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Abstract In this letter, we present the superconducting
property characterization of a phase pure, reasonably good
quality YBa2 Cu3 O7−δ sample. Studied compound is crystallized in orthorhombic Pmmm space group with lattice parameters a, b, and c being 3.829(2), 3.887(1) and
11.666(3) Å, respectively. Bulk superconductivity is observed below 90 K as evidenced by resistivity and dc/ac
magnetization measurements. The resistivity under magnetic field (ρT H ) measurements showed clearly both the
intra-grain and inter-grain transitions, which are supplemented by detailed (of varying frequency and amplitude) ac
susceptibility studies as well. The upper critical field at 0 K,
i.e. Hc2 (0) being determined from ρT H measurements with
50 % criteria of resistivity drop, is ∼70 T. Studied polycrystalline YBa2 Cu3 O7−δ is subjected to detailed heat capacity
(CP ) studies. CP exhibited well-defined anomaly at below
90 K, which decreases with applied field. Although the CP
anomaly/peak at Tc reduces with applied field, the same is
not completely suppressed in high applied fields of up to
12 T. The Sommerfeld constant (γ ) and Debye temperature
(ΘD ), as determined from low temperature fitting of CP (T )
data to Sommerfeld–Debye model, are 10.65 mJ/mole-K2
and 312.3 K, respectively. The results are compared with
existing literature on bulk polycrystalline superconducting
YBa2 Cu3 O7−δ sample.
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1 Introduction
Since the discovery of high-temperature superconductivity
(HTSC) by Bednorz–Muller [1] at above 30 K in rare earth
metal oxide (LaBaCuO), various similar compounds were
discovered with higher superconducting transition temperature (Tc ). In this regard superconducting YBa2 Cu3 O7−δ
(YBCO) system [2] with transition temperature above 90 K
is one of the most studied HTSC compounds. Although several thousand articles had yet appeared on various HTSC
compounds, yet their heat capacity analysis still lacks proper
attention [3, 4]. This is primarily due to very higher upper
critical fields of HTSC compounds. To distinguish between
the electronic and phonon parts of heat capacity one needs to
measure the superconductor in normal state below its superconducting transition temperature (Tc ). This can be achieved
only after applying a magnetic field higher than upper critical field of the superconductor. Because the upper critical
field of HTSC cuprates is very high (>100 T), it is difficult
to attain their normal state below Tc and measure the low
temperature pure electronic CP .
Another important aspect of HTSC cuprates is their
granular nature, i.e. sandwiching of superconducting grains
through the insulating grain boundaries. Polycrystalline superconducting samples can be considered a system in which
superconducting grains are weakly coupled with each other.
Complex ac susceptibility (χ ) is useful in characterizing the
granular nature of HTSC cuprates along with their resistivity and dc susceptibility. Magnetic irreversibility has already
been reported in both dc magnetization and ac susceptibility
of HTSC [3, 5]. In these compounds χ possess both intrinsic
(intra-grain) and coupling moments (inter-grain). The coupling component is very sensitive to temperature and applied
amplitude of ac field. The loss component of the ac susceptibility has been used widely to probe the nature of weak links
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in polycrystalline samples [6]. The real and imaginary parts
of complex ac susceptibility represent two complementary
aspects of flux dynamics in polycrystalline superconducting
samples. It is well known that the real part of susceptibility consists of two transitions which correspond to the flux
removal from intra-grain and inter-grain regimes. In accordance, imaginary part contains two peaks which represent
energy dissipation and ac losses due to the flux motion in
intra-grain and inter-grain regions [6–12].
Study of resistivity under applied magnetic field (ρT H )
along with magnetization can reveal the microstructure of
the superconductors. It is a very important tool for exploring the percolation nature between grains and grain boundary resistance. Inter- and intra-grain connectivity and its impact on superconductivity can be understood. Basically the
resistive transition occurs in two steps and interprets as the
steep transition near the onset part, which is associated with
superconductivity in individual grains, and the long transition tail is basically due to coupling regimes between grains
or connective nature of grains [6–9]. Plotting the temperature derivative of resistivity data gives more insight to twostep structure of resistivity transition. It is essential to look at
the temperature derivative of the resistivity in order to give
a proper description of the superconducting transition [6].
Correspondingly, temperature derivative of resistivity data
gives narrow intense maxima approximately centered at Tc
and a broad peak at low temperatures [6–9].
The specific heat measurements along with resistivity and
magnetization are been used to determine the density of
states (DOS) at Fermi level [13–15]. Low temperature specific heat fitting has been done earlier and two predictions
were made for electronic specific heat of d-wave superconductivity, i.e., a T 2 term in zero field and an increased linear
term in a magnetic field applied perpendicularly to the CuO2
planes [16, 17].
In this letter we present a detailed but crisp study of phase
formation, resistivity under magnetic field (ρT H ), magnetization with temperature (M–T) and field (M–H) and specific
heat CP (T ) with and without magnetic field on a phase pure
bulk polycrystalline YBa2 Cu3 O7−δ sample.
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lattice parameter refining are performed by Rietveld refinement programme (Fullprof version). The resistivity, magnetization and heat capacity measurements are carried out
applying a field magnitude of up to 12 T using Physical
Properties Measurement system Quantum Designed PPMS14 Tesla.

