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Magnetization steps near the irreversibility line in a mercury-based superconducting cuprate
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Steps in the equilibrium magnetization curves of a (Hg0.8Cu0.2)Ba2CuO41d ~Hg-1201! single crystal have
been detected in bulk magnetic measurements. The associated transition line in theH-T plane can be reason-
ably accounted for by melting or decoupling models, both leading to nearly the same value of the anisotropy
parameter. The entropy changes along this line have been inferred from the height of the magnetization steps
by assuming the underlying transition to be of first order. The order of magnitude of this entropy change, as
well as its field and temperature dependences, is discussed in comparison to the available literature on other
high-Tc superconductors.
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I. INTRODUCTION

The existence of phase transitions in the vortex matte
high-Tc superconductors has recently attracted a lot of in
est. Strong experimental evidence for a first-order transit
most often associated with vortex lattice melting, have b
reported in YBa2Cu3O7 ~YBCO! ~Refs. 1–7! and
Bi2Sr2CaCu2O8 ~Bi-2212!.8–14 For instance, very sharp
jumps in local induction8 have been detected by micro-Ha
probe magnetometry in Bi-2212. In YBCO crystals, peaks
specific heat data3–5 have also provided strong support f
the occurrence of a first-order transition. Beside YBCO a
Bi-2212, the existence of a vortex phase transformation
also been inferred from magnetization measurements
(La12xSrx)CuO4 ~Ref. 15! and in the organic superconduct
k-(BEDT-TTF)2Cu@N(CN)2#Br.16,17

In the frame of a first-order transition, the entropy var
tion at the transition can be directly derived from the jump
magnetization or the peak in specific heat. In most cases
results are given in terms of entropy jump per vortex p
superconducting layer, denotedDs. It turns out that the tem-
perature dependence ofDs is quite contrasted in the differen
compounds investigated so far: in YBCO,Ds(T) is roughly
constant in a large temperature range before dropping
extrapolating to zero a few kelvin belowTc ;2–4 in Bi-2212,
Ds increases continuously withT and diverges approachin
Tc ;8,12–14 in BEDT-TTF, Ds decreases almost linearly asT
is increased and extrapolates to zero well belowTc .16 A part
of these discrepancies has been recently solved in the fra
work of the melting scenario.18 In this study, Dodgsonet al.
have clearly pointed out the influence of the temperature
pendence of the penetration depth, as well as the key ro
the electronic anisotropy.

In this context, the investigation of a compound of inte
mediate anisotropy, having aTc close to those of YBCO and
Bi-2212, is strongly desirable. For this purpose, the mercu
based cuprate Hg-1201, possessing an electronic aniso
close to 30 and an optimalTc around 95 K,19–21 is a well-
suited candidate. The distance between adjacent CuO2 planes
is rather short in Hg-1201, namely,d50.95 nm. According
PRB 610163-1829/2000/61~5!/3610~6!/$15.00
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to estimates of the in-plane penetration depth (lab(0)
.190 nm) and of the anisotropy parameter (g;30), it turns
out that the ratiolab(T)/gd is always much larger than 1 fo
Hg-1201, in the whole temperature range. One thus d
with a layered compound in which Josephson coupl
clearly dominates over electromagnetic coupling, in contr
to Bi-2212. This situation is also very different from the ca
of the more three-dimensional YBCO compound. T
present paper reports on an experimental investigation
first-order transition in Hg-1201.

II. EXPERIMENT

Single crystals of (Hg0.8Cu0.2)Ba2CuO41d have been
grown according to the method described in Ref. 21. T
partial substitution of copper on the mercury sites was fou
to favor the growth of rather large crystalline specimens. T
physical properties of these samples are roughly identica
those of all Hg-1201-type single crystals studied so far.19,20

Their optimalTc is close to 95 K, and their electronic aniso
ropy g has been estimated to be close to 30.21 Various su-
perconducting properties of the present Hg-1201 single c
tals have been previously studied22 by magnetic
measurements~irreversibility line, second-peak effect, in
plane penetration depth, superconducting fluctuations!. Fur-
thermore, thec-axis resistivity has been directly evaluated
transport measurements,23 and the out-of-plane penetratio
depthlc has been inferred from magnetic imaging.24

The selected sample for the present study has approxim
dimensions of 0.9030.8530.09 mm3, with thec axis along
the thinnest direction. It is slightly underdoped with aTc
close to 92 K. It was pasted on the sample holder of
magnetometer with a tiny dot of silicon grease, in the geo
etry Hic axis. The transition width estimated from a shiel
ing curve under 1 G is about 2.5 K.

