
PHYSICAL REVIEW B 1 OCTOBER 1998-IIVOLUME 58, NUMBER 14
Irreversibility line in superconducting HgBa 2CuO41d single crystals
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The vortex phase diagram in HgBa2CuO41d single crystals (Tc595 K! is investigated using dc-magnetic
measurements. The irreversibility magnetic fieldHirr (T) decreases exponentially in the temperature range
20<T<88 K. At T* '88 K, the Hirr (T) curve changes slope abruptly and a new mechanism controls the
irreversibility up toTc . Magnetization versus magnetic field measurements (Hic) show a second peak~in-
crease of the critical current! in the range 5<T<50 K. The overall picture resembles the phase diagram of the
Bi2Sr2CaCu2O81d and YBa2Cu3O7 compounds if one considers the anisotropy«5(m/M )1/2 of
HgBa2CuO41d , which lies in between the two others.@S0163-1829~98!00938-2#
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I. INTRODUCTION

The simplicity of the structure, the high symmetry, t
relatively high superconducting transition temperatu
and the possibility for variation of the oxygen conte
from the underdoped to the overdoped regime of then51
member of the mercury-based family of cuprat
@HgBa2Can21CunO2n121d# make it an excellent referenc
compound for physical properties measurements. The
step for a serious study of HgBa2CuO41d ~Hg-1201! is the
growth of high quality single crystals. Hg-1201 decompos
at ambient pressure before melting and the volatile com
nents evaporate, whereas forP~O2)'21.3 kPa the decompo
sition temperature is between 706 and 822 °C and is acc
panied by a complete removal of HgO.1 The only way to
prevent decomposition before the sample reaches the pe
tic temperature is to use high hydrostatic inert-gas pres
(109 Pa!.2 Recently, considerable progress has been don
Hg-1201 single-crystal growth.3–7

The structure of Hg-1201 compound~see Fig. 1! consists
of a stacking of layers@HgOd BaO CuO2 BaO HgOd#, where
the square brackets include the contents of one unit cell.
extra oxygen, which causes the electrical doping, is loca
at the (1/2,1/2,0) site of the Hg plane. Copper has a v
elongated octahedral coordination with distance between
and the apical oxygen [d„Cu2O(1)….2.8 Å# to be signifi-
cantly larger than the Cu-O distances [d„Cu2O~2!….1.94
Å# in planes perpendicular toc axis. Moreover, the com
pound HgBa2CuO41d can be considered as stacking of qu
two-dimensional~quasi-2D! CuO planes. The distance o
CuO planes is.9.5 Å.

It is generally accepted that high anisotropy plays a p
mary role in the complexity of the magnetic phase diagr
of high-temperature superconductors. The decrease
the anisotropy parameter8 «[«5Am/M[lab(0)/lc(0)
[jc(0)/jab(0)] due to thelayered structure enhances th
Ginzburg number8 Gi}Tc

4/«2 so that the fluctuations be
come relevant. The cuprate superconductors discovered
today present a variation of the anisotropy which depe
PRB 580163-1829/98/58~14!/9536~7!/$15.00
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mainly on the crystal structure~distance of Cu-O planes an
number of planes in each block!. The parameter«21 for
optimally doped HgBa2CuO41d lies between that of opti-
mally doped YBa2Cu3O72d ~more 3D, «2155) and
Bi2Sr2CaCu2O81d ~more 2D,«21550).9 Consequently, we
expect the values of the physical parameters of Hg-1202
lie between YBa2Cu3O72d and Bi2Sr2CaCu2O81d.

In this work we report on the crystal structure of as-grow
Hg-1201 single crystals and a detailed and complete se
dc-magnetic measurements using a commercial super
ducting quantum interference device~SQUID! magnetometer
from 5 K up to the transition temperature (Tc) and for mag-
netic fields 0–50 kOe.

