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Abstract: LaCaBaCu3;0; (Lall13) is a superconductor below T¢(onsey=80K and its structure is similar to the tetragonal
YBCO. In this work the magnetic properties of a bulk Lal1l13 sample are reported and compared to those of YBCO
superconductor. We explore a possibly relation of this property to its particular crystalline structure, particularly to the
oxygen deficiency. In contrast to a bulk YBCO, some magnetic characteristics of Lal113 below T¢ are: the magnetic flux
can penetrate easily the bulk in its vortex region (Hc<H<Hc,), fewer fields can be trapped than in YBCO, small currents
are able to flow in the bulk and possible applications of Lal113 are restricted under applied fields lower than 10KOe and
in the range of 41K-76K. The critical current density is determined by currents flowing through grain boundaries. Peak
effect is observed and it is probably caused by secondary phases or from clusters of oxygen vacancies acting as field
induced pins. A first magnetic phase diagram for Lall13 showing the irreversibility line is reported here. Finally, we
found that the specific heat capacity of Lal113 is 37.2mJ/K* mol. © 2010. All rights reserved
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INTRODUCTION

It has been reported that slight variations in the crystal-
line structure of a high temperature cuprate superconductor
(HTCS) produce large changes in its magnetic properties [1].
Structural variations are usually produced by chemical subs-
titutions of cations or anions. Substitutions result in chemical
pressure in some places of the structure thus altering the
position and occupancy of the atoms situated in the charge
reservoirs or in the superconducting planes CuO,, and also
increasing (or decreasing) the superconducting critical
temperature (7¢) [2, 3]. Another common method to modify
the structure of a HTCS is by changing the vacancy of the
oxygen atoms in the charge reservoirs. For instance, it is well
known that by changing the oxygen content of the super-
conductor YBa,Cu;0; (YBCO-7) to less than 6.4, the
occupancy of the oxygen situated in the Cu-O chains decrea-
ses and the crystalline structure changes from orthorhombic
to tetragonal whit the superconductivity destroyed (see Figs.
1a and 1b). Another example is the peak effect which app-
ears on critical current density (Jc) plots of structurally
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altered HTCSs [4,5]. This can originate from structural
defects such as intrinsic pinning of vortices at the CuO,
planes [6] or from oxygen vacancy clusters [7, 8]. Most
studies about altered HTCS structures have been focused on
YBCO [9]. However, another interesting HTCS which could
help us to find any possible relationship between structural
and magnetic properties is LaCaBaCu;0; (Lal113). The two
main characteristics which make Lalll3 attractive are (i)
that its 7¢ is above the boiling temperature of liquid nitrogen
(Tc=80K [10-14]) and (ii) that its structure is tetragonal
similar to the non-superconductor YBa,Cu;Os (YBCO-6)
[15-17]. Fig. (1) shows schematically a structural compari-
son of Lall13 with YBCO: YBCO-7 has an orthorhombic
Pmmm structure and becomes superconductor below Tc(onser)
of around 90K (Fig. 1a), YBCO-6 has tetragonal P4/mmm
structure and is antiferromagnetic insulator (Fig. 1b).
Lalll3 is superconductor and has tetragonal structure
similar to YBCO-6 (Fig. 1¢). The literature reports indicate
that this superconductor does not show any structural
variations after single atom substitution. For instance, its
tetragonal structure does not change under different oxygen
content [18, 19] or when the Cu(1) site ((0,0,0) site in Fig. 1)
is doped with Zn content [19, 20]. However, Lalll3
becomes orthorhombic (Pmmm) when polyhedrons formed
by a cation and oxygen atoms such as oxyanions (BOs)* or
(PO4)3' are located in the Cu(1) site [21-23]. Whatever the
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Fig. (1). Comparison between LaCaBaCu;0; and YBCO structures: a) Orthorhombic structure of YBCO (superconductor), b) Tetragonal
structure of YBCO (insulator) and ¢) Tetragonal structure of Lal113. The positions of Cu(1) and Cu(2) in all the structures are (0,0,0) and

(0,0,1/3) respectively.

case is, the 7¢ of the system depends on the doping
concentration.