The measurements were carried out by means o
~SQUID! superconducting quantum interference device m
netometer. Such a global technique unavoidably smooths
signatures of any transformation in the vortex matter, due
the inhomogeneity of internal field. Even in the reversib
regime, a strongly nonuniform field distribution persists in
3610 ©2000 The American Physical Society
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PRB 61 3611MAGNETIZATION STEPS NEAR THE . . .
platelet crystal.25 It was shown, however, that the resu
obtained by SQUID magnetometry10,14 and micro-Hall-
sensors8,12,13in Bi-2212 are in good overall agreement abo
both the location of the transformation line and the deriv
values of entropy jumps.26 Another problem with the stan
dard measuring mode of a SQUID magnetometer is the
homogeneity of the applied field along the scan leng
which could yield spurious effects. At the same time, t
short scan lengths can be detrimental to the quality of
signal fitting. As a compromise, we used a scan length o
cm, leading to a field variation smaller than 0.005%~e.g., 2
Oe under 40 000 Oe!.

Measurements have been performed either as a func
of field at fixed temperature or as a function of temperat
at fixed applied field. The curves of magnetization vers
applied field have been recorded for both increas
@M 1(H)# and decreasing@M 2(H)# field values. The equi-
librium magnetization in the irreversible regime has be
evaluated asMeq.(M 11M 2)/2. In a recent torque ex
periment on YBCO,6 such an estimating procedure was de
onstrated to yield reliable data. Measurements as a func
of temperature under constant field have been registere
three different ways: standard zero-field-cooled@MZFC(T)#
and field-cooled-cooling@MFCC(T)# modes, as well as
curves of thermoremanence@MTHR(T)# measured upon
warming after saturation of the magnetization at low te
perature. Similarly to the case ofM 6(H), symmetrical pro-
files of the internal field are expected inMZFC(T) and
MTHR(T), allowing us to estimate the equilibrium magne
zation asMeq.(MZFC1MTHR)/2. In all cases, the measure
ments at each value ofH andT were recorded during 20 min
The first advantage of this procedure is an enlargement o
reversible regime due to magnetic relaxation. It also allo
us to test the validity of theMeq extrapolation in the irrevers
ible regime by comparing the relaxation rates on b
branches.

III. RESULTS

Figure 1 shows the high-field part of the hysteresis loop
T520 K in a logarithmic field scale. The data present
here correspond to a waiting time of 20 min after each fi
change. It can be clearly seen that the magnetization curv
the reversible regime exhibits a smooth step between
fairly linear parts. In such a logarithmic scale, these lin
regimes around the crossover can be fitted by parallel lin
allowing the step height to be simply defined as the s
between them. In the following, we will consider the knee
the high-field side as the characteristic field of the crosso
~see Fig. 1!. This characteristic fieldH* (T) lies within the
reversible regime at all temperatures.

As T is increased, the low-field reversible domain belo
the step becomes less well defined. This is illustrated in
left part of Fig. 1, with the hysteresis loop atT525 K, en-
larged around the irreversibility field. One can observe t
the ascending and descending branches first cross b
merging. Let us refer this first crossing point to the stand
notion of irreversibility fields,H irr . There is a restricted
range of fields aboveH irr within which the two branches ar
slightly inverted. However, the hysteresis is so small in t
case that one can safely estimateMeq by averaging the
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M 1(H) andM 2(H) curves. These extrapolatedMeq values
at T525 K are plotted as solid circles in Fig. 1. As prev
ously seen at lower temperatures, one observes a clear
connecting two field ranges which can be fairly fitted
parallel lines. Note that the magnitude of these magnetiza
steps is rather small. They are totally undetectable on
scale of a complete hysteresis loop, as illustrated in the in
of Fig. 1.