3 Results and Discussion
The studied YBa2 Cu3 O7−δ sample is crystallized in singlephase orthorhombic Pmmm space group without any impurities within XRD limits; see Fig. 1. This is confirmed by the
Rietveld analysis of powder X-ray diffraction pattern shown
in Fig. 1. The lattice parameters a, b and c are 3.829(2),
3.887(1) and 11.666(3) Å, respectively. These lattice parameters are close to oxygen stoichiometric (δ = 0) YBCO compound.
The temperature-dependent dc magnetic susceptibility is
shown in Fig. 2. The measurement is carried out at 10 Oe applied magnetic field down to 5 K in both Zero Field Cooled
(ZFC) and Field Cooled (FC) situations. The diamagnetic
signal starts from 91 K in both ZFC and FC magnetization, indicating the establishment of superconductivity below this temperature. Further, a clear indication for flux pinning of the sample is evident from the separation of FC and
ZFC signals, or in other words, reduction of Meissner fraction (ratio of field cooled to zero fielded cooled magnetization). The studied YBCO sample shows reasonable shielding (60 %) and 20 % Meissner volume fractions. Imaginary
part of ac susceptibility of the sample measured at different ac field amplitudes (1–17 Oe) with zero bias dc fields
is given in inset-I of Fig. 2. The imaginary part contains
two peaks primarily due to the flux motion in (a) intra-grain

2 Experimental
The YBa2 Cu3 O7−δ sample is synthesized in air by solidstate reaction route. The stoichiometric mixture of BaCO3 ,
Y2 O3 , and CuO is ground thoroughly, calcined at 850 ◦ C
for 12 h and then pre-sintered at 900 and 925 ◦ C for 20 h
with intermediate grindings. Final sintered powder is palletized and sintered at 925 ◦ C for 20 h in air. Finally pellets are annealed in flowing oxygen at 650 ◦ C for 12 h and
subsequently at 450 ◦ C for 12 h. The phase formation is
checked with powder diffractometer, Rigaku (Cu-Kα radiation) at room temperature. The phase purity analysis and

Fig. 1 Observed (open circles) and calculated (solid line) XRD patterns of YBa2 Cu3 O7−δ sample at room temperature
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Fig. 2 DC magnetization (both ZFC and FC) plots for YBa2 Cu3 O7−δ
sample measure in the applied magnetic field, H = 10 Oe. Inset-I show
the imaginary part of ac susceptibility and Inset-II shows the MH
curve for the same sample at different temperature 5–70 K

Fig. 3 Temperature dependence of the resistivity ρ(T ) under magnetic fields 0–13 T for the YBa2 Cu3 O7−δ . The inset shows the upper
critical field Hc2 found from 50 % of the resistivity ρn (T ) for the same
samples

and (b) inter-grain regions, representing the energy dissipation and ac losses in the superconducting sample. The hightemperature peak amplitude in the imaginary part is associated with individual superconducting grains and is a measure of grain size [9, 10]. The high-temperature peak (intragrain) is almost insensitive to the applied field, while the
low-temperature peak (inter-grain couplings) is highly sensitive to the field amplitudes. The inter-grain peak lies very
close to the intra-grain peak at lower amplitudes but shifts
to the low temperatures at higher amplitudes. It can be said
that at the higher amplitudes the field penetrates the sample deeper than in the lower fields. Due to persisting strong
inter-grain couplings it is difficult to distinguish intra-grain
and inter granular regions in lower amplitudes. Worth mentioning is the fact that the result shown in inset I of Fig. 2
is distinct in comparison to the earlier reports [6–12]. The
very clear appearance of both intra- and inter-grain peaks in
current sample is remarkable. In fact, to achieve such nice
data one needs to make sure to get absolute zero dc field
situation before embarking on ac susceptibility measurements. Inset-II shows the isothermal magnetization (M–H )
at various temperatures below Tc for the studied YBCO sample. The isothermal magnetization loops (M–H ) are taken
up to 80 kOe at 5, 20, 50 and 70 K temperatures of the
YBa2 Cu3 O7−δ sample. The lower critical field (Hc1 ) value
is around 2300 Oe at 5 K. The critical current density is calculated from the M–H loops with the help of Bean’s model
[18], which is typically of the order of 105 A/cm2 at 0 field
and 5 K.
Figure 3 shows the temperature-dependent resistivity under magnetic field (up to 13 T), of the studied YBa2 Cu3 O7−δ
sample. In zero field, the Tc of sample is around 90 K. The
ρ(T )H curve shows basically two transitions, i.e. the onset

