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Anomalous vortex melting line in the two-component superconductor (Cu,C)Ba,Ca;Cu 0y, 5
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Using the on-set of third-harmonic susceptibility we have measured vortex melting lines of high-pressure
synthesized (Cug¢Cy4)BayCazCuy0, [(Cu,C):1234] and (Cuy sC 5)BayCa,Cuz0, [(Cu,C):1223] with prefer-
entially oriented crystallites and having various carrier concentrations. Vortex melting lines of all (Cu,C):1223
samples and of optimum-doped (Cu,C):1234 were very well described by the commonly accepted theory of
melting lines within the two-fluid model. Overdoped (Cu,C):1234 proved to have an anomalous melting line,
that was phenomenologically explained by the rather special gaps evolution, that is the significant opening of
a second superconducting gap due to CuO, outer planes at a temperature lower than the critical one, where the
first superconducting gap due to inner planes opens. The experimental melting lines of overdoped (Cu,C):1234
were modelled theoretically by assuming an empirical formula for the temperature dependence of anisotropy

factor.
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I. INTRODUCTION

Recently there is an increasing interest in multilayered
superconducting cuprates that are generally described by the
formula (CRL) Ca,_;Cu,0O,,, where (CRL) is a charge res-
ervoir layer such as HgBa,O,, TIBa,O,, TI,Ba,0,,
(Cu,C)Ba,0,, Ba,(0O,F),, etc. Ca,_;Cu,0,, has an infinite
layer structure and n represents the number of CuO, planes
between two CRLs, which supplied holes to the above-
mentioned CuO, planes. It was shown that some of the
above-mentioned high-critical temperature (7,) supercon-
ductors have very interesting properties, mostly due to the
fact that multilayered cuprates include two or more crystal-
lographically inequivalent CuO, planes in a unit cell, outer
planes (OP) with pyramidal (five) oxygen coordination and
inner planes (IP) with square (four) oxygen coordination,
usually with inhomogeneous charge distribution between OP
and IP.

For example, Cu-NMR and u-SR studies revealed a co-
existence of superconductivity (SC) and antiferromagnetism
(AF) in five-layered compound HgBa,Ca,CusO, (Hg:1245),
in which the two optimally doped OP’s undergo a SC tran-
sition at 7.=108 K, whereas the three underdoped IP’s have
an AF transition below T~ 60 K."? More recently, in un-
derdoped Hg:1245 it was discovered that AF ordering can
uniformly coexist on a microscopic level (the same CuO,
plane) with SC that takes place on OP’s at T,=72 K.3 An-
other interesting property of multilayered cuprates, that may
bring important information to understand high-T, supercon-
ductivity, is the dependence of 7, on the number of CuO,
planes, n. Such experiments were performed on
MBa,Ca,_,Cu,0,, with M=Hg, TI, (CuC), on
MSr,Ca,_;Cu,0,, with M=(Cu,Cr) and (Cu,V), and on
Ba,Ca,_,Cu,0,,(0,F), [F-02(n—1)n], for n up to 9,*'? and
revealed that, in the case of M=Hg, Tl, (Cu,C), (Cu,V) as
well as for F system, 7, reaches a maximum for n=3 or 4,
then decreases with increasing n, but still having high values
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of around 100 K. In the F and Hg system, a high and almost
constant T, was established for n between 5 and 9.'> (Cu,Cr)
system, however, shows a continuous decrease in 7, with
increasing n, droping to zero for n=8. This fact shows that
the reasons for T,.(n) dependences is not yet fully under-
stood. Other interesting aspects arise from the dependence of
T, on sample doping. (Cu,C):1234 maintains a very high 7.,
of about 117 K even in a heavily overdoped regime,'3-13
while (Cu,C):1245 show an unconventional variation of T,
with doping level, i.e., T, decreses from 94.7 K (in the as-
synthesized sample) to 93.3 K upon annealing in N, at
460 °C, and then increases to 99.0 K upon annealing in N,
at 530 °C, reflecting the fact that the CuO, planes governing
the bulk T, shift from the three IP’s to the two OP’s.'® From
viewpoint of band calculations or simple inspection
on the electronic structure, all of the above-mentioned mul-
tilayered cuprates can be considered as multiband
superconductors.!”-2!

