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Magnetically coupled pancake vortex molecules in HgBa,Ca,_;Cu, O, (n=6)
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As recently shown, HgBa,Ca,_,Cu,O, (n=6) cuprate superconductors have a critical temperature of about
100 K independent of n. This remarkable property can be explained by the very imbalanced distribution of
carriers among the inequivalent CuO, planes in the unit cell. We discovered that these materials also have a
common vortex melting line that resembles the theoretical melting lines of magnetically coupled pancake
vortices. We suggest that there are two types of pancake pairs situated in the superconducting CuO, outer
planes: those separated by the thin charge reservoir layer are strongly (Josephson) coupled, while those
separated by the thick block of (n—2) CuO, nonsuperconducting inner planes are weakly (magnetically)
coupled, forming magnetically coupled pancake vortex molecules.

DOI: 10.1103/PhysRevB.77.144518

I. INTRODUCTION

High-T. superconductors (HTSs) have a very rich vortex
phase diagram.! A quite recent addition was the discovery of
one-dimensional chains of pancake vortex stacks trapped by
the Josephson vortices,” as theoretically predicted.® In lay-
ered HTSs, the case of vanishing short-range Josephson cou-
pling, in which the interaction between pancake vortices is
provided by the long-range magnetic coupling was only
theoretically discussed up until now.*-¢

Multilayered (n=3-5) and supermultilayered (n=6)
HgBa,Ca,_,Cu,O, [Hg-12(n—1)n] are composed of a charge
reservoir layer (CRL) HgBa,O, and of the infinite layer (IL)
Ca,_,Cu,0,,, where n is the number of CuO, planes be-
tween two CRLs that supply holes to the above-mentioned
CuO, planes. They include crystallographically inequivalent
CuO, planes in a unit cell, outer planes (OPs) with pyramidal
(five) oxygen coordination, and inner planes (IPs) with
square (four) oxygen coordination, usually with an inhomo-
geneous charge distribution between OPs and IPs. In Hg-
1245, it was shown that the two optimally doped OPs un-
dergo a superconducting (SC) transition at 7,=108 K,
whereas the three underdoped IPs have an antiferromagnetic
transition below Ty=~60 K.’

Another interesting property is the dependence of 7. on
the number of CuO, planes, n. In Hg-12(n—1)n, a maximum
T, of about 135 K is obtained for n=3, then T, decreases to
125 K (n=4), to 108 K (n=5), and to about 100 K (n=6).
Quite astonishingly, for n between 6 and 9, Hg-12(n—1)n
retains a high and almost constant 7, of about 100 K, as
revealed by dc magnetization and ac susceptibility
measurements.’

Here, we show that for n=6, T. is independent of n, even
in high magnetic fields, and that the vortex melting lines are
identical. The common vortex melting line of Hg-12(n—1)n
(n=6) looks qualitatively similar to those theoretically cal-
culated in the case of magnetically coupled pancake vortices,
a fact that can be explained by a vanishing Josephson cou-
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pling and a finite long-range magnetic coupling between
pancakes situated on the two CuO, OPs separated by the
(n—2) CuO, IPs. Unlike the theoretical models of magneti-
cally coupled pancakes, in Hg-12(n—1)n (n=6) the Joseph-
son coupling between pancakes in two outer planes separated
by the thin HgBa,O, CRL is strong enough, suggesting the
possibility of a new phase of vortex matter, which could be
called magnetically coupled pancake vortex molecules.

II. EXPERIMENT

Various samples were synthesized from HgO, CuO,
Cu,0, Ca,CuOj, and the precursor Ba,Ca,Cu;O_,5 or
Bag 94Cu 60O,. The precursors were prepared from a mixture
of Ca,CuOs, CuO, and BaO, by heating at 910-940 °C for
12 h in flowing oxygen. Combining source materials, mix-
tures with nominal compositions HgBa,Ca,_;Cu, 05,7, (n
=4-14) were obtained, pressed into pellets, encapsulated in
Au, and heated at 1000—1100 °C under a pressure of 3.5
GPa for 2 h.

