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ac response of Hg-based superconductors: Surface barrier and bulk pinning contributions

L. Fàbrega, A. Sin,* A. Calleja, and J. Fontcuberta
Institut de Ciència de Materials de Barcelona (CSIC), Campus de la UAB, 08193 Bellaterra, Spain

~Received 29 November 1999!

A complete study of the ac response of Hg-based superconductors with 1, 2, and 3 Cu-O planes is presented.
Under a dc field, the ac susceptibilityxac(T) displays a double transition, which is argued to be of intrinsic
nature. The systematic analysis of the evolution ofxac ~fundamental and higher harmonics! as a function of the
experimental parameters, and the comparison with resistance and dc magnetization measurements, suggest that
the higher temperature transition is ascribed to magnetic irreversibility due to surface barriers; the lower
temperature transition is associated to bulk pinning.
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INTRODUCTION

Early after the discovery of high-Tc superconducting
~HTSC! cuprates, it became clear that the characterizatio
the dissipation phenomena taking place in the mixed stat
these materials was a fundamental issue. The high cri
temperatureTc , extreme type-II character, and large anis
ropy of these superconductors leads to unusually impor
effects of thermal fluctuations, which reflect themselves
the existence of a variety of new vortex phases, and th
mally activated flux motion even at low driving current
From the point of view of practical applications, this lan
scape leads to the existence of a characteristic lineH irr(T)
far from the upper critical field, the so-called irreversibili
line ~IL !, above which the superconductor can carry no c
rent without energy dissipation. The determination of t
line and its origin is hence a key point to evaluate the p
sible technological uses of each HTSC material.

ac susceptibility is a powerful tool to determine the IL
superconductors and its origin. The peak in the out-of-ph
component of the fundamental ac susceptibilityx1 and the
appearance of a contribution to the third harmonic com
nent x3—ascribed, respectively, to the energy losses
magnetic hysteresis—have been used to defineH irr(T).1,2 ac
losses in the mixed state of type-II superconductors are
to vortex motion, which may be reversible or irreversible.
the former case, the motion is diffusionlike, and the ac
sponse is linear. In the latter case, nonlinear effects
higher harmonics should become apparent, and two fra
works have been considered: bulk pinning~within the
critical-state model! and surface or geometrical barriers. A
ditionally, thermally activated flux motion—very common
HTSC—produces a frequency-dependent ac response, w
may be used to extract the effective activation energies
these processes.

Hg-based HTSC are extremely interesting due to th
high Tc ~134 K for the HgBa2Ca2Cu3O8 compound!. In spite
of it, detailed studies of dissipation in these materials
scarce; this fact might be partially due to the difficulties
obtain high-quality samples of these phases. The IL has b
determined mainly from dc magnetization measurement
is found to lie quite low—for instance, that of Hg-1223 lie
below that of the isostructural Tl-1223 phase.3,4 The width of
the hysteresis cycles decreases very fast when increa
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field and temperature, and they become highly asymmetr
rather low temperatures and fields~T;10 K for the Hg-1201
phase5,6 andT;40 K for the~Hg-Re!-1223 phase7!; this fact
is interpreted as due to the dominant contribution of surf
barriers over bulk pinning.5–7 The remarkable presence o
surface barriers in a broad range of fields and temperatu
for all the members of this family of HTSC, is striking; it i
not well understood nowadays, and has been attributed
low density of defects, both at surface and in the bulk.5

In this paper we perform a detailed study of the ene
dissipation associated with flux motion, on high-quality s
perconducting ceramics and powders of Hg-based super
ductors, by using mainly ac susceptibilityxac and also trans-
port and dc magnetization measurements. Under a dc fi
all the studied samples display—aside from the intergr
transition—the systematic presence of a double ac transit
revealed by two diamagnetic steps in the in-phase com
nent of the fundamental ac susceptibilityx18 and two dissi-
pation peaks in the out-of-phase component,x19 . From the
study of the evolution ofxac ~fundamental and higher har
monics! with dc field, ac field amplitude and frequency, an
its comparison with resistanceR and magnetizationM data
as a function of temperature, it is concluded that the t
transitions may be associated, respectively, with bulk p
ning and surface barriers. The study of the ac susceptib
of these compounds brings therefore a unique opportunit
learn about the ac response in the case that magnetic
versibility is dominated by surface barriers and a weak b
pinning is present, a rather unusual case within HTSC m
rials.

