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Abstract

We present the results of a study of the superconducting and paramagnetic properties of polycrystalline Y,_,Gd,Ba,Cu;0,_g
samples. The critical current density and critical temperature of YBCO were weakly decreased by the Gd doping. A peak
effect, which is a nonmonotonic dependence of the critical current density on magnetic field, was detected for all samples.
The peak position shifted to higher magnetic fields with increasing Gd content. This behavior is opposite to the shift of the
peak effect observed for other YBCO compounds doped by magnetic ions. This unusual behavior is apparently related to the
realized granular structure instead of the type of doping ion. A correlation between the peak position and the granule size

was found in the investigated samples and other polycrystalline YBCO compounds.
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1 Introduction

High values of the critical current density j,. in a supercon-
ductor require special defects, which are pinning centers for
magnetic flux [1]. The main methods for creating structural
defects are the introduction of nanoparticles into the material
[2-8], the substitution of various cations into the crystal lat-
tice [9-11], and the radiation exposure [12—14]. Pinning and
the critical current density are affected by the size, arrange-
ment, and magnetic order of the artificial defects [15-17].
For the YBa,Cu;0,_s (YBCO) superconductor, the substitu-
tion of homovalent rare earth ions (RE) for yttrium is used
to improve pinning [18-20]. In contrast to this, some works
reported that such substitution could suppress j. [21, 22]. It
may be agreed that the effect of the RE substitution on the
critical current behavior is quite complex [23-25].
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Let us list the results of work [21], wherein the detailed
study of superconducting and magnetic properties of
Y, ,Gd,Ba,Cu;0,_5 compounds was performed (these
results are found to be almost valid for much YBCO com-
pounds with other magnetic rare earth ions substituting Y).

(i) The samples behave as if they would consist of two
non-interacting systems, one of them being supercon-
ducting and one of them being paramagnetic (such
behavior is typical for superconductors with magnetic
ions [26-28]).

(i) The paramagnetic part of the Y, Gd Ba,Cu;0,_;
samples is excellently described by the conventional
theory of paramagnetism using the Brillouin function
and assuming that the paramagnetic contribution to the
magnetization exclusively arises from rare earth ions
(see, e.g., [25, 29-31]).

(iii) The temperature dependence of the susceptibility above
T, follows a Curie—Weiss law with negative Curie—
Weiss temperatures © (see, e.g., [25, 27]).

(iv) The critical current density decreases with increasing

Gd content (as it was mentioned above the effect of
doping is complex).
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(v) The maximum in the j.(H) curve (the peak effect),
occurring at a higher temperature, is shifted to lower
magnetic fields with increasing Gd content (the similar
shift of maximum in the j.(H) curve was observed for
Nd and Ho-doped YBCO compounds [23, 25]. How-
ever, the position of maximum in the j (H) curve of
Y,_.Eu,Ba,Cu;0,_s has nonmonotonic dependence on
x [32]).

The investigated polycrystalline samples could have
diversity in lattice parameters, sizes of granules, second
phases, etc. A correct estimation of j, of different samples
and their comparison are required a diversity account for
these parameters. It was supported early that a decrease
of granule sizes may lead to an underestimation of j, val-
ues [25, 33]. The peak effect may also depend on these
parameters [34]. Some increase of the peak field with
decreasing granule size was observed in SmBa,Cu;0,_g
[34]. However, this effect was not studied in detail for
Y,_,RE Ba,Cu;0,_;.

Small concentrations of a doping element are expected
to be most relevant to affect superconducting properties
[35]. Nevertheless, these concentrations were poorly cov-
ered in works [21, 32]. A physically reliable non-uniform
scale of the doping concentrations for YBCO was sug-
gested in works [11, 36, 37]. These Petrov concentrations
are linked with the average distance /,, between the dop-
ing atoms in ab planes of crystallites as x=a?/l,*>= N,
where a is the lattice constant and N is an integer number.
In the presented study, we report structural, magnetic, and
superconducting properties of Y,_ Gd,Ba,Cu;0,_g using
the Petrov concentrations. Correlations between differ-
ent parameters have been observed, analyzed, and com-
pared with the results obtained for other polycrystalline
superconductors.