For the present study, the as synthesized samples were
ground, mixed with epoxy resin in a 1:3 weight ratio, and
aligned in a magnetic field of 7 T, for 10-12 h, at room
temperature. The preparation is described in detail
elsewhere.”!!

The samples were characterized by x-ray diffraction
(XRD) (for both powdered and grain-aligned samples), by
using an energy dispersive x-ray analyzer attached to a scan-
ning electron microscope (SEM-EDX) to check the cation
ratio, and by transmission electron microscopy (TEM). The
superconducting properties were studied by four-probe elec-
trical resistivity (for the as-grown samples), by temperature-
dependent dc susceptibility (Magnetic Properties Measure-
ment System, Quantum Design), and by multiharmonic ac
susceptibility (Physical Properties Measurement System,
Quantum Design).

©2008 The American Physical Society
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FIG. 1. X-ray diffraction patterns of (a) Hg-1256 and (b) Hg-

1267 with the grains aligned in high magnetic fields. Apart from a

small amount of the IL phase, only the (00!/) lines of the nominal
phase are present.

III. RESULTS AND DISCUSSION
A. Structural characterization

Quite important for our study are the XRD patterns of the
grain-aligned samples. For n between 4 and 7, XRD patterns
showed only [N,(OP)] lines of the nominal phase, in some
cases with a small amount (few percent) of impurity (n dif-
ferent from the nominal one), as stacking faults, or a very
small amount of CaCuO, IL. Presented in Fig. 1 are such
XRD patterns of (a) Hg-1256 showing (00[) lines of the
nominal phase and a very small amount of IL and (b) Hg-
1267 showing (00/) of the nominal phase, a small amount of
Hg-1278 [only (00!) lines], and a very small amount of an
unidentified phase, which is without any superconducting
properties, with this phase appearing also in some IL
samples.

The samples with the nominal compositions Hg-1278 (n
=8), Hg-12910 (n=10), and Hg-121314 (n=14), showed
only (00/) lines of a large number of phases with n between
5 and 16. Such an example is given in Fig. 2 for the sample
with the nominal composition Hg-12910 (n=10); a more de-
tailed discussion on the XRD patterns of supermultilayered
Hg-based cuprates can be found in Ref. 11.

To obtain microscopic information, we performed compo-
sitional analysis on the grains by using SEM-EDX and ob-
served the lattice images by using TEM. The resulting aver-
age cation ratio, which was measured for many grains, is
very close to the nominal ones.'! From transmission electron
microscopy, we have seen in fact that for the n=8, 10, and 14
(nominal) samples, the grains consist of stacking sequences,
which are randomly distributed along the ¢ axis, of various
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FIG. 2. X-ray diffraction pattern of the Hg-12910 aligned
sample showing only (00/) lines of Hg-12(n—1)n phases with n
between 6 and 14.

[N, (IP)] layers with n between 5 and 16. Such an image is
shown in Fig. 3 for the case of Hg-12910 sample, as pro-
jected along the [001] direction. The bright lines correspond
to the HgO, planes in the HgBa,0,,, charge reservoir layer,
and the numbers of CuO, planes between the CRLs are given
Fig. 3. The TEM images on other grains and on other
Hg-12(n—1)n (n=8) look similar, although with other stack-
ing sequences.

B. Independence of critical current density on n for n =6

As previously reported,” samples Hg-1256 and Hg-1267,
which are almost single phase, have the same critical tem-
perature 7, of about 100 K. In the case of multiphase
samples Hg-12(n—1)n (n=8), magnetization'®!! and ac sus-
ceptibility measurements (present study) showed only one
large and relatively sharp superconducting transition at about
100 K, indicating that for large n between 6 and 15,
Hg-12(n—1)n phases have a [N,(OP)]-independent T.. Oth-
erwise, the superconducting transition would have been step-
like. Only in a logarithmic plot very small diamagnetic sig-
nals can be seen at about 130 K (very small amount of Hg-