EXPERIMENTAL

The measured samples had compositions HgBa2CuO4
~HBCO!, Hg0.82Re0.18Sr2CaCu2O6 ~HRSCCO!, and
Hg0.82Re0.18Ba2Ca2Cu3O8 ~HRBCCO!; they were synthe-
sized by the sealed quartz tube technique, as descr
elsewhere.8 The experimental features reported in this pap
have been observed inall these samples, although here w
will concentrate on the HRBCCO samples, for which t
analyses performed are more complete.

Transport and some ac susceptibility measurements w
performed on ceramic bars with typical dimensions 232
36 mm2. ac susceptibility~n51, 2, and 3 harmonics! was
9793 ©2000 The American Physical Society
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9794 PRB 61L. FÀBREGA, A. SIN, A. CALLEJA, AND J. FONTCUBERTA
measured in a Commercial system@Physical Property Mea
surement System~PPMS!, from Quantum Design#, with ap-
plied dc magnetic fields up to 9 T parallel to the ac field
Both fields were applied along the long dimension of t
sample bars. The ac field amplitudehac and frequencyf were
changed between 0.3 and 12.7 Oe, and 33 and 8789
respectively. The experiments were performed in fie
cooling ~FC! conditions, in order to have a homogeneo
vortex distribution inside the sample, and withhac!H.
Some measurements were also performed on pow
samples, in order to reduce the contribution of intergr
effects at low temperatures.

Transport measurements were carried out on ceramic
in the PPMS equipment. Resistance was measured by
conventional four-probe technique, using driving curre
between 10mA and 5 mA. The noise threshold was 0
mV/cm; this value was used as the criterion to define
resistance onset.

Additionally, temperature-dependent dc magnetizat
~ZFC and FC curves! was also measured in a commerc
~Quantum Design! superconducting quantum interferen
device.

All the studied samples display a single and sharp tra
tion in xac(T) and R(T) when H50. dc magnetization a
low fields displays also a single, sharp diamagnetic st9

These transitions allow to define the critical temperatures
these phases, from the onsets of diamagnetism or resist
drop; they are 97, 107, and 133 K for the HBCO, HRSCC
and HRBCCO compounds, respectively.

RESULTS

A. Fundamental ac susceptibility

Figures 1~a! and 1~b! display the temperature dependen
of the in- and out-of-phase components of the fundame
ac susceptibility, x18 and x19 , for a HRBCCO powder

FIG. 1. Temperature dependence of the in- and out-of-ph
componentsx18 andx19 of the fundamental ac susceptibilityx1 of a
HRBCCO powder~weakly ground!, recorded withhac51 Oe and
f 51111 Hz, at several applied dc fieldsH. The three peaksPJ,
PII , andPI discussed in the text are indicated for the data recor
at 0.3 T.
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~weakly ground in an agathe mortar!, at several external dc
fields H. When loweringT, a first diamagnetic transition
takes place, accompanied by a peakP1 in x19 . As H in-
creases, both the peak and the diamagnetic step shift to lo
temperatures; the height of the peak is not sensibly affec
by H. At finite dc fields, a second diamagnetic step
together with another peakPII in x19—occurs at temperature
somehow lower. This peak experiences a considerable de
opment with dc field, and shifts to lower temperatures. N
therPI nor PII display a significant broadening for increasin
H. At high fields (m0H.1 T), however, both peaksPI and
PII approach and appear to merge in a single one~see Fig. 4
and discussion below!. Finally, a third transition towards
higher ac screening, with its peakPJ , appears at low tem-
peratures. This peak is very sensitive to magnetic fields
shifts to lower temperatures, broadens and is smeared ou
rather low values ofH. Besides, it is considerably weaker
powder samples than in ceramics, and disappears in pl
cally deformed samples, for which many cracks and mic
cracks are induced;10 therefore, it may be ascribed to inte
grain coupling, still present in the powder, and will not b
further discussed in this paper.