The occurrence of a magnetization step can also be in
tigated by measurements as a function of temperature. Fi
2 shows theMZFC(T), MFCC(T) andMTHR(T) curves under
3 T. One can observe that all three curves are well supe
posed above 22 K. In this nearly reversible regime, one
clearly detect a kink on the magnetization curves. The in
shows an enlargement of the region under consideration.
solid lines correspond to theMZFC(T) andMTHR(T) curves.
These curves actually cross at 22 K, and they are t
slightly inverted over a few kelvins in this nearly reversib
regime, similarly to what occurs withM 1(H) and M 2(H)
in Fig. 1, atT525 K. The residual hysteresis is still ver
small in theseT scans, and both curves exhibit exactly t
same shape in the crossover region. One can therefore
sider the averaged data ofMZFC(T) and MTHR(T) as a fair
estimate ofMeq(T) ~solid circles in the inset of Fig. 2!. It can
be noted in Fig. 2 thatMFCC tends to slightly increase as th
temperature is decreased, demonstrating that these mea
ments cannot be used to estimateMeq(T) in the irreversible
regime. As shown in the inset, one can determine a cha
teristic temperatureT* and the associated step height, sim
larly to what is done in the case ofH scans. It must be
emphasized that the results of theH scans in Fig. 1~at T

FIG. 1. Ascending (s) and descending (h) branches of a loop
at T520 K ~corresponding to a waiting time of 20 min!. Ascend-
ing (D) and descending (¹) branches of a loop atT525 K ~cor-
responding to a waiting time of 10 min!. The solid circles are esti-
mates ofMeq(H) obtained by averaging both branches. Note th
these data are plotted in a logarithmic field scale. At each temp
ture, the parallel lines are fits to the data on each side of the s
The shift between them yields the step height. The character
field H* (T) is associated with theupper cornerof the step. The
inset shows a complete half-loop at the intermediate tempera
T523 K.
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3612 PRB 61V. HARDY, A. DAIGNÈRE, AND A. MAIGNAN
525 K) and theT scans of Fig. 2~under 3 T! are very well
consistent about both the location and the height of the s

Let us now focus on the measurements as a function
field. One observes that the problems encountered at 2
become more and more pronounced asT is increased. Figure
3 displays enlargements of hysteresis loops at 40 K in
closing region, for different values of the waiting time,tw ,
following each field change: 1 min, 4 min, and 20 min. T
huge effect of magnetic relaxation is patent in the low-fie
side of Fig. 3. One also observes that the inversion betw
the M 1(H) and M 2(H) curves aboveH irr becomes more
marked astw increases. The hysteresis loop attw520 min
displays abubblelikefeature just aboveH irr which is clearly

FIG. 2. Zero-field-cooled (D), field-cooled-cooling (h), and
thermoremanent (¹) curves under 3 T. These data correspond t
waiting time of 10 min. The inset is an enlargement around
closing point, displaying theMZFC(T) and MTHR(T) curves~solid
lines!, together with the averaged data (d). The characteristic tem
peratureT* (H) is defined similarly toH* (T). A linear temperature
scale is used to derive the step height from the shift between
allel lines fitting to the data on each side of the step.

FIG. 3. Ascending~open symbols! and descending~solid sym-
bols! branches of loops atT540 K, corresponding to waiting time
of 1 min ~circles!, 4 min ~squares!, and 20 min~diamonds!. The
inset shows the magnetic relaxation on the ascending (s) and de-
scending (d) branches, under 11 000 Oe.
p.
of
K

e

en

wider than at shorter times. The inset shows that, in this fi
range, the relaxation curves on both branches actually exh
a crossing in time. These relaxation curves also indicate
the shift in magnetization between both branches tend
become constant at long times. One can note that the de
opment of similar a ‘‘anomalous hysteresis’’ asT is in-
creased has previously been reported in the case
Bi-2212.11 The shape of the SQUID responses has b
checked to be satisfying for signal processing over the wh
field range.

Figure 4 displays the calculatedMeq5(M 11M 2)/2, for
two characteristic times (tw54 and 20 min), together with
theM 1 andM 2 curves attw520 min. It turns out that both
Meq(H) curves are nearly superimposed, demonstrating
the relaxation rates on both branches of the loop are v
well symmetric. The observation of such behavior was u
as a basic requirement to take the extrapolatedMeq values
into account. With these data, one can observe in Fig.
step in magnetization resembling those found at lower te
peratures. The step height is still associated with the shif
magnetization between the logarithmic regimes at low a
high fields. At 45 K, the step height is found to be noticeab
decreased. ForT>50 K, there is no longer any clear ind
cation of a step in magnetization. Within the experimen
uncertainty, anyMeq-vs-ln(H) curve in thisT range actually
appears as a simple straight line over a wide field dom
aroundH irr .

