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Accommodation of vortices to columnar defects:
Evidence for large entropic reduction of vortex localization
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We map a pinning boundary in YB&u30-_ 5 crystals with columnar defects vi@ a finite large drop of
the persistent curred{(T), (ii) a maximum in the thermal relaxation re8€T), and(iii) the onset of H field
dependence of(H). This boundary is consistent with the “accommodation” fi@t{ T) proposed by Nelson
and Vinokur, separating the regime of vortices well localized on columnar pins from the interaction-dominated
collective regime. The strong-pinning regime is limited by an unexpectedly low vortex depinning temperature
Tgp~41 K (below 0.5). [S0163-18296)01918-3

I. INTRODUCTION AND BRIEF SUMMARY temperature side. Theoretical estimatesindicate that

It is now well accepted that columnar defects in a high-TdP%TC(V/1+ v), With v=(ro/£,(0))(LGI). For the

temperature superconductor pin magnetic vortices in th&3S€ OIZYB@CUSJOF(S (YBCO), the Ginzburg number
most efficient way-2 The reason for the strong pinning is G110 *, and theab-plane coherence lengtf,(0)~12 A
essentially topological—the vortex line can be confined ovel’SiNg the pin  radiusry~40 A (Ref. 5, we obtain

a considerable portion of its lengthand thus can withstand po~0.9Tc:«83 K. This high depinning temperature sug-
a greater Lorentz forcex(L). At low temperatures, the vor- gests thaB*(T) should be re!atlvely unaffected by entropic
tex matter in a material with columnar pins is expected to€T€CtS at low temperaturéd (i.e., only weakly temperature

form a Bose-glass phadeith vortices localized on these dependent below-0.5T). N o _
pins. For fields below the dose-equivalent matching field N thiS paper we report an empirical pinning crossover in
B, (the field at which the densities of defects and vorticedn® H—T diagram of columnar-defected YBCO crystals,
are equal there are fewer vortices than pins and each vorteVhich is consistent with the accommodation fied(T).
can find a columnar track by shifting over distances Compa]'ms crossover is apparent from .three distinctive .features in
rable to the mean separation between the defects. At loi’® magnetic response, all of which were absent in the same
enough fields, vortex-vortex interactions are negligible andrystals before irradiation. One feature is a large, almost
vortices will be pinned individually. In theory, this regime of Steplike decrease in the persistent current den3iy),
strong single-vortex pinninglarge critical current density Which occurs below 07 and only for fields belowB, .
Jo) is limited®* in the H—T plane by the “accommodation Another characteristic is maximumin the normalized creep
field” B*(T)<Bg . Beyond this crossover boundary, collec- rate S(T), which coincides in thed — T plane with the new
tive effects become important and pinning is weaker. feature inJ(T). Finally, we observe that on the high-field
Near zero temperaturB8’ can be estimated by comparing side of this crossoved(H) is proportional to I, the field
the elastic energy loss due to the spatial adjustment with thdependence expected in the collective-pinning regime of the
gain in pinning energy:* As temperature increasestropic ~ Bose-glass phase. The crossover field af=5 K is nearly
effects come into play and tend to oppd&éhe confinement Bg, and hence increases with irradiation dose, while the tem-
of vortex cores inside a single track. This results in a deperature scale does not depend on pin density. All these ob-
crease of theffectivepinning energy by the entropic smear- servations follow until the now untested theoretical
ing factorf(T/Ty,), wheref(0)=1 andf(T) decreases with expectation’® for B*, except for the low value of the depin-
increasing temperature. The depinning temperafiyg a  ning temperaturd4,=41 K, which is well below expecta-
single-track binding energypeyond which the vortex line tions. A “nonideal” pinning efficiency of a real columnar
begins to wander away significantly from its columnar defect allows easier wandering of vortices and thus a lower
defect® constrains the strong-pinning regime on the high-value 0f Tgp-
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T (K) ation rateS(T) (displayed in Fig. b are plotted as open circles.