2 Experimental Methods

The solid-state synthesis was used to prepare Y,_Gd,
Ba,Cu;0,_s samples from Y,0;, Gd,05, BaCOj;, and CuO
powders. Three stages of grinding, mixing, and heat treat-
ing during 10 h at 910 °C were performed to synthesize the
samples with the Gd content x=0.02, 0.11, and 0.25. The
values of x are the same as the special concentrations used
in the previous studies [23, 25, 38]. The values of x=0.02,
0.11, and 0.25 correspond to /,;,=7a, 3a, and 2a.

X-ray powder diffraction (XRD) data were obtained using
XRD-7000S Shimadzu diffractometer (CuKa radiation).
The 20 angle ranged from 5 to 70° with a step of 0.02°.
Scanning electron microscopy (SEM) investigations of
the synthesized samples were carried out using a Hitachi
TM4000Plus microscope. EDS spectrometer (Bruker) was
used for energy dispersive spectrometry (EDS). EDS map-
ping data were obtained at 20 kV in 2 min. Fresh surfaces of
the broken sample fragments were used for SEM and EDS.

Isothermal magnetization loops were obtained using a
Quantum Design PPMS-9 T vibrating sample magnetometer.
Temperature dependencies of the magnetization were measured
with a Lakeshore VSM 8604 vibrating sample magnetometer.

3 Results and Discussion
3.1 X-ray Diffraction

Figure 1 shows X-ray diffraction patterns of the synthesized
samples. All the patterns have identical positions of peaks.
All the peaks correspond to the peaks in a reference pattern
of the orthorhombic YBa,Cu;0,_s material (PDF2 ICDD
#39-0486, space group Pmmm (47)—orthorhombic, cell
parameters: a=3.8877 A, b=3.8214 A, c=11.693 A). The

Fig. 1 X-ray diffraction. From
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0.25. For clarity, curves are
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compositions of the samples and cell parameters were speci- ==
fied using the Rietveld method. The results of XRD analysis "E i
are presented in Table 1. Distortions of the crystal lattice due 2 ;
to the substitution of Gd for Y in Y,_,Gd Ba,Cu;0,_5 are § % 29 a
quite weak. The lattice parameter a grows only on 0.072% e < v o
as x increases from 0.02 to 0.25. The inset of Fig. 1 shows = g
that the dependence of the parameter a on x is linear as well g _Zf
as the dependence of b on x. Such linear dependence of the 28
lattice parameters on x indicates that Gd is completely dis- g é
solved in the Y,_,Gd Ba,Cu;0,_s compound. As verified =& R
by XRD, the real compositions comply with the nominal. . 1
The lattice parameter ¢ of the Y-123 lattice depends § g
mostly on the oxygen content 7-0 and this dependence is E E;
described by the empirical relation 7-6=75.250 — 5.856¢ G| ,:; =
[39]. We have estimated the oxygen content using this equa- £ g E PR
tion and the results are given in Table 1. b Bl
3.2 SEM and EDS £
SEM images of the samples are shown in Fig. 2a—c. The g gmﬁ Q
samples have a disordered granular structure. For all the e
samples, the granule sizes are distributed from 1 to 20 pm; E
the average granule size is about 3 pm. =& =23
The EDS images confirm the uniform distribution of Gd & % 2 5 :I H
over granules for all samples. Figure 2d shows a typical EDS SEL|R SR
image of the sample with x=0.25. E
=]
3.3 Temperature Dependence of Magnetization §
D
2 G ¥
The inset of Fig. 3a shows temperature dependencies of the &3 R
magnetization M(T) measured under zero field cooled con- s
ditions in a magnetic field of 0.001 T. The superconduct- £
ing transition temperature T, determined from temperature E S % =
dependencies of magnetization is about 93 K for all the sam- Eoﬂ E = é
ples (see Table 1). The same magnetization level at the low- R
est temperature means similar porosity of all the samples. ;
The M(T) dependencies measured under zero field cooled 2
conditions in a magnetic field of 1 T in temperature range g =)
100-300 K are demonstrated in Fig. 3b. The magnetization = % % §
above T, is apparently due to the magnetic moment paramag- ot ==
netic ions [21, 23, 40]. The paramagnetic M(T) dependencies <
above T, were described by the function: %
g
J H o | &
Mp(H, T)zNgLJHBBJ<(Z(;—B_p%)>’ 1) é* ;g- g g E
28w | @ E S
where N is a number of magnetic ions per unit volume, pg % S
is the Bohr magneton, kj is the Boltzmann constant, g; is a 55
Lande g-factor, J is an angular momentum quantum num- 5 g
ber, B, is the Brillouin function, and ® is a Curie—Weiss § § 55
temperature used to be the fitting parameter. Solid curves on 5 %‘ § % §
Fig. 5 are given by relation (1) with parameters for Gd** ions - | < o e e
(J=3.5and g; =2) and N=5.76-10""-x m™>. Fitting values of 2 8= 8
L = oS o O
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Fig.2 SEM images of a x=0.02, b x=0.11, and ¢ x=0.25 and d EDS image of x=0.25. The pink color marks the Gd distribution in the sample

