curr@tgnsity in the
plane of the sample that flows perpendicularttads denotedj, ,
that with a component parallel té is j, . Because the anisotropy of
the currentsj, /j, increases with increasing tilt angle, the initial
pattern (a) eventually switches to that ofb) when H is rotated
around short axis. In contrast, for rotations around long @jishe
initial pattern remains stable.

whereV is the sample volume.
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FIG. 5. The ratio of the normalized magnetic moments)/
u(0) for equal tilt angles ¢= 6) in the two rotation planes. At high
angles,u(¢)/u(6) is seen to tend toward the sample aspect ratio
The inset shows the behavior of(¢)/m(6) at small angles.

dominated byB,(¢) [Eq. (3)]. Therefore, the experimental
observation that there is always a central minimum in these
¢ scangFigs. Xa) and 2a)] shows that for smalb, j;(¢)
increases more rapidly thgn(¢) decreases.

For thed scangd Eq. (4)] initially m(6) has a central mini-
mum if 3p<2+[B(¢)/B.(¢)]. Although we cannot ex-
pect B,(¢) and B, (¢) to be quantitatively the same in all
our samples, because of their wide range of fluences, the fact
that the samples witlpy<1.5 show central minima in the
scans, but those with=1.5 have central maxin{drigs. 2b)
and 3b)], suggests that for smadl, B,(¢) is typically up to
2.5 times larger thaB, (¢).

Particularly, for small changes in the currents near D. Behavior for H at large angles to the normal

(6,0)=0 when j(¢)=j;(0)(1+8) and j,(¢)=],(0)(1
—B.), with 8, ,8,<<1 (this choice of signs will be seen
later to be convenientwe find

= _14p_ PR
w(@)=m(e)/m(0)~1+p, e -
+
lu( 0)=m( 0)/m(0)%1_BL+ lilln_ﬂi_ . (4)

At larger tilt anglese the anisotropy of the currenkg ¢)
increases, and wheke 7 the “rooftop” pattern of current
flow alters to that of Fig. é). Equation(1) must then be
replaced by

; k-l
):JL(<P)|[3 7k (@)]V

m(e 3 5

Equation(2) remains valid.

C. Behavior for H nearly parallel to the columns

The presence of a minimum in square samples-()
whenH is rotated from the normal requirg(¢)> 8, (¢)
[Egs.(3) or (4)]; furthermore, whery increases, the behav-

For currentj,(¢) the Lorentz force decreases with
This, and other reasons discussed below, determine the fast
increase of the anisotropl. Because the samples studied
here have moderate values gf for any given sample the
anisotropyk of the currents will at some anglg, exceed its
geometrical aspect rati@. In which case Eq(5) applies
instead of Eq.(1), and the current pattern of Fig(l¥ re-
places that of Fig. @). Thereafter bottm(¢) andm(6) will
be dominated by, , which decreases with increasing angle.
The position of the subsidiary maxima in thescans is a
measure ofp, so that again with theaveatthat the samples
cover a range of fluences and matching fields, it is consistent
that the larger the aspect ratio, the greater the angle of these
maxima[Fig. 2@)].

One further result of the anisotropic critical state model is
that when the angleg and 6 become large, so that the an-
isotropyk is large, the angular ratio of the magnetic moments
v(p)=m(¢)/m(6=¢) [Egs.(2) and(5)] tends towards the
sample aspect ratig [recalling thatj, (¢)=j,(6)]. Here
we usee to represent angular dependences in different di-
rections without reference to the scan direction. The data
shown in Fig. 5 demonstrate the quantitative validity of the
model. Small misalignmen(<1°) of the rotation plane and
columns leads to the uncertair(ty 10—20%, see inset in Fig.

iour of m(¢) asH is rotated around the short axis becomes5) in the values ofm(¢=0°) and m(#=0°) that are ob-
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FIG. 6. The normalized angular dependences of the currents
parallelj, and perpendiculaj, to the rotation plane oH, as ob-
tained from the measured magnetic moments via E)sand (7). FIG. 7. Schematic vortex structure in tilted field For small
Data are shown for the irradiated crysfeH at two different fields, tilt angles, the vortex structure consists of segments locked to the
and for comparison, an unirradiated cryst@iz). For clarity, the  columns, linked by segments between the colurtiysBecause the

curves have been displaced vertically. links have a component parallel to the currgnta helical instabil-
ity may arise.

tained in two separate experiments with sample remounted.