B*(T) decreases nearly linearly with (extrapolating to zero at
FIG. 1. Persistent current densiffT) at several fields for a T.) until it reaches~0.5B, . At this field the there is also a cross-
YBCO crystal irradiated with 1 GeV Au to a dose of 2.4 T. At low over in the Bose-glass melting lineee Refs. 5 and)61t drops
fields J(T) shows a large reduction below0.5T.. This is illus- abruptly atTy,~41 K. Ty, is dose independent, as shown in the
trated in the inset, where-dInJ/dT is shown to display a maxi- upper inset for B=11 and 4.7 T. For large doses
mum which shifts to lower temperatures with increasing field andB*(~0 K)<Byg, (see text The values oB* from scaling ofself-
disappears at-Bg, . similar J(H/B*) are shown as encircled stasee text and Fig.)4
The entropic smearing function is given bgT)=B*(T)/B*(0).
Il. EMPIRICAL SIGNATURES OF THE
“ACCOMMODATION” FIELD B*(T) peratures and slows down again at higher temperatures until
the irreversibility line is approacheédThe structure inJ(T)
is absent above B and is unaffected by the crystal shape;
We studied several platelike YBCO crystals fL mm  i.e., two crystals with the samig,=2.4 T but with a factor
size and~20 wm thick along thec axis, irradiated with of 2 different aspect ratios, show an identical structure. We
energetid1.08 GeV °’AuZ*" ions at the TASCC facility in  observe this effect iall irradiated crystals with pin densities
Chalk River Laboratories, Canada. The ion beam was tiltedrom 0.6 to~5 T. This behavior is distinctly different from
off the ¢ axis by 2° to avoid axial channeling and the dosethe quasi-exponential temperature dependence universally
rate was less than»810® ions/cn? sec to avoid heatingl®  seen at all fields in unirradiated crystalgV/e choose to track
To search for signatures @&*(T) we examined the field, the drop inJ(T) with the maximum slope in lhvs T, i.e.,
temperature and time dependence of the persistent currewith the maximum in—dInJ/dT vs T as illustrated in the
densityJ(H,T,t) for several values oBs . We obtained) inset of Fig. 1. The position of the maximum indInd/dT
from the irreversible magnetizatioM (H,T,t) using the for different values of magnetic field is plotted in Fig. 2. It
critical state modef,which relates) andM via a geometrical traces a boundary in the field-temperatuteé—<T) plane
(shape factor® The magnetization was measured with a su-which we denotéH,(T).
perconducting quantum interference device magnetometer in At low temperaturesd,~By , consistent with the theo-
fields up to 5.5 T applied along the direction of the incidentretical expectation foB*. As T is increasedH,(T) de-
beam. creases almost linearly and extrapolates to zero-at..
WhenH(T) falls to ~0.5Bg,, it begins to decrease faster
and becomes nearbliscontinuoust T~41 K. This limiting
temperature isndependent of the irradiation doses dem-
onstrated in the inset of Fig. 2, where equivalent data for two
Figure 1 shows)(T) for a YBCO crystal irradiatetito a  other crystals wittB,=1.1 and 4.7 T is shown. Our experi-
dose ofBg,=2.4 T for several values of field applied along mentally determinedh,(T) follows a path in thed — T plane
the columnar tracks. The critical current densltyH,T) is  consistent with B*(T), and we interpret thisdose-
predicted to be high in the region of strongly localized,independenttemperature as theingle-columndepinning
single-vortex pinning, and to decrease for fields abBVe temperaturel y,. Strictly speakingB*(T) should be related
due to vortex-vortex interactioris. We expect this decrease to the position-dependent magnetic induct®y(T) and not
to be reflected iR(T) . The data of Fig. 1 clearly show that to the external fieldH,(T). The difference, however, be-
belowBg , the decrease id(T) with increasing temperature comes appreciable only at fields below the self-fi2loh-
is initially slow, exhibits alarge drop at intermediate tem- duced by the persistent currentdge(T) ~JI(Hge, T) 6/2,

A. Experimental and measurement procedures

B. Large drop in persistent current density J(T) at the
“accommodation” field B*(T)
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FIG. 3. J(H) at 5 K [normalized toJ(0)] vs H/Bg, for YBCO
crystals irradiated with 1 GeV Au witB,= (2) 0.6 T,(b) 1.1 T,

and(c) 2.4 T. We observe H

pinning in all crystals abovB=

is largest.