The cell parameters of Lalll3 are a=b=3.88A and
c=1 1.60,1& whereas for YBCO superconductor are a=3.83A,
5=3.89A and c=11.70A [24, 25]. Other important differences
between both structures are:

1) While the rare earth Y in the YBCO structure is
sandwiched between two oxygen-deficient Ba-Cu
perovskites, the (1/2, 1/2, 1/2) position in the Lall13
structure is shared by La and Ca atoms.

2) The O(1)(0,1/2,0) of the Cu-O chains is fully occu-

pied in the superconducting YBCO, whereas O(1) is
partially occupied (occupancy = 0.5) in the Lalll3
structure.

In this work we study the magnetic properties of a bulk
Lalll3 and compare them with the well known YBCO in
the superconducting and normal states in order to find any
possible structural influence. Some differences in the mag-
netic measurements suggest that in addition to the contri-
bution from grain boundaries and secondary phases, some
magnetic properties in Lalll3 might be influenced by
structural defects.

MATERIALS AND METHODOLOGY

Lall13 was prepared by precipitation of oxalate pre-
cursors followed the procedure reported in [24]. The first
step comprises the preparation of the solvent obtained by
dissolution of stoichiometric amounts of Ca(OOCCH;),.
1,4H,0, La(OOCCHj;);.1,5H,0, Ba(OOCCH;), and Cu

(OOCCH3;),H,0 acetates in aqueous solution of ethanol (1:1)
at room temperature. At the same time, a mixture of oxalic
acid HCOO-COOH (2gr.) of aqueous solution and ethanol
(200mL) was prepared as solute. The next step involves
dripping the solvent in the solute with continuous stirring,
agitation and controlling the pH for 12h at room temperature.
After filtering for 3h with a conical filter-paper N40, the
sediment was dried at 40°C for 48h. The Lal1l3 precursor
was grinded in an agate mortar. A Lalll3 pellet of lcm’
diameter was formed by pressing the powders at 4ton/cm’
for 6 min. The thermal treatment consisted of 850°C
calcinations during 12h in a tubular oven (LENTON LTEF-
PTF Model 16/610) and sintering under the same conditions
in an oxidizing atmosphere. For comparison, a second bulk
YBCO superconductor sample was prepared from acetate
ingredients of Y(OOCCH;).4H,0, Ba(OOCCHj;), and
Cu(OOCCHj;),.H,O by following the same procedure as
described above [26]. The final samples consisted of
polycrystalline bulk of Lal113 and YBCO.

The scan electron micrograph and energy dispersive X-
ray analysis (EDX) have been performed with a scanning
electron microscope SEM Phillips XL30. The magnetic mea-
surements were taken in a DC Magnetic Property Measure-
ment System (DC-MPMS-SQUID) Quantum Design. A DC
magnetic field was applied to 29.5mg of bulk Lall13 in the
range of -55kOe to 55kOe at different temperatures (from
10K to 290K), whereas for bulk YBCO hysteresis loops
were taken in external fields in the range of -55kOe to
55kOe at three different temperatures 10K, 30K and 50K.
The zero field cooling (ZFC) and field cooling (FC)
magnetization curves merge at 90K, confirming that the
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Fig. (2). Scanning electron micrograph of the superconductor LaCaBaCu;0;,

YBCO sample has a superconducting phase below Tc(onser)
~90K.

RESULTS AND DISCUSSION

A scanning electron micrograph of the superconductor
LaCaBaCu;0y is presented in Fig. (2). A granular morpho-
logy is obtained following the precipitation technique
described above. The grain sizes are in the nm scale and they
are more uniform than those obtained following the solid
state reaction method in which the shape and size of grains
differ in tens of microns [21-23]. The mean crystallite
diameter obtained from XRD analysis (not shown here)
using the Scherrer’s formula [27] is 73nm. The fact that
nearly uniform grain sizes have been obtained after the
preparation of the sample is important for the magnetic
analysis. Non-regular grains implies grain boundaries with
different areas and thus less uniform Josephson junctions
between superconducting grains as we discuss below. The
chemical composition analysis obtained by EDX over the
whole area in the figure indicates the following molecular
weights percentages: 28% La, 28%Ba, 7%Ca, 19%Cu and
18% O.