Until now, there is little work on vortex dynamics in these
multilayered cuprates. In particular, one of the most impor-
tant aspects regarding vortex dynamics is the melting line for
vortex matter, B,,(T) or T,(B), which separates the vortex-
glass (VG) and vortex liquid (VL) phases.?>> Recently, we
developed a simple and straightforward technique for deter-
mining melting lines (and, consequently, anisotropy factors
v) by using the third-harmonic susceptibility response of
bulk superconductors with preferentially oriented crystal-
lites, which proved to be very suitable especially for these
polycrystalline samples grown by high-pressure synthesis.?*
In this paper we present measurements of the vortex melting
line in overdoped (Cu,C):1234 that proved to behave anoma-
lously, show the comparison with (Cu,C):1223 system, and
discuss the above-mentioned anomaly taking into account
the quite special gaps evolution in this two-component su-
perconductor.

©2006 The American Physical Society
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FIG. 1. X-ray diffraction pattern of over-doped (Cu,C):1234.
The stars indicate a very small amount of infinite-layer compound
CaCuO,.

II. EXPERIMENT

Sample preparation is presented in detail elsewhere.”>’

Briefly, precursors having the nominal compositions
Ba,Ca, ¢Cus 50,C, [for (Cu,C):1223] and Ba,Ca, ;Cu, ¢0,C,
[for (Cu,C):1234] were prepared from mixtures of BaCOs,
CaCOs3, and CuO powders at 880 °C for 24 h in flowing O,
with one intermediate grinding. The residual carbon concen-
tration x in both precursors was estimated to be about 0.1 by
infrared absorption method. One mol of the respective pre-
cursor was mixed with 0.4 mol of CaCO; and 0.52 mol of
AgO (as an oxidizing agent) for (Cu,C):1223, and, respec-
tively, with 0.3 mol of CaCO; and 0.4 mol of AgO for
(Cu,C):1234. The mixtures with nominal compositions of
(Cuy5Cp5)BaCayCus0, and (CuyCy4)BayCazCu,yO, were
sealed in gold capsules and heated at 960 °C for 4 h, and,
respectively, at 980 °C for 2 h under a pressure of 3.5 GPa
by means of a cubic-anvil-type apparatus. The as-grown
samples are highly over-doped and, for reducing the carrier
concentration, some samples were ground into powders and
post-annealed in flowing nitrogen gas in the temperature
range of 400 °C-500 °C for 12 h. For grain alignment,
samples were ground, mixed with an epoxy resin in 1:1
weight ratio, and kept for 10—12 h in a high magnetic field
of 10-14 T. In Fig. 1, x-ray diffraction pattern of aligned
(Cu,C):1234 is presented, showing only (001) peaks. A very
small amount of impurity, namely the infinite-layer com-
pound CaCuO, was also detected (the very small XRD peaks
marked with stars).

The principle of our method of determining vortex melt-
ing lines 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 nonlinear, of the
form E(J) ~ exp[—(J4/J)*], where J; is a characteristic cur-
rent density and u=<1. Exactly at T,,(B) the current voltage
characteristic is a power-law, and, finally, for 7>T,,(B) (in
the VL state), one expects ohmic behavior E(J)~J for suf-
ficiently low current levels. At the same time, it is well
known that the out-of-phase susceptibility response of a su-
perconductor, x”, is a measure of the total dissipation, linear
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FIG. 2. (Color online) Temperature dependence of out-of-phase
and third-harmonic susceptibility of overdoped (Cu,C):1234, in dc
field of 5 kOe, ac field amplitude of 50 mOe, and ac field frequency
of 10 kHz.