FIG. 3. High resolution transmission electron microscopy of a
grain in the Hg-12910 sample. The black arrows indicate the posi-
tions of charge reservoir layers (CRL, brighter horizontal lines in
the image), while n between 5 and 14 represents the number of
CuO, planes between two CRLs.
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FIG. 4. (Color online) Schematic of the crystal structure of
Hg-12(n—1)n. Between the two HgBa,O, CRLs, there are two
CuO, outer planes sustaining superconductivity, while the (n—2)
CuO, inner planes have a much smaller carrier concentration. The
right-hand side shows the very simple model of the z-axis depen-
dence of the electrostatic potential from the two apical oxygen ions
(dotted lines) and their sum (full line). For large enough n, the
carrier concentration (horizontal thick lines) in the outer planes
N,(OP) comes only from the nearest oxygen ion, the contribution
from the ion farther away becoming negligible.

1223, as stacking faults) and about 120 K (Hg-1245, again as
stacking faults),!! but no steplike features can be seen below
100 K. One can argue that for multiphase samples, one phase
with a lower n might “take over,” but this would not explain
the same 7, for Hg-1256 and Hg-1267, which are almost
single phase and have almost the same diamagnetic signal. In
addition, from the diamagnetic response, we have found that
volume fractions (calculated without taking into account de-
magnetization effects) of samples n=6, 8, 10, and 14 are,
respectively, 86%, 82%, 83%, and 69%, which are suffi-
ciently large to assume that our multiphase grains can be
regarded as bulk superconductors, and, indeed, Hg-12(n
—1)n (n=6) phases have a n-independent T...

This rather remarkable property can be explained by tak-
ing into account the crystal structure of supermultilayered
cuprates and the inhomogeneous carrier distribution. Similar
to Hg-1245, wherein the optimum doped outer planes are
superconducting, while the three, heavily underdoped, inner
planes can become antiferromagnetic, in Hg-12(n—1)n only
the two CuO, outer planes near the charge reservoir layer
contribute to superconductivity, while the (n—2) inner planes
have a very small carrier concentration and are in an antifer-
romagnetic state, as shown on the left-hand side of Fig. 4. A
constant and high T, for n=6 means that the outer planes
can have enough carriers [N,(OP)] for superconductivity,
even for large n, while the carrier concentration in inner
planes [N,(IP)] is very small and does not contribute to the
superconducting transition. At the same time, in order to
have a T, independent of 7 it is necessary for [N,(OP)] to be
independent of n for large n, a fact that can be qualitatively
explained by a model, which was introduced for multilayered
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FIG. 5. (Color online) Temperature dependence of the in-phase
ac susceptibility of the Hg-12910 sample in zero field and in dc
fields of 0.05, 0.25, and 0.5 T.

cuprates.'> The model shows that the carrier distribution (N},)
among the CuO, planes correlates well with the sum of the
electrostatic potentials (~A¢@(Z) ~1/Z) from the two apical
oxygen ions, as can be seen in the right-hand side of Fig. 4,
wherein the dotted lines represent the electrostatic potentials,
the full line is the sum of —A@(Z) from the two apical oxy-
gen ions, and the horizontal thick lines represent the carrier
concentration of various CuO, planes. In this very simple
model, it can be seen that for very large n, the contribution
from the farther O% ion to N,(OP) becomes negligible com-
pared to the contribution from the near O?% ion, which means
that N,(OP) does not depend on n for large n; hence, T. is
also independent of n.

