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Thermal Suppression of Strong Pinning
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We study vortex pinning in layered type-II superconductors in the presence of uncorre
disorder for decoupled layers. Introducing the new concept of variable-range thermal smoothin
describe the interplay between strong pinning and thermal fluctuations. We discuss the appe
and analyze the evolution in temperature of two distinct nonlinear features in the current-vo
characteristic. We show how the combination of layering and electromagnetic interactions lea
a sharp jump in the critical current for the onset of glassy response as a function of temper
[S0031-9007(98)06596-X]
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Quenched disorder in strongly layered superco
ductors, such as the Bi-based high-Tc compounds or
the organic BEDT-TTF-based [bis(ethylenedithiolo)
tetrathiafulvalene] materials, naturally leads to the ph
nomenon of strong vortex pinning. With the magnet
field directed perpendicular to the layers the vortex lin
divide up into loosely coupled strings of “pancake
vortices [1]. At low fields, the absence of interaction
between the pancake vortices allows for their free acco
modation to the pinning potential, thus leading to stron
pinning of individual pancake vortices. This is in contra
to the weak collective pinning situation [2], where the dis
order potential competes with elastic forces, due to eith
tilt or shear energies. Whereas a detailed understand
of the weak-pinning phenomenology has been develop
over the past decade [3], not much progress has b
made regarding the strong-pinning situation.

Recent experimental and theoretical interest co
centrates on the low-field properties of vortex matt
in strongly layered materials such as Bi2Sr2CaCu2O8
(BiSCCO) [4–8], with particular emphasis on the effec
of thermal fluctuations, quenched disorder, and the
mutual interplay. In this Letter, we present a detaile
analysis of the phenomenon of strong vortex pinning
layered type-II superconductors and its crossover to t
weak-pinning situation due to thermal fluctuations. W
assume quenched pointlike disorder and concentrate
the decoupled limit where electromagnetic interactio
between pancake vortices determine the behavior of vor
matter. We discuss the presence of two steplike featu
in the current-voltage characteristic (CVC) and determi
the evolution in temperature of the two correspondin
critical current densitiesjpcsT d and jgsT d describing the
onset of strong pinning and of glassiness; see Fig. 1.
account for thermal fluctuations smoothing the disord
potential in the strong-pinning regime we introduce th
new concept ofvariable-rangethermal smoothing. We
show how the thermal depinning of vortices proceeds in
sequence of steps until the usual weak collective pinni
situation is recovered at high temperatures. Furthermo
we predict that the strong dispersion in the electromagne
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tilt modulus leads to a pronounced jump in the critica
current densityjg with increasing temperature. The main
results of our analysis are summarized in the pinnin
diagram of Fig. 2 which shows the various pinning
regimes present in the low-field region below the fiel
Bl ­ F0yl2, wherel is the planar London penetration
depth andF0 denotes the flux unit. In a forthcoming
publication [9] we will map out the entire pinning diagram
and generalize our analysis to include finite Josephs
coupling.

We begin our study with the low-field–low-
temperature limit and consider an individual vorte

Tdp
sTg Tpc

jg
jc

jpcjlg

jpcjg

0 T
V

0
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FF

j

FIG. 1. Current-voltage characteristic of layered supercondu
tors in the pancake-vortex pinning regimesT , Tpcd exhibit-
ing a two-step behavior. Above the critical current densit
jpc we find the usual flux-flow (FF) regime with resistivity
rFF . As the currentj drops belowjpc, pancake vortices are
trapped into potential wells of depthUpc and the system en-
ters a second Ohmic regime with a reduced resistivity due
thermally activated flux flow of individual pancake vortices
rTAFF , rFF exps2U2