We now focus on studying the magnetic properties of the
Lall13 and any relationship with the sample’s structural
characteristics mentioned above. Since Lalll3 is a HTCS
(Type 1I superconductor) some of its basic properties can be
described by the field-dependence magnetization which also
provides information about the trapped fields in it. The
hysteresis loops of the bulk Lalll3 and YBCO sample at

three different temperatures in the £20kOe range are shown
in Fig. (3). The insets show the complete scan (£55 kOe) at
50K. It is noticeable from the figure that for both samples the
magnetic moment for Lalll3 is twice that of YBCO
(especially at low applied fields) and for any particular
applied field (H.y), the absolute value of the magnetization
increases as the temperature decreases. For any of the
temperatures shown in the figure, Hc; (the lower critical
field) of the Lal113 loops (Fig. 3a) is closer to zero than for
YBCO (Fig. 3b). This means that the Meissner state region
(H<Hcy) in Lalll3 is smaller than in YBCO, and the
magnetic induction (B) in the bulk Lal113 can be reached at
low applied fields. For both samples, the hysteresis loops
become thin and close to linear when the temperature gets
closer to their respective Tc. Decreasing the temperature
broadens the loops. Moreover, in the mixed state of Lall13,
between Hc¢; and the upper critical field Hc,, Lal113 has less
magnetic moment than YBCO and decays to zero faster than
the magnetization of YBCO. However in the negative H¢y —
Hc, branches of the YBCO loops, the magnetic moment
rapidly becomes negative. This behaviour is caused by the
paramagnetic characteristic of its secondary phases. The
presence of impurities or secondary phases in both samples
is detected by analysing their magnetization curves as the
temperature approaches 7c. The M(H) dependence for a
clean and defect-free type Il superconductor is reversible,
and after switching off the external field, no magnetic flux is
trapped within the superconductor. The M(H) dependence
becomes highly irreversible for superconductors containing
defects or impurities which interact with the penetrating flux
lines. The loops reveal irreversibility and remnant
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Fig. (3). Hysteresis loops of LaCaBaCu30; (a) and YBCO (b) at three different temperatures in their superconducting state.

magnetization at 10K (see top insets in the figure) which
remain at SOK. Secondary phases are commonly found after
the preparation of HTCSs. The phases obtained for YBCO
by the preparation technique used here are Y,BaCuOs, CuO
and BaCuO, [26], whereas for Lall13 are CaO, Ca,CuOs;,
CuO and BaCuO; [11]. The presence of secondary phases is
a possible explanation for the origin of the fishtail or peak
effect [28, 29] as we will discuss below. Moreover, for both
cases the magnetization |M| decreases as the external field
goes from H¢y to Heo. In the case of Lalll3, such decrease
affects the critical current density values, the pinning force
and could be caused by structural defects like partial
occupancy of the oxygen in the Cu-O chains in the structure
as we will discuss next. The irreversible magnetization

becomes zero at H=H,,, with Hj, as the irreversibility field,
in contrast to the reversible magnetization which disappears
at H=Hc,. Eventually, as the external field is reduced from
Hc, to Hcy the magnetic moment becomes positive over a
wide range of applied field indicating that not much
magnetic field has been trapped in the Lalll3 super-
conductor as in YBCO. Therefore two characteristics can be
observed from the hysteresis loops, the irreversibility and
remnant magnetization are caused by presence of secondary
phases whereas the decrease of magnetization under external
field is possibly caused by structural defects.