and nonlinear, while the third-harmonic susceptibility, xs, is
a measure of the nonlinear dissipation only.?® Experimen-
tally, we have probed the VG-VL melting transition by mea-
suring the temperature dependence of both out-of-phase and
third-harmonic susceptibilities, in dc fields woHpc up to
14 T, with very low ac field amplitudes 5 of 30—50 mOe
(ensuring in this way a low probing current density), using a
physical properties measurement system (PPMS) Model
6000 (Quantum Design). An example of such measurements
is shown in Fig. 2, for the overdoped (Cu,C):1234, in a dc
field of 5 kOe, with ac field amplitude of 50 mOe and ac
frequency of 10 kHz. It can be clearly seen that the on-set
temperature of x”, T, is higher than the onset temperature of
X3» T>. This means that, between 7, and T, there is dissipa-
tion (x”">0), but it is a linear (Ohmic) one since x;=0.
Therefore, by using low current density (low ), we could
probe the VL phase for 7,<T<T);, and the VG phase for
temperatures below T, (where y3>0). The onset temperature
of x; was taken as the melting temperature of the VG phase,
at a given dc field.

III. RESULTS AND DISCUSSION

A large number of the above-mentioned measurements
were performed in various dc fields, on all five analyzed
samples. The resulting melting lines of vortices are shown in
Fig. 3(a), for (Cu,C):1223 [optimum doped (7,=121 K), full
circles; slightly overdoped (7,.=115 K), open circles; and
overdoped (7.=76 K), open squares], and in Fig. 3(b) for
(Cu,0):1234 [optimum doped (7.=118 K), triangles; and
overdoped (7.=117 K), full squares]. The lines in Fig. 3 will
be addressed later on.

Analysis of the melting transition in the framework of an
anisotropic three-dimensional (3D) Ginzburg-Landau rescal-
ing approach® gives the following temperature dependence
of the melting field:
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FIG. 3. (Color online) Experimentally determined vortex melt-
ing lines of (Cu,C):1223 (optimum doped, full circles; slightly over-
doped, open circles; and overdoped, open squares), and of
(Cu,C):1234 (optimum doped, triangles; overdoped, full squares).
Full lines represent one-parameter fits with Eq. (1) using two-fluid
model for the temperature dependence of the in-plane penetration
depth.

2l
" (kgD Y cos?(@) + 7 sin(a) ]2

B,,(T) (1)

where C is a constant (C~1/472), ¢, is the empirical Lin-
demann parameter (taken in the following to be 0.15), @, is
the magnetic flux quanta, A\, is the penetration depth along
the superconducting (a,b) plane, 7y 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, «=90°. A comprehensive analysis of
theoretical models of melting lines and comparison with ex-
perimental data was presented recently by Blatter and
Geshkenbein.’® Regarding the temperature dependence of
the in-plane penetration depth, the “two-fluid” model gives
Nap(T) =N, (0)[1=(T/T.)*]7"2, the critical behavior of the
3D XY model gives N, (T)=\,,(0)(1-T/T.)~"3, and the
mean-field model gives \,,(T)=\,,(0)(1-T/T.)~"2. Apart
from the overdoped (Cu,C):1234, the melting lines of all the
other samples are very well described by Eq. (1) using the
Nap(T) given by the “two-fluid” model. Full lines in Fig. 3
represent one-parameter fits with the above-mentioned
model, the only free parameter being the anisotropy factor.
Rather good fits (not shown) were obtained also by using
A p(T) from the critical behavior of 3D XY model, resulting,
however, in slightly different values of y. Mean-field model
gives a melting line that is too steep when compared with the
experimental data. It was shown® that, by taking into ac-
count the suppression of the order parameter at high fields
close to the upper critical field, the mean-field scaling de-
scribes very well the experimental data, but implies addi-
tional fitting parameters.

The values of anisotropy parameter resulting from the fits
with Eq. (1) in the “two-fluid” model, taking \,,(0)
=140 nm, for (Cu,C):1223 with different carrier concentra-
tions are 24.8, 22.6, and 20.2, respectively, while for opti-
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mum doped (Cu,C):1234, y=27.3. Apart from experimental
errors, the absolute values of vy are subject to some uncer-
tainty, for two reasons: (i) as previously mentioned, almost
the same quality fits were obtained for \,,(7) dependence
from the critical behavior of 3D XY model, but in this case
the values of vy resulted to be about 30%—40% smaller, and
(ii) the value of Lindemann parameter ¢; is commonly ac-
cepted to be between 0.1 and 0.2, slightly depending on
material,>! and since ¢; enters in Eq. (1) at fourth power
(while vy enters at square), a small uncertainty in ¢; will also
be reflected in the absolute values of anisotropy parameter.