pcyT2d. At jg , jpc the motion of pan-
cake vortices is inhibited by elastic forces, resulting in a sha
drop of the voltage (glassy response). Inset: temperature d
pendence of the two-step features in the CVC. The critic
current densityjpc remains constant up toT ­ Upc, where the
corresponding step in the CVC disappears. The critical curre
density for glassy responsejg decreases with temperature and
at T ­ Tpc, smoothly goes over to the critical current density
jc determined by weak collective pinning theory. Note tha
Tpc . Upc as shown in the text.
© 1998 The American Physical Society
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FIG. 2. B-T-pinning diagram of a layered superconducto
with decoupled layers (log scales,t ­ TyTc, b ­ ByBc2 ; Bl ­
F0yl2; parameters for BiSCCO:l ­ 1800 Å, j ­ 25 Å, d ­
15 Å, Tc ­ 90 K). Results for the various pinning regimes
are shown for moderate pinning withTp ­ Up ­ 10 K. The
strong-pinning region at low temperaturesT , Tpc is divided
into two parts: AtT , Tg thermal effects are irrelevant [(0-
0)D regime], while atTg , T , Tpc variable-range thermal
smoothing takes place [(0-1)D and (0-3)D regimes]. Th
dashed thick line atT ­ Tg indicates the jump in the collective
pinning length Lg and the critical current densityjg. At
temperaturesT . Tpc and low inductions vortex segments
of length Lc . l are pinned collectively (1D regime). The
remaining area shows the 3D (vortex-bundle) pinning regime

line oriented perpendicular to the layers. The presence
point disorder leads to a distortion of the vortex line wit
a typical relative displacementu between neighboring
pancake vortices. The optimal pinning state is determin
by the competition between the elastic and the pinni
energies. The deformation of the vortex line on a leng
L costs an energy Eelsu, Ld . ´lsu, kz . 1yLdu2yL.
For purely electromagnetic interaction (uncoupled layer
the elasticitý l takes the strongly dispersive forḿlsu ,

l, kzd ­ s´0y2l2k2
z d lnf1 1 l2k2

z ys1 1 u2k2
z dg, with the

line energy´0 ­ sF0y4pld2. Here, we have interpo-
lated between the formulas valid forukz . 1 [1] and
ukz , 1 [3]. On the other hand, adjusting to the disorde
potential, a vortex segment of lengthL gains the pinning
energyEpinsu, Ld . jE0sudj

p
Lyd, whered is the layer

separation andE0sud is the deepest minimum a pancak
vortex can settle in within the areau2. This energy is
determined by the conditionu2

RE0 gsE ddE . 1, where
gsE d is the distribution of pinning energies, which for a
large number of defects we assume to be Gaussian [8]

gsE d ­
1

p
p Upj2 exp

µ
2

E 2

U2
p

∂
. (1)

Here, Up quantifies the disorder strength andj is the
planar coherence length (and also the typical distan
between pin states). Foru ¿ j (strong pinning) each
pancake vortex can explore many minima and one finds

E0sud . 2Up

∑
ln

µ
u2

j2

∂∏1y2

, 2Up . (2)
r

e

.

of
h

ed
ng
th

s)

r

e

ce

Introducing the energy scaleEem ­ ´0dj2yl2, we arrive
at the vortex free energyf per unit length,

fsu.Ld .
Eem

d
ln

µ
1 1

l2

L2 1 u2

∂
u2

j2 1
E0sud

d

s
d
L

.

(3)

Minimizing f with respect tou andL provides us with the
optimal pinning state. For strong pinning the minimum i
realized by the 0D pancake-vortex configurationsL ­ dd
and, minimizing Eq. (3) with respect tou, we obtain the
optimal search area [8]

u2
g . j2 Up

Eem

∑
ln

µ
Up

Eem

∂∏21y2∑
ln

µ
l2

j2

Eem

Up

∂∏21

. (4)

The activation barrier for pancake-vortex motion is

Upc ­ 2E0sugd . Up

∑
ln

µ
Up

Eem

∂∏1y2

. (5)