II. EXPERIMENT

The characterization part of the single crystals was p
formed with a miniaturized GaAsIn Hall sensor with activ
area 10310 mm2. The single crystals were placed on top
the active area of the Hall probe and an ac-magnetic fi
( f 53 Hz, amplitude 0.1–10 Oe! was applied. The real and

FIG. 1. Crystal structure of the HgBa2CuO41d compound.
9536 © 1998 The American Physical Society
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PRB 58 9537IRREVERSIBILITY LINE IN SUPERCONDUCTING . . .
imaginary parts of the Hall voltage were measured by us
a lock-in amplifier. The ac resolution attained with this sy
tem is'20 mOe. dc-magnetization measurements were
formed in a SQUID magnetometer~Quantum Design!.

III. CRYSTAL GROWTH

The single-crystal growth was carried out in sealed sil
tube at 1100 °C using an alumina crucible. Since the mel
point of the Ba2CuO31y compound is near the melting poin
of Au, Au foil melts frequently and the reaction o
Ba2CuO31y with the quartz tube leads to explosions. T
overcome this difficulty we used dense alumina crucib
instead of Au. The alumina crucible was placed in a tempe
ture gradient of;10 °C/cm, the bottom being at the high
temperature. Melting was observed and inside the solidi
material we found cavities containing the single crysta
Figure 2 shows single crystals in such a cavity. The dim
sions of the single crystals were up to 100031000330 mm3.
Tc for the majority of those crystals was around 88 K, b
there were also crystals withTc595 K. Annealing in flowing
O2 at 300–400 °C increasesTc to 95 K. Figure 3 shows the
local ac susceptibility for a single crystal as a function
temperature at various stages of the oxygen post-anne
process.

IV. SINGLE-CRYSTAL STRUCTURE DATA

For the diffraction experiments, a single crystal with a
proximate dimensions 2003200320 mm3 was mounted on

FIG. 2. Scanning electron micrograph of HgBa2CuO41d single
crystals.~a! The arrangement of as-grown crystals inside the cav
~b! The very flatac side of a single crystal.
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a Crystal Logic dual goniometer diffractometer using grap
ite monochromated Mo radiation. The unit cell dimensio
were determined and refined by using angular settings o
automatically centered reflections in the ran
11°,2u,23° and they appear in Table I. Intensity data we
recorded using au-2u scan to 2u ~max!570° with scan
speed 3.0 deg/min and scan range 2.5°1a1a2 separation.
Three standard reflections monitored every 97 reflecti
showed less than 3% variation and no decay. Lorentz, po
ization andc-scan absorption corrections were applied us
Crystal Logic software. Symmetry equivalent data were
eraged withR50.059 to give 225 independent reflection
from a total of 2350 collected. The structure was solved
direct methods using SHELXS-86 and refined by full-mat
least-squares techniques ofF2 ~with SHELXS-93! using 225
reflections and refining 16 parameters. All atoms were
fined anisotropically except for the deficient O~3! atom. The
final values forR1, wR2, and goodness of fit~GOF! for all
data are 0.032, 0.083 and 1.202, respectively. The maxim
and minimum residual peaks in the final difference map w
4.02 and22.93e/Å. The largest shift/e.s.d. in the final cycl
was 0.003. Positional andU thermal parameters are given
Table II and selected bond distances and thermal param
in Table III.

In the first step we refined only the position of the hea
atoms~Hg, Ba, Cu! with anisotropic displacement factors. A
this stage of refinement the reliability factors wereR1
50.0418,wR250.0919, and GOF51.255. As a second ste
we refine in addition the positions and anisotropic displa
ment factors of O~1! and O~2!, thereby reducing the reliabil
ity factors toR150.0334,wR250.0836, and GOF51.206.
Analysis of difference Fourier maps revealed three pea
The first was 0.7 Å from Hg atoms, the second 0.6 Å fro
Ba atoms, and the third was at the (1/2,1/2,0) position. T

.

