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Abstract

Superconducting and paramagnetic contributions to the magnetization of polycrystalline Y,_,Ho, Ba,Cu;0,_gs samples were
investigated. The superconductivity is responsible for a partial screening of magnetic ions from an external magnetic field
and for a possible sinking of antiferromagnetic correlations between these ions. Magnetic moments of Ho ions influence on
a peak effect induced by the order—disorder transition of the Abrikosov vortex lattice. The critical current density and the
critical temperature of YBCO are not changed by the Ho doping.
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1 Introduction

Magnetization data of high-7, superconductors in the
temperature range below the critical temperature 7, con-
tain information about a vortex system, phase homoge-
neity, microstructure, and critical current density. The
YBa,Cu;0,_g superconductor (YBCO) also has some weak
contributions to the magnetization (Pauli paramagnetism,
Van Vleck paramagnetism, etc.) [1, 2]. A significant mag-
netic contribution, which is comparable with a supercon-
ducting magnetization, occurs in YBCO doped by rare-earth
elements with a strong magnetic moment (RE) [3-7].
Paramagnetic impurities in YBCO are expected to sup-
press superconductivity in local surrounding regions [8, 9]
that leads to both a desired enhancement of pinning and
an unwanted decrease of T.. However, it was observed
that the substitution of rare-earth elements (RE) in the Y
sites of YBCO has insignificant effect on T, [3]. Reports
about RE doping influence on the critical current density in
YBCO are contradictive [3, 5-7]. It should be noted that the
solid state method may require different optimal synthesis
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temperatures for various RE substituted YBCO [10, 11]. The
same conditions for different samples may result in diverse
sizes of granules and in variations of critical currents.

Holmium ions have the maximal magnetic moment
among other RE. The atom radii of Y (1.80 10\) and Ho
(1.75 A) are almost identical. This allows us to investigate
an interaction of magnetic and superconducting subsystem
in Ho-doped YBCO, disregarding the crystal lattice distor-
tions. The article is organized as follows: the experimental
techniques used are outlined in Sect. 2, experimental results
are described in Sect. 3, and Sect. 4 presents the analysis
of paramagnetic and superconducting contributions to the
magnetization and discussion.

2 Experimental Methods

Y,_,Ho,Ba,Cu;0,_5 samples were prepared using the solid-
state synthesis from Y,05, Ho,05, BaCO;, and CuO pow-
ders. Heat treating at 910 °C during 10 h with intermediate
grinding and mixing was repeated 5 times. The samples are
denoted as #1, #2, and #3 for x=0.02, 0.11, and 0.25 (see
Table 1). For the used concentrations, an averaged distance
between the doping atoms in ab planes is equal to integer
numbers (7, 3, and 2) of the lattice constant [5, 12].

X-ray powder diffraction (XRD) data were obtained using
XRD-7000S Shimadzu diftfractometer (CuKa radiation). The
20 angle ranged from 5 to 70° with a step of 0.02°. Scanning
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Table 1 Characterization of samples

Parameter #1 #2 #3
x=0.02 x=0.11 x=0.25
XRD Cell parameter a, A 3.88494 3.88546 3.88702
Cell parameter b, A 3.82301 3.82347 3.82448
Cell parameter ¢, A 11.67992 11.67817 11.68072
Cell volume, A? 173.47 173.49 173.64
Mass fraction of Y,_Ho Ba,Cu;0,_5, % 96.55 97.15 97.00
Mass fraction of Y,BaCuOs, % 1.37 0.87 0.80
Mass fraction of Ba, 475Cu0, 69, % 2.07 1.98 2.20
Magnetization Critical temperature T, K 93.1+0.4 92.6+0.8 929+04
Curie—Weiss temperature ©, K —14+3 —-12+1 —19+1
Curie—Weiss constant C, K 0.04 0.17 0.44
Critical current density J, at 4.2 K, 10° A cm™ 11.9 11.4 10.5
Average size of granules d, um 24 3.0 3.6
Magnetic field of the pinning force maximum at 60 K, T 5.7 4.9 4.1

electron microscopy (SEM) and energy-dispersive spectrometry
(EDS) investigations of the synthesized samples were carried
out using Hitachi TM 3000 microscope. Temperature depend-
ences of the resistivity p(7) were measured by the four-probe
method using the transport current of 1 mA. Magnetic measure-
ments were performed using Quantum Design PPMS-9 T and
Lakeshore VSM 8604 vibrating sample magnetometers. SEM
and magnetic measurements were carried out at the Krasno-
yarsk Regional Center of Research Equipment, Federal Research
Center “Krasnoyarsk Science Center SB RAS”.