Comparing the Lorentz forcejsF0ycdd with the pinning
forceUpcyj, we find the pancake critical current density,

jpc . jp

∑
ln

µ
Up

Eem

∂∏1y2

. (6)

Here,jp ­ j0sUpy´0dd, andj0 ­ c´0yjF0 denotes the
depairing current density. In the weak-pinning situatio
Up , Eem we have ug . j, E0 . 2Up, and it is
energetically more favorable for the system to settle
the 1D pinning regime: Minimizingfsu ­ j, Ld with
respect toL, we find Lc . lslydd1y3sEemyUpd2y3 . l.
The parameterUp can be estimated from experiments
measuring the critical current density at lowB and T
and is typically of the order of 10 K (BiSCCO). In
comparison, the electromagnetic elastic energyEem ø
0.2 K is much smaller. From these estimates we conclud
that we usually encounter a strong-pinning situation wit
Up ¿ Eem in strongly layered high-Tc material.

The strong pinning of individual pancake vortices into
potential wells of depthUpc leads to a sharp drop in the
current-voltage characteristic (CVC) at the critical curren
density jpc; see Fig. 1. However, at finite temperature
the CVC does not drop to zero, as the individual panca
vortices can overcome their finite pinning barriers b
thermal activation, and we arrive at a second Ohm
regime at small current densitiesj , jpc with a reduced
resistivity described by thermally activated flux flow
rTAFF , rFF exps2U2

pcyT 2d [here,rFF ­ sByHc2 drn is
the usual flux-flow resistivity, withHc2 the upper critical
field andrn the normal-state resistivity]. Glassy respons
appears only at low current densitiesj , jg ø jpc, when
the free thermal hopping of pancake vortices is inhibite
by the elastic coupling to other pancake vortices. T
determinejg we have to consider the hopping process o
individual pancake vortices. Following the usual variable
range-hopping (VRH) argument [10], a pancake vorte
can move freely as long as the current compensates
the energydE sud required to hop on to the next favorable
907



VOLUME 81, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 27 JULY 1998

0)

or

al

n
he
e

)

.

e-
e

state. The “minigap”dE sud is obtained from comparing
neighboring favorable states: Withu2

RE1 dE gsE d ­ 2
we find dE sud ­ E1 2 E0 . Upflnsu2yj2dg21y2. The
onset of glassy response is determined by the condit
jgsF0ycdugd . dE sugd, resulting in the critical current
density

jg . jp

µ
Eem

Up

∂1y2∑
ln

µ
Up

Eem

∂∏
21y4

, (7)

and the corresponding pinning energy

Ug . dE sugd . Up

∑
ln

µ
Up

Eem

∂∏21y2

. (8)

As the external currentj decreases belowjg, single
pancake vortices cannot find an appropriate final state a
more and vortex motion involves line segments with
length determined by the usual laws of creep dynam
[3], Ls jd . Lgs jgyjd5y7 (here,Lg ­ d).

Going over to finite temperature, we note that th
situation remains unchanged forT , Ug [(0-0)D regime].
As T increases beyondUg, the process of variable-range
thermal smoothing (VRS) sets in: Thermal fluctuation
push the vortices to probe an areaku2lth . u2

g, but elastic
forces prevent individual pancake vortices from hoppin
to favorable states, hence segments of lengthLgsT d . d
will take over the creep process. The thermal hopping
these segments then leads to the smoothing of the pinn
energy. Hence, the temperatureTg ­ Ug defines a (first)
thermal depinning temperature in our problem.

We proceed with a detailed analysis of VRS: Th
mean-squared thermal displacement of a free vo
tex segment of lengthL is given by ku2sL, T dlth ­R1yd

1yLsdkzy2pd fTy´lskzdk2
z g, and using the dispersive

elasticity from above, we find

ku2sL, T dlth .