C. Superconducting transition in dc magnetic fields

To our surprise, even in quite large dc magnetic fields Hy,,
“Hg-12910” still has only one SC transition. This is rather
unexpected since it is common knowledge that the degree to
which a dc field would decrease T, quite strongly depends on
the coupling between pancake vortices, hence, on the num-
ber of CuO, layers. So, one would have expected that an
applied dc field would have led to a steplike transition in our
multiphase samples. Figure 5 shows the superconducting
transition of our Hg-12910 multiphase sample in zero field
and in dc fields of 0.05, 0.25, and 0.5 T. No steplike features
are present. Quite interestingly, unlike most of superconduct-
ing cuprates, it seems that in our Hg-12(n—1)n (n=6) ma-
terials, even a moderate dc field strongly decreases the criti-
cal temperature. For example, in only 0.05 T, T, is reduced
from about 100 to about 80 K, while in 0.5 T, T, is reduced
by more than 40%. As a comparison, in Hg-1234 the same
field of 0.5 T decreases 7, by about 8%. Figure 6 shows the
ac susceptibility response in Hy.=0.05 T of the 12910
sample, and, for comparison, of the two (almost) single-
phase samples, Hg-1256 and Hg-1267. Remarkably, it can be
seen that Hg-1256 and Hg-1267 samples still have the same

., even in a dc field, while 12910 apparently has a slightly
lower one. The apparent lower 7. of 12910 can be easily
explained by the fact that in a grain of 12910, the number of
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FIG. 6. (Color online) Temperature dependence of (a) in-phase
and (b) out-of-phase ac susceptibilities of Hg-1256, Hg-1267, and
Hg-12910 in a dc field of 500 Oe.

CuO, outer planes that sustain superconducting currents are
significantly smaller than those in a grain of Hg-1256 with
the same thickness; hence, for the same ac field amplitude, as
is the case with our measurements, the same probing current
has to be sustained by a smaller number of superconducting
outer planes. Consequently, the superconducting outer planes
in 12910 sample were probed by a larger sheet current den-
sity. This is also the reason for the slightly smaller diamag-
netic response of 12910 sample, as compared to those of
Hg-1256 and Hg-1267 samples.

D. Vortex melting lines

One of the most important aspects regarding vortex dy-
namics is the melting line for vortex matter, B,,(T) or T,,(B),
which separates the vortex-glass (or solid) (VG) and vortex-
liquid (VL) phases.'? Recently, we developed a simple and
straightforward technique for determining melting lines by
using the on set of third-harmonic susceptibility response, x3
of bulk superconductors with preferentially oriented crystal-
lites, with very low ac field amplitudes, which proved to be
very suitable, especially for these polycrystalline samples
grown by high-pressure synthesis.'*~!¢ Previously, the on set
of the third-harmonic susceptibility was used for the deter-
mination of irreversibility lines or flux penetration into a
Campbell regime,!” or for the determination of the Bose-
glass transitions in heavy-ion irradiated single crystals.'®

The principle of the method comes from the very basic
properties of vortex matter. In the VG state below T,,(B), the
electric field response to a current density J is strongly non-
linear, of the form E(J) ~exp[—(J;/J)*], where J; is a char-
acteristic current density and w=1, while for 7>T,,(B) (in
the VL state), one expects an Ohmic behavior E(J)~J for
sufficiently low current levels. At the same time, the out-of-
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FIG. 7. (Color online) Third-harmonic susceptibilities of Hg-
1234, Hg-1245, Hg-1256, Hg-1267, and Hg-12910 as a function of
reduced temperature.

phase susceptibility response of a superconductor y” is a
measure of the total dissipation, linear and nonlinear, while
X3 is a measure of the nonlinear dissipation only.'!” The mea-
surements were performed by using a Quantum Design
PPMS, in fields of up to 7 T, with ac field amplitudes of 0.1
Oe (ensuring in this way a low probing current). Figure 7
presents such measurements of y; as a function of reduced
temperature, 1=T/T.(0), for multilayered and supermultilay-
ered Hg cuprates (1234, 1245, 1256, 1267, and 12910), in
Hy.=0.5 T. It can be clearly seen that Hg-12(n—1)n (n
=6) phases have practically the same on set of y3, which
represents the reduced melting temperature t,,(Hy.). More-
over, it can be seen that the amplitudes of y;(#) of the three
samples are practically the same, which is another experi-
mental proof that is ruling out the scenario of one phase with
lower n “taking over” in respect with the superconducting
properties.