A close inspection of Fig. 3 shows that (Cu,C):1223 be-
have in a quite normal way, i.e., with increasing carrier con-
centration from optimum doped state towards overdoped
states, melting lines become steeper but, in the same time,
critical temperature decreases, while in the case of
(Cu,C):1234, an overdoped state has a much steeper melting
line than the optimum doped one, with 7. being practically
the same. Also, the melting line of overdoped (Cu,C):1234
could not be fitted with a reasonable accuracy in any of the
three models above mentioned. It can be clearly seen that, at
a certain temperature, the experimental melting line deviates
(has a very visible up-ward kink) from the trend at higher
temperatures [dotted line in Fig. 3(b), actually a one-
parameter fit in the two-fluid model of the experimental
points at higher temperature], quite suddenly becoming
steeper.

In our opinion, the explanation for this anomaly is the fact
that overdoped (Cu,C):1234 is a rather special two-
component superconductor with a large difference in the car-
rier concentrations between the two inequivalent layers, OP’s
and IP’s, having a very weak interband interaction. A “Cu
NMR study revealed that the temperature derivatives of the
Knight shift due to the two inequivalent layers have the
peaks situated at different temperatures.? Specific heat mea-
surements showed that, apart from the usual sharp peak in
the electronic specific heat at T, there is another smaller,
quite broad peak at a smaller temperature.’>3* Numerical
simulations®* performed in the framework of Suhl et al.,®
reproduced quite well the specific heat experimental results
for Ay/Aj;=0.75 and A/ A=Ay /A;;=0.017, where
Ay, and A,, are intraband interactions in the two bands,
while A, and A,; are interband interactions. So, the param-
eter describing the “weakness” of interband interaction,
ApAs /A Ay, i, for overdoped (Cu,C):1234, about 4
X 107 indeed a very small value. For comparison, in MgB,,
with the values of A;; from Ref. 36, the same parameter is
about 4.6X 1072, that is two orders of magnitude higher.
With these considerations, we can explain the anomalous
melting line of overdoped (Cu,C):1234 by invoking a tem-
perature evolution of the second superconducting gap A,
similar to that described in Ref. 35 for two-band supercon-
ductors with very weak interband interaction: A,(7T) is very
small for temperatures close to T, and develops significantly
(has a pronounced upward kink) at a certain temperature, 7"

In the following, we propose a very simple phenomeno-
logical model to describe the anomalous vortex melting line
of overdoped (Cu,C):1234. At high temperatures T>T"
(where the overdoped OP’s are in the almost gapless state),
the anisotropy factor is 7y,. At lower temperatures T<T",
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FIG. 4. (Color online) Experimentally determined vortex melt-
ing line of over-doped (Cu,C):1234 (full squares). Dot and full lines
represent fits described in the text. Inset shows the proposed em-
pirical temperature dependence of anisotropy factor, Eq. (2), with
the parameters resulting from fits.

after the superconductivity in OP’s become well established,
c-axis coupling is higher resulting in a lower anisotropy fac-
tor y,. Since A, opens gradually, even if it increases strongly
at T°, the increase in c-axis coupling is expected to be a
gradually one (even if rather steep). Therefore the use of a
Heaviside-like step function for the temperature dependence
of the anisotropy factor [Y(T)=1y, for T>T"; Y(T)=1, for
T<T"] would not be the right choice [indeed, our tentative
fit of experimental melting line of (Cu,C):1234 with Eq. (1)
in the two-fluid model for \,,(7) dependence, and with the
above-mentioned y(7T) gave very poor results]. Instead, we
introduce an empirical y(7T) dependence that looks like a
broadened Heaviside-like step function, containing a hyper-
bolic tangent,
WtV Y=Y T-T