where é is the crystal thickness. From the data in Fig. 2 we

dependence indicative of collective
By, at which|dJ/dH| (solid line)

can estimatéd ;. 41K)~ 1000 Oe, well below the beginning
of the abrupt decrease t¢i,(T), thus indicating that our
determination of the depinning temperatufg, is not af-

fected by self-field effects. On the other hand, self-field ef-

fects preclude us from obtainir®y,(T) belowH(T), and

consequently the predicted low-field tail in the accommoda
tion field®* aboveT g, can be neither confirmed nor ruled out
by the experiment. From now on we will focus on the regime
H>H s and thus we will disregard the differences betwee

B andH.
The faster falloff of B*(

(~0.5By) for all doses. At higher doses the low-temperature

T) begins at nearlyhalf-filling

value of B* is reduced due to clustering of tracks in thk

plane as we discuss later.

C. Collective pinning aboveB*(T):
1/H field dependence ofl(H)

To verify our interpretation thaB*(T)=B,(T), we need
to establish the collective nature of pinning on the high-fieldit down to temperatures below those of our experiment.

side of B,. Above B(T) the pinned objects are vortex

slightly downwards—it

n
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FIG. 4. Scaling of the magnetic hystereBisM* =f(H/B*) for
the crystal of Fig. 1 at temperatures beldy,. We observe such
self-similarity of M(H) for all irradiation doses. The normalized
values of scaling fieldB;=B*(T)/B* (5 K) and current
Jh=J*(T)/J* (5 K) are plotted in the inset as stars and open circles,
respectively.

though we have no experimental accesd o at low tem-
peratures, where the creep rates are shalljis nearlyJ,
and thus the field dependence &fH,T) should approxi-
mately follow that ofJ.(H,T). So we first examine the 5 K
data. The normalizedJ(H) at this temperature for
B$=0.6, 1.1, and 2.4 T is shown in Fig. 3. The fits to Eq.
(1) are shown as dashed lines. The agreement is good for all
doses, and the departure from thédldependence at low
fields occurs very near the field wheredJ/dH is largestt?
Thus, we identify the maximum slope chan@elid line in
Fig. 3 with B*(T). This occurs almost exactly &4, for
By=0.6 T. For larger doses, the inflection point shifts
is at H/B$=0.92+-0.09 for
By=1.1T and=0.87+-0.1 fora 2.4 T.

From the fits we obtain a prefactar=1/2, indicating that
at B*(T), about half of the vortices are pinned. This is an
important piece of information that will be discussed in the
context of pinning efficiency in Sec. Illl. The values dﬂd
obtained from the fits are slightly larger than the values for
the same crystals before irradiation. This can be easily un-
derstood by taking into account a small amount of random
point defects generated as a “side effect” of the heavy-ion
irradiation. We note that the predicted plastic pinning
regime® characterized by a YH field dependence is not
observed. This is consistent with the Iaw,, which would
preclude the appearance of the plastic regime, or at least shift

From the onset of H field dependence af(H) at 5 K,

bundles* and J, is found by equating the Lorentz forces and following the same procedure at higher temperatures, we
acting onall vortices and pinning forces acting only on obtain an independent second estimat®tfT) also shown
trappedvorticed—we arrive atl.<1/H. Explicitly,

JC(H,T)zaJC(O,T)FJrJEd, B>

B*

BCD ’ (1)

where we have addelf?, the field-independent contribution
from point defects, already present before irradiatio-

in Fig. 2. We know that this second estimateB3f{(T) will
become progressively more unreliable as temperature in-
creases due to the difference betwdeandJ.. Consistently,

at 5 K we find anexcellent agreement witiB,, obtained
earlier fromJ(T), and less so at higher temperatures. We
also find thatB*(T) can be used to scale the entilgH) at
different temperatures, bonly below T,,. Indeed, magnetic
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. . . — . . dind dinJ. dinU,
0.08 |1 GeV Au®3+ YBCO | o7~ dT = S(T)In(t/t ) T 4T | 2
-oE _Bq, = 2.4 Tesla i
B 0.06 I Equation 2 indicates that the features dinJ/dT and
> | S(T) are strongly correlated. This is a natural consequence
= of the fact that both features have the same physical origin,
"? 0.04 1 namely a significant change in tdedependence df) upon
I i crossing the accommodation field. Following the ideas of
o 002 F collective pinning’ in the regime of individual vortex pin-
- ning (belowB*), the time relaxation of (H,T,t) will be fast
0 . . : ! ; : : and will slow down aboveB* due to formation of vortex
0 20 40 60 bundles® Thus, by traversing thel — T plane toward higher