Several such measurements, in various H, resulted in the
experimental melting lines, which are shown in Fig. 8.
Again, it can be seen that Hg-1256, Hg-1267, Hg-12910, and
Hg-121314 have practically the same melting line. Analysis
of the melting transition in the framework of an anisotropic
three-dimensional ~ (3D)  Ginzburg-Landau  rescaling
approach? gives the temperature-dependent melting field,

Cerdy
B (kBT)z)\;‘b'y(cos2 a+ 7y sin® a)'?’

B,,(T)

where C is a constant (C~=1/4?), ¢, is the empirical Lin-
demann parameter (about 0.15), ¢, is the magnetic flux
quanta, A, is the penetration depth along the superconduct-
ing (a,b) plane, vy is the anisotropy factor, and « is the angle
between the magnetic field lines and the (a,b) plane. For our
preferentially oriented samples and with our experimental
setup, a=90°.

The full lines in Fig. 8 represent one-parameter fits (an-
isotropy factor vy being the free parameter) of the melting
lines of Hg-1234 and Hg-1245, taking the temperature de-
pendence of A\, from the “two-fluid” model, N\, (7)
=Nap(0)[1=(T/T.)*]72, this model giving better results in
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FIG. 8. (Color online) Experimentally determined (symbols)
vortex melting lines of Hg-1234, Hg-1245, Hg-1256, Hg-1267, Hg-
12910, and Hg-121314. The full lines in the case of Hg-1234 and
Hg-1245 represent a one-parameter fit with the model discussed in
the text.

terms of quality of the fits as compared to the critical behav-
ior of the 3D XY model, or with the mean-field model. The
common melting line of Hg-1256, Hg-1267, Hg-12910, and
Hg-121314 could not be successfully fitted to the above-
mentioned model, but it resembles very much the theoretical
(numerically calculated) melting lines of magnetically
coupled pancake vortices, i.e., in the absence of the Joseph-
son coupling.*0

E. Magnetically coupled pancake vortex molecules

In our opinion, the explanation for these remarkable prop-
erties of vortex matter in supermultilayered Hg-based cu-
prates resides in the interplay between the Josephson cou-
pling A; and the magnetic coupling A,,. At short distances,
the Josephson coupling is much stronger than the magnetic
coupling, while, since Josephson coupling is a short-range
interaction, at large distances the magnetic coupling (a long-
range interaction) takes over as the dominant pancake-
pancake interaction. As can be seen from Fig. 8, Hg-1234
has a very robust melting line that can be very well described
by the model described in Sec. III D, with one fitting param-
eter, anisotropy factor 7y, which has a quite small value of
about 24.6, which means a quite strong Josephson coupling.
Insertion of another CuO, inner plane (i.e., leading to Hg-
1245 phase) results in a significant shifting of the melting
line toward lower temperatures. A weaker melting line means
a smaller Josephson coupling, and a larger y of about 57.4,
as resulted from a similar fit.

Now, it is known that the three inner planes in Hg-1245
have a very low carrier concentration, and they undergo an
antiferromagnetic transition.® Another addition of an inner
plane, leading to the Hg-1256 phase, results in a further (but
less significant) shift of the melting line, but from now on,
any more additions of inner planes in the unit cell do not
affect the melting lines of supermultilayered Hg-based cu-
prates.

In our opinion, this means that in Hg-1245, there is still a
significant Josephson coupling, AIJP , between the pancake
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FIG. 9. (Color online) Schematics of the proposed (a) pancake-
molecule glass and (b) pancake-molecule liquid. In the case of pan-
cake pairs separated by a thin charge reservoir layer (1-2, 3-4, 5-6),
the Josephson coupling is much stronger than the magnetic cou-
pling, while for pancake pairs separated by the thick block of inner
planes (2-3, 4-5), the Josephson coupling is much smaller than mag-
netic coupling. Pancakes (1) and (2), (3) and (4), and (5) and (6)
form pancake molecules, which are weakly coupled along the ¢ axis
by the magnetic coupling. Upon increasing the temperature, thermal
fluctuations overcome the magnetic coupling and the pancake-
molecule glass melts into a pancake molecule liquid.

vortices in the two outer planes separated by the three inner
planes, while in all other Hg-12(n—1)n (n=6), the short-
range Josephson coupling AIJP becomes much smaller than
the long-range magnetic coupling, Ag . Being a long-range
pancake-pancake interaction, magnetic coupling A,, is not
significantly affected by additions of extra inner planes in the
unit cell, hence, the common vortex melting line and its re-
semblance to the theoretical melting lines of magnetically
coupled pancakes. However, those theoretical calculations
and models*® consider magnetically coupled pancake vorti-
ces that are equally distributed along the ¢ axis (z direction).

