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We report here the paraconductivity of ErBayCuz_M,O7_g (M = Zn and Fe) superconductors. The logarithmic
plots of excess conductivity Ac and reduced temperature C reveal two different exponents corresponding to crossover
temperature as a result of shifting the order parameter from 2 to 3. The first exponent in the normal field region is close to
1, in which the order parameter dimensionality (OPD) is 2. The second exponent in the critical field region is close to 0.5,
in which the OPD is 3. The coherence length, interlayer coupling, interlayer separation and carrier concentration decrease
with increasing doping content, and their values for Fe samples are different from those of Zn samples. While anisotropy is
increased with increasing doping content, it is generally higher for a Zn sample than that for an Fe sample. We also estimate
several physical parameters such as upper critical magnetic fields in the a—b plane and along the ¢ axis (By, and B ), and
critical current density J at 0 K. Although By, and B, are generally increased with doping content increasing, the value of
B,y is found to be twice more than that of B.. A similar behavior is obtained for J (0 K) and its value is higher in the Fe
sample than that in the Zn sample. These results are discussed in terms of oxygen deficiency, localization of carriers, and

flux pinning, which are produced by doping.
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1. Introduction

High temperature superconductors exhibit anisotropy and
small coherence length together with elevated values of crit-
ical temperature 7. These parameters have great effects on
the thermal fluctuations of superconducting order parame-
ter dimensionality (OPD), which have been observed in the
measurements of conductivity versus temperature as excess
conductivity.l'l By reducing the temperature from room tem-
perature toward the critical temperature 7, the fluctuation of
Cooper pairs begins to occur spontaneously at a temperature 7¢
(Ty = 2T;).2! As the temperature approaches T, the number of
Cooper pairs increases while the normal electron density de-
creases. Therefore, the resistivity decreases and the thermal
fluctuations induce an excess conductivity Ac.

The fluctuation induced conductivity (FIC) analyses re-
vealed that the contribution of excess conductivity is due to
Gaussian and critical fluctuations in the mean and critical field
regions, respectively.[*) Gaussian fluctuation is probably dom-
inant in the temperature region above the mean field tempera-
ture 7™ when the fluctuation in the order parameter is small
and the interactions between Cooper pairs can be neglected.
While the critical fluctuation occurs in the critical field re-
gion close to 7, when the fluctuations in the order parameter
are large and the interactions between Cooper pairs is con-
sidered The variation of Gaussian FIC with the reduced tem-
perature helps to find the dimensional exponents, coherence
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lengths and crossover temperatures.!*! The dimensional expo-
nents in high-7; materials are found to be zero-dimensional
(0D), one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D). It is seen that the dimensional crossover
takes place between any two regions with different dimen-
sions. The crossover from two dimensions to three dimensions
is mainly obtained above T; at a crossover temperature which
is different for different samples. However, the crossover tem-
perature is not unique; rather the dimensional crossover takes
place over a temperature region. %!

However, the possibility of oxygen deficiency in Y:123
superconductors, either in CuO, planes or in CuO chains,
has interesting phenomena due its influences on the critical
temperatures of these materials. It has been reported that
the oxygen deficiency influences the FIC in most of high T;
superconductors.®! The fluctuation analyses based on Y:123
samples have revealed that there is a crossover from three di-
mensions to quasi two dimensions by removing the oxygen
from CuO chains. A 3D behavior is expected close to 7. when
the c-axis coherence length becomes greater than the interlayer
spacing.[®7] While the crossover from three dimensions to two
dimensions has been obtained by the created vacancies of oxy-
gen induced by irradiation in the Cu—O, planes of Bi: 2212
system. 391 In the above background, we report here the order
parameter dimensionality response to the oxygen deficiency
created by both Zn and Fe doped Er: 123 superconductors.
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2. Experimental details

A series of the samples, ErBayCuz_ M, O7_5 (M = Zn
and Fe) with various x (0.00 < x < 0.18) is synthesized by
using the well-known solid state reaction method. The ingre-
dients Y,03 , BaCO3, CuO, ZnO, and Fe,03 of 4 N purity
are thoroughly mixed in required proportions and calcined at
900 °C in air for 16 h, and then the furnace is slowly cooled
down to room temperature. This exercise is repeated three
times with intermediate grinding at each stage. The resulting
powders are ground, palletized into pellets and sintered in at
940 °C for 24 h. Finally, the furnace is cooled down to room
temperature with an intervening annealing for 24 h at 600 °C.
After that, the samples are characterized for phase purity and
oxygen deficiency by X-ray diffraction (XRD) and idometric
titration, respectively. The electrical resistivity of the sample
is obtained using the standard four-probe technique in a closed
cycle refrigerator (cryomech compressor package with cryo-
stat Model 810-1812212, USA) within the range of 10-300 K.
Nanovoltameter Keithley 2182, current source Keithley 6220,
and temperature controller 9700 (0.001 K resolution) are used

during these measurements.