FIG. 3. Local ac susceptibility for a Hg-1201 single crystal
prepared, annealed in oxygen flow for 3 days at 400 °C followed
2 days at 350 °C.
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9538 PRB 58M. PISSASet al.
peaks near Hg and Ba come from truncation errors. The t
peak corresponds to the oxygen-deficient site (1/2,1/2
Referring to the peak at (1/2,1/2,0), it obviously correspon
to extra oxygen within the mercury plane. Keeping the is
tropic displacement factor constant at 0.012, which is
average value of O~1! and O~2!, we refined the oxygen oc
cupancy for this site. The estimated value for the extra o
gen was 864 %, while the reliability factors were furthe
reduced.

The structure of the Hg-1201 compound is shown sc
matically in Fig. 1. It possesses a lamellar structure simila
all the cuprate superconductors, which is infinitely extend
along thea and b crystallographic directions. The stackin
of the layers along thec axis is @HgOd BaO CuO2 BaO
HgOd#, where the square brackets include the contents of
unit cell.

TABLE I. Crystal data and experimental conditions f
HgBa2CuO41d single crystals.W51/@s2(F0

2)1(aP)21bP#, P
5@Max(F0

2,0)12*Fc
2)/3, R15(uuFou2uFcuu/(uFou, wR2

5@(w(Fo
22Fc

2)2/(wFo
4#1/2

Wavelength 0.71073
Space group P4/mmm
a ~Å! 3.888~1!

c ~Å! 9.538~3!

V ~Å 3) 144.211
r ~g cm23) 6.941
Abs. coefficient (m) ~cm21) 435.5
Scan mode/speed~deg/min! u22u/3
Scan range~deg! 2.501a1a2 separation
2u range~deg! 2 to 68
Min ~abs. correction factor! 1.02
Max ~abs. correction factor! 19.20
Range ofh,k,l 26<h<6,26<k<6,215< l<15
W a50.0523, b50.72
Drmax/Drmin (e/Å 3) 4.02/22.93
Refinement method Full matrix least squares onF2

Data/restraints/parameters 225/0/16
Goodness of fit onF2 1.206
Final R indices 224.4s(I ) R150.0326, wR250.0547
R indices~all data! R150.0329, wR250.0827
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).
s
-
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Copper has a very elongated octahedral coordination w
the distance between Cu and the apical oxygen@d„Cu
2O(1)….2.8 Å# significantly larger than the Cu-O distance
in the ab-plane [d(Cu2O~2!….1.94 Å#. As a result its co-
ordination can be consider as quasi-square planar. The
layers stack along thec axis and are separated by two BaO2

and one HgOd layers, so that the distance of consecuti
CuO planes along thec axis is .9.5 Å. The thermal ellip-
soids of Cu, Ba, and O~2! ~plane oxygen! ions are strongly
anisotropic along thec axis with U33'g3U11 (g52 – 3),
contrary to the mercury and O~1! ~apical oxygen! ions for
which the thermal ellipsoids are nearly isotropic.

The extra oxygen (.8%) that causes the electrical do

ing is located at the (12 , 1
2 ,0) site in the Hg plane. The dete

mination of small oxygen concentrations<20% in the vicin-
ity of such a heavy scatterer as Hg from x-ray data is
difficult problem and the correct solution depends on ma
factors, e.g., the choice of structural model or algorithm
the absorption correction. The quality of the diffraction e
periment is related to the statistics and the diffractome
resolution is also very important.

An extensive discussion of the crystal structure deter
nation from powder samples using x-ray and neutron d
and the associated problems is given in Refs. 7 and 10
The crystal structure parameters from powder and sin
crystal data are in principle the same. Our crystal struct
data are in agreement with those of Ref. 4, except for a sm
difference of 0.03 Å in thec-axis length for the sameTc .
The anisotropic thermal displacement factors can be con
ered to be practically the same. It is worth mentioning th
the estimated oxygen content is also very close to their va
Our data are comparable with those of Pelloquinet al.;6 e.g.,
there is perfect agreement in the cell constants, althoug
direct comparison is impeded by their complicated structu
model. Finally, our results are also in agreement with th
of Bordetet al.5 ~model 1!, where they discuss several stru
tural models based on the possible substitution of CO3

22 in
the Hg sites.

