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Abstract. Nano-crystals of Pr, ,Ce,CuQO, (PCCO) with x = 0 and 0.15 have been successfully
synthesized by chemically dissolved method employing HNO; as dissolving agent. The PCCO
samples were calcinated at 900 — 1000°C for 5 — 30 h. The PCCO samples were characterized
by x-ray diffraction (XRD) and vibrating sample magnetometer (VSM) for investigating the
phase formation and crystals size, and for studying the magnetic properties at normal state,
respectively. Based on the XRD data, PCCO with x = 0.10 and 0.15 calcinated at temperature
of 1000°C for 15 h show no impurity phases with crystal size of around 50 nm using Rietveld
analysis. It is shown that the non-superconductive PCCO nano-crystals have very weak
ferromagnetic behavior at room temperature. This phenomenon is probably due to magnetic
moments rising from oxygen vacancies of the nanocrystals surface.

1. Introduction

Researches on synthesis and magnetic properties of cuprate superconductors have shown a rapid
development in both hole- and electron-doped cuprates. Generally, a micrometer particles and even
single crystal bulk superconducting samples have been intensively produced in order to investigate the
basic physical properties of the materials [1]. However, it is very rare to find superconducting
materials in nanometer crystal size. There are some common methods to synthesis superconducting
materials, such as solid state reaction [2-4] and ball milling [5-7], in which both synthesis techniques
produce a sample with micrometer particle size (> 100 nm). In the case for producing a nanometer
crystal size, precipitation method or dissolved method using NaOH, HCl and HNOj; as dissolved
agents have been successfully conducted [8-11].

Cuprate based superconductors with nanometer crystal size have been shown to have unique
property so-called room-temperature ferromagnetism (RTFM). Shipra et al. [12] have shown that
YBa,Cu30; (YBCO) with crystal size below 100 nm shows ferromagnetic properties at above critical
temperature, T., as well as at room temperature. This phenomenon is indicated by the appearance of
magnetic hysteresis at the normal state. However, in the micrometer bulk samples, it has been shown
that a paramagnetic behavior was observed clearly [13]. The presence of ferromagnetism is expected
due to the oxygen vacancies (crystal defects) on surface of the nanoparticles producing weak and
localized magnetic moments. The RTFM phenomenon has also been reported by M. A. Bagiya and co-
workers in the Bi,Sr,CaCu,Og (Bi-2212) nanoparticles. They have observed the existence of RTFM in
the Bi-2212 nanoparticles prepared by dissolved method with crystal size less than 200 nm [8].

This paper is aimed to study the magnetic properties at normal state of T’-Pr,.,Ce,CuO, (T’-PCCO)
nanocrystals prepared by chemical dissolved method. As it is known that the physical properties of the
T’-structure are strongly influenced by the presence of apical oxygen [14]. A small number of oxygen

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1



7th Nanoscience and Nanotechnology Symposium (NNS) IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 395 (2018) 012026 doi:10.1088/1757-899X/395/1/012026

vacancies either on the apical site or the other oxygen sites may affect the overall magnetic properties
of the cuprates. Therefore, it is also important to investigate the magnetic behaviour of the PCCO
nanocrystals at normal state.

2. Experimental

Pr,_Ce,CuO,4 (PCCO) nanocrystals with x = 0 and 0.15 were prepared by dissolved method with HNO;
as the dissolving agent. The dissolved method used in this present research was similar with previous
works [8]. PrsO;;, CeO,, and CuO powders with high purity (99.9%) have been used as the raw
materials. First, the raw materials were dried and weighted according to the desired stoichiometry. The
dried raw materials were dissolved by HNOj; separately at around 150°C and then mixed them together
until it forms a precipitate. The step was continued by performing pre-calcination process for the
precipitate at 400°C for 4 h. Finally, the precursor powder was calcinated at 900 — 1000°C for 5 — 30 h.
The structural properties and magnetic hysteresis curves of the PCCO samples were measured by
XRD and VSM, respectively. Phase identification and crystal structure of the samples were
investigated using XRD with scanning angle 20 ranging from 10° to 70° and operated at 40 kV and 30
mA with CuKa, radiation with wavelength of 1.54 A. The lattice parameter and the average crystal
size were estimated by Rietveld analysis using Rietica [15] and materials analysis using diffraction
(MAUD) [16] software, respectively. VSM (Dexing Magnet Ltd., VSM 250) measurements were
conducted with external magnetic field ranging from -2 T to 2 T at room temperature (23°C) resulting
magnetic hysteresis curves.