© are given in Table 1. As can be seen, the experimental data ~ curve for x=0.11 is some worse. Also a temperature depend-
for x=0.02 and x=0.25 are successfully fitted by (1). Agree-  ence of the inverse susceptibility X_l =(M/H) ~!is linear for
ment between the experimental dependence and computed  x=0.02 and x=0.25, but diverges from a line for x=0.11.
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Fig.3 Temperature dependencies of magnetization: a 7<100 K, yyH=1mT, b I'>100 K, yyH=1T
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We believe that the negative value of ® for x=0.25 indi-
cates antiferromagnetic correlations between rare earth ions
in YBCO [21, 25]. The samples with x=0.02 and x=0.11
may have other sources of negative ® (Pauli paramagnetism,
Van Vleck paramagnetism, etc.) [41].

3.4 Magnetization Hysteresis Loops

Figure 4a—e show magnetic hysteresis loops (MHLs) for
the Y,_,Gd Ba,Cu;0,_s5 samples in the temperature range
of 20 — 80 K. The isothermal magnetization loops are tilted
anticlockwise and their tilt increases with x. We may con-
clude that one magnetic subsystem formed by the paramag-
netic Gd ions and the other formed by the superconducting
granules contribute to MHLSs.

The superconducting magnetization was determined from
the experimental MHLs as Mg(H)=M(H) — Mp(H), where
Mp(H) is given by (1). Providing only ® =0, there is no tilt of

Fig.4 Magnetization hysteresis loops at four different temperatures

resulted superconducting MHLs in high fields H. The resulted
MHLs of the superconducting subsystem are plotted on Fig. 5.

The ® =0 condition means that antiferromagnetic corre-
lations are probably blocked below 7. A possible modifica-
tion of the electronic spectrum [42] may be a reason of this
blocking. The superconducting screening, which decreases the
paramagnetic magnetization [25, 30], is quite low for these
compounds (no less than 90% of Gd ions contribute to the
magnetization).

3.5 Critical Current Density and Pinning Force
Density

The critical current density j. was determined from the experi-
mental MHLs using the Bean formula:

J.=3AM/d, )

M [emu/g]
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where AM is the difference between the ascending and
descending hysteresis branches and d is the characteristic
size of current circulation. Variation of the physical density
of Y,_,Gd,Ba,Cu;0, 5 (6.36 g/cm® for x=0.02, 6.42 g/cm’
for x=0.11, and 6.51 g/cm3 for x=0.25) was accounted to
convert experimental values of the magnetic moment and
the mass to the volume magnetization M. The d values were
calculated by means of the method [33]:

d ~ 24, /[1 — |0.5AM /Mmin|'/3], 3)

J, [Am?]

uH [T]

w1 [T]

where 4; is the London penetration depth, and M, is the
low-field peak magnetization. The values of d presented
in Table 1 are about the average granule size observed on
the SEM figures. The resulting j (H) dependencies are pre-
sented on Fig. 6a. The maximal values of j_ are also given
in Table 1.

If one uses a constant value of d in Eq. (2), as it was done
in some works (e.g., [21]), then the estimated values of j. at
T=4.2 K would decrease on 35% as x increases from 0.02
to 0.25. However, such a strong effect is not correct. Taking

Fig.6 Magnetic field dependencies of a critical current density and b pinning force density
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Fig.7 The peak field versus the RE content a and versus the grain size b in different Y,_ RE, Ba,Cu;0;_s. Lines are linear approximations

into account the diversity of d, the estimated values of j.
decrease by only 1.1%.