The interpretation of the other two peaksPI andPII is less
clear. While, at first,PI might be associated to the intrins
ac response of the superconducting grains, the existenc
the extra peakPII is quite puzzling, and might even make n
so evident the interpretation ofPI . PII has been observed i
all the powder and ceramic samples we have measured
behavior with the different experimental parameters—wh
will be fully described below— is reproducible and system
atic, although its height relative toPI may change for differ-
ent samples and compounds. This is shown in Fig. 2, wh
displays thex1(T) data atmoH50.1 T for three samples
corresponding to the three measured phases. All th
samples are single phased, and contain only minor trace
second phases~as typically found in Hg-based superconduc
ing ceramics, due to their unstability and difficult synthesi!,
so that the peak may hardly be due to some other lowerTc
phase; this deduction is reinforced by the fact that the re
tive height between thePI and PII peaks depends on th
external field~see Figs. 1 and 7!. In fact, the rather robus
behavior of the peak with external dc field—as well as w
ac field amplitude, as we shall see—denies its ascription
some Josephson coupling due, for instance, to low-an
grain boundaries. This conclusion is further confirmed by
fact that extra grindings, which result in a marked decre
of the average grain size, do not alter the relative heigh
the PI and PII peaks, nor their position. This is clearly ap
preciated in Fig. 3, where thex19(T) data atmoH50.1 T is
shown for a HRBCCO powder ground once and twice:
spite of a considerable decrease of the superconducting
ume fraction—which has been associated with the fact
the average grain size becomes comparable to the penetr
depth— the dissipation peaks remain basically unchang
Even more, room-temperature plastic deformation, bes
producing many cracks and microcracks—and thereby
ducing also the grain size and destroying intergr
coupling10—increases the height ofPII relative toPI .

11

In order to determine the origin of these two peaks,
have compared the ac data with resistance and dc mag
zation measurements, and measured the evolution of the
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PRB 61 9795ac RESPONSE OF Hg-BASED SUPERCONDUCTORS: . . .
damental and higher harmonics (n52,3) with the external dc
field, and the ac field amplitude and frequency. The obtai
results are described in the following subsections. In the n
section a discussion and interpretation of the experime
data within the available theoretical frameworks are give

B. Comparison to transport and dc magnetization

Figure 4 displays the temperature dependence ofx18 and
x19 of a HRBCCO powder, and the resistanceR of a bar of
the same sample, at several selected dc fields. Resistanc
measured at several currents between 10mA and 5 mA, and
no differences in theR(T) curves were detected within thi
current range, corresponding to low driving current densi
(J<0.125 A/cm2). The R(T) curves look very much the
same as those reported for Re-free Hg-1223 ceramics;4 the
onset of resistance drop is nearly field independent, while

FIG. 2. x19(T) recorded atm0H50.1 T andhac51 Oe for three
samples of different phases: HBCO (Tc597 K), HRSCCO (Tc

5107 K) and HRBCCO (Tc5133 K).

FIG. 3. x19(T) at m0H50.1 T andhac51.27 Oe for a 1223 pow-
der ground once and twice.
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temperature at whichR becomes zero decreases asH in-
creases; this results in a transition broadening with the
field. Although the critical temperatures of our sample a
that of Ref. 4 are the same, the lower part of the transit
occurs at higher temperatures in the HRBCCO compou
This shift is likely related to the partial Re substitution f
Hg, which has been reported to enhance magnetic irrev
ibility in these HTSC.7,12

Comparison of the ac and transport data in Fig. 4 rev
that the onsets of diamagnetism and ac losses are nearl
incident with the disappearance of resistance in the sam
This feature, which would be canonical for a single-crys
sample with a unique ac transition, is quite amazing in t
case: it means that there is a broad temperature range w
the measured resistance throughout the sample is zero
though the ac losses appear and attain maximum value
much lower temperatures and fields, as Fig. 5 more cle
reveals. Particularly, this implies that the Josephson ju
tions between grains display a broad spectrum of streng
and that some coupling persists up to quite high fields
temperatures, providing a percolative path for curre
throughout the sample. A similar conclusion was driven
the same compounds, from ac measurements, in Ref. 5.

