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Strong shift of the irreversibility line in high- Tc superconductors upon vortex shaking
with an oscillating magnetic field
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Torque magnetometry is a powerful method for probing superconducting anisotropy in the mixed state. In
order to use the three-dimensional anisotropic London model to analyze torque data, the vortex lattice must be
in a reversible state, a state normally restricted to a narrow range close to the upper critical-field boundary
Hc2(T) because of large pinning effects that set in at lower temperaturesT. We show that the application of
an additional oscillating magnetic field perpendicular to the main fieldB leads to a fast depinning of the vortex
lattice. This vortex-shaking process dramatically extends the reversible domain in the (H,T) phase diagram,
and thus the range in which torque investigations can be made.@S0163-1829~98!51934-0#
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Torque magnetometry has proven to be a useful met
for determining superconducting parameters such as the
fective mass anisotropyg, the in-plane penetration dept
lab , and the in-plane coherence lengthjab in high-Tc cu-
prates. These parameters are derived by fitting the meas
angular-dependent reversible torque with a theoretical
pression derived by Kogan for a three-dimensional~3D! an-
isotropic superconductor in the mixed state.1–4 The use of the
London model, which provides a good approximation of t
Ginzburg-Landau approach for largek values, assumes
thermodynamic equilibrium of the mixed state. Unfort
nately, in most superconductors, only a narrow revers
range in the field-temperature (H,T) phase diagram below
the upper critical fieldHc2(T) can be explored, owing to th
onset of irreversibility by pinning effects at lowerT. More-
over, close toTc , thermal fluctuations become dominan
and modify the torque signal significantly. Thus they must
taken into account in any analysis of the torque data.5,6 One
of the parameters governing the width of the fluctuat
range is the amplitude of the effective mass anisotropyg.7 In
some cases, a continuous crossover occurs between the
tuation and flux-pinning regimes, thus hiding the reversi
flux liquid range and rendering an estimation ofg almost
impossible. Other constraints on the determination ofg close
to Tc can be the smallness of the torque signal, the influe
of a magnetic background of the sample itself, and/o
broad superconducting transition widthDTc due to
inhomogeneities.5 Hence it is vital that the reversible regim
be extended as much as possible if one wants to investi
the evolution of the superconducting parameters at lo
temperatures.

In the past decade, a tremendous effort has been ma
PRB 580163-1829/98/58~10!/5940~4!/$15.00
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investigate the pinning properties of the flux-line latti
~FLL! in high-Tc superconductors~HTS’s! and to understand
the nature of the irreversibility~IL ! or melting line, using
techniques such as dc magnetization, ac susceptibility,
brating reed, torque, magneto-optics, and specific-h
measurements.8–13 In the magnetic hysteresis loopsM (H,T)
of many HTS single crystals, an anomalous peak or fish
effect has been observed. In YBa2Cu3O72d ~YBCO! a pos-
sible origin of this effect is the presence of an inhomog
neous distribution of oxygen-deficient regions, which act
pinning centers. This mechanism is corroborated by the
sence of the fishtail effect in well-oxygenated YBCO~123!
samples.14 The peak effect is also related to the pinning d
namics, and depends on the relaxation processes. As r
ation effects and measuring time play an important role
the determination of both the irreversibility line and the pe
effect, it is of course tempting to check the influence
additional oscillating field has on them.

Already in the early 1970s, it was observed that sm
oscillating ~ac! fields influence the depinning curren
density,15 produce spectacular changes on the peak effe16

and can strongly modify the transport properties of type
superconductors in the flux-flow state.17 In the HTS
Bi2Sr2CaCu2O8, the perturbation of irreversibility by an ex
ternal stray ac field was reported by Farrellet al.11 The
theory of the penetration of magnetic ac fields into type
superconductors or, equivalently, of periodic vortex tilting
vibrating-reed experiments18 was established by Brand
et al.19

The main idea of our experiment is to shake the vortic
out of their pinning potential and to force their relaxation
applying an additional ac magnetic field perpendicular to
R5940 © 1998 The American Physical Society
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main fieldBW . This technique allows us to create or extend
reversible regime in strongly pinned superconductors,
which so far no reversible torque curves could be obtain
Thereby we observe dramatic changes of the IL in the (H,T)
phase diagram that depend on the amplitude and, to s
extent, on the frequencies of the ac field.