T(K) temperatures, we should find a decrease in the creep rate
S(T) when we crosB*(T), as observed. A maximum is
FIG. 5. Thermal relaxation rat§(T) vs temperature for three expectel from a prolific generation of double-kink
values of applied fieldS(T) exhibits a peak foH<Bg which  excitations! nearTy,. Above B, the creep rate is essen-
shifts towards lower temperatures as field is increased. It foIIowqiany flat in temperature and much lowésee Fig. 5, as

the boundar)B*(T) obtained from the peak idind/dT (see Flg 2 expected in the regime of collective pinning.
and the discussion in Sec. I)DThe peak disappears in the

collective-pinning regime abovBg,=2.4 T, as shown in the figure

forH=3 T. lll. LESS-THAN-IDEAL PINNING EFFICIENCY 7x
OF COLUMNAR DEFECTS
hysteresis loops are self-simildtj.e., the shape of the hys- A. Estimate of 5 at low temperatures
teresis loopgor field dependence of the persistent curyént The pinning energy per unit length of a columnar track

preserved under linear scaling transformation, as shown iban be written as),(T)~ 7f(T)e€o, whereeg= (D o/4m\)>
Fig. 4. The scaling transformation can be written asis the line energy) is the magnetic penetration depth with
M/M*(T)=f(H/B*(T)) [or J/J*=f(H/B*)]. The scaling currents in theab plane®>*andf(T) is the entropic smearing
field is ~Bg at 5 K and it decreases by about 50% at 30 K asfactor of the pinning potentiaf discussed in Sec. I. The
shown in the inset of Fig. 4 and in tlt¢—T diagram of Fig.  pinning efficiencyz<1 accounts for the “nonideal” nature
2. AboveTg,, J(H) is not monotonic, and th#(H) loops  of real defects; it absorbs all the numericals coming from the
are no longer self-similar. factor ry/£,,(0) , the fractional suppression of the super-
conductivity in the defect?® and thereal shape of the poten-
tial well. In the limit of noninteractive vorticefow fields),
D. Peak in the thermal relaxation rate Je~cUy(T)/®oéap~ nf(T)Jo, whereJ, is the depairing
The maximum in—dInJ/dT suggests that a similar be- current dgnsit)?.A rough estimate ofy from. the cqmpgrison
- : - :onof the optimal values of,=5x 10" A/lcm? in the irradiated
havior may be found in the normalized thermal relaxation p c= :
raté"®14S= —dInJ/dInt. This is indeed observed, as shown YBCO crystals andJ, estimated at-3x10° Alem? gives
in Fig. 5. We find a maximum ir8(T) which occurs only the single track pinning efficiency~0.17. o
for B<Bg, and closely follows the drop id, i.e., the peaks Let us now consider the low temperature limit
in dind/dT and S(T) occur essentially at the same tempera-L f(T) ~1] and analyze the dependenceBifon 7. In order
ture as marked by the open circles in Fig. 2. &(T) data O find a columnar pirfand gain energyJ,), a vortex will
was obtained from the recorded time evolution typically shift by ~d=\®,/Bg, at a cost of elastic energy
(60<t<7200 segof M(H,T,t) from the critical staté. per unit length Eg. The simplest estimate gives
The basic reason for the similar behaviordfJ/dT and  Ee~Ceed?, WhereCgg= €/4ag is the local shear modulus of
S, is that in the collective pinning scenafidjme always the vortex latticé anday= \/®,/B is the vortex lattice spac-
appears in a combinatiokTIn(t/te). This can be demon- ing. At low fields Eq<U, and pinning wins. Vortices will
strated more formalfy as follows. We start with establish- begin to  wander when Ee~Up, leading to
ing the initial critical state at a temperatufe After a time  B*(T~0)=47nBgs—-clearly an unphysical result for
t, the system has relaxed and adjusted so that the activatiap>0.25, sinceB* cannot be larger thaBy, . The origin of
energy isU=KkTIn(t/ts).1® Since U is a function of the this is a non-negligible vorterepulsionnearBy,, and thus
current density) which decreases with time, on very general the estimate oE, must include a compression contributfon
grounds we can wrifeU(T,J)=Uy(T)f(J/J.(T)), where of the orderC,,d°. Since the above estimate is only correct
Uo(T) is some characteristic energy scale &ngla decreas- for B*<Bg, we infer that B*(T)~4%f(T)Bg for
ing function such thaf(1)=0. Hence J(T,t)=J.(T)d Y], 4y»f(T)<1 and saturates at By for larger values ofy.
where g is the inverse off and y=KkTIn(t/tes)/Uq(T). From our dataB*(T~0)~Bg at low doses By<2.4 T),
The relaxation rate  S(T)= —(dg/dy)(dy/dInt) implying »~0.25, and smalles; values(consistent with our
=—(dg/dy)kT/U,. On the other hand, estimate obtained frord;) for largerByg, .
dind/dT=dInJ./dT+ (dg/dy)(dy/dT) with dy/dT The prefactora=1/2 in the field dependence df[from
=[KkTIn(t/te)/Uo(T)I[L/T—d InUy/dT]. By combining the fits to Eq.(1) presented in Sec. Il [Gcan now be under-
the above expressions we obtain stood with a straightforward statistical consideration. In the
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B*(T)