The critical current density Jc for Lalll3 has been
estimated from the irreversible M-H loops at 70K and 50K
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using the Bean model [30] (approximation for grains super-
conductors with an average diameter d [31]):

AM
Where AM is the vertical width of the magnetization
branches (forward M minus downward M) in G in the
superconducting state, d is the average diameter of the grains
(in cm). The obtained Jc for Lal113 in A/em” (shown in Fig.
(4a)) exhibits strong field dependence with temperature and
two different contributions to Jc are assumed. The “back-
ground” pinning represented by dashed lines in the figure is
due to the Lal113 bulk matrix. The critical current density of
a bulk, polycrystalline HTCS material with randomly
oriented grains is strongly limited by its pronounced weak
link behavior. Only very small currents are able to flow
across the grain boundaries when the external magnetic field
is applied. This dependence is dominated by the classical
1/H law [32] reflecting the Jo(H) dependence of a percola-
tion network of Josephson junctions ([33]).

In addition to the background pinning, the figure denotes
an anomalous increase in the critical current density with
magnetic field. At 70K (6K below the 7¢), a maximum Jc is
observed near zero magnetic field followed by a peak from
which the critical current density decreases monotonically
from 8.6kA/em’ at H=1000e to 2.3kA/cm’ at He.=1kOe.
For 7=50K, the maximum J¢ (:9OkA/cm2) is observed in the
peak followed by a downward trend to higher values of Hey:.
This effect is called “peak effect” and in the figure they are
denoted as Hpyy and Hpsy respectively. We believe that the
“peak effect” in the Lalll3 Jc plots is caused by “field-
induced pins” (FIPs). The main contribution of FIPs might
be clusters caused by the oxygen vacancies in the Cu-O
chains. These clusters, having a lower Hc, than the bulk
Lal113 matrix, represent weak pins and are disturbed at low
applied fields [34]. The pins become stronger with increa-
sing field because the superconducting order parameter in

e
Hpso b
°
2
- o T=50K
E <
o
< ° @ ]
.‘,U
8000 % ° A
“H
6000 e 4
iih Trao  T=T0K
Q.6 4
2000 “Co-0 4
1 T 1 T f’d’ 1 1 1 1 1
0 200 400 600 800 2500 3000 3500 4000 4500 5000 5500

H, (Oe)

(@)

The Open Superconductors Journal, 2010, Volume 2 23

these disturbed regions would be much more strongly sup-
pressed by the applied field than the order parameter of the
whole bulk matrix. Hence, there is a certain range of
magnetic fields, 200e-1000e at 7=70K and 0-2000e at
T=50K, in which J¢ increases with increasing applied field
before it starts to decrease above the fields Hpy9 and Hysg at
which the Jc peaks appear. Similar results have been
obtained by altering the local distributions of the oxygen in
the YBCO structure [7, 8], where the authors concluded that
the peak effect in YBCO is correlated with clustering of the
oxygen vacancies. Like in the hysteresis loops measure-
ments, the Jc plots are dominated by two contributions, the
background contribution of inter-grain currents -typical of a
bulk sample (represented by dashed lines in the figure) - and
the intra-grain contribution of field-induced pinning (origina-
ting the peak effect) which might be caused by clusters of
oxygen vacancies in the Cu-O chains. The latest is better
seen when the temperature is closer to 7¢.

The Jc- data have also been used to obtain the volume
pinning force Fp (force originated from interactions between
the vortex lattice and pinning defects per volume) in the
Lal113 sample for 70K and 50K through the formula:
F,=J.xuH 2)

Fig. (4b) shows the normalized volume pinning force as
a function of the reduced field #=H,/H;,. H;, is the natural
boundary for flux pinning in the Lal113 superconductor as it
is shown below. For YBCO, #~0.33 [35], this is represented
by a solid blue line in the figure. According to [36], such
value of h is in accordance with pinning provided by nor-
mally-conducting or insulator regions (&/ pinning which is
due to the scattering in the electron mean free path [37]). In
the figure, the pinning force for Lall13 is 0 at H =0 and
H.=H;.. The reduced field / has values of 0.3 at 70K and
0.33 at 50K. These values are closer to that for YBCO,
indicating that the pinning mechanism in Lall13 might be
similar to that of YBCO at applied fields lower than Hj,,.
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Fig. (4). Field dependence of J¢ obtained from magnetization measurements (a) and normalized pinning force (b) for bulk LaBaCaCu;0; at

50K and 70K.
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Fig. (5) shows the DC susceptibility (y) versus tempera-
ture of 29.5mg of Lalll3 in the normal state under 5kOe
applied field. x'(7) is also shown in the figure. From the
plot, the susceptibility is positive and follows the typical
Curie-Weiss law:

X=X, t+ (3)

T—0
P

Where ){0=1.6x10'4emu/0e-m01 is the temperature indepen-
dent susceptibility, C=0.207emu-K/Oe-mol is the Curie
constant which is related to the effective paramagnetic
moment of the ions (uesr).