3. Results and Discussion
Figure 1(a) and 1(b) show the XRD patterns of PCCO nanocrystals with x = 0 and 0.15 at various
calcination temperatures, respectively. Based on the phase identification, all peaks are detected as
PCCO phase with PDF#080-2368. However, at the calcination temperature of 900°C, there is an
impurity phase of PrsO;;. Matsuda et al. [17] reported that the single phase of 214 systems can be
obtained using solid state reaction technique at 1030°C. In this research, the PCCO phase has been
formed at calcination temperature of 1000°C for 15 h without any impurities. In fact, the formation of
PCCO phase has been initiated at 900°C with small amount of impurities less than 15%. This means
that the dissolved method used in this present research has successfully formed the 214 phase (PCCO
phase) at a lower temperature than 1030°C. This is due to the dissolved method is one of bottom up
synthesis method which give the particles easily to react each other even at relatively low temperature.
Figure 1(c) shows peak shift between PCCO nanocrystals without and with Ce doping. All
diffraction peaks shift to larger diffraction angle with the addition of Ce doping meaning that all Ce
atoms were successfully doped into the crystal. The values of lattice parameter and crystal size of
PCCO samples obtained from the analysis results of Rietica and MAUD software, respectively, are
shown in Table 1. PCCO phase (ICSD#72246 with tetragonal structure and space group 14/mmm) was
used for Rietveld analysis achieving the goodness of refinement (GoF) less than 2%. It can be seen
that the addition of Ce doping decreases the c-axis length. This is consistent with the former research
by Matsumoto et al. [18] that there is doping dependence of lattice parameter in the cuprate system.
The ionic radius of Ce*" (1.11 A) is smaller than that of Pr’* (1.27 A). Therefore, the c-axis length
shrinks in the doped sample because the Pr’* ions have been replaced by Ce*" ions perfectly [18].
Based on analysis results in Table 1, it is found that PCCO samples with x = 0 and 0.15 have
crystal size of 40 — 118 nm. These results show that the calcination temperature and the holding time
affect the crystal size due to the thermal energy for resulting larger crystal size. As for the effect of
doping, Table 1 shows that a- and b-axis lengths do not change significantly with additional Ce doping
and different calcination time. However, c-axis length increases with the increase of calcination time
because the longer calcination time provides more thermal energy to expand the lattice parameter (c-
axis length).
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Figure 1. XRD patterns of PCCO nanocrystals with different calcination process and holding time:
900 - 1000°C for 5 - 30 h. (a) x = 0 and (b) x = 0.15; (¢) Comparison between the XRD patterns of
single phase PCCO with x = 0 and 0.15 (calcination at 1000°C for 15 h).

Table 1. The results of crystal analysis of PCCO samples with x = 0 and 0.15 using Rietveld analysis.

PCCO Calcination Holding Time  Crystal size (nm) Lattice Parameter (A)
Samples Temperature (h) a=b axis ¢ axis
<=0 1000°C 5 118 + 20 3.903(0) 12.058(1)
1000°C 15 61+1 3.904(0) 12.062(1)
<= 0.15 1000°C 15 40+1 3.908(1) 12.012(2)
' 1000°C 30 46+1 3.902(0) 12.025(1)

Figure 2 shows magnetic hysteresis curves for PCCO nanocrystals with x = 0 and 0.15 measured at
room temperature. Both samples are non-superconducting samples and show weak RTFM phenomena.
This result is in accord to the former paper by Shipra ef al. [12]. It can be seen that the hysteresis
curves show no magnetic saturation up to 1 T representing dominant paramagnetic properties in both
PCCO samples. Based on Figure 2, PCCO nanocrystals without Ce doping shows a higher value of
paramagnetic susceptibility compared to the doped one. It seems that the increase of Ce doping results
in the decrease of magnetic hysteresis and turns into relatively weak ferromagnetic at room
temperature. This is probably due to the contribution of Ce*" magnetic moments affecting the overall
magnetization in the doped PCCO.
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Figure 2. Magnetic hysteresis curves for PCCO nanocrystals with x = 0 and 0.15 at room temperature.

Both undoped and doped PCCO samples with crystal size less than 100 nm exhibit RTFM feature.
The crystal size dependence on the magnetic properties of cuprates has been reported by S. K.
Hasanain et al. [19]. The higher crystal size of the nanoparticles results in a smaller magnetization and
finally becomes paramagnetic. Moreover, the increase of Ce doping in the PCCO crystal may be
responsible for the disturbance of net magnetic moments leading to a competition between magnetic
moments rising from Ce ions and oxygen vacancies. However, the appearance of RTFM in PCCO
nanocrystals should be investigated in more detail to elucidate the correlation between crystal size
effect and magnetic moments rising from oxygen defects.