3 Experimental Results

Figure 1 shows X-ray diffraction patterns of the synthe-
sized samples. All the patterns have identical positions of
peaks. All the peaks are seen to correspond to the peaks
in a reference pattern of the orthorhombic YBa,Cu;0,_;
material (PDF2 ICDD #79-882). The composition of
the samples and cell parameters was specified with using

the Rietveld method (Table 1). Real compositions were
verified to comply with the nominal ones. Other phases
(Bag 973Cu0; 0, Y,BaCuOs) are found in minor quantities,
less than 3.5% in total. The linear dependence of the a, b,
and ¢ parameters on x indicates that Ho is completely dis-
solved in the Y,_,Ho,Ba,Cu;0,_s compound. Distortions
of the crystal lattice due to the substitution of Ho for Y in
Y,_Ho,Ba,Cu;0,_s are insignificant, e.g., the parameter
b grows only on 0.038% as x increases from 0.02 to 0.25.

SEM images of the samples are shown in Fig. 2a—c. The
samples have a disordered granular structure. For all the
samples, the granule sizes are distributed from 1 to 10 pm;
the average granule size is about 3 pm.

Figure 2d shows a typical EDS image of the sample
with x=0.25. Analysis of the elemental composition
based on EDS map spectra showed that in all the sam-
ples, the element contents correspond to the nominal
chemical formula of the compound. The EDS image
confirms the uniform distribution of Ho atoms over
granules.
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Figure 3 shows the p(7) dependences of the samples.
At temperatures above T, these dependences exhibit the
metal-like behavior typical of the YBCO system. Different
values of resistivity of the samples above T, are possibly
due to occasional microcracks in polycrystalline samples
[13]. The sharp resistance drop corresponds to the super-
conducting transition of granules. The smooth part of the
p(T) dependence is due to the transition in the intergranu-
lar subsystem [14, 15]. For all the samples, the tempera-
ture width of the smooth part is 3—6 K. We suppose that
the substitution of Ho for Y in Y,_,Ho,Ba,Cu;0,_s almost
do not affect the intergranular subsystem in the samples.

Inset of Fig. 3 shows temperature dependences of the
magnetic moment M(7) for #1 and #3 measured under zero

field-cooled conditions in a magnetic field of 0.1 T. The
superconducting transition temperature 7, determined from
temperature dependences of magnetization and resistivity is
about 93 K for all the samples.

Figure 4 shows the magnetic hysteresis loops (MHLs) for
the Y,_,Ho Ba,Cu;0,_s samples in the temperature range of
4.2 -80 K. The M(H) dependences are tilted anticlockwise
and their tilt increases with the Ho content x.

The tilt of the magnetization dependencies emerges appar-
ently due to the paramagnetic magnetization [3, 4, 7]. The experi-
mental MHLSs are the sum of a paramagnetic magnetization of
Ho ions, Mp(H), and a magnetization of superconducting gran-
ules, Mg(H). These subsystems are to be separated for a further
analysis.

TM3000_8065 H x2.0k

TM3000_8069 H x2.0k

Fig.2 SEM images of a #1, b #2, and ¢ #3 and d EDS image of #3

TM3000_8061 H x2.0k
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30 um
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Fig.3 Temperature dependences of resistivity, H=0. Inset: tempera-
ture dependences of magnetization, u,H=0.1 T, T<100 K

4 Analysis
4.1 Paramagnetic Subsystem

Above T, the magnetization is paramagnetic for all the sam-
ples (Fig. 5). The inverted susceptibility X_l =(M/H)™" is
plotted on inset of Fig. 5. Temperature dependencies X“(T)
are linear. The lines on inset of Fig. 5 are described by the
relation x = C/(T — ©), with a Curie-Weiss constant C and
a Curie—Weiss temperature ©. The lines intersect the T axis
at—14 K for #1,—12 K for #2, and —19 K for #3. Therefore,
O is negative for all the samples, indicating antiferromag-
netic correlations between Ho ions. The antiferromagnetic
coupling was reported earlier for RE based cuprates [3, 16,
17]. In this case, the paramagnetic magnetization is taken
into account as

54
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Fig.4 Magnetic hysteresis loops of studied samples
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Fig.5 Magnetization of the samples above 100 K, y,d=1 T. Inset:
the inverted susceptibility versus temperature (lines are linear approx-
imations)

J H

Myp(H.T) = NgJuBBJ(%), )
where N is the number of magnetic ions per unit volume,
pg is the Bohr magneton, kg is the Boltzmann constant, g
is the Lande g-factor, J is the angular momentum quantum
number, and B, is the Brillouin function. Solid curves on
Fig. 5 are computed by relation (1) with parameters for Ho>*
ions (/=8 and g=1.25), N for the nominal compositions
(x-5.76-10%” m~?), and © values from Table 1. Although no
fitting parameters were used, agreement between experimen-
tal data above 100 K and computed curves is quite good.

The relation (1) was used again to separate the super-
conducting contribution from the experimental MHLs:
My(H)=M(H)— Mp(H). The correctness criterion for the
separation is zero tilt of resulted superconducting MHLs
in high fields H. The limiting of ® <0, as for the M(T)
curves above T, does not allow us to plot accurate My(H)
dependencies. An example of disturbed MHL for ®=—-19 K
is presented in Fig. 6. Providing ® =0, a fitting parameter
is required anyway to plot an undisturbed Mg(H) loop. An
effective value of N is used to be the fitting parameter. The
MHLs without the paramagnetic contribution are plotted on
Fig. 6.