Op in equation (3) is the Curie-Weiss temperature and
after fitting the plot a value of -98.4857K has been esti-
mated. The negative value of p indicates antiferromagnetic
coupling between the ions in the sample. However, since La,
Ca and Ba do not have a magnetic moment, decoupling
should be between the CuO, superconducting planes and the
Cu-O chains in the structure. Note that 6, for YBCO is -20,
and removal of oxygen from its structure lowers the Curie-
Weiss temperature as it has been demonstrated by Tarascon
and co-workers [38]. This suggests that the lower p value of
Lall13 might be related with the oxygen deficiency in its
structure.

The total independent temperature Y, in equation (3) is
given by:

4)

Where ycore 1S the core diamagnetism term, yp,; is the Pauli
paramagnetism arising from the conduction electrons, and
XLandau 18 the diamagnetic orbital contribution due to the
conduction electrons. At first approximation (i.e. for the
free-electron model) [39]:

XO = Xcore + XPauI[ + XLandau

De Los Santos et al.

3
XPauli = E(XO - chre) (6)
The core diamagnetisms for all Lal113 atoms are given
in Table 1 [40]. They give a core susceptibility of -1.77x10™*
emu/Oe-mol for LaCaBaCu;0;. Using this value in the last
equation, the yp,y; obtained is 5 1x10™ emu/Oe-mol.

Table 1. Tabulated Values of the Core Diamagnetism for the
LaCaBaCu;0; Atoms [40]

Atom Yeore (X10° emu/Oe-mol)

La* 20

Ba®" 32

Ca*" 8

Ccu™ -11

o* -12
LaCaBaCu;0, KAeore=1 77x10*emu/Oe-mol

Utilizing the known Pauli susceptibility obtained above,
the value of the specific heat capacity, y, can be estimated
using the free-electron expression:

2
1

3

ik,

Hg

(7

Pauli

Where kg is the Boltzmann constant (1.3806504x107 J-K™)
and ug is the Bohr magneton (9.274009x107* J-T™"). Thus, y
for LaCaBaCu305 is 37.2mJ/K* mol. This value is different
from that obtained by Peng and co-workers for Lalll3
y=48.1mJ/K> mol [14] when applying 30kOe external
magnetic field and fitting the susceptibility with two linear
functions.

The temperature dependence of the magnetic moment in

X Landau = _gxpuun ) the superconducting state has been measured under different
external magnetic fields. Fig. (6a) shows one of these
Then the equation (4) is reduced to: measurements at ZFC and FC at H.,~=50e. According to the
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Fig. (5). Normal state DC-susceptibility versus temperature of LaBaCaCu;0; under 5kOe external field.
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Tirrand Teonser)) (b) function of the applied magnetic field for four different temperatures below Tc.

figure Lalll3 becomes diamagnetic from the onset
temperature 78K and the diamagnetic saturation is reached at
low temperatures. The transition widths for the diamagnetic
saturation are better seen by taking the derivative of the
magnetization plots. As shown in the inset plot, a wide
transition width of around 40K is observed. This behavior is
a characteristic of all bulk superconductors caused mainly by
its granular nature together with possible secondary phases
and thus the grain boundaries could be considered then as
weak Josephson junctions [9]. The irreversibility tempera-
ture T, (temperature which separates reversible and
irreversible regions) is determined in this paper from the
points in which ZFC and FC M(T) loops separate. Thus
under an external applied magnetic field of 5 Oe as in the
figure, Ti; =60K. In general, multiple T7j, obtained from
different M(T) measurements define the irreversibility line in
a magnetic diagram phase as will be discussed next. It is also