% f(T):m

o ® o ©)
o® © v./'? We find thatf(T) clearly exhibits large reduction below
O ' . ® 0.5T; and a reduced value dfy,, as seen in Fig. 2. Both
® : {% features are a natural consequence of the smaller pinning
Og ® | efficiency of the “real” columnar pins, not considered by the
Ei | theory. Indeed, the experimental entropic factor cannot be
| CGG(O_X_)%&? directly compared with the existing models, since present
l 0 theoretical estimates of entropic effects provide only limiting
| expressions?* i.e., f(T)x1—(T/Ty)? for T<Ty, and f(T)
Al o (T/Tqp)’exd —(T/Typ)?] (short-range potentiplor f(T)
J 1P xexd —(T/Tyy] (long-range potentiglfor T>Ty,, which
¥+ X depend sensitively on the rarffgand shape of the pinning
| well. No explicit prediction forf(T) is available in the tem-
perature region immediately beloly,. A particularly unex-

FIG. 6. Sketch of the competition between elastic and pinninfected result is the abrupt character of the droBh(T)

energies of a vortex in a system of a random array of columnar pind.2nd thus inf(T) ] immediately belowT 4,. Vortex dynamics

The vortex in the centeidot) will be pinned when it is withirk,, of  in this region is compleX and it is not clear at this point if

the available defedopen circle. the sharp drop can be explained within the existing theoreti-
o ) ) ] cal framework.

abse_n_ce of_ pinning vortlces_, form atrlanguzlar_lattlce that can \ye can obtain a second independent estimatd ()

be divided in hexagonal unit cells of areeag with a vortex  from the temperature dependenceJofin fact, at tempera-

at the centerlof.each cell. Let. us first consider the case Qfres belowT,, Je, andJ should approximately obey the

very strong pinning. In the regimB<Bg,, a vortex will be  ¢5me scalingsee Sec. II G since belowTg, and aboveB*

Einned pr?vid_?d trlllatl there it |Iea~°’:( one defg}otvit?in S the creep rate is very weakly field dependrithe scaling
exagonal unit cell. In a sample of arég with only one current is J*(T)«J(0,T)~ »f(T)J, and thus should be

columnar defect, the probability of not having a defect in " : : .
that cell isp=(1—a3/As). HereA;=a3N,, with N, being #B*(T), as we indeed observ€ig. 4 insel.
the total number of vortices; thup=(1—-1/N,). If the

sample containdNy defects, the probability? of none of IV. DECREASE OF PINNING EFFICIENCY
them being in that area is a productif independent prob- AT HIGHER PIN DENSITIES
abilities: P=(1—1/N,)Nd. Using the relationdN,®,=AB DUE TO CLUSTERING OF TRACKS