3. Results and discussion

The excess conductivity Ao due to thermal fluctuation
is defined as the deviation of the measured conductivity of
Om (T) from the normal conductivity o, (T'), and expressed
as follows:

Ao:(i—i):om—on, (1)

Pm  Pn

where ppy, and p, are the measured and normal resistivity, re-
spectively. Normally, p, is obtained from the measured resis-
tivity pm at T > 27T by applying the least square method to the
Anderson and Zou relation, p,(T) = A + BT.!"1 In order to
estimate the paraconductivity, Aslamazov and Larkin (AL)!!!
deduced the following relation for the fluctuation- induced ex-

cess conductivity Ao as

Ao = AC*. Q)
Here, A = ¢?/(32h&.(0)) and A = 0.5 for 3D conductivity ,
and A = ¢?/(16hd) and A = 1.0 for 2D conductivity, e is the
electronic charge, d is the interlayer spacing between two suc-

cessive CuO, planes, 7 is the reduced Plank constant, & (0) is
the c-axis 3D coherence length at zero temperature, and C is

the reduced temperature given by!1%-12]
T -1
C= g (3)

where TCmf is the mean field temperature, above which the in-

teractions between Cooper pairs can be neglected. The plot of
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Fig. 1. (color online) (a) X-ray diffraction patterns for
ErBa;Cu3_ MO;_5 samples, and (b) curves of orthorhom-
bic distortion and oxygen deficiency versus doping content for
ErBa;Cu3_,M;O;_g5 samples.

dp/dT versus T is made for obtaining the value of 7™ from
the peak. However, for the polycrystalline sample, the modi-
fied equations for 2D and 3D fluctuations are expressed as!!3!

AGsp = —5 g3, (4a)

62

A@D:i{mme‘ [1+(1+;‘?§%s‘)ﬂ}, (4b)

where &y, (0) is the coherence length at 0 K across the ab plane

and &, (0) is the effective characteristic coherence length at
0 K.

On the other hand, the cross over behavior from two di-
mensions to three dimensions occurs at a temperature 7y given
pyl12!

&)

250(0))2’

T = Tcmfexp( 7
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where & (0) is given by!!4!3]
dk'/?
€c(0)=( 5 ) (6)
with k being the interlayer coupling and expressed by!!®!
To
k= ln(ZTCmf) . (7

Figure 1(a) shows the XRD patterns of pure and doped sam-
ples. It is clear that the Zn samples are clearly orthorhom-
bic, which is evident from crystallographic splittings of (020),
(200) and (123), (213). The Fe samples with x = 0.03 and 0.05
are orthorhombic, while the samples with x = 0.09 and 0.18
are tetragonal. Figure 1(b) shows the orthorhombic distortion
(OD) and oxygen deficiency versus doping content. Similar
values are listed in Table 1. The values of OD vary from 0.018
for pure sample to 0.017 for Zn samples, and to 0.00 for Fe
samples. The values of oxygen deficiency vary from 0.074 for
pure sample up to 0.090 for the Zn samples and to 0.059 for
the Fe samples.
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Fig. 2. Curves of resistivity versus temperature for (a)
ErBa;Cusz_,Zn,O;_gs samples, and (b) ErBa;Cusz_Fe,O;_s sam-
ples.

The curves of resistivity versus temperature for pure and
doped samples are given in Figs. 2(a) and 2(b). It is found
that the normal resistivity is linear as temperature decreases
from room temperature down to a certain temperature 7g. In
this region, py (T') follows the above formula, p,(T) = A+ BT
as discussed above. T = 2Tcmf, and is defined as the tem-
perature below which the Cooper-pair formation starts.!!”! As

the temperature further decreases beyond the normal state re-
gion, the decreasing rate of resistivity becomes entirely differ-
ent as compared with that in this region. This is mainly due
to increasing Cooper pair formation with decreasing tempera-
ture. Therefore, the FIC in this region follows the A—L model
to yield the dimensional exponent appropriate to fluctuation-
induced conductivity in these samples.