Figure 5 displays the characteristic line in theH-T plane,
which is associated with the occurrence of magnetizat
steps. Since the magnetization is much smaller than the
plied field along this line, the magnetic inductionB* can be
fairly approximated byH* . We have reported both th
B* (T) andT* (B) values extracted from theH andT scans,
respectively. There is clear agreement between both se
data. These kinks on equilibrium magnetization curves
be associated with a phase transition in the vortex state.
most often proposed transitions are melting of a flux-li
lattice or decoupling of a flux-line liquid~a concomitant oc-
currence of both phenomena, leading effectively to sublim
tion, has also been evoked!. As already specified, thec-axis

a
e

r-

FIG. 4. The solid lines are the ascending and descend
branches of the loop atT540 K, for a waiting timetw520 min.
The symbols are estimates ofMeq(H) inferred from averaging the
branches, at two values oftw : 4 min (h) and 20 min (s).
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PRB 61 3613MAGNETIZATION STEPS NEAR THE . . .
coupling in Hg-1201 is predominantly of Josephson natu
We thus have to consider proper forms of the theoret
expressions for each of these characteristic fields.27 The
melting field28,29 Bm and the decoupling field27,30,31 Bd are
expected to be of the form

Bm5
am

64p3

cL
4F0

5

g2lab
4 kB

2T2
, ~3.1!

Bd5
ad

16p2

F0
3

g2dlab
2 kBT

, ~3.2!

whereF0 is the flux quantum,kB is the Boltzmann constant
cL is the Lindemann constant,d is the interdistance betwee
CuO2 planes,lab is the in-plane penetration depth,g is the
electronic anisotropy,ad.(pe)21.0.1, andam is a cor-
recting factor of the order of unity. According to Ref. 2
am; ln(Bc2 /B)/8. TheT dependence oflab can be written in
the form lab(T)5lab(0)/A12tn, where t is the reduced
temperature (t5T/Tc), and n has a value ranging betwee
n51 ~Ginzburg-Landau behavior! and n54 ~two-fluid be-
havior!. The dashed line in Fig. 5 corresponds to the bes
to the data with Eq.~3.1! corresponding to the melting mode
~with n54 and Tc592 K). Note that the somewhat arb
trary identification ofH* to the highest field of the crossove
could contribute to the rather poor quality of this fit. Cons
eringlab(0).190 nm,22 cL.0.15, andBc2 /B.50, one ob-
tainsg.31. An equally good fit can be obtained within th
frame of the decoupling model~with n51 andTc590 K).32

One derives from Eq.~3.2! a value of the anisotropy param
eter,g.34, which is very close to the previous one. It mu
be emphasized that these estimates are very well consi
with previous results (g;30) obtained from direct investi
gations by angular measurements.19,20

Figure 6~a! shows the temperature dependence of the s
height at the transition. The alternative representation a
function of field is given in the inset. The error bars corr
spond to the uncertainty in the linear fittings around
crossover. Two major features emerge from Fig. 6~a! when

FIG. 5. Characteristic fieldsH* (T) derived fromH scans (h)
and characteristic temperaturesT* (H) derived fromT scans (j).
The dashed line is a fit to the data with Eq.~3.1!, corresponding to
the melting transition.
.
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one compares to most of the results in the literature on o
compounds. First, the values of magnetization steps foun
low T and highB are rather large in the present case. Seco
they exhibit a rapid drop around a temperature which is v
far from Tc . In Bi-2212, all the magnetic studies have r
portedDB (54pDM ) values of a few tenths of gauss~typi-
cally 0.3 G!, which are weakly temperature dependent bef
dropping to zero atTc .8,12–14 Although they continuously
decrease asT is increased, values of the same order of ma
nitude were found in the first studies of YBCO.2,3 On the
other hand, significantly largerDB values~of a few gauss!
have also been obtained in YBCO by dc magnetizat
measurements.5

In other respects, it can be noted that a direct compari
of Hg-1201 with Bi-2212 or YBCO is delicate because t
magnetization steps in these compounds take place in
different regions of theH-t (5T/Tc) plane: very low fields
for Bi-2212 or high temperatures staying close toTc for
YBCO, while one deals with both low temperature
(T,Tc/2) and large fields~of a few teslas! in Hg-1201.