WT) = > + 5 X tanh e (2)
where parameter A reflects how sharp is the change in aniso-
tropy, while 7™ is the inflection point (symmetry point) of the
tanh function and is related to the temperature at which A,
opens significantly. As can be easily seen, at high tempera-
tures tanh[(T-T")/A]—1 and ¥(T)=1y,, while at low tem-
peratures, tanh[(7—7")/A]——1 and ¥(T)=1y, The inset in
Fig. 4 show the proposed empirical y(T) dependence, with
parameters y,, ¥, T, and A resulted from the following
analysis. At high temperatures, when A, is very small, over-
doped (Cu:1234) has the anisotropy factor 7, and the dotted
line (a) in Fig. 4 is a one parameter fit with Eq. (1) in the
two-fluid model of the experimental points at high tempera-
tures (between 92 and 117 K), from which resulted v,
=18.9. At low temperatures the anisotropy factor is 7y, and
the dotted line (b) in Fig. 4 is a one-parameter fit, using the
same model, of the experimental points at low temperatures
(below 80 K), from which resulted y,=15.6. Full line in Fig.
4 represent the rwo-parameter fit of the entire experimental
melting line with Eq. (1), with A,,(T) dependence from the
two-fluid model and A(7) from Eq. (2) with the values of 7,

PHYSICAL REVIEW B 74, 184517 (2006)

and 7, resulted from the previous two fits of the high- and,
respectively, low-temperature data. The resulting fitting pa-
rameters are 7" =89.2 and A=6.55, and it can be clearly seen
that our phenomenological model describes very well the
anomalous vortex melting line of overdoped (Cu,C):1234.

We are not aware of any analytical formulation of vortex
melting lines in two-component (two-gap) high-temperature
superconductors. While several theoretical models for two
band superconductors have been proposed, they are just for
reproducing the temperature dependence of an upper critical
field. Moreover these theories give qualitative different be-
havior of anisotropy factor. Gurevich’’ and Golubov and
Koshelev® derived the quasiclassical Usadel equations for
multiband SC, described the behavior of upper critical field,
vortex core structures, and derived a model to replace the
“classical” Ginzburg-Landau model. They commonly sug-
gest the continuous change in either y or “averaged” coher-
ence length near T.. They are unlike the y(7) dependence we
are proposing, that described very well our results. The
above-mentioned theories were developed for describing the
properties of MgB,, while the multilayered -cuprate
(Cu,C):1234 is very different: its two-component nature is
due to the very different carrier concentration in the in-
equivalent OP’s and IP’s (in fact, one can tune this difference
by selective overdoping and “engineer” the Fermi levels),
and, unlike MgB,, interband interaction is indeed very small.

Moreover the two component superconductor has a prin-
ciple tolerance for a nonsingular quantum phase dislocation
relevant to an interband phase difference soliton (i soliton)
theoretically.®*#! It gives rise to a nonaxial vortex and a
fractional flux*>*3 which are not taken into account in previ-
ous theories even though they are successful in MgB, phys-
ics. The nonaxial vortex and the fractional flux invoke too
many (to be fully taken into account) plausible possibilities,
like the crossover corresponding to a nonzero interband cou-
pling counterpart of vortex sublattice melting demonstrated
by a Monte Carlo simulation in liquid metallic hydrogen.** A
two component superconductor was also modeled theoreti-
cally through a Josephson-coupled double layer XY model
that showed the existence of three possible states of vortices
associated with the relative phase of the layers.*

In conclusion, using third-harmonic susceptibility we
have measured vortex melting lines of high-pressure synthe-
sized (Cu,C):1223 and (Cu,C):1234 with preferentially ori-
ented crystallites and having various carrier concentrations.
Vortex melting lines of all (Cu,C):1223 samples and of
optimum-doped (Cu,C):1234 were very well described (one-
parameter fit) by the commonly accepted theory of Blatter,
Geshkenbein, and Larkin within the two-fluid model. Over-
doped (Cu,C):1234 proved to have an anomalous melting
line, that was phenomenologically explained by the quite
special temperature evolution of the second superconducting
gap due to the very weak interband interaction.
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