Our experiment was performed with two differe
torquemeters, one based on a miniature piezoresis
cantilever,20,21 the other on a macroscopic capacitive lever22

An NMR electromagnet generates the horizontal main fi
B up to 1.5 T, and can be rotated about a vertical axis
angular velocities ranging from 1° to 500°/min. The ad
tional ac fieldbac up to 70 mT is generated by a vertic
solenoid fixed between the poles of the NMR magnet. T
stainless-steel He-flow cryostat that partially screensbac is
rigidly mounted and mechanically decoupled from the so
noid to prevent vibrations. To achieve an optimal torq
resolution, it is important that all vibrations be damped a
stable sensors be used. We observe that the efficiency o
vortex shaking increases with the amplitude and freque
of the ripple field, but that the coil inductivity and the edd
currents set an upper limit to the frequency. Experimenta
an optimum between 500 Hz and 1 kHz has been found
our case it is for reasons of sensor stability not possible
shake the FLL and simultaneously measure the torque sig
Therefore, we perform the angular- or field-dependent m
surements in three phases. First we sweep the angle or
then apply the ripple fieldbac to shake and relax the FLL
and finally acquire the data. This cycle is referred to a
‘‘sweep-shake-measure’’~SSM! sequence. Five paramete
can be adjusted: the amplitude and frequency ofbac, and the
sweeping, shaking, and measuring times denoted
t1 /t2 /t3 , respectively. The first two parameters andt2 are
chosen according to the pinning-force intensity, whilet1 and
t3 control the measurement resolution. With this technique
is possible to achieve reversible torque measurement
much lower temperatures than before.

We have investigated a high-quality YBCO~123! un-
twinned single crystal14 grown in a BaZrO3 crucible and con-
taining no metallic impurities such as Al, Au, or Sn, whic
act as pinning centers.4 The detwinning procedure was don
by annealing the crystal under uniaxial pressure of 1 GP
flowing O2 at 500 °C for 30 min. This sample has aTc onset
of 93.5 K. A surprisingly large pinning remained in the cry
tal, which can be explained by the presence of oxygen c
ters or separations into phases with O6.5 and O7 content.14 In
YBCO ~123!, the reversible regime at fields below 1.5 T
quite narrow. An example of an angular-dependent meas
ment in the irreversible regime is shown in Fig. 1~a!, with an
ac-anisotropy curve taken at 0.1 T and 91.2 K by rotating
field in the ac plane in absence of a ripple field~no FLL
shaking!. The reversible torque, given in good approximati
by t rev(u). 1

2 @t1(u)1t2(u)#, can be fitted by the well-
known expression that Koganet al.2 derived from a 3D an-
isotropic London model. By doing so, an unrealistically hi
g value of 14.6~3! is obtained, which is explained by th
large irreversibility that peaks atu.0, i.e., forBW close to the
ab plane of the sample. The above expression fort rev(u) is
not suitable in this case. By now applying the shaking p
cedure to the crystal at the same field and temperatur
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fully reversible curve is obtained as shown in Fig. 1~b!. Here
the five parameters of the SSM sequence aref 5500 Hz,
bac>7.5 mT, with a time cycle of 8s/4s/4s. Data have be
acquired every 250 ms in order to follow each relaxati
process closely as shown in greater detail in the inset of
1~b!. However, for the final analysis, only the data points
the measurement phase of the SSM sequence are consid
Now the fit with Kogan’s expression@see Fig. 1~c!# yields a
realistic g value of 8.8~1! for YBCO ~123!, in agreement
with values reported earlier in the literature.23,24 In torque
magnetometry the IL is usually derived from the onset fie
where the upward and downwardt(B) curves, measured at

