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The magnetic properties of Zn,TiO, single crystals were investigated by physical property measurement sys-
tem (PPMS). The field dependent magnetization (M-H) curves showed a weak ferromagnetism at low field and
diamagnetism at high field for Zn,TiO, single crystals. The zero-field-cooled (ZFC) and field-cooled (FC)
curves further confirmed ferromagnetic behavior of the sample. With the temperature decreasing from 300 to
10 K, the weak ferromagnetism increased slowly. Around 50 K, the M-T curves had a shoulder. After the tem-
perature decreased to 10 K, the ferromagnetism increased significantly. The magnetic mechanism was investi-
gated using the first-principle calculations method. The origin of the ferromagnetic was discussed.
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1. Introduction

The ZnO-TiO, composites have been widely investigated
due to their applications in many fields such as paint
pigments, gas sensors and catalytic sorbents [1]. The
phase diagram of the ZnO-TiO, system established by
Dulin and Rase [2], indicating that there are three phases:
perovskite-type ZnTiOj, spinel-type Zn,TiO, and Zn,Ti;Os.
The metatitanate ZnTiO; undergoes decomposition into
Zn,TiO4 and TiO, above 925 + 25 °C [3]. Yamaguchi et
al. [4] clarified that Zn,Ti;Og is only a low temperature
form of ZnTiO;. There are two types of spinel that are
usually observed, the normal and the inverse. Normal
spinel compounds generally display the AB,O, stoichio-
metry with A cations in tetrahedral sites and B cations in
octahedral sites [5]. In inverse spinels, B cations are in
octahedral sites, while A occupies both octahedral and
tetrahedral sites [6]. Zn,TiO4 is an inverse spinel, with
zinc located at tetrahedral and octahedral sites, while
titanium only occupies octahedral sites.

Among the ZnO-TiO, composites, the spinel-type
Zn,TiO, has attracted great attentions in the field of
material sciences. Zn,TiO, is a high-effect regenerable
catalytic sorbent for removal of H,S, As, Se and other
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contaminants from hot coal gases [7-11]. Due to its
excellent dielectric property, Zn,TiO, is also applied in
microwave devices [12]. Many studies have been focused
on electrical, optical and photoelectrochemical properties
to investigate its potential applications [10-14].

Up to now, there was no study about the magnetic
properties of Zn,TiO4, which makes our work very
necessary. As well known, doping impurities and structure
defects, including oxygen vacancies, can affect the
magnetic behavior of the materials [15-19]. Therefore, we
investigate single crystal because of its few defects and
impurities which will help in better understanding intrinsic
properties of the materials. The high-quality Zn,TiO,
crystal was grown by the optical floating zone method.
The optical floating zone technique is highly suited to the
growth of high purity single crystals, especially metal
oxides [20]. Thus, the aim of this work is to investigate
the magnetic properties of Zn,TiO, single crystal for the
first time for further theoretical studies and practical
device fabrications.

2. Experimental and Computational

The high-quality Zn,TiO, single crystal was grown by
the optical floating zone method [21]. The powder X-ray
diffraction results showed that the as-grown crystal has
the spinel-type Zