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Columbite Zng gCog 2 NbyOg crystals were grown by optical floating zone methods. The x-ray diffraction (XRD) was
used to check the structure information of the grown Zng gCop2NbyOg crystal. The room temperature and temperature-
dependent Raman spectra were tested to investigate the optical phonon behaviors of columbite Zngy gCog 2NbyOg, which
exhibited a temperature stable property. The magnetics properties of Zng gCop2NbyOg, measured by a physical property

measurement system (PPMS), were also presented in this work.
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1. Introduction

The columbite structure ZnNb,Og is a wide-bandgap
semiconductor (3.84 eV)[!l and a typical good performance
microwave dielectric material.l>?! In the lattice, Zn%?t and
Nb>* are encircled by six oxygen atoms, thereby forming
ZnOg and NbOg octahedrons. The ZnOg and NbOg octahe-
drons share oxygen atoms through edge, and an independent
zigzag chain is formed along the c-axis. Along the a-axis di-
rection, ZnOg and NbOg octahedrons are connected by corner-
sharing oxygen atoms, forming ZnOg—NbOg—NbOg—ZnOg ar-
rangement. This arrangement generally appears as a layered
structure of ZnNbNbZnNbNb.[*3! Significantly, this arrange-
ment allows the columbite structure materials to exhibit excel-
lent optical, magnetic, and electric properties.>-8!

Studies on diluted magnetic semiconductors have mainly
focused on the doping of transition metals into an oxide

9=l For the oxide

semiconductor with a wide bandgap.!
based dilute magnetic semiconductor, the doping of transi-
tion metal ions is an important method to control the mag-
netic performance and may significantly influence the elec-
trical conductivity, dielectric properties, and other physi-
cal performances.!'>"!*l The ZnNb,O4 doped with transition
metal ions may present different performances and thus should
be investigated. However, there are not very many studies con-
cerning the magnetic performance of the ZnNb,Og compound
doped with cobalt ions.

Meanwhile, the single crystal samples exhibit integrated
structures and explicit growth direction and are free of de-
fects and impurities.!'>! They are the most appropriate sam-
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ples for understanding the intrinsic characteristics of the ma-
terials. Thus far, no study on the single-crystal growth of
cobalt-doped ZnNb,Og¢ has been reported besides our previous
work.[1] Therefore, the growth of ZnggCoy,NbyOg single
crystals must be of great value. Moreover, the intrinsic mag-
netism of the materials should be understood. In this work,
Zn( 3Cog2NbyOg single crystals were grown successfully via
optical floating zone methods for the first time. The optical
and magnetic properties were characterized through a series of

experiments, aiming at the optical and magnetic applications.

2. Experiment procedure

The powder was prepared by the traditional solid-state re-
action technique to mix stoichiometry amount ZnO, Nb,Os,
and CoO from Alfa Aesar company with 4N purity in air at
1300 °C for 20 h with intermediate grindings. The nominal
content Zng gCo,NbyOg single crystals were grown by the
Crystal Systems Inc. infrared-heating floating-zone furnace
(model: FZ-T-10000-H-VP-VI) in the air atmosphere.

The x-ray diffraction (XRD) spectra were acquired by an
x-ray diffractometer from Rigaku (model: RU-200b) with a
Cu K« radiation source. A Rigaku Micro Max-007HF two-
dimensional x-ray diffractometer (XRD?) was also employed
to tested the growth directions of the crystals. The Raman
spectra were recorded by a Jobin-Yvon LABRAM-HR 800
high resolution Raman spectroscope with 514.5 nm exciting
laser from Spectrum Physics (model: Stable 2017). The Quan-
tum Design physical property measurement system (model:
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PPMS-16) was used to obtain the magnetization M versus
magnetic field H and magnetic susceptibility y versus tem-
perature T curves.

3. Results and discussion

The grown ZnggCog2NbyOg single crystal pieces were
ground into powder in a mortar. Then, the XRD spectra of
the Zng gCog 2NbyOg powder samples were obtained through
XRD tests. The XRD spectrum of the powder sample was
refined via Rietveld method by using MAUD software with
Sig. = 1.41. Figure 1(a) shows the refined XRD spectrum.
The ZnggCopNbyOg has the columbite structure and be-
longs to the Pbcn space group. The lattice parameters of
Zno,SCOO‘sz206 are a =14.190 A, b=5.724 A, c=5.037 A,
which are slightly smaller than those of the pure ZnNb,Og
samples (a = 14.208 A, b = 5.726 A, ¢ = 5.04 A). The radius
of Co?* is 0.650 A at low spin state and 0.745 A at high spin
state. In Zng gCop 2 Nb,Og, the low and high spin states should
co-exist at the same time. Then the average radius of Co**
is slightly smaller than that of Zn>* (0.740 A). So Co** can
replace Zn>* without causing abundant mismatching of the
crystal lattice. No impurity peak is observed in the entire XRD
spectrum, indicating that the growing crystal is columbite
structure Zng 3Cog2NbyOg without impurity. Moreover, the
crystal sample matches well with the original columbite
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Fig. 1. (a) Rietveld method refined XRD spectrum of Zng g§Cop 2Nb,Og
powder samples, and (b) XRD? spectrum of the crystal wafer.

structure and the dopant reduces the crystal lattice slightly.
The XRD? result, as shown in Fig. 1(b), was tested on the
wafer cut vertical the growth direction of the Zng §Cog 2Nb,Og
crystal. There is only one peak located at 64.2°. It indicates
that the crystal grows along the (191) direction.

Room temperature Raman spectrum of Zng gCog2Nb,Og
crystal has been measured. The result is shown in Fig. 2. It
can be found that all Raman peaks in the spectrum can be

[17] The peak posi-

indexed to columbite structure ZnNb,Og.
tion shifts to the lower wavenumber direction. The strongest
Raman peak, corresponding to the symmetrical stretching vi-
bration of Nb—O bond, is fitted by a Gaussian function. Its
peak location is 890 cm™! and its full width of half-maximum
(FWHM) is 15 cm~!. The peak center and the FWHM of the
strongest symmetrical stretching vibration of Nb—O bond in
the undoped columbite structure ZnNb,Og are 894 cm ™! and
7 cm™!, respectively. The changes are obviously. When the
Co** ions are doped into the columbite structure ZnNb,Og,
the lattice parameters change as shown in the XRD results and
the microscope structure is also affected by the Co’". The
bond energy, electronegativity, and the uniforms of the bonds
become lower.

Raman intensity

200 400 600 800

Wavenumber/cm™!

1000

Fig. 2. Room temperature Raman spectrum.

The temperature-dependent Raman tests of the as-grown
Znp3Cop2NbyOg¢ crystal were conducted to understand the
optical phonon behaviors of ZnggCog,NbrOg at different
temperatures. The Raman spectra were recorded at every
40 °C from —180 °C to 500 °C. Thus, 18 temperature-
dependent Raman spectra were recorded, as shown in
Fig. 3(a). A total of 19 recognizable Raman bands could be ob-
served at —180 °C and all of the Raman bands can be indexed
well with those of the undoped columbite ZnNb,Og samples.
With the increase in temperature, the Raman peak moves to-
ward the low wave number, accompanied with a continuous
linewidth growth and gradual intensity decrease. As a result,
weak Raman peaks disappear or overlap. Only 10 Raman
peaks can be distinguished well at 500 °C. And no new Raman
peak was observed throughout the process. In the whole tem-
perature range, we fit four typical Raman bonds, the stretching
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vibration of terminal bond at 888 cm™!, the stretching vibra-
tion of Nb—O bridged bond at 527 cm™!, the bending vibration
of O-Nb-O bond at 280 cm~!, and the stretching vibration of
Nb-Nb bond between NbOg octahedron links at 127 cm™!,
with Gaussian, and give the curves of Raman wavenumber
and FWHM varying with temperature in Figs. 3(b) and 3(c),
respectively. In the whole range, all of the temperature de-
pendent Raman wavenumber and three FWHW curves can be

fitted linearly. The bond at 127 cm ™! shows an abnormal phe-
nomenon at low temperature (from —180 °C to —60 °C). The
Nb-Nb bond is a weak interaction and the uniform of the Nb—
Nb bond is improved from —180 °C to —60 °C. Hence, the
optical phonon modes of ZnygCop,Nb,Og are stable in this
temperature interval. This result reflects the good thermosta-

bility of Zng g§Cop2NbyOg in this temperature range.
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Fig. 3. (a) Temperature-dependent Raman spectra of Zng gCop2NbyOg; the curves of Raman wavenumber (b) and FWHM (c) varying with

temperature.