FIG. 1. Angular-dependent torque measurements in the ac p

of an untwinned single crystal of YBa2Cu3O72d . For BW parallel to
the ab plane of the sample,u50°. ~a! Torque for clockwise (t1)

and counterclockwise (t2) rotations ofBW obtained without FLL
shaking atT591.2 K,B50.1 T, anddu/dt5110°/min. The solid
line represents the fit tot rev(u). 1

2 @t1(u)1t2(u)# with Kogan’s
expression, and leads tog.14.6(3). ~b! Similar measurements a
in ~a!, but with vortex shaking. Details of relaxation sequences
shown in the inset.~c! The fit after FLL shaking givesg58.8(1).
The curves are fully reversible in this case.
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given angle and temperature, begin to overlap. An exam
of a t(B) curve measured with the FLL shaking process
shown in the inset of Fig. 2. The external envelope rep
sents the virgin hysteresis loops~data point!; the full line is
the spline to the points corresponding to the relaxed stat
the FFL after a SSM sequence~Fig. 2!. Here the fieldBW ,
applied atu5281° (u50° corresponds to thea direction!,
was swept at a ratedB/dt520 mT/s. The SSM parameter
are f 5581 Hz,bac>1.5 mT, with a time cycle of 5s/8s/2s
while all other experimental parameters were kept const
Clearly the hysteresis loop has collapsed in the low- a
high-field range, yielding two well-defined field onse
marked by the vertical dashed lines. From these values
possible to reconstruct the respective IL’s before~solid line!
and after~dotted line! the relaxation process. They are dra
tically different from each other. The ‘‘untreated’’ IL exhib
its the well-known dependence that can be fitted with
power law9

Birr~T!5Birr~0!~12T/Tc!
n ~1!

and exponentn5 4
3 . After the forced FLL relaxation, the IL

becomes reentrant. Different orientations and/or sweep r
of the magnetic field were observed to modify details of
curve but not the pronounced ‘‘nose’’ structure.

To check whether the reversible torque obtained by sh
ing the FLL effectively corresponds to a thermodynam
equilibrium of the superconducting state, we have perform
similar measurements on a material exhibiting very we
pinning. A good candidate is Y2Ba4Cu8O16 ~248!, which has
a fixed stoichiometry, no oxygen vacancies, and can
grown in high-quality single crystals.25 In the reversible re-
gime, we verified that the superconducting parame
jab , lab , andg, obtained with and without FLL shaking, ar
identical within experimental error. The second check was
measure the torque angular dependence of a ‘‘clean’’
crystal and compare it with that of a 248 crystal that w

FIG. 2. Irreversibility lines extracted from field-dependent me
surements~inset! for YBa2Cu3O72d with and without FLL shaking.

The fieldBW is in the ac plane withu5281°, and swept atdB/dt
520 mT/s. The solid line corresponds to a power law@~Eq. ~1!#
with exponent n5

4
3 . The dotted line is a guide to the ey

m0Hc1(T) is too small (.15 mT at 83 K! to be plotted here. Inset
the solid line is a spline to the torque after the relaxation proce
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slightly doped with Al and thus more irreversible.4 By ana-
lyzing the t rev(u) curves of both samples measured w
forced relaxation, we found the superconducting parame
to be in excellent agreement in the temperature and fi
ranges in which the ‘‘clean’’ sample was previously reve
ible and the Al-doped one fully irreversible. In fact, the SS
sequences in the undoped 248 sample (Tc>79 K) were able
to shift the irreversibility point at 0.4 T from 59 to 24 K, i.e
a drop of 35 K. The validity and strength of the FLL shakin
technique are thus demonstrated. In particular, the influe
of possible heating effects due to the ac field can be
glected. The extension of irreversibility to lower temperatu
opens larger windows on the effects of dimensional cro
over. t rev(u) is indeed found to deviate significantly from
Kogan’s expression for a 3D anisotropic superconducto
low temperature, in particular for field orientations close
the ab plane. The most plausible explanation of this dev
tion, apart from demagnetization effects, is the crosso
from 3D to 2D behavior.24,26