That is not our case. As can be seen in Fig. 9, in super-
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multilayered Hg-based cuprates, there are two types of pan-
cake pairs: those situated in the outer planes separated by the
thick (n—2) inner planes block, for which the Josephson cou-
pling A;P is much smaller than the magnetic coupling AE: ,
and, respectively, those situated in the outer planes separated
by the thin charge reservoir layer, for which the Josephson
coupling AERL is much larger than the magnetic coupling
ASLRL. This latter assertion is obvious; otherwise, Hg-1234,
for example, would have a very weak melting line. There-
fore, the strongly (Josephson) coupled pancake pairs sepa-
rated by the charge reservoir layer can be regarded as pan-
cake molecules (e.g., pancakes 1 and 2, 3 and 4, and 5 and 6
in Fig. 9) which, in turn, are weakly (magnetically) coupled
along the z direction in the solid vortex phase, which can be
called the pancake-molecule glass (PMG) (or solid) [Fig.
9(a)]. At higher temperatures, the thermal fluctuations over-
come the magnetic coupling, and the PMG melts into a lig-
uid (gas) phase, the pancake molecule liquid [Fig. 9(b)]. Of
course, it is expected that at much higher fields, the interac-
tion between pancakes in the same outer plane would be
much stronger than the Josephson coupling A?RL, and the
pancake molecules would dissociate into individual pan-
cakes, forming an ideal two-dimensional vortex lattice, as
was theoretically predicted’’??> and recently proved
experimentally?® for Bi,Sr,CaCu,Oyg, s in fields larger than
20 T. In our supermultilayered Hg-based cuprates, this dis-
sociation would occur at a much larger field since they have
a thinner charge reservoir layer, hence, a stronger Josephson
coupling between pancakes separated by CRL.

IV. CONCLUSIONS

We have investigated the family HgBa,Ca,_;Cu,O,
[Hg-12(n—1)n] superconducting cuprates grown by high-
pressure synthesis. For n <7, the materials can be grown as
single (almost single) phases, while for n>7 the crystals
consist of stacking sequences, which are randomly distrib-
uted along the ¢ axis, of various Hg-12(n—1)n layers with n
between 5 and 16. We have shown that all of the phases with
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n>6 have the same critical temperature, which can be ex-
plained by the very unbalanced carrier distribution between
the CuO, inner planes and outer planes, respectively. Even in
applied dc fields, the critical temperature is n independent for
n>6 and, unlike the most superconducting cuprates, 7, is
strongly reduced by moderate dc fields.

Hg-12(n—1)n with n>6 have also a common melting
line that very well resembles the theoretical melting line of
magnetically coupled pancakes. We explain these remarkable
properties of vortex matter in the supermultilayered Hg-
based cuprates by the interplay between the Josephson cou-
pling and the magnetic coupling between two types of pan-
cake vortex pairs, those separated by the thin charge
reservoir layer and those separated by the thick (n—-2) CuO,
inner planes. We suggest that the common vortex melting
line separates two phases of vortex matter in high-
temperature superconductors: a pancake-molecule solid at
lower fields and/or temperatures, which can be either glass or
an Abrikosov lattice in the absence of pinning, (which in
much higher fields would become a two-dimensional vortex
solid), and, respectively, a pancake-molecule liquid (or gas)
at higher fields and/or temperatures, which at higher tem-
peratures close to the critical one, at which the London pen-
etration depth diverges, would become a “standard” vortex
liquid.
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