of resistivity drop and the exact ρ = 0 state. It can be seen
that the effect of magnetic field is weaker at the onset part
near the normal state in comparison to the tail part close
to ρ = 0 state. Also, the offset of Tc (ρ = 0) is moved to
lower temperatures with increasing field. This occurs near
the onset part, where superconductivity persists only inside
individual grains and the superconducting fraction is quite
small. A long-range superconducting state with zero resistance is achieved by means of a percolation-like process
that overcomes the weak links between grains. The broadening of the tail part occurs due to the anisotropic nature and
the disturbances in the percolation path between grains. It is
well known that long-range superconducting state with zero
resistance is achieved by means of a percolation-like process
that overcomes the weak links between grains [19]. Temperature dependency of resistive upper critical field, Hc2 (T ),
using midpoint data criteria, where the resistivity is half of
its normal state value, is shown in the inset of Fig. 3. The
Hc2 (0) value is above 70 T, which is in agreement with earlier studies [20–22].
The temperature dependence of specific heat CP (T ) being measured from 2 to 250 K in zero field is shown in Fig. 4.
At around superconducting temperature (Tc = 90 K) the
jump in specific heat is clearly visible in zero magnetic field.
The value of the jump is found to be 139.7 J mol−1 K−1 ,
which can be clearly seen from the inset of Fig. 4. The inset
shows the specific heat in various applied fields of 0, 1, 3, 5
and 12 T. It is noticed that with increasing the applied field
both the Tc and the transition jump height decrease monotonically. Figure 5 shows the plots of CP /T against T 2 for
applied field of 0, 1, 3, 5 and 12 T. The inset of Fig. 5 shows
the zoom part of CP /T against T 2 near Tc . The CP (T )H
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Fig. 4 Specific heat vs. temperature plot CP (T ) in the temperature
range of 2–250 K for the studied YBa2 Cu3 O7−δ sample; the insets
show the CP vs. T in the temperature range of 84–94 K under applied
fields of 0, 1, 3, 5, and 12 T

Fig. 5 CP /T vs. T 2 under the applied fields of 0, 1, 3, 5, and 12 T for
the YBa2 Cu3 O7−δ ; the inset is a zoomed part near the jump in specific
heat capacity

anomaly/peak near Tc is seen more pronounced in CP /T vs.
T 2 than in the Cp(T ) plots shown in Fig. 4. It is clear from
the inset of Fig. 5 that the Cp anomaly is not speared but
completely smeared even in highest applied field of 12 T.
Figure 6 shows the low-temperature normal-state CP (T )
data from 2–20 K for H = 12 T which has been fitted to
the Sommerfeld–Debye expression
C(T ) = γ T + βT 3 + δT 5

(1)

where the δT 5 term represents the anharmonic contribution. From this fitting the values of Sommerfeld constant (γ ) and β are obtained. The γ and β give respectively the value of electronic density of states and approx-

Fig. 6 Fitted curve of CP vs. T for the applied field of 12 T for the
YBa2 Cu3 O7−δ ; the insets show the electronic specific heat anomaly
at Tc

imate value of Debye temperature. The values obtained
are γ = 10.65 mJ mol−1 K−2 , β = 6.73 mJ mol−1 K−4 and
δ = 0.0003 mJ mol−1 K−6 . The fitting being shown in Fig. 6
contains the T 3 contribution to CP , which originates from
phonons. The inset of Fig. 6 shows the electronic specific
heat anomaly in zero magnetic field at around 90 K. The
electronic specific heat (Ces ) is calculated by subtracting
the normal state fitted CP (T ) from the experimental raw
data. The normalized value of jump (Ces /γ Tc ) is found to
be above 3.0, which is more than twice compared with the
Bardeen–Cooper–Schrieffer (BCS) value of 1.43. The linear
term γ T is found in low-temperature CP of normal metals
due to the contribution from the near Fermi surface electrons [17, 18]. It is difficult to see this contribution at higher
temperatures because at these temperatures the phonon contribution dominates. The observation of a linear term in the
specific heat at low temperatures, if intrinsic, would represent a departure from the BCS prediction and hence is of
considerable interest. The finite value of γ indicates finite
electronic density of states at low energy, in zero applied
field. It has also been reported that the large value of γ may
originate from a disorder-generated finite density of quasiparticle states near the d-wave nodes [23]. The Debye temperature is calculated by using ΘD = (234zR/β)1/3 , where
z is a number of atoms per formula unit and R is the gas
constant. Taking the fitted value of β from Eq. (1), the calculated value of ΘD is 312.3 K, which is close to the reported values [15]. The fitted value of Sommerfeld constant
(γ = 10.65 mJ/K2 mol) is used to calculate the value of
electronic density of states at the Fermi level N (EF ) using
the formula N (EF ) = 3γ /π 2 KB2 . The value of N (EF ) is
calculated as 3.312 states/eV f.u. Henceforth it is concluded
that we observed a well-defined CP (T ) peak in a bulk poly-
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crystalline YBCO superconductor near its Tc of 90 K. Although the CP (T ) peak could not be completely smeared
off with highest applied magnetic field of 14 T, yet the resultant low temperature electronic heat capacity is fitted with
known equations and reasonable electronic parameters are
obtained.
In conclusion, a brief note is presented on superconducting properties of reasonably good quality bulk polycrystalline YBa2 Cu3 O7−δ superconductor. The structural, electrical, magnetic and thermal characterization is summarized
briefly in concise manner.
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