V. MAGNETIC MEASUREMENTS

First, we present our experimental results for the magn
moment vs temperature variation at low dc magnetic fiel
ment

s the
sig-
TABLE II. Fractional atomic coordinates, anisotropic and equivalent isotropic thermal displace
factorsUi j , Ueq ~in Å 2), and occupancy factors for a HgBa2CuO41d single crystal withTc595 K and cell
constantsa53.888(1) Å andc59.538(3) Å. The anisotropic displacement thermal factor exponent take
form 22p2@h2a* 2U111•••12hka* b* U12#. Numbers in parentheses are statistical errors of the last
nificant digit.

Atom WN x y z U11 U33 Ueq N
Hg 1a 0 0 0 0.0163~3! 0.0118~3! 0.0148~3! 1.0
Ba 2h 1

2
1
2 0.2995~1! 0.0062~2! 0.0118~3! 0.0081~3! 1.0

Cu 1b 0 0 1
2 0.0030~5! 0.0114~7! 0.0058~4! 1.0

O~1! 4g 0 0 0.2066~9! 0.018~2! 0.014~4! 0.017~1! 1.0
O~2! 2e 0 1

2
1
2 0.005~2!a 0.018~3! 0.008~1! 1.0

O~3! 1c 1
2

1
2 0 - - 0.012 0.08~4!

aU2250.001(2).
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PRB 58 9539IRREVERSIBILITY LINE IN SUPERCONDUCTING . . .
Figure 4~a! shows the variation of the magnetic moment w
temperature in a constant dc-magnetic field applied ne
parallel to thec axis of the crystal after zero-field coolin
~ZFC!. For a small dc-magnetic field the magnetic momen
constant and only nearTc does it abruptly go to zero. Th
onset of the transition for these fields isTc.9560.5 K. The
width of the transition forHdc512 Oe~90%–10%! is about
2 K. Based on the derivative of the magnetic moment w
temperature (dm/dT) curve we can define four characterist
points on them(T) curve. For clarity let us discuss the me
surement withHdc5390 Oe using thedm/dT curve @see
Fig. 4~b!#. At low temperaturesm is nearly constant and a
some temperatureT0 a shoulder starts to develop. Abov
T0 ,m(T) is convex up to an inflection point (Ti). Then, asT
increases,m(T) becomes concave until temperatureTsh and
after exceedingTsh it varies approximately linearly withT.
At the vicinity of Tc it is curved again. The shoulder i
pronounced very clearly forHdc.190 Oe. We note that fo
Hdc,350 Oe andT.Tsh the m(T) curve becomes conve
again. The three characteristic temperatures move to lo
values as the magnetic field increases.

A reasonable explanation of the observed behavior~for
H<145 Oe! could be given using a simple model develop
by Clem and Hao.14 A shoulder like them(T) shape could
arise from the crossing ofHdc with Hc1(T) ~the lower criti-
cal field at temperatureT) as the temperature increases.14 For
T,Tc1 the crystal is in the Meissner state, and atTc1, Hdc is
equal toHc1. Induced currents~which produce the magneti
moment! are flowing withinl of the surface and screen th
bulk of the crystal from the applied field (4pM /Hdc521).
For Tc1<T<Tsh the magnetic flux gradually penetrates in
the sample untilTsh , where the flux front reaches the midd
of the sample. AboveTsh , 2m decreases due to the decrea
of the critical flux gradient~and/or of the critical current!. In
the temperature rangeTc1,T,Tc(Hdc) the specimen is in
the mixed state. In the absence of pinning and surface an
geometrical barriers the flux densityB, averaged over the
intervortex spacing, is uniform inside the specimen and eq
to the reversible flux density in equilibrium with a magne
field H. When pinning is present the magnetization forTc1
,T,Tc(Hdc) cannot achieve its equilibrium value and pi
ning forces tend to hold the vortices near the surfaces, bu
ing up a critical flux-density gradient. In this modelTc1 is
expected to increase according to the temperature varia
of Hc1(T) up to theTc region.15,16

The ZFC measurements forH.154 Oe, although show
ing the shoulder, needs a different explanation. More spe
cally m for T,T0 is not constant and the temperature whe
the shoulder starts to develop is roughly confined to a sm

TABLE III. Interatomic distances~Å! from the structure data o
a HgBa2CuO41d single crystal withTc595 K.

