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Tuning the pinning energy in layered superconductors
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Reversible magnetization measurements show that the pinning energy of vortices localized on amorphous
tracks created in Bi2Sr2CaCu2O8 single crystals by heavy-ion irradiation can be adjusted by altering the
irradiation angle. The pinning energy is found to be proportional to the cross-sectional area of the defects in the
CuO2 planes. Both this size dependence and the observed quadratic temperature dependence of the pinning
energy imply a predominant vortex core pinning interaction of pancake vortices with columnar defects as
opposed to an electromagnetic pinning mechanism. An independent determination of the value of the
Ginzburg-Landau coherence length is also presented.@S0163-1829~99!00321-5#
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Fundamental studies of flux pinning and critical curre
in ~high temperature! superconductors~HTSC’s! require
pinning-center configurations with well-defined propertie
Amorphous columnar defects~CD’s! produced in HTSC’s
by heavy ion–irradiation1–3 ~HII ! are among these becau
their size, physical properties, and spatial distribution can
well characterized by high-resolution electron microsco
~HREM! and scanning tunneling microscopy. The circu
cross section of the ion tracks, of size comparable to tha
the vortex core, facilitates an estimate of the elementary
ning energy and pinning force;4–8 the irradiation dose deter
mines the average concentration, usually expressed in te
of the dose equivalent fieldBf5F0nd , whereF0 is the flux
quantum andnd is the areal density of CD’s. Furthermore,
layered systems such as Bi2Sr2CaCu2O8, the background
pinscapeat high temperature is virtually smooth so that t
pinning properties are especially well defined.

This paper will concentrate on an additional property
CD’s, unique to layered superconductors, which can ea
be realized experimentally. Since the order-parameter m
nitude in the intermediate BiO layers is very small, vortic
in Bi2Sr2CaCu2O8 should be viewed as stacks of ‘‘pancake
vortices in the superconducting CuO2 double layers. Only
those defects that reside in the CuO2 layers can therefore b
expected to be effective pinning centers. As for CD’s, o
their intersection with these layers will be relevant. This w
be explicitly demonstrated below: we will show that the pa
cake pinning energy is proportional to the damaged are
PRB 590163-1829/99/59~21!/13612~4!/$15.00
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the CuO2 planes, when this is varied by irradiation in diffe
ent directions.

The pinning energy per unit lengthU0 of a vortex trapped
on a CD of radiusc0 consists of a core contributionU0

c and
an electromagnetic partU0

em. The latter arises because of th
modification of the vortex current when the vortex core
replaced by an amorphous track. It is important only wh
the track radius exceeds that of the vortex core, i.e.,c0

@A2jab , and is given by4–7

U0
em'«0 lnS c0

A2jab
D , c0@A2jab . ~1!

Here«052pm0Hc
2jab

2 5F0
2/4pm0lab

2 , Hc is the thermody-
namic critical field,lab is the Ginzburg-Landau~GL! pen-
etration depth, andjab is the GL coherence length. In th
case wherec0!A2jab the core contribution dominates. It i
proportional to the core fraction taken up by the column
track, and can be estimated as6,7

U0
c'«0S c0

2jab
D 2

, c0!A2jab . ~2!

In Ref. 8 both core and electromagnetic contributions
computed by numerically solving the GL equations. The
sults for smallc0 agree well with Eq.~2!.

From the direct determination of the pancake pinning
ergy as function of irradiation angle and temperature, it w
13 612 ©1999 The American Physical Society



t
t

io

b

er
n

-
o-

i

on
e
lt

ec

ic

le
n
;
ly
er
be

a

-

us

e

uO

ing

t-

e 2
les
ure
ea-
ed in

ed

llel
f

the
i-

s
ore

all

ng
-

of
f

k

UID
e
gy.

PRB 59 13 613BRIEF REPORTS
turn out that Eq.~2! rather than Eq.~1! is obeyed in heavy-
ion irradiated Bi2Sr2CaCu2O8, and hence, thatjab@c0. This
has several implications:~i! core pinning is more importan
than electromagnetic pinning~ii ! it provides an independen
method to estimate the value ofjab , still uncertain because
thermal fluctuations prohibit the unambiguous determinat
of the upper critical fieldBc25F0/2pjab

2 . ~iii ! it is, in prin-
ciple, possible to tailor yet more efficient pinning centers
introducing cylindrical voids of larger diameter.

The experiments have been performed on sev
Bi2Sr2CaCu2O8 single crystals from the same batch, grow
by the traveling-solvent floating-zone technique9 ~typical di-
mensions:;23230.04 mm3). The crystals were post
annealed (800 °C in air! and quench cooled to ensure a h
mogeneous oxygen content. All samples hadTc590 K; the
London penetration depth determined from the logarithm
slope of the magnetization]M /] ln H at high fields10 is
lL(0)5lab(0)A25245 nm (H is the applied field!. A
magneto-optical characterization of the flux penetration c
firmed the homogeneity of the samples and the absenc
extended defects. The crystals were irradiated simu
neously at GANIL~Caen, France! with a beam of 6 GeV Pb
ions, to a dosend52.531010 cm22, or Bf50.5 T. For each
crystal, the ion beam was oriented along a different dir
tion: the nominal angles between the beam and thec axis
were a50°, 30°, 45°, and 60°, respectively. The kinet
energy of the Pb ions~6 GeV! ensures that for all anglesa
the entire specimen is traversed. The actual anglesa were
determined a postiori by means of Hall probe
magnetometry.11 The actual irradiation angle is the ang
where the ac shielding current was maximum in an ac tra
mittivity measurement as function of applied field angle11

they were found to be 0°, 26°, 45°, and 68°, respective
These results combined with measurements of the irrev
ibility line of the various samples used in this paper will
presented in a separate paper.12

The defect structure created by the swift heavy ions w
visualized by HREM.13 A typical result, obtained on the
sample irradiated ata545°, is shown in Fig. 1, which re
veals the damaged area created by a heavy-ion impact in
crystallographic (b,c) plane. The ion creates an amorpho
track with radiusc0;3.5 nm, oriented at;45° with respect

FIG. 1. HREM picture taken along the crystallographica axis of
a Bi-2212 sample irradiated with 6 GeV Pb ions at an anglea
545° with respect to thec axis. The arrows indicate the trac
diameter 2c0 and its projection in theab plane, 2c0 /cosa.
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to the ab planes. This implies that the intersection of th
track with the CuO2 planes is elongated in theb direction; it
is larger than the track radius by a factor 1/cosa. As a con-
sequence, the cross-sectional area of the track in the C2

planes is ellipsoidal with areapc0
2/cosa.

Vortex pinning energies were determined by measur
the equilibrium magnetizationMeq ~Refs. 14,15! with the use
of ~i! a rotation experiment in a~noncompensated! homebuilt
capacitive torquemeter and~ii ! a commercial superconduc
ing quantum interference device~SQUID! magnetometer
~Quantum Design MPMS-5S! with the field parallel to thec
axis. For experimental details, we refer to Ref. 15. Figur
shows the equilibrium magnetization curves of the samp
irradiated at 0° and 68° for various temperatures. This fig
shows both the SQUID and torque data. For the latter m
surements we have used the same analysis as present
Refs. 15,16: in a layered superconductorM eq only has a
componentMeq

z along thec axis, which can be obtained from
the torque per unit volumet as Meq

z 5t/Hx5t/H cosQ;
hereQ is the angle between the field and theab plane. The
near-perfect collapse ofMeq

z obtained from torque~with H
oriented away from thec axis! and with the SQUID~where
Hic) in Fig. 2 shows that the magnetic moment is inde
oriented uniquely along thec direction.15 Moreover, the
magnetization depends only on the field component para
to thec axisHz , i.e., it is solely determined by the density o
pancake vortices in the CuO2 planes.

The reversible magnetization of all samples exhibits
typical behavior found after heavy-ion irradiation: a min
mum and a maximum develop inuMequ as the temperature i
decreased. However, the effects of the irradiation are m
pronounced for higher irradiation angles~Figures 2 and 3
where the isothermal magnetization at 76 K is plotted for
samples!. The shift of the inflection point inuMequ to lowerH
as a is increased, is correlated with the effective matchi
field Bf

eff5Bf cosa, determined by the density of CD inter
sections with the CuO2 planes~for example, fora568°,
Bf

eff50.19 T!. This illustrates the pancake stacklike nature
vortices in Bi2Sr2CaCu2O8 since only the areal density o

FIG. 2. Equilibrium magnetization curves for Bi2Sr2CaCu2O8

crystals irradiated at anglesa50° ~left-hand panel! and 68°~right-
hand panel! with respect to thec axis (BF50.5 T!. Temperatures
are 72 K (h), 76 K (,), and 80 K (s). Full symbols denote
torque data whereas the open symbols are the results of SQ
measurements (Hic axis!. The arrow and the dotted lines illustrat
the construction used for the determination of the pinning ener
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columnar defects in the CuO2 planes is important. In al
cases,Meq follows the usual London behavior at fields we
in excess ofBf , i.e., the magnetization versus the logarith
of field is linear:

Meq}
«0

2F0
lnS hBc2

B D . ~3!

A theoretical value for the parameterh'0.35 can only be
obtained as a numerical estimate.17 The high-field behavior
corresponds to the entry of ‘‘free’’ vortices, i.e., those th
are not trapped by a columnar defect.14 Note the collapse of
the data for the different samples at high fields. At hi
irradiation doses — much higher than used here —uMequ at
fields m0H@Bf may in fact be decreased by the irradiati
due to the missing superconducting fraction induced by
insulating columns. However, such effects are not promin
at Bf,1 T.14

At fields m0H!Bf , a London-like behavior is also ob
served, with a slope nearly similar to the slope at high fie
In this regime,Meq is determined by the addition of vortice
that do become trapped on a column.14,15,18The pinning en-
ergy per unit lengthU0 can be simply obtained from th
difference between the downward extrapolation of the hi
field limit of the magnetization curve and the low-field ma
netization, as shown in Fig. 2. The resulting values,
pressed as the pinning energy per vortex per CuO2 double
layer,U0s5F0sDM (s is the distance between double la
ers!, are shown in Fig. 4 for the different samples. The e
hancement of the pinning energy as the column directio
rotated away from thec axis is clear. In fact, the pinning
energy fora568° is more than double that fora50. The
inset to Fig. 4 shows that when multiplied by a factor cosa,
the U0(T)s curves for all crystals overlap. This means th
U0 is proportional to the cross-sectional area of the colum
defects with the CuO2 double layers, i.e.,U0}pc0

2/cosa. By
implication, only the damaged area in the CuO2 layers con-
tributes to pinning. Moreover, the proportionality ofU0 to
this area means that the core termU0

c is dominant. In that
case, the factorc0

2 in Eq. ~2! should be replaced byc0
2/cosa

yielding the experimentally measured dependence of the
ning energy:

FIG. 3. Isothermal equilibrium magnetization curves (T576 K!
for crystals irradiated at four different angles indicated in the p
Both SQUID and torque data are shown.
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jab
D 2 1

2 cosa
. ~4!

The temperature dependence ofU0
c is given by the product of

jab
22}(12t) and «0}lab

22}(12t), resulting in U0
c(T)s

5U0
c(0)s(12t)2 ~with t[T/Tc). We note that the tempera

ture dependence of a purely electromagnetic pinning ene
would be linear:U0

em(T)s5U0
em(0)s(12t). It is seen in Fig.

4 that the quadratic temperature dependence withTc590 K
fits the data quite well. It yieldsU0(0)s54.73103 K and
10.53103 K for the samples irradiated at 0° and 68°, respe
tively. The quadratic temperature dependence of the pinn
energy and its scaling with the defected intersection are
columns with the CuO2 layers leads to the conclusion that
elevated temperaturescore pinning is dominant over the
electromagnetic pinning mechanism.

The proportionality of the pinning energy to the rat
(c0 /j)2 provides a method to determinejab(T) independent
of the value oflab . This can be achieved by dividing th
high-field logarithmic slope of the magnetization]M /] ln H
5«0/2F0 @Eq. ~3!# by DM

1

DM

]M

] ln H
5

F0

«0
S 2j

c0
D 2 «0

2F0
52S j

c0
D 2

. ~5!

Taking the square root and using the valuec053.5 nm taken
from HREM images yields thej(T) curve depicted in the
inset to Fig. 4. A fit to the GL temperature dependen
j(T)5j(0)(12t)21/2 givesjab(0)52.2 nm, and from that
Bc2(0)566 T, and (]Bc2 /]T)T5Tc

'21.05 T/K. This pro-

cedure for the determination ofjab has several importan
advantages: first of all, no extrapolation approach~with only
logarithmic accuracy! is needed.20 In addition, it is indepen-
dent of the value of the parameterh appearing in Eq.~3!.
The valuejab52.2 nm implies that core pinning is predom
nant at temperaturesT*35 K. This excludes the interpreta
tion of features in the irreversibility line as being the cons
quence of a crossover between electromagnetic pinning
core pinning.21

t.
FIG. 4. The pinning energy per pancake vortex for crystals

radiated at 0° (h), 26° ~1!, 45° (,), and 68° (d), obtained
from the procedure illustrated in the left-hand panel of Fig. 2. Lin
are fits to the functionU0(0)s(12T/Tc)

2 with Tc590 K. Inset: the
same data multiplied by a factor cosa. Also plotted is the result for
jab(T) (3) determined from thea50° data. The solid line rep-
resents the fit tojab(T)5jab(0)/(12T/Tc)

1/2.
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Armed with the above information, we return to the sha
of the equilibrium magnetization curves for different irradi
tion angles, see Fig. 3. Note that the samples irradiated
high angle~e.g.,a568°) display a much sharper increase
uMequ near Bf

eff than the sample irradiated alongc. This
means that the compression modulus (c11}dH/dB) in-
creases dramatically with larger pinning energy. It is a
seen that fora568°, the magnetizationuMequ nearBf actu-
ally exceedsthe value ofuMequ before irradiation. Both fea-
tures can be interpreted as being a remnant of the Mott
sulator phase postulated in Ref. 6. In this phase all vort
are locked onto a column and the compressibility (}c11

21) of
the vortex system is zero leading to a fixed induction ove
finite field interval. Although the interplay between the ra
dom positions of the CD’s and intervortex interactions p
vents the occurrence of a true Mott insulator,19 the relative
increase in pinning energy with respect to the intervor
interaction for highera drives the system closer to the Mo
insulator phase. We note that the features of the Mott in
lator phase should be more pronounced at very low temp
e
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u-
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tures where the pinning energy of CD’s exceeds all ot
energy scales. In this temperature regime, however, the e
librium magnetization curve cannot be measured since
completely masked by strong irreversibility.

In conclusion, the pinning energy in layered superco
ductors with amorphous columnar defects can be tuned
heavy-ion irradiation under different angles. The pinning e
ergy is proportional to the area of the intersection of a tra
with the CuO2 planes and follows a (12t)2 temperature de-
pendence, which shows that only core pinning of panc
vortices is effective. Changing the track cross section p
vides a means to determinejab , a valuejab(0)52.2 nm is
found. The small size of the column radius with respect
the coherence length means that it should, in principle,
possible to attain yet higher pinning energies by introduc
cylindrical voids of slightly larger cross section than can
obtained by heavy-ion irradiation.
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3W. Gerhäuseret al., Phys. Rev. Lett.68, 879 ~1992!.
4G.S. Mkrtchyan and V.V. Shmidt, Zh. E´ ksp. Teor. Fiz.61, 367

~1971! @ Sov. Phys. JETP34, 195 ~1972!#.
5A.I. Buzdin and D. Feinberg, Physica C235-240, 2755~1994!.
6D.R. Nelson and V.M. Vinokur, Phys. Rev. B48, 13 060~1993!.
7G. Blatteret al., Rev. Mod. Phys.66, 1125~1994!.
8N. Takezawa and K. Fukushima, Physica C228, 149 ~1994!.
9T.W. Li et al., J. Cryst. Growth135, 481 ~1994!.

10T.W. Li et al., Physica C257, 179 ~1996!.
11C.J. van der Beeket al., Phys. Rev. Lett.74, 1214~1995!.
12C.J. van der Beeket al. ~unpublished!.
13C. Træholtet al., Physica C290, 239 ~1997!.
14C.J. van der Beeket al., Phys. Rev. B54, R792~1996!.
15R.J. Drostet al., Phys. Rev. B58, R615~1998!.
16J.C. Martinezet al., Phys. Rev. Lett.69, 2276~1992!.
17A.E. Koshelev, Phys. Rev. B50, 506 ~1994!.
18L.N. Bulaevskii, V.M. Vinokur, and M.P. Maley, Phys. Rev. Let

77, 936 ~1996!.
19C. Wengel and U.C. Ta¨uber, Phys. Rev. Lett.78, 4845 ~1997!;

Phys. Rev. B58, 6565~1998!.
20V.G. Koganet al., Phys. Rev. Lett.70, 1870~1993!.
21D. Zechet al., Phys. Rev. B54, 6129~1996!.