The normal resistivity p,(7) is calculated in terms of A
and B parameters which are obtained from the linear fitting
of the measured resistivity. The values of mean field tem-
perature TCmf for all samples are estimated from the plot of
peak of dp/dT against temperature as shown in Figs. 3(a) and
3(b). After that we calculate the excess conductivity Ac and
reduced temperature C as discussed above. We plot the curves
of In Ao against InC for all samples, see Figs. 4(a) and 4(b).
It is evident from the fitting that there is distinct change in the
slope of each plot. The corresponding temperature where the
slope change occurs is designated to the crossover tempera-
ture T,. Figure 5(a) shows the variations of 7. , T, and TCmf
against doping content. Similar values are listed in Table 1. It
is clear that both T, and ™ decrease with increasing doping
content, and their values are generally higher for Fe samples
than those for Zn samples. However, T;, decreases for Zn sam-
ple and for Fe, T, increases up to 0.0.09, then decreases with

doping content further increasing up to 0.18.
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Fig. 3. Curves of dp/dT versus temperature for (a)
ErBa;Cuz_,Zn,O;_s5 samples and (b) ErBa,Cus_,Fe,O;_gs
samples.
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Fig. 4. Curves of InAc against InC for (a)ErBa,;Cuz_,Zn,O;_g
samples and (b) ErBa;Cu3_,Fe O;_g5 samples.
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Fig. 5. (color online) Curves of (a) Tg, Tcmf and T, and (b)
hole carrier and interlayer coupling versus doping content for
ErBa,;Cusz_,M,0;_g5 samples.

However, two different exponents corresponding to the
crossover temperature are obtained from each plot with an ac-
curacy of +1 K. The first exponent occurs at (0.00 > InC >
—1.2) for Zn samples, and at (—0.60 > InC > —1.5) for Fe
samples, and its values are higher than 1, in which the OPD is

2.1'8] The second exponent occurs at (—1.2 > InC > —4) for
Zn samples, and at (—1.5 > InC > —4) for Fe samples, and
its values are close to 0.5, in which the OPD is 3. Figure 5(b)
shows the variations of OPD versus doping content for all sam-
ples. Similar values are listed in Table 1. These results reveal
that the OPD is shifted from 2 to 3 as temperature decreases
towards 7.. However, more than one region has been reported
in each of pure and doped Y:123 samples.!'%?° Normally, the
critical field region is controlled by the critical fluctuation re-
sulting from the small mean free path of the charge carriers
and also due to short coherence length produced as the carrier
concentration is changed.?*231 Anyhow, the dimensional na-
ture in RE:123 system is supposed to be 3D conduction. But in
some recent studies based on Y:123 superconductors, the pres-
ence of 2D fluctuation conduction is certified. Furthermore,
an intermediate crossover region between two dimensions and
three dimensions is reported, which is consistent with the re-
sults in the present work. [24-26]

On the other hand, Presland et al.[*”) have found that the
phase diagrams for pure and doped high 7. systems, and they

are described by the following parabolic formula:
m

< —1-82.6(p—0.16)> 8
T (p )% ®)

where T and T, are the critical and maximum critical tem-
perature, respectively and p is the hole carrier concentration
per Cu ion and calculated using the above parabolic relation-
ship. Figure 6(a) shows the variations of k and p against dop-
ing content. Similar values are listed in Tables 1 and 2. It is
found that the values of k and p decrease with doping content
increasing up to 0.12 then increase with doping content further
increasing up to 0.18, and their values are slightly higher for Fe
samples than those of Zn samples. Anyhow, a universal dome-
shaped curve of T; versus carrier concentration has been ob-
served in Y:123 system. ] It is has been also reported that T,
increases with increasing carrier concentration until it passes
through a maximum, after which it decreases and becomes
zero above an optimum value of concentration.”®! Actually,
the Y:123 system is essentially 3D with two CuO, planes and
one CuO chain which manifests in the higher values of k and
lower degree of anisotropy 7.[>°1 However, the decrease in k
with doping content increasing suggests that the system may
become more highly anisotropic, and consequently the charge
carriers are either increased or localized. However, anisotropy
values will be presented in the next paragraph.

For polycrystalline samples, &,(0) is given by!!?!