4. Summary

PCCO nanocrystals with x = 0 and 0.15 have been successfully synthesized by chemically dissolved
method. The XRD patterns show single phase of PCCO crystal obtained by calcination at 1000°C for
more than 15 h. Based on Rietveld analysis, it is obtained the smallest crystal size of about 40 nm. The
lattice parameters (a- and b-axis length) do not change significantly with different calcination
temperatures. However, the c-axis length decreases with addition of Ce doping. Both PCCO
nanocrystals with x = 0 and 0.15 have shown very weak RTFM behavior. It is found that PCCO
nanocrystal with x = 0 shows a relatively strong magnetization without any magnetic saturation
compared with x = 0.15. These results suggest that both PCCO nanocrystals have dominant
paramagnetic properties with very weak RTFM feature.

Acknowledgement

Thanks for all members of superconductor team at Koike Laboratory, Tohoku University, Japan who
help experimental works and other activities related to this project. This research was partly support by
Indonesia Endowment Fund for Education (LPDP) scholarship (B Triono) and grand project
“Penelitian Unggulan Perguruan Tinggi ITS Surabaya” from Ministry of Research, Technology and
Higher Education of the Republic of Indonesia (M A B).

References
[1] Rao, C.N.R., Nagarajan, R., Vijayaraghaven, R. 1993 Supercond. Sci. Tech. 6(1) 1



7th Nanoscience and Nanotechnology Symposium (NNS) IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 395 (2018) 012026 doi:10.1088/1757-899X/395/1/012026

(2]

3]
[4]

5]

[6]
[7]
(8]

[9]
[10]

[11]

[12]
[13]
[14]
[15]
[16]
[17]
(18]

[19]

Pignon, B., Veron, E., Noudem, J., Ruyter, A., Ammor, L., Monot-Laffez, 1. 2006 Physica C
434(1) 45-52

Sozeri, H., Ozkan, H., Ghazanfari, N. 2007 J. Alloy. Compd. 428(1) 1-7

Warner, T.E. 2011 In: Synthesis, Properties and Mineralogy of Important Inorganic Materials.
pp. 144-164. John Wiley & Sons, Ltd

Kruaehong, T., Sujinnapram, S., Nilkamjon, T., Ratreng, S., Udomsamuthirun, P. 2017 J. Aust.
Ceram. Soc. 53(1) 3-10

Yavuz, M., Maeda, H., Vance, L., Liu, H.K., Dou, S.X. 1998 Supercond. Sci. Tech. 11(10) 1153

Hamrita, A., Ben Azzouz, F., Madani, A., Ben Salem, M. 2012 Physica C 472(1) 34-38

Bagiya, M.A., Widodo, H., Rochmawati, L., Darminto, Adachi, T., Koike, Y. 2012 AIP Conf.
Proc. 1454(1) 260-263

Astuti, F., Bagiya, M.A., Darminto 2013 AIP Conf. Proc. 1554(1) 97-100

Wang, A.Q., Han, H.H., Li, M., Xie, J.P., Wu, Q.J., Ma, D.Q. 2015 Key Eng. Mater 645-646,
145-150

Jian-feng, H., Xie-rong, Z., Li-yun, C., Xin-bo, X. 2009 J. Mater. Process. Tech. 209(6) 2963-
2966

Shipra, Gomathi, A., Sundaresan, A., Rao, C.N.R. 2007 Solid State Commun. 142(12) 685-688

Sundaresan, A., Rao, C.N.R. 2009 Nano Today 4(1), 96-106

Fournier, P. 2015 Physica C 514 314-338

Rietveld, H. 1969 J. Appl. Crystallogr. 2(2) 65-71

Lutterotti, L., Scardi, P. 1990 J. Appl. Crystallogr. 23(4) 246-252

Matsuda, M., Endoh, Y., Hidaka, Y. 1991 Physica C 179(4) 347-352

Matsumoto, O., Utsuki, A., Tsukada, A., Yamamoto, H., Manabe, T., Naito, M 2009 Physica C
469(15) 924-927

Hasanain, S.K., Akhtar, N., Mumtaz, A 2011 J. Nanopart. Res. 13(5) 1953-1960