Only local magnetic investigations in Bi-2212 hav
shown sharp discontinuities in vortex density, as expec
for a first-order transition. All global magnetic measureme
yielded rather broad, smooth steps in magnetization cur
even when the existence of a true first-order transition w
clearly attested to by other techniques. Accordingly,
magnetization steps observed here in Hg-1201 can be re
to an underlying first-order transition. On this assumptio
the associated entropy variation can be evaluated via

FIG. 6. ~a! Magnitude of magnetization steps, derived from e
ther H or T scans, as a function of temperature. Same data
plotted versus magnetic field in the inset.~b! Entropy variation per
pancake as a function of temperature. Same data are plotted v
magnetic field in the inset.
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3614 PRB 61V. HARDY, A. DAIGNÈRE, AND A. MAIGNAN
Clausius-Clapeyron relation,DS52DM (dHi* /dT), where
Hi* is the internal field at the transition. According to bo
the smallness of the magnetization as compared toH* and
the weak temperature dependence ofHc1 in the region of
interest,26 one can safely identify, here, the derivative ofHi*
to that of B* .H* . Most of the results in the literature ar
given in terms of entropy jump per pancake,Ds5DS3d
3a0

2, wherea0 is the mean intervortex spacing:

Ds.2dF0

DM

B*

dB*

dT
. ~3.3!

The temperature and field dependences ofDs are plotted
in Fig. 6~b!. Like the steps in magnetization, theseDs values
are larger than the greatest part of those found in YBC
including direct determinations by calorimetr
measurements3–5,33~values around 0.5kB). In Bi-2212, large
Ds values of a fewkB have been reported,11,12,14,26but only
close toTc . The second peculiarity in Fig. 6~b! is the sudden
vanishing of the entropy jump above 50 K. Even if the p
sistence of steplike features below our detection limit is
excluded at higher temperatures, there is undoubted
rapid, pronounced drop aroundT545 K.

As shown in the inset of Fig. 6~b!, it is worth noticing that
this end point can also be associated with a low-field bou
ary, located close to 1 T. In this respect, our results b
some resemblance to many results obtained on YBCO
which any clear indication of a first-order transition is n
longer detected below a certain field. A low-field bounda
close to 1 T was indeed reported by Welpet al.2 and Schill-
ing et al.3 in YBCO single crystals studied by SQUID mag
netometry. Similar behaviors have also been observed
calorimetric measurements with limit field values equal to
.

a,

,

E

.
ev

,

.

Eu

hi,
,

-
t
a

-
ar
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in

T ~Ref. 3 and 4! or 6 T.5,33 Since these features correspond
temperatures very close toTc in YBCO, the sample inhomo-
geneity was suspected to play a role in this behavior.2,3 Nev-
ertheless, such an influence can hardly be relevant to
present case of Hg-1201, because this limit point takes p
at a temperature much belowTc . More likely, a boundary at
low fields could be related to a pinning effect. As sugges
in previous studies,5,16,33the vortex behavior can be strong
dominated by the presence of pinning centers up to a cer
field value related to the defect density. Consequently,
first-order transition involving a well-ordered vortex sta
can be obtained only above a threshold field correspond
to the saturation of pinning centers.

IV. CONCLUSION

The occurrence of steps in magnetization curves, wh
can be related to a first-order transition, has been eviden
in Hg-1201. At the lowest temperatures~highest fields!,
these features take place in a fully reversible regime.
higher temperatures, the low-field side of the step lies in
irreversible regime. However, by using a careful record
procedure, one can get reliable estimates of the equilibr
magnetization in a part of the irreversible regime, allowi
us to extend our estimates of the step height to high temp
tures. Any thermodynamic signature of a phase transit
abruptly disappears for fields lower than 1 T, similar to t
behavior often observed in YBCO. Assuming an underlyi
first-order transition, the entropy changes inferred from
magnetization steps at low temperatures are found to
somewhat larger than most of the reported values in Bi-2
and YBCO. Further experimental investigations, involvi
different techniques, are highly desirable to shed light on t
last issue.
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