Hg-O~1! 3 2 1.971~9!

Hg-O~3! 3 4 2.749~1!

Ba-O~1! 3 4 2.889~3!

Ba-O~2! 3 4 2.727~1!

Ba-O~3! 3 1 2.857~1!

Cu-O~1! 3 2 2.798~3!

Cu-O~2! 34 1.944
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field window. Our measurements resemble the lo
magnetic-field ZFCm vs T data for a Bi2Sr2CaCu2O81d
single crystals.17 In Bi2Sr2CaCu2O81d for H.100 Oe the
flux exclusion is dramatically suppressed at a weakly fie
dependent temperature around 20 K. After this tempera
2m(T) decreases up to theTc . In other words, the critical
current suffers a sudden reduction to rather small values
temperature well belowTirr (H). As De la Cruz et al.17

pointed out the rapid change in the critical current capabi
indicates a transition from one pinned vortex state to ano
with much lower critical current. This transition takes pla
at a temperature that was defined by the shoulder observe
the m(T) curves. Recently, Goffmanet al.18 attributed the
steep decrease of perpendicular permeabilitym' in single-
crystal measurements at 22 K to a large increase in the c
cal current, associated with the crossover to the ze
dimensional pinning regime.19

We turn now to the discussion of the ZFCm(T) curves
for Hdc>1.5 kOe. Figure 5 shows the ZFCm(T) curves for
Hdc>1.5 kOe. Here2m decreases abruptly up to a temper
tureTsh(Hdc) and after this point it still decreases but with
much smaller rate. The horizontal, low-temperature part
the shoulder structure is absent becauseHdc is greater than
Hc1(0). Although 2m seems to decrease up toTc2(Hdc)
without any feature, close examination near them50 axis
reveals an appreciable change indm/dT at T5Tirr ~Fig. 6!.

FIG. 4. Zero-field-cooled~ZFC! magnetic moment vs tempera
ture of a HgBa2CuO41d single crystal for several dc magnetic field
applied parallel to thec axis.
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9540 PRB 58M. PISSASet al.
FIG. 5. ~a! Zero-field-cooled~ZFC! magnetic moment vs tem
perature of a HgBa2CuO41d single crystal for several dc-magnet
fields (H.1.5 kOe! applied parallel to thec axis. ~b! Rescaled
~magnified! plot of the ZFC magnetic moment forH51 and 45
kOe.

FIG. 6. Rescaled~magnified! plot of the zero-field-cooled~ZFC!
and field-cooled~FC! magnetic moment vs temperature variation
a HgBa2CuO41d single crystal for several dc magnetic fields (H
.1.5 kOe! applied parallel to thec axis. We define the irreversibil
ity point (Hirr ,Tirr ) as the point where them(T) curve changes its
slope abruptly. This point coincides with the point where the Z
and FC branches diverge.
For T.Tirr , m(T) is convex up to theTc region where it
becomes concave. Field-cooling measurements at the s
field as the ZFC branch reveal that the temperature where
ZFC and FC branches diverge is nearTirr . So we define the
irreversibility temperature as the point wherem changes
slope abruptly. Of course the irreversibility line which
defined as the point where the ZFC and FC branches div
depends on the resolution of the SQUID magnetome
(Dm'231026 emu!. TheTirr (Hdc) points represent a low
boundary of the irreversibility line. ForHdc<5 kOe the
abrupt change indm/dT is not so pronounced or it disap
pears and therefore in this regime we defineTirr as the point
where the ZFC and FC branches diverge.

At high magnetic fields~e.g., 30 kOe! the FC branch of
m(T) at low temperature shows a small change from posit
to negative slope. This change could originate from
sample holder or from a small amount of paramagnetic m
terial present on the surface of the crystal. We must kee
mind that the signal in this region~for the particular single
crystal! is very small, and consequently the paramagne
impurities at this temperature have a non-negligible con
bution to the SQUID signal.