possible to derive the magnetic moment behavior as a
function of different applied magnetic fields from multiple
M(T) measurements, as shown in Fig. (6b), in which the plot
is derived for four different temperatures below 7¢. In the
plot, the peaks indicate the lower critical field Hc, and the
upper critical field Hc, can be obtained from the intercepts
with the abscissa [39]. Similar to the direct-measured
hysteresis loops discussed above, both critical fields tend to
be high as temperature approaches OK and they decrease
continuously with increasing temperature until the transition
temperature 7¢ where they become zero. Thus it is expected
that M(H) loops in both situations contracts as temperature
increases.

From the collected data and plots described above, we
derived a magnetic phase diagram for the Lalll3 which is
presented in Fig. (7). As long as the external flux density
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Fig. (7). Magnetic phase diagram of LaCaBaCu;0;.
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does not exceed Hcj, the bulk Lalll3 is in a diamagnetic
Meissner state, where the magnetic flux is completely
expelled from the interior by surface currents. In the area
between Hc(T) and Hco(T), the magnetic flux penetrates the
bulk Lalll3 in the form of flux lines (mixed state).
Magnetic flux motion has to be prevented by flux pinning,
i.e the magnitude of Fp. As long as the flux lines are pinned,
the maximum supercurrent density J¢ can flow without any
loss. The critical current density Jc depends on the applied
magnetic field and on the temperature. If the current density
exceeds Jc (Hin<H<H(»), then the flux line lattice (or parts of
it) starts to move. Because of thermal fluctuations, the mobi-
lity of the flux line lattice strongly increases with applied
magnetic field and temperature. Above the irreversible field
H,, the vortex lattice becomes so strong that currents cannot
flow without losses although the superconductor Lall13 is
not yet in the normal state. This means that possible
applications of Lal113 are restricted to the field range below
the H;,. At first approximation, H;, scales with the applied
field following a trend:

n

T
Hirr = Hirr 1 T (8)
(0’ T,

Where Hinw=48kOe, Tc=76K and the exponent n provides
an indication for applications of the superconductor (it varies
considerably in different HTCS [41-44]). The shape of the
irreversibility field line obtained here is quite similar to that
obtained for bulk YBCO in the range 55K-90K [9]. The
exponent n in the temperature range 41K-76K is 2.8, this
value is double than that obtained for bulk YBCO (n=1.4).
Interestingly, Kiipfer and co-workers [45] have found that
after reducing the oxygen content in the structure of YBCO,
H,,, shifts to lower values. Although Lalll3 has a structure
with deficiency of oxygen in the Cu-O chains and the shape
of the irreversibility line similar to YBCO, we can not assure
that » and the low irreversibility line are exclusively origina-
ted from the arrangement of oxygen atoms in the structure,
because the grain boundaries and secondary phases might
contribute in this property as well. Finally, extrapolating Hc,
and Hc, in the figure to 7=0, values of Hcy(0)=53.5kOe and
He(020.5kOe can be estimated.

CONCLUSION

Despite the fact that some similarities between
LaCaBaCu;0; and YBCO structures do exist, there are also
remarkable differences in their magnetic behaviour. Below
the 7¢, the magnetic flux can penetrate easily the Lall13 in
its vortex region (Hc<H<Hc,) and fewer fields can be
trapped than in YBCO. The critical current density for
Lal113 is determined by the typical overall connectivity of
the polycrystal in which current flows through inter-grains,
and a peak effect probably caused by vortex pinning in its
structure or by the presence of the secondarzy phases. The
specific heat coefficient of Lal113 (37.2mJ/K” mol) is lower
than that for YBCO (54mJ/K* mol [46]). In the temperature
range 41K-76K, the irreversible line in the magnetic phase
diagram of the bulk Lal113 has a similar trend than that for
YBCO. However, the fitted-exponent n of this trend (2.8) is
double than for bulk YBCO (n~=1.4), suggesting that the bulk

De Los Santos et al.

Lalll3 can support lower applied magnetic fields than
YBCO.
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