8<: j2 T
Eem

, d , L , l2yd ,

j2 T
Eem

dL
l2 , l2yd , L ,

(9)

sssfor d , L , u we should account for a log correction
lnfslyjd2EemyT g guaranteeing the smooth crossover
u2

g assL, T d & sd, Tgd ddd. The thermally smoothed pinning
energy for a vortex segment of lengthL is given by [9]

EpinsL, T d .

s
ksDE d2sT dl

NsT d

s
L
d

, T . Tg . (10)

Here, ksDE d2l ­ kE 2l 2 kE l2 denotes the fluctuation
in the pinning energy [use Eq. (1)], which is equal t
U2

g at T ­ Tg and tends toU2
py2 as T ! `. NsT d

is the number of available states given the search a
ku2lth, NsT d ø ku2lth

RE01T
E0

dE gsE d, with lower and
upper limitsNsTgd ­ 1 and NsT ! `d ­ ku2lthyj2. It
is the suppression in the number of available stat
NsT d ø ku2lthyj2, which distinguishes the new VRS
from the conventional smoothing occurring within wea
collective pinning theory [11]. This reduced smoothin
is a consequence of strong pinning and is realiz
within the regimeT , Tpc, where the (second) depinning
908
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temperatureTpc is determined by the conditionNsTpcd ø
ku2lthy2j2. For the distribution (1) we findTpc .
Upc. At T . Tpc the entire setNsT d . ku2lthyj2 of
pinning states takes part in the smoothing and Eq. (1
reproduces the standard expression [11],EpinsL, T d .
Up

p
j2yku2lth

p
Lyd.

Within the VRS regime at low temperaturesTg , T ,

Tpc we use suitable numerical interpolations for the err
function [from

RE01T
E0

dE gsE dE n, sn ­ 0, 2d],

NsT d ø
µ

T
Tg

∂1y2

exp

µ
T
Tg

∂
, ksDE d2sT dl ø TgT ,

(11)

such thatEpinsd, T d goes over toUg sUp

p
j2yku2lthd as

T & Tg sT % Tpcd. The vortex free energyf per unit
length takes the form

fsL, T d .
Eem

d
ln

µ
1 1

l2

L2

∂
ku2lth

j2

2
T
d

µ
Tg

T

∂3y4

exp

µ
2

T
2Tg

∂ s
d
L

. (12)

Again, the minimum off with respect toL defines the
pinning lengthLg. Inspection of Eq. (12) reveals that the
minimum at L ­ d vanishes atT ­ Tg, implying that
LgsT d is determined by the minimum at large lengths,

LgsT d . l

µ
l

d

∂1y3µ T
Tg

∂1y2

exp

µ
T

3Tg

∂
, l2yd . (13)

The jump fromLg ­ d to LgsT d . l at T ­ Tg implies
a concurring jump in the pinning energy and the critic
current density,

UgsT d . T

µ
l

d

∂2y3µTg

T

∂1y2

exp

µ
2

T
3Tg

∂
, (14)

jgsT d . jg

µ
d
l

∂2y3µTg

T

∂1y2

exp

µ
2

2T
3Tg

∂
. (15)

The jump atTg is a consequence of the strong dispersio
in the electromagnetic line tension and persists into t
high-field regime [9], where it matches up with th
jump found by Koshelev and Kes [12] in theirT ­
0 analysis of this problem. A sharp increase (jump
in the activation energyU by a factor of 10 with
increasing temperaturesT * 15 Kd has been found in
several relaxation experiments in BiSCCO material [13]

At temperature aboveTpc we can ignore the underlying
strong pinning. Repeating the above minimization proc
dure with the usual smoothed pinning potential [11], w
obtain the weak-pinning results (1D regime)

LcsT d . l

µ
l

d
T3

EemU2
p

∂1y3

­ l
l

d
T

Ts
dp

, (16)

Uc .
µ

l2

d2 EemU2
p

∂1y3

­ Ts
dp , (17)

jcsT d . jp

µ
d5

l5

E2
em

U2
p

∂1y3µTs
dp

T

∂3y2

, (18)
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where we have introduced the single-vortex depinni
temperatureTs

dp . Quick inspection shows thatLcsT d, Uc,
andjcsTd match up withLgsT d, UgsT d, and the onset of
glassy response atjgsT d whenT & Tpc.