In Fig. 7 we have plotted the points (Hdc ,Tirr ). This plot
is one of the main results of our work. In a semilogarithm
plot we can easily observe atH* '2 kOe~or equivalently at
T* '88 K! an abrupt change in the slope of the irreversib
ity line. The same changes in the slope of theHirr (T) curve
have been observed by Wisniewskiet al.20 from magnetic
measurements in a HgBa2Ca2Cu3O81d single crystal. Prob-
ably this point is some crossover or a triclinic point. Th
behavior has been observed in both YBa2Cu3O6.95 and
Bi2Sr2CaCu2O81dcompounds. ForT.T* the flux line melts
via a first order transition. Below this temperature the so
to liquid transformation is of second order. Alternatively, t

FIG. 7. The irreversibility line of a HgBa2CuO41d single crystal
as a function of temperature forHic. At T* '88 K, Hirr (T) dis-
plays an abrupt change in its slope. The solid line represents
Hirr (T)5H0exp(2T/T0) fit with parameters estimated by leas
squares fitting. The dash line is a power-law fit@Hirr (T)5H0(1
2T/Tc)

n#. The inset shows the temperature dependenceHirr (T) in
a semilog arithmic plot, where an abrupt change in the slope ofHirr

is clearly seen. AboveT* the experimental points can be fitted by
power law@H}(T2Tc)

n52.4#. TheHc2 line has been estimated b
linear extrapolation of the linear part ofm(T) near theTc .
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(H* ,T* ) point represents a crossover from 3D (T.T* ) to
2D behavior of the vortices. For optimally dope
Bi2Sr2CaCu2O81d , H* is 260 Oe,21 while for YBa2Cu3O6.95
it is 80 kOe.22 The (H* ,T* ) point moves to highestH and
smallerT values as the oxygen content increases and
changes the anisotropy of the compound. HgBa2CuO41d dis-
plays an anisotropy between those of YBa2Cu3O6.95 and
Bi2Sr2CaCu2O81d . Le Braset al.23 and Hoferet al.24 esti-
mated the anisotropy parameter for HgBa2CuO41d to be
«21'30, while for YBCO,«21'5, and for BSCCO,«21

'50. The intermediate value of the anisotropy parameter
HgBa2CuO41d can explain the observed behavior. BelowT*
the irreversibility field increases exponentially with tempe
ture. The experimental points can be described asHirr
5H0exp(2T/T0). Least-squares fitting givesH0515966
kOe andT0519.760.4 K. An effort to fit theHirr with a
power law [Hirr }(12T/Tc)

n for T,T* # was unsuccessfu
~see dashed line in Fig. 7!. For T.T* the irreversibility line
can be roughly approximated with a power law with exp
nentn'2.4.

Finally we present hysteresis loop measurements.
magnetic hysteresis loops were measured at low temp
tures (5<T<40 K! and are shown in Fig. 8. The virgi
~ascending magnetic field branch! branch shows a peak a
low fields ~which we call the first peak and denote asH f p),
followed by a decrease inm which means penetration of th
vortices. As the magnetic field increases2m reaches a loca

FIG. 8. Virgin magnetization measurements at 5<T<50 K of
the HgBa2CuO41d single crystal as a function of the dc-magne
field H (Hic). The inset shows the ascending and descend
branches atT55 K. At T55 K the virgin magnetization starts t
deviate from linearity at 500 Oe.
us