Figure 6 displays the characteristic lines of a HRBCC
sample, corresponding to the onset of finite resistance, to
PI and PII peaks ofx19 , and to the onset of dc magnet
irreversibility, as obtained from temperature-dependent m
netization data@zero-field cooling~ZFC! and field-cooling
~FC! processes#. The three criteria are commonly used
define the IL of HTSC. As observed in Figs. 4 and 5, it m

FIG. 4. Temperature dependence ofR ~a!, x18 ~b!, andx19 ~c! for
a HRBCCO sample, at several applied dc fieldsH. Resistance data
belong to a ceramic bar, and ac data were measured~with hac

51.27 Oe! in a weakly ground powder of the same sample, in ord
to minimize the intergrain contribution. The inset in~a! is a blowup
of the onset of resistance, in logarithmic scale.
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be appreciated that at high temperatures and low fields
disappearance of resistance is nearly coincident with the
ac dissipation peakPI . As the field increases and the trans
tion broadens, these two lines separate. One can also ob
that PI coincides with the onset of reversible dc magneti
tion in a ZFC-FC measurement. Finally, comparison of
lines obtained fromPI andPII clearly illustrates the behavio
of both peaks, which tend to merge for increasing fields
already discussed. In fact, the points corresponding to 3
5 T might correspond to eitherPI or PII . The evolution with
the dc field of the features associated to both peaks does
allow to clearly discern whether the single peak observe
these high fields isPI ,PII or both.

C. Evolution of the fundamental and higher harmonics with
H, hac and f

Figures 7, 8, and 9 display the temperature dependenc
x19 and of the moduli of the second and third harmonics,x2

and x3 , for different values ofH, hac, and f, respectively.
Analysis of these figures indicates that the dissipation pe
PI andPII in x19 have their corresponding features inx2 and
x3 : when PI occurs, peaks inx3 and x2 become apparent
Remarkably, the peakPII appears only accompanied by
peak in x2 : at low dc and ac fields no features inx3 are

FIG. 5. Comparison of theR(T) andx19(T) curves obtained at 1
T for a HRBCCO sample, measured, respectively, at 1 mA an
Oe. It may be clearly seen that the measured resistance remains
well above the peak associated to intergrain currentsPI , and even
PII . The same result is obtained at any fieldH.

FIG. 6. Characteristic, irreversibility, lines for a HRBCC
sample, obtained from~i! the onset of finite resistance,~ii ! the onset
of reversible dc magnetization, and~iii ! the peaksPI andPII of x19 .
The lines through the data points are guides for the eyes.
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observed at the temperature at whichPII occurs. Neverthe-
less, a weak contribution tox3 becomes visible at this tem
perature, at high enough dc and ac fields, as it may be
preciated by the weak shoulders atm0H51 T in Fig. 7~c!
and athac510 Oe in Fig. 8~c! ~see below!.

Figure 7 reveals that as the dc field is increased, the
tures inx2 andx3 associated withPI weaken; those ascribe
to PII either are rather insensitive toH(x2) or increase (x3).

When the ac field amplitude increases~Fig. 8!, all the
above-mentioned features in the three analyzed harmonic
xac become more pronounced, indicating that the ac respo
is highly nonlinear both atPI andPII . Especially remarkable
is the development of the peak inx2 associated withPII ;
also, the shoulder on the left of the peak inx3 seems to
indicate the appearance of a contribution to this harmo
associated withPII , not appreciated at lowerhac values.

Finally, the evolution ofxac with frequency is shown in
Fig. 9. The features inx19 , x2 , and x3 associated withPI

shift to higher temperatures for increasing frequencies,
expected when the ac response is due to thermally activ
processes. The height of thePI peak inx19 remains constant
PII also shifts to higher temperatures asf is increased; mos
of this shift might be due to that associated toPI since both
peaks are convoluted. However, the shift of the left-ha
side of PII seems larger than that ofPI , indicating thatPII
displays some frequency dependence on its own.

Concerning the higher harmonics, the peak inx3 , as-
cribed toPI , decreases and narrows for increasing frequ
cies: this narrowing is associated to a shift towards hig
temperatures of the left-hand side of the peak, whereas
right-hand side is almost insensitive to frequency. This
havior of x3 with frequency has been reported for low-Tc

1
ero

FIG. 7. Temperature dependence ofx19 ~a!, and the moduli of
the higher harmonicsx2 ~b!, andx3 ~c!, for two applied dc fields
~HRBCCO powder,hac51 Oe, f 51111 Hz!.
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FIG. 8. Temperature dependence ofx19 ~a!, and the moduli of
the higher harmonicsx2 ~b!, andx3 ~c!, for two driving field am-
plitudeshac ~HRBCCO powder,m0H50.3 T, f 51111 Hz!.