The j.(H) dependencies at some temperatures demon-
strated non-monotonic behavior, the peak effect. They had
a maximum corresponding to the fishtail feature on MHSs
at high fields [43, 44]. For YBCO compounds, the peak
effect is usually attributed to transitions of the Abrikosov
vortex lattice [23, 45-47]. The transition field may be related
to a maximum of the pinning force at H=H,,. The pin-
ning force density F), is determined by F(H)=p, H j(H).
The F,(H) dependencies are plotted on Fig. 6b. As can be
seen, the maximum was reached only for the F’ p(H) curves
at T=60 K (see Table 1) and 80 K, i.e., pg Hyeo <9 T for
these curves.

3.6 Shift of the Peak Effect with Increasing
RE Content

The transition field H,,, was found to depend on the Gd
content x. H, monotonically increased with increas-
ing x (square points in Fig. 7a demonstrate the values
of Hp,., at 60 K; a similar behavior of H, is found at
80 K). This behavior does not agree with the previous
results for the related compounds Y,_Nd,Ba,Cu;0,_5
and Y,_Ho,Ba,Cu;0,_5 (triangle and circle points in
Fig. 7a demonstrate the values of H, at 60 K for these
compounds). This contradiction means that a correlation
between H,,,, and x is more complicated than it was believed
in previous works. Earlier, we suggested that magnetic ions
modify an effective magnetic field in the doped supercon-
ductors. However, recent work called this idea into question;
it is supported [48] that the doping paramagnetic ions do not
affect the superconducting environment. So we assume that
another parameter controls the H,, value in the investigated

samples.

Competition between bulk and surface pinning may affect
the position of the peak effect [49, 50]. The contribution of
surface pinning in polycrystalline superconductors depends
on the average granule size. Furthermore, the granule size
makes it possible to govern characteristic fields of the
order—disorder transition [23, 25, 31, 34]. The contribution
of surface pinning is higher for smaller granules. This con-
tribution reduces the field of the order—disorder transition
of vortex lattice.

We plot the dependence of x on the estimated granule size d
for available experimental data comprising Y,_,Gd Ba,Cu;0,_5,
Y, ,Nd,Ba,Cu;0,_5 [23], and Y,_Ho Ba,Cu;0,_5 [25]
(Fig. 7b). Apparent correlation between the transition field and
the granule size is observed for all the samples. The samples
with smaller granules have higher values of H,,. This behav-
ior agrees with the increasing contribution of surface pinning
[49, 50].

The connection between H,,., and x may be determined
by synthesis conditions. Peak-effect depends on a structural
disorder in superconductors [45]. Furthermore, the melting
temperature of RE-substituted YBCO depends on the sort
and the content of the substituting RE [29, 30]. This leads
to different growth rates during synthesis, different average
granule sizes, and correspondingly different values of H,,
in polycrystalline Y,_,RE,Ba,Cu;04_s.

eak

4 Conclusions

Polycrystalline Y,_,Gd,Ba,Cu;0,_5 (x=0.02, 0.11, and
0.25) superconductors were synthesized and characterized.
The results of XRD, EDX, and M—T measurements indicate
that the Gd ions are successfully replaced by the yttrium
sites in the crystal lattice of YBCO.
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Two magnetic subsystems were detected in these com-
pounds: the paramagnetic subsystem formed by Gd atoms
and the superconducting subsystem residing at a whole
sample. The paramagnetic part of the Y, ,Gd Ba,Cu;0,_;
samples was described by the conventional theory of para-
magnetism of Gd** ions. The temperature dependence of the
susceptibility above T, followed the Curie-Weiss law with
negative Curie—Weiss temperatures ®. The magnetization
width AM of hysteresis loops and the position of maximum

H,, were changed with increasing magnetic ion content. In

contrast to the previous studies [21, 23, 25, 28], the granule
size is established to be the primary factor affecting AM and
H ., The granule size is sensitive to the Gd content because
admixtures change the melting temperature and the growth
rate during synthesis.
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