To cancel the uncertainty we used normalization by these V. DISCUSSION

values and considered ratio pf ¢, 0) =m(¢,8)/m(0°). ) i
The analysis of our data into the current components par-

allel and perpendicular to the rotation plane of the applied
field shows that the cause for the unexpected central mini-
The critical state equations fon(¢) andm(6) [Egs.(1),  mum inm(e) is the rapid increase in irradiated crystalsj pf
(2) or (5)] can be inverted to extract the angular variations ofwith angle, as shown in Fig. 6. For large angles, the
j, andj,. For v<2%3(37°—1) the anisotropyk can be current is closely related to the Lorentz force-free
calculated from the cubic equation configuration'®=# In previous experiments a large increase
5 5 of the critical current for this case was observed for both
k*(¢) =37k (@) +3nv(e)k(e)—v(¢)=0,  (6)  conventional superconductd?snd HTS’s(Refs. 14 and 16
using transport, magnetic and magnetooptic measurements.
However, it is presently unclear how this may influence the
behavior at small angles.
There is of course a “lock-in" transition between the vor-
tices and the columns at small enough angles, and our earlier
experimentdindicate that for the sample shown in Fig. 6 at

E. Angular dependences of the current densities

where only one physical solution exists for the rangekl
< 7. Oncek is found (using the standard solutidythe val-
ues of the currentg; andj, can be found straightforwardly
from Eqgs.(1) and(2), respectively. For large=2%%/ (37>
—1) the anisotropk= 7 can be calculated using

v(e)— 78 60 K the boundary between the “Iock_ed” and “kinked”
k(g)= -———, (7) vortex phases occurs for a transverse field~@&0 mT, cor-
3nlv(e)— ] responding to angleg, _x, considerably smaller than the
and the currentg, andj, are determined from the Eqe) ~ 'ange over whichy, continues to increase. Thus, we infer that
and(2), respectively. the enhancement ¢f is occurring within the “kinked” vor-

The results for a typical irradiated sample are shown irf€x phase. _ _
Fig. 6; the accuracy in the calculation jgfdecreases rapidly ~ One possibility is that becaugg contains a component
as ¢ increases so the data shown are restricted to smafhich is collinear to the direction of the vortex, it could lead
angles. For comparison, data are included also from an unif® helical instabilities in the vortex segments of the kinked
radiated twinned crystal in which the pinning is dominatedvortex phase(Fig. 7). Such instabilities have recently been
by twin boundaries. This comparison stresses that the fegbserved directf? and can fundamentally alter the nature of
tures discussed here are characteristic of irradiated sampl&€ flux pinning mechanism. The decreasejofasH is
only. tilted away from the columns is related simply to the vortex-
For low fields, the current density parallel to the field column méeracUon, and no helical instability is expected or
rotation planej,, increases more rapidly in the columnar- observed:
defected crystal thapy decreases, which is the condition for
a central minimum im(¢) noted in Sec. IV B; the converse
is the case at high fields, so there is then a central maximum
in m(¢). In the unirradiated crystaj, is essentially indepen- When the magnetic field is rotated around the axis parallel
dent of angle. to the short transverse side of irradiated ¥8&0; single

VI. CONCLUSIONS
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crystal, we observe a narrow dip in the irreversible magneti¢ehavior ofj, andj, is that the former is susceptible to
moment for the magnetic field direction parallel to the col-nelical instabilities, but the latter is not.

umns. In terms of a simple anisotropic critical state model,
the minima can be understood as arising from a rapid in-
crease in the currerftlensity j, parallel to the field rotation
plane as the field is tilted, which is faster than the decrease of
the perpendicular curreft . One quantitative prediction of The authors are grateful to E. H. Brandt, J. R. Clem, A.
this model is that at large angles, the ratio of these currentl. Campbell, and L. A. Ponomarenko for useful discussions.
densities should approach the sample aspect ratioe good This work was supported by NATO Linkage Grant No.
agreement of the values measured gives strong support to thr931241, the UK Engineering and Physical Sciences Re-
model. search Council, the Russian Foundation for Basic Research

In terms of the vortices and their interaction with the co-Grant No. 96-02-18376a, the joint RFBBrant No. 96-02-
lumnar defects, this behavior is occurring within the 00235Q and DFG[Grant No. 436Rus-113/417(R)], and
“kinked” vortex phase. One possibility for the contrasting INTAS Grant Nos. 97-1717 and 94-3562.
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