FIG. 9. Temperature dependence ofx19 ~a!, and the moduli of
the higher harmonicsx2 ~b!, and x3 ~c!, for several frequencies
~HRBCCO powder,hac51.27 Oe,m0H50.3 T!.
superconductors and Bi-based HTSC.13 The evolution ofx2
with frequency is not easy to tell, due to the experimen
noise and the background contribution of intergrain co
pling, which affects specially the temperature range wh
the peak associated withPII is observed; it appears, neve
theless, that the weak peak associated withPI increases for
increasing frequencies; it also shifts to higher temperatu
as the related features inx19 andx3 do.

DISCUSSION

We have shown in the previous section that the ac s
ceptibility of Hg-based superconductors displays a dou
transition, reflected by two dissipation peaksPI andPII . We
undertake now the analysis of their observed features w
the aim of clarifying their origin.

The finite value of the higher harmonics of the ac r
sponse is indicative of the existence of magnetic hyster
both atPI andPII . The frequency dependence of these pe
~Fig. 9! reveals that the energy losses in both cases are du
some thermally activated processes, and not to a transitio
the vortex system. Due to the same reason, they canno
associated with shape effects of the plateletlike grains of
powders; this conclusion is further confirmed by the inva
ance of the position of both peaks when the average g
size is considerably reduced~Fig. 3 and Ref. 10!.

Hysteretic magnetic behavior and nonzero higher harm
ics are expected in the cases of bulk pinning and surf
barriers. The contribution of bulk pinning, within the critica
state model,13,14 is by far the most studied. In this case, wh
the critical current is independent of the magnetic fluxB
~Bean model!, the hysteresis cycles display symmetric i
creasing and decreasing field branches, so that even har
ics are predicted to be zero. If the critical current display
strong dependence onB, x2n might have a finite, low value
On the other hand, it has been argued15 that when magnetic
irreversibility is due to geometrical or surface barriers a s
nificant contribution to even harmonics should exist, due
the highly asymmetric character of the hysteresis cycles
this case.

In our experimental results, when bothPI and PII occur
the second harmonicx2 has a finite value. AtPI ,x2 is about
one order of magnitude smaller thanx3 ; this small contribu-
tion to x2 might be accounted for by surface barriers or
bulk pinning with a critical current dependent on the intern
flux B; but PII is rather anomalous, since at this positionx2
is always at least twice as large asx3 . The clearly different
behavior of both peaks, particularly in what regards th
associated contributions to higher harmonics, implies t
they are likely to by caused by different dissipation mech
nisms. In the following we discuss the possible origins
these two peaks within the available data and theoret
frameworks.

It has been shown that the position of thePI peak corre-
sponds to the disappearance of irreversibility in the dc m
netization ~Fig. 6!. Detailed analyses of the dc hysteres
cycles in Hg- and~Hg, Re!-based superconductors5–7 al-
lowed to conclude that at these temperatures the magn
irreversibility is mainly due to surface barriers. It appea
thus pertinent to ascribe the ac response atPI to the flux
penetration over surface barriers.



ac
ice
en

ur-
. I

co
fa
s

th
ld
d
i

t

wi
n
co

is

a
nc

ct
an
low
s
it

ss
at
w
ag

el
te

in

nc
d

ing
th

the
en

n

the
l
ure
of
sis-

ac
-
nse,
le
re–
oci-
n is
ent

ued
th
s in

ad
of

may
ese
n

e-
lex
eful
d is

that
res
ng
in

be
ca-

k
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The ac susceptibility of a superconductor when surf
barriers are active has been outlined in Ref. 15. Vort
enter the sample for applied fields higher than the flux p
etration fieldHp ; due to the repulsion of the screening c
rents they form a flux droplet at the center of the sample
the absence of bulk pinning, this droplet expands and
tracts during an ac cycle, since the magnitude of the sur
currents—and thus their force on the droplet—change
time following the driving fieldhac. Energy absorption from
the ac field will occur at high enough temperatures, when
magnetic irreversibility is small enough to allow the ac fie
amplitude to bridge between the ascending and descen
field branches of the hysteresis cycle. This situation
reached at a pointHpo(T).Hp , when the vortex drople
reaches the sample borders; forhac!H, this will take place
roughly when the dc hysteresis loop closes. Dissipation
grow when further increasing the temperature, and the
will vanish as the surface barriers are suppressed. As a
sequence, a peak will appear inx19 , which we identify with
PI . Theoretical calculations15 have shown that this peak
accompanied by a kink inx18 , which looks very much the
same as that displayed by our data atPI ~Fig. 1!. Even more,
if vortices can overcome the surface barriers by thermal
tivation, these peaks and kinks should display a freque
dependence, as experimentally observed.