5p10) N HéciO) * (ggl(o) + 28(0))2] ©)

ab
Also, Ty is related to the crossover temperature as follows:
£;(0) £(0)
T =Tf1+2 =1+ 2]} 10
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Therefore, &£,,(0) and d are calculated in terms of Ty, T ,
&5(0), and &:(0) values. Then, anisotropy parameter y =
En(0)/]&.(0)] are easily obtained. Figure 6(b) shows the be-
haviors of &:(0), &, (0), &,(0), and d parameters against dop-
ing content Also, anisotropy parameter y against doping con-
tent is enclosed with OPD in Fig. (5b). Similar values are
listed in Table 2. It is found that the coherence lengths are
generally lower for the doped samples. While, ¥ increases
with increasing doping content and generally higher in the Zn
samples than in the Fe samples.
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Fig. 6. (color online) Curves of (a) order parameter and anisotropy
and (b) coherence length and interlayer spacing versus doping con-
tent for ErBayCuz_ M, O;_g samples.

The upper critical fields along the ¢ axis and a—b plane,
and critical current density at 0 K. J (0 K) are estimated by the

following relations: (39311
¢0 ‘PO
Bu(c)=s—57~, B ab) = —_— 11
H( ) Zﬂéazb(o) H( ) 2”€c(o)€ab(0) ( )

2¢0

MO Teme g0
where @y is the quantum flux given by ¢g = i/(2¢) = 2.07 x
10~15(web/m?), and  is the London penetration depth at 0 K
which is about 150 nm for Y:123 superconductors.>?] How-

12)

ever, the behaviors of B against doping content are shown in
Fig. (7a), and similar values are listed in Table 2. It is clear that
B,y is twice B, and their values are different in the Zn and the
Fe samples according to the doping region (under doping re-
gion/higher doping region). While, critical current density J
(0 K) shown in Fig. (7b) generally increases with doping con-
tent increasing, and their values are slightly higher in the Fe
samples than in the Zn samples. This is due to the enhance-
ment of flux pinning, which may be ascribed to the increase of
the pinning centers in these types of samples. 33!
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Fig. 7. (color online) Curves of (a) critical magnetic field
and (b) critical current density versus doping content for
ErBa;Cus_,M,O;_g5 samples.

Table 1. Values of OD, ¢, oxygen deficiency & , T;. , Tg, Tcmr, T, A3p, Aap, and p for ErBayCus_ M, O;_g samples with various M and x.

X OD c/A [ T./°’K Ts/°K ™K T,/°K A (3D) A (2D) P
Zn 0.00 0.018 11.684 0.074 90 183 93 112.5 0.37 0.60 0.16
0.03 0.018 11.683 0.075 80 159 81 100.2 0.38 1.30 0.20
0.05 0.018 11.683 0.077 71 147 72 94.1 0.62 1.35 0.21
0.12 0.016 11.683 0.080 51 125 53 78.3 0.41 1.57 0.23
0.18 0.015 11.690 0.090 49 126 52 66 0.28 0.65 0.23
Fe 0.00 0.018 11.684 0.074 90 183 93 1125 0.37 0.60 0.16
0.03 0.008 11.684 0.059 88 181 91 113.2 0.45 1.31 0.18
0.05 0.005 11.681 0.043 87 179 90 114.3 0.40 1.03 0.18
0.09 0.000 11.682 0.036 80 171 84 118.8 0.11 0.21 0.20
0.18 0.000 11.681 0.027 69 161 75 93.3 0.35 1.00 0.23
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Table 2. Values of k, &(0) , &,(0) , 7, d, &,(0), Buc, Bitab, and J(0) for ErBayCuz_,M,O7_s samples with various values of M and x.

x k E(0)/A  Ep(0)/A y diA &(0)Y/A  Buc/T  Bua/T JIA-m~2

Zn  0.00 049 4.64 8.57 185  13.28 6.56 448.8 828.9 3.65 x 108
0.03  0.48 4.16 7.85 189  12.02 5.94 534.9 1009.4  4.03x 108

0.05 043 2.99 7.07 2.36 9.14 531 659.4 1559.3  4.68x 108

0.12 030 1.86 6.13 3.29 6.80 491 877.2 2890.9  4.87x 108

0.18 045 5.36 18.15 338 1599 9.31 100.1 338.8 2.57 x 108

Fe  0.00 049 4.64 8.57 185  13.28 6.56 448.8 828.9 3.65 x 108
0.03 047 4.38 8.22 1.88  12.80 6.24 487.8 915.5 3.83x 108

0.05 046 3.75 8.04 214 11.07 5.65 510.0 10933 4.23x108

0.09 035 1.05 7.48 7.12 3.55 2.19 589.1 41968 109 x 108

0.18 047 2.99 5.39 1.80 8.71 4.18 11346 20453  5.72x 108

However, the effects of partial substitution for Cu sites
with 3d elements on the properties of Y:123 systems have
been extensively investigated. Great attention is focused on
the Fe doping owing to the co-existence of magnetic ordering
by Fe sublattice and superconductivity.33-331 It is found that
Fe atom attracts additional oxygen atoms and consequently its
coordination number is increased. A slight change of super-
conducting transition temperature 7 is observed for the lower
values of Fe content (< 0.05). But the further increase of Fe
content leads to the abrupt decrease of T;, and the structure
change from orthorhombic to tetragonal phase occurs, which
is in agreement with the present data. Furthermore, the pin-
ning force density is increased by 0.09 Fe addition followed
by a decrease with the further increase of Fe up to 0.18, which
is consistnt with the behaviors of critical fields and critical cur-
rents.