The FC curves of the samples in the temperature range of
300-3 K under the external field of 500 Oe were measured,
thereby obtaining the relation between the magnetic suscepti-
bility and temperature (Fig. 4). The FC curves increase with
the reduction of temperature. No splitting occurs at the lowest
temperature (3 K). This result conforms to the observation re-
sults of CoNb,Og in Refs. [18]-[20]. While, as the magnetic
susceptibility is relatively smooth in the high-temperature re-
gion, some parts must be unrelated with temperature. Hence,
the magnetism is composed of two parts, namely, the Curie—
Weiss paramagnetism related with temperature and the Pauli
paramagnetism unrelated with temperature!>!]

x(T)=T_TO

+ Xpp»

where C is the Curie—Weiss constant and Ty is the Curie—Weiss
temperature. Figure 3 shows the variation law of reciprocals of
the Curie—Weiss magnetic susceptibility with temperature, in
which Tj is approximately 1 K. This result demonstrates that
no antiferromagnetic interaction occurs in the samples.?!:%]
The C is fitted to be 0.82 emuK/Oe-mol, and the effective mag-
netic moment is calculated to be 1.85 ug/Co, which is higher
than the low spin state value (1 ug) and lower than the high
spin state one (3 ug). Thus, the low and high spin states are co-
existing in Zng g§Cog 2 Nb,Og, which agrees well with the XRD
result.
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Fig. 4. Temperature dependent magnetic susceptibility of Zny gCop,Nb,Og
sample from 300 K to 3 K.

The M-H curve of the ZnggCop,Nbr,Og powder was
also tested by using the PPMS. The temperatures were set
at 300 K, 20 K, and 5 K as shown in Fig. 5. The exter-
nally applied magnetic field ranged from —9 T to 9 T. At
300 K and 20 K, Zng3Cop,Nb,O¢ exhibits paramagnetism.
When the temperature is 5 K, a weak magnetic hysteresis oc-
curs, indicating the existence of ferromagnetism. It shows a
similar behave with our previous work.['®) As illustrated in
Fig. 5, the area surrounding the 5 K zero field is amplified,
and the coercivity is approximately 0.0018 T, which is lower
than the Zng9Cog.1NbyOg ones.!'®) The ferromagnetism be-
comes saturated when the external field is increased to 9 T.
The columbite ANb;Og can be viewed as a layered struc-
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ture of A-Nb-Nb—A-Nb-Nb. The Zn>* and Co?* ions oc-
cupy the A site randomly in ZnggCop,NbrOg. The doped
ZnNbyOg, compared with CoNbyOg, does not destroy the
1D ferromagnetic chain of the original system, but it influ-
ences the antiferromagnetism of the 2D isosceles triangular
lattices. The CoNb;Og is reported to be antiferromagnetism.
When nonmagnetic ion Mg>* is doped into CoNb,Og to re-
place Co”*, the original antiferromagnetism disappears. The
Zno3Cop,NbyOg can also be viewed as Zn>* doped into
CoNb;0O¢. In Zng §Cop 2Nb,Og, no antiferromagnetism is ob-
served, which conforms to the previously reported results of
Mg+ doped CoNb,Og.[2324]
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Fig. 5. The M—H curve of Zng §CopNbyOg.

4. Conclusion

The columbite Zng §Cog 2Nb,yOg crystals were grown via
The XRD
results show that the ZnpgCop,NbyOg crystals grow along

infrared heating optical floating zone methods.

(191) direction and have the columbite structure with Pbcn
space group, and the lattices parameters are a = 14.190 A,
b=5.724 A, ¢ =5.037 A. The room temperature Raman spec-
trum shows the bond energy and the uniforms of the bonds
become lower when Co®* ions are doped. The temperature

dependent Raman spectra indicated that Zng §Cog2NbyOg is
stable in the whole temperature range. The Curie—Weiss tem-
perature is 1 K and when the temperature is down to 5 K,
Zng §Cop 2 NbyOg exhibits a weak ferromagnetism.
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