If some bulk pinning exists in the sample, it will obstru
the expansions and contractions of the vortex droplet,
thus further prevent the penetration of the ac field at
temperatures and fields. AsT rises, bulk pinning become
increasingly weak, and vortices will be able to overcome
with the help of thermal activation. This will result in a lo
of ac screening and the appearance of another dissip
peak. In the case of the Hg-based superconductors,
weak bulk pinning and surface barriers dominating the m
netic irreversibility in a wide region of theH-T phase dia-
gram, this has to take place at temperatures and fields b
the peak associated to these surface barriers. The lower
perature peakPII in our data might thus have this origin.

Within this framework, the increasing height ofPII with
H is easily understood, since the vortex droplet conta
more vortices and becomes larger withH, and thus more
dissipation appears in the sample. Likewise, the freque
dependence ofPII is explained by the thermally activate
overcome of the potential wells associated to bulk pinn
so common in HTSC. Also, the complex dependence of
size of the vortex droplet with the ac and dc fields, toge
with the existence of a finite critical current strongly dep
A
c
.

l
r

ic
e
s
-

n
n-
ce
in

e

ing
s

ll
it
n-

c-
y

d

,

ion
ith
-

ow
m-

s

y

,
e
r
-

dent onB, might account for the relatively large contributio
to x2 observed atPII .

Finally, the coincidence of the resistance onset with
higher temperature side ofPI implies that the surface critica
current16 is quite high, and that there is a broad temperat
range for which transport currents flow within the surface
the grains, and this prevents the appearance of finite re
tance, in spite of the weak bulk pinning.

CONCLUSIONS

In conclusion, detailed analyses of the transport and
susceptibility measurements of~Hg, Re!-based superconduct
ors reveal the existence of an intrinsic double ac respo
associated with thermally activated flux motion. A plausib
scenario is suggested, in which the higher temperatu
higher field transition is due to magnetic hysteresis ass
ated with surface barriers; the lower temperature transitio
ascribed to the ac driven jumps of vortices between differ
bulk pinning wells, in the flux droplet inside the sample.

Crossovers from bulk to surface pinning had been arg
to exist in other HTSC mainly in Bi-based materials, bo
from the shape of the hysteresis cycles and the change
magnetic relaxation processes.17 No ac experiments clearly
revealing both contributions to magnetic irreversibility h
been reported so far, to our knowledge. The observation
such distinct ac response in Hg-based superconductors
be due to the pronounced surface barriers effects in th
materials, which allow the observation of their contributio
even when bulk pinning is not negligible. They offer ther
fore a unique chance to study flux dynamics in this comp
case. And, particularly, ac susceptibility seems a very us
technique to detect them, although theoretical backgroun
lacking.

On the other hand, the proposed framework means
the transport critical current remains finite up to temperatu
and fields much higher than those at which bulk pinni
becomes vanishingly small~note that resistance appears
HRBCCO ceramics above 77 K at 9 T!, due to the surface
barriers, even in polycrystalline materials. This fact could
of extreme relevance in view of the development of appli
tions with these compounds.

ACKNOWLEDGMENTS

Financial support from the Spanish CICYT~Project No.
MAT99-0984-CO3! is acknowledged. L.F. wishes to than
the M.E.C.~Spain! for her contract.
.

.

nd
*Present address: Laboratoire de Crystallographie–CNRS, 25
enue des Martyrs, BP 166, F-38042 Grenoble Cedex 09, Fran

1T. K. Worthington, W. J. Gallagher, D. L. Kaiser, F. H
Holtzberg, and T. R. Dinger, Physica C153-155, 32 ~1988!.

2L. A. Angurel, F. Lera, A. Badı´a, C. Rillo, R. Navarro, J. Barto-
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