When the collective pinning lengthLcsT d exceeds
l2yd the mean thermal displacement grows with in
creasing length and pinning becomes marginal [3
The determination ofLcsT d involves the calculation of
the disorder-induced fluctuationskkkku2

psL, T dllll, where
kkkk?llll denotes averaging over thermal fluctuations a
disorder. Repeating this calculation for the case
electromagnetic coupling, we findkkkku2

psL, T dllllyj2 .
sUpyT d2sLydd lnsLdyl2d. As the disorder-induced fluc-
tuations increase beyond the thermal ones, the sys
crosses over to the pinning-dominated regime. The co
dition kkkku2

psL, T dllll . ku2sL, T dlth determines the length

LcsT d . l
l

d
exp

µ
T

Ts
dp

∂3

, (19)

and the critical current density takes the form

jcsT d . jp

µ
d5

l5

E2
em

U2
p

∂1y3
s

T
Ts

dp
exp

∑
2

3
2

µ
T

Ts
dp

∂3∏
.

(20)

The above results properly match the previous on
at the crossover temperatureT ­ Ts

dp . The complete
temperature dependencies of the (critical) current densi
jpc, jc, andjg are illustrated in the inset of Fig. 1.

As we increase the magnetic field, interactions wi
other vortices start to interfere with the accommodati
of the individual vortices to the disorder potential. Th
regime of validity of the above results is found b
comparing the tilt elastic energyEemsuyjd2 with that
of shear, c66u2d, with the shear modulus given by
c66 . ´0ya2

0 fs´0yl2d
p

lya0 exps2a0yldg above [below]
Bl. At low temperaturesT , Tg we find that pancake
vortices start to interact within the planes as the magne
induction increases beyondBl; see Fig. 2. AtT . Tg

we have to account for the finite lengthsLgsT d and
LcsT d of the segments involved. The crossover conditio
L . l expsa0y2ld produces the result

B13sT d . Bl

µ
T
Tg

1 ln
l

d

∂
22

, Tg , T , Tpc ,

(21)

B13sT d . Bl ln22

µ
l

d
T3

EemU2
p

∂
, Tpc , T , Ts

dp ,

(22)

B13sT d . Bl

µ
ln

l2

d2

∂22µTs
dp

T

∂6

, Ts
dp , T . (23)

Above B13sT d pinning involves relaxation of vortex
bundles [(0-3)D and 3D regimes]. These results app
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to the vortex-solid regime below the melting lineBmsT d
[14]: Upon melting, both the shear and tilt moduli vanish
in the resulting pancake-vortex gas phase, cutting off th
1D and 3D pinning regimes atBmsT d.

Our analysis (and its generalization to higher fields [9]
sheds light on two recent experiments in layered BiSCC
material. The Maley analysis of the creep barrier as me
sured by van der Beeket al. [4] is consistent with a di-
verging barrierUsj ! 0d ! `, rather than the constant
barrier expected for strong pancake pinning in the low
Tylow-B domain. The above results explain how indi-
vidual pancake vortices couple into vortex lines exhibiting
diverging barriers as the driving force vanishes. Secon
recent local Hall-probe measurements of the current flo
in BiSCCO crystals show a sharp, roughly temperature
independent onset of bulk pinning as the temperature d
creases belowT ø 40 K [6]. This experimental finding
is in agreement with the appearance of strong nonlinea
ties in the CVC below the temperatureTpc; see Fig. 1.
The definite identification of this pinning onset with ei-
ther jpc or jg requires a detailed amplitude and frequenc
analysis of the experimental feature.
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