Above T, all Ho atoms contribute to the magnetization
and there are antiferromagnetic correlations between the
magnetic ions. Below T, the surface superconducting cur-
rents screen an inner from the external magnetic field. The
concentration of unscreened magnetic ions N, is found to
decrease with temperature (inset of Fig. 6). Only the mag-
netic moments of Ho ions on the surface and in normal cores
of the Abrikosov vortices contribute to the paramagnetic
magnetization. More than half of Ho atoms are screened
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Fig. 6 Magnetic hysteresis I
loops without paramagnetic 75 -
contribution at 7=4.2 K.

The dotted curve is disturbed
MHL for ®=-19 K. Inset: the
share of unscreened Ho atoms
at different temperatures and
uH=0.1Tand 7T

50

at T=4.2 K. As the temperature increases, both the vor-
tex cores and the surface layer depth expanse so the larger
number of Ho atoms become unscreened and contribute to
the magnetization. The ® =0 condition below T, may mean
that antiferromagnetic correlations are blocked in supercon-
ducting state. We assume that a modification of electronic
spectra during the superconducting transition [18] is a rea-
son of this cutoff.

4.2 Superconducting Subsystem

The Bean formula J.=3AM/d was used to obtain the criti-
cal current density J, from the experimental MHLs; here,
AM is the difference between the ascending and descend-
ing hysteresis branches and d is the characteristic current
circulation size. A change of the theoretical density of
Y,_,Ho,Ba,Cu;0,_s (from 6.38 g/cm? for #1 to 6.55 g/cm’
for #3) was accounted to convert experimental values of
the mass magnetization to the volume magnetization. The
d value was calculated from an asymmetry of the M(H)
loops. According to [19], d ~ 24, / [1—0.81AM/M , I'],
where 4, is the London penetration depth and M_;, is
the low-field peak magnetization. The circulation size d
(Table 1) was found to be about the average granule size
obtained from the SEM data. Therefore, the estimated
J. values are the intragranular critical current density.
The resulted J (H) dependences are presented in Fig. 7a.
The J . (H) dependences for some temperatures demon-
strate non-monotonic behavior. They have a flat hump,

a second peak. This hump manifests the fishtail feature
on MHSs. This fishtail feature is difficult to distinguish
on the plotted MHLs (Fig. 4). The related compounds
Y,_,Nd,Ba,Cu;0,_5 [7, 10], Y,_,Gd Ba,Cu;0,_5 [3],
and Y,_ Eu,Ba,Cu;0,_5 [11, 20] demonstrate the fishtail
feature on MHLs too. The fishtail feature reflects different
pinning mechanisms in lower and higher magnetic fields
[21, 22]. For YBCO compounds, the peak effect is usually
attributed to transitions of the Abrikosov vortex lattice [7,
23, 24]. Due to this transition, the pinning force has a max-
imum at the related value of the external magnetic field.

The pinning force density F, is determined
by Fy(H)=ypy H J.(H). The F (H) dependences
at T=60 K are plotted in Fig. 7b. For related
polycristallineY_,RE ,Ba,Cu;0;_s compounds, the posi-
tion of maximum H,, is in 5 times smaller than the irre-
versibility field H; (T) [7, 10, 11]. Lines in Fig. 7b are
computed with using the Dew-Hughes scaling relation [25]
£y = (1= WU TR (1 = ho)?l; here, f, = F,(H)/F (1),
h=H/H, (T), hy=p/(p + q), where F_, (T) is the maxi-
mum of the F)(H) dependence. The scaling coefficients
p=1.5and g =6 were used.

In addition, the maximum field H ., depends on the Ho
content x. Hy,.,, monotonically decreases as x increases (inset
of Fig. 7b). This means that the doping with rare-earth ele-
ments reduces characteristic fields of the order—disorder
transition in the Y,_,RE Ba,Cu;0;_s compound [7, 26].
Therefore, the paramagnetic subsystem influences on the
Abrikosov vortex lattice in the superconducting subsystem.
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Fig.7 Magnetic field dependencies of a critical current density and
b pinning force density. Inset of b: the peak field versus Ho content
(line is a linear approximation)

5 Conclusions

Polycrystalline Y,_ Ho Ba,Cu;0,_5 (x=0.02, 0.11, and
0.25) superconductors were synthesized and characterized.
Two magnetic subsystems are detected in these compounds:
the paramagnetic subsystem formed by Ho atoms and the
superconducting subsystem residing at a whole sample. The
superconducting subsystem veils the paramagnetic atoms
and presumably damps antiferromagnetic correlations. The
paramagnetic subsystem regulates the phase transition of
Abrikosov vortex lattice. It was also found that substitution
of Ho for Y does not change the critical current density and
the critical temperature.
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