r
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-

e
ra-

minimum atHm . After this point2m increases irregularly
with increasing field up to the magnetic fieldHsp and finally
for H.Hsp it decreases towards the equilibrium magne
moment. The (Hsh ,Tsh) point as in the case of lower field
denotes the state of complete flux penetration in the sam
These values coincide with theH f p values. That is, point
(Hsh ,Tsh) corresponds to the (H f p ,T) point. Considering
the crystal as a thick disk with diameter 2a5200 mm
and thickness 2b550 mm and using the formula for full
penetration of the magnetic field of Forkl,25 H f p
5(4p/c)Jcb ln@(a/b)1(11a2/b2)1/2# we can calculateJc
from H f p . For example,H f p.5 kOe at 5 K which gives
Jc.7.63105 A/cm2. Upon decreasing the magnetic field th
magnetic moment approximately has the opposite value
that of the ascending branch. In other words, the hyster
loop is symmetric about them50 axis~neglecting contribu-
tions from the equilibrium magnetization!. The symmetric
hysteresis loop is in agreement with Bean’s model, wh
predicts a symmetric hysteresis loop. Early magnetic hys
esis loops m(H,T) in polycrystalline HgBa2CuO41d
samples26–28 have shown a considerable asymmetry rega
ing the field-increasing and field-decreasing branches. F
thermore, the magnetization in the field-decreasing branc
very small, suggesting that surface pinning dominates in
material. However, for our single crystal the loops are sy
metric, and so we can exclude, especially at lowT and high

FIG. 9. Temperature dependence of the first peak (H f p), mini-
mum (Hm), and second peak (Hsp) fields of the magnetization
curve of a HgBa2CuO41d single crystal forHic. The solid lines in
the plots represent the curvesHi(T)5H0

i exp(2T/T 0
i ) with param-

eters which were estimated by least-squares fitting.

g



ct

nt

d

d
t
th

ul
o

fo

in
is
A
a

o
w

nd

nts
-

be

m
ure-

ure

ss-

9542 PRB 58M. PISSASet al.
fields, an interpretation based on the surface barrier effe
Figure 9 shows the variation ofH f p , Hm , andHsp with

temperature. We modeled all three curves as expone
functions of temperature e.g.,Hi5H0

i exp(2T/T 0
i ). The char-

acteristic parameters for the second peak were estimate
be H0

sp53262 kOe, andT0
sp51961 K. For the first peak,

H0
f p51061 kOe andT0

f p56.960.5 K, and for the mini-
mum,H0

m5 20 kOe, andT0
m5561 K. The so-called fishtail

effect is also present in the well-studied compoun
YBa2Cu3O7 and Bi2Sr2CaCu2O81d . The mechanism tha
gives rise to the fishtail effect remains controversial. In
past, it was attributed to sample inhomogeneities, to a 3D
2D vortex lattice transition or to a crossover between b
pinning and surface barriers. In the case
Bi2Sr2CaCu2O81d the peak is sharp and is observed only
a narrow temperature range (20,T,50). In YBa2Cu3O6.95
Abulafiaet al.29 attributed the fishtail effect to a crossover
flux dynamics from elastic to plastic creep. Deligiann
et al.22 confirmed and clarified even further the situation.
new interpretation of this peak is that it comes from
second-order thermodynamic vortex phase transition.30–32 It
was proposed that the peak line separates two distinct s
phases. A weakly disordered quasilattice is associated
w-
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the Bragg glass phase~for low fields below the second peak!
and a highly disordered entangled solid~or vortex glass or a
liquid! at higher fields.

VI. CONCLUSIONS

In summary, we report on the single-crystal structure a
the magnetic properties of HgBa2CuO41d with Tc595 K.
The main points of the crystal structure are the cell consta
[a53.888(1) Å,c59.538(2) Å#, the anomalously large an
isotropic displacement thermal factorsU11 and U33 for Hg,
and the interstitial oxygen content which is estimated to
d.0.08(4). Magnetic hysteresis loops atT,50 K show the
fishtail effect. All the features of the hysteresis loops (H f p ,
Hm , Hsp) decrease exponentially with temperature. Fro
the hysteresis loops and the ZFC-FC magnetization meas
ments we estimated the irreversibility field~or melting field!
as a function of temperature. The variation with temperat
(20<T<88 K! is exponential @Hi5H0exp(2T/T0), H0
5159 kOe,T0519.7 K#, and forT.T* 588 K the irrevers-
ibility line changes slope, revealing the existence of a cro
over or tricritical point in the phase diagram.
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