andNg®o=AsBy,, we obtainNg=N,(By/B) and the prob- Finally, we comment on the decreaseB at higher ir-

ability ~ of pIning the vortex Bbe/gome; P=1-P  radiation doses. This is essentially a problem of counting.
=1-[1-IN,NCe®y | —1-e (/B Since J. re-  gince the columnar tracks in the plane normal to the beam
sults from the balance between the Lorentz force acting omlirection are randomly distributed, there will be tracks that
all the vortices and the pinning force acting only on pinnedoverlap or nearly so. Here we present a very simple argu-
vortices,J.(Bg)=J:(0) X P=0.631,(0), i.e., a~0.63. ment, which seems to reflect our experimental findings rather
For the case of nonideal defects, let us suppose that iwell. We start withN defects in an areé. Let us assume
order to find the nearest pin a vortex has to move by a disthat within a cluster areAy= 712 all tracks but one should
tancex. This shift will result in a gain of pinning energy be deleted from counting. The number of excluded defects
Up(T)=~#f(T)e at a cost of elastic energ@ex*. As we  N’'=p, P, wherep,=B/®d, is the vortex density, and prob-
discussed earlier, the elastic constantis some combina-  ability of deletionP=NA/2. Thus the number of defects to
tion of the shear and bulk elastic modullss andC,;,. The  pe counted iN.4=N—N’ and the effective defect density
vortex will be pinned if there is a defect within the critical p 4= p,(1—p,A/2), Where po=Bg/®P,. Obviously pes
distance x= VU,/C¢ from its equilibrium position, as will be field dependent—the defect array will look more non-
sketched in Fig. 6. The “favorable” area for pinning uniform with a few vortices than with lots of vortices. We
A, , proportional to the pinning efficiency, is now only take B*(T~0) to be a measure ofpgy, i.e.,
a fraction of ag. Since B*/Bgx7n, we can write pg=47Bg/Py, and evaluatep.s self-consistently at
A,~(B*/Bg)aj, which gives the correct limit in the case of p,=perr. We immediately obtaipes/po=1/(1+ poAg/2) or
very strong pinning. If we now repeat the above derivation

for this case, we find that the pinning probability becomes 1
P=1-e ("8 thus J(B*)=0.631.(0) and we recover 4n= 1+ 1By’ )
a~0.63.

. ) . with y=Ay/2d,. Figure 7 shows# [obtained from
B. Entropic smearing function B*(5K)~47Bg] vs By . From the fit to Eq(4), we get the
and low depinning temperature Tgp average cluster radius,~21 nm, plausibly about five times
The experimentally determined entropic smearing is giverthe radius of the track.The decrease of at largeB,, ac-
by counts for the optimum irradiation doSe.
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FIG. 7. Pinning efficiencyy vs pin densityBg, . The decrease of
7 at large values 0By, is due to clustering of pins randomly dis-
tributed inab plane. The dotted line is the fit to E¢4), which
recounts the effective pin density.
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FIG. 8. H—T phase diagram for vortices in YBCO with colum-
nar defects B, =2.4 T). The Bose-glass melting linBgs(T) [ap-
proximated byH;, (T) at low fieldd is from the ac susceptibility
V. CONCLUSION measurement§Ref. 5. Both the accommodation fielB*(T) (a)

. andH;,(T) (b) show a pronounced change in the behavior at about
In summary, we have drawn an experimental map of 8 21f the matching field £ 0.58,)

new pinning boundary in the Bose-glass phase of a super-

conductor with columnar defects. We observe several inde-

pendent features in pinning behavior, which converge to &rossoverkink) near half the matching fiefl® The entropic
single picture: a low-temperature regime with vorticeseffects reduce the single-vortex regime for the real pins with
strongly localized on columnar pins, followed by a crossoverdess-than-ideal pinning efficiency more than is expected in
to a region of weak localization. This crossover from athe ideal case, a technologically important point since it is
single-vortex to collective-pinning regime is consistent with essential to understand the limits on strong pinning in high-
the “accommodation” fieldB*(T), in accordance with the T_ materials.

ideas of Nelson and Vinokur. We find the size of the strongly

localized regime to be limited by a surprisingly low depin-

ning temperaturéless than half off ), indicating that there ACKNOWLEDGMENTS
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