A great reduction in the OPD of the Fe samples near the
critical field region is observed, which suggests an anomalous
crossover as result of much slower supression of superconduc-
tivity in the Fe samples than in the Zn samples. An indication,
i.e., an OPD of 2 near T; suggests a deterioration in the CuO,
coupling in this region. An OPD of 3 in the mean field region
and crossover behavior suggest a partial suppresion of fluc-
tuation by Fe. Therefore, the chain site occupancy does not
suppress the fluctuation sufficiently fast, owing to the triva-
lence of Fe. The decrease of oxygen deficiency by Fe cause
a decrease in ¢ axis coherence length, thereby resulting in a
reduction of mean free path. Therefore, the coupling between
CuO, planes is not affected drastically, which is in agreement
with the value of k. Therefore, the change of OPD with Fe is
due to the changing of the superconducting volume fraction,
which is in agreement with the reported data.3%37]

The Zn samples look more 3D near the mean field re-
gion in the higher and lower temperature limits. In the critical
field region, we observed a dominant parameter with an OPD
of 2. In Y:123 system, Ao increases by increasing oxygen
deficiency &, which should decouple the CuO; planes and in-
crease in the c-axis coherence length. Since § is invariant by
Zn (=~ 0.07), we do not expect decoupling of the CuO chains or
an increase in the value of & or c-axis length, which causes an

increase in Ac.[38 Hence, the behavior of Zn sample is simi-
lar to that of the pure sample and the planes remain coupled so
strongly. The specific behavior of resistivity of the Zn doped
sample for x = 0.18 causes the sharp reversal of dimensional-
ity with its exponent approximating to 0.27. The overall OPD
behavior, however, is similar to that of low concentration Zn
doped sample.

Because of matching ionic radii and divalent oxidation
states, substitution of Zn for Cu in Er123 is unlikely to have
any significant effect on the carrier density. Cu and Zn have
similar valence states, and the charge balance within the CuO,
plane is not affected. But Zn disorders and disturbs the hy-
bridization and alignment between Cu-3d and O-2p, thereby
causing carrier localization in CuO, planar networks. The
YBCO films and magnetically aligned powders show a strong
A(0) increase with the increase of Zn doping content. In Lon-
don criteria, n5(0) < 2 ~2(0), the A (0) increase corresponds to
a large decrease in carrier density 7,.33#!1 Thus, Zn causes a
decrease in ns. The invariant OPD suggests its independence
of ng variation with Zn concentration. The OD is independent
of Zn concentration, which indicates an intact oxygen order-
ing or the linear chain structure. Since Zn does not change the
lattice parameters we expect a change neither in the overlap
between the Cu-3d and O-2p orbital’s nor in the separation be-
tween the CuO; planes. The nature of the OPD with 3 and its
invariance with Zn concentration indicate that the two planes
in the unit cell are so coupled that their contributions appear to
be due to a single plane.

4. Conclusions

A comparative study between effects of Zn and Fe doping
on paraconductivity of Er:123 superconductor is reported. The
results show the independence of carrier concentration varia-
tion in the CuO; planes, and suggest the strong couplings be-
tween them for pure and doped samples. For low Fe content,
the OPD is invariant and for higher Fe content the OPD shows
marked dimensionality variation and increased oxygen con-
tent dependence. However, the OPD promotes a dimensional-
ity reversal at 0.18. While OPD remains almost invariant with

117401-6



Chin. Phys. B Vol. 22, No.

11 (2013) 117401

respect to Zn doping content, and seems to cause the suppres-
sion of 2D fluctuations. The critical field increases with dop-
ing content increasing, and then decreases with doping content
further increasing up to 0.18, and the values of critical fields
are different between Zn and Fe samples. While J (0 K) gener-
ally increases with doping content increasing, and the value is
slightly higher in the Fe samples than in the Zn samples. This
is attributed to the enhancement of flux pinning, which may be
ascribed to the increase of the pinning centers produced by Fe
in these samples.
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