We have observed similar dramatic FLL relaxation e
hancements and shifts of the IL into a reentrant behavior
an additionalac field also in other crystals such as twinne
YBCO ~123! or (La12xSrx)2CuO4. The method works in the
presence of various types of pinning centers such as t
boundaries, oxygen clusters, metallic dopants, precipita
or dislocations. The reentrance observed here depends o
experimental parameters and hence is not intrinsic to the
terial itself, in contrast to the reentrant melting line of th
FLL predicted theoretically by Blatteret al.7 for highly an-
isotropic superconductors. In the latter case, the width of
vortex-liquid phase close toHc1(T) is very narrow and dif-
ficult to see experimentally. A recent study of the peak eff
in NbSe2 by ac susceptibilityxac ~Ref. 27! claimed the oc-
currence of a reentrant feature in the field and tempera
regime close toTc , but this was, in our opinion, wrongly
attributed to the intrinsic melting-line reentrance. A collap
of the irreversibility line derived byxac was also reported
earlier by Krusin-Elbaumet al.28 close toTc and interpreted
as a thermal softening of the vortex core pinning.

Why are the effects of a perpendicular ac field so imp
tant? Part of answer is the enhanced depinning process
to the tilting of the vortices generated by surface screen
currents; another is the existence of a distribution of pinn
centers of different strengths that is described by the fu
tional form Fp5JcB}bn(12b)m for the pinning-force den-
sity. Hereb is the normalized fieldH/H* , whereH* can be
chosen asHc2 or Hirr . The ac perturbation increases th
depinning probability, and forces the relaxation primarily
weakly anchored vortices in the low- and high-field region
which results in a dramatic modification of the shape
Fp(b). Assuming an elastic pin-vortices interaction, t
changes of the irreversibility line are expected to be g
erned by the elastic modulic11, c44, andc66, which are field
dependent. During the FLL shaking, we observe an expon
tial relaxation of the magnetizationM over more than four
orders of magnitude towards its equilibrium valueMeq, with
a limitation given by the instrumental resolution. A typic
example ofM (t)2Meq during one SSM cycle is displayed i
Fig. 3. M increases asB is swept to its new value during
time t1 , and then relaxes during the shaking timet2 . From
the slope of the decay line in the log-lin plot, a depinni

-
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probability of 0.47% per cycle is derived. This relaxatio
process is obviously different from the thermally activat
flux creep, which leads to a ln(t) dependence, and needs fu
ther investigation. The occurrence of the ‘‘nose’’ shape

FIG. 3. Time dependence of the magnetizationM within one
SSM cycle: sweep of the main fieldB during timet1 , followed by
the FLL shaking process with the ac fieldbac during timet2 . The
relaxation is exponential over four orders of magnitude as
straight line fitted to the data points in the log-lin plot shows.
.

in

r,

,

eu
c,

A

A.

a,
the reentrant irreversibility line must in some way be rela
to the field dependence of the shear modulusc66, which is
proportional tob at low field and decreases as (12b)2 at
high fields.29,30

In summary, we have shown that vortex shaking throu
an additional perpendicular ac field is a powerful techniq
to modify the irreversibility properties of the mixed states
HTS’s. The strong relaxation of the magnetization induc
by this process shifts and dramatically changes the shap
the irreversibility line derived from the field-depende
torque curvest(B). The extension of the reversible region
the (H,T) phase diagram allows us to study the intrins
anisotropy properties of the HTS’s via the angular dep
dencet rev(u) better. Some superconducting samples cont
so much pinning that, without this technique, they simp
would not be measurable at any temperature. This appro
should shed more light on the problem of pinning in anis
tropic material, and open the road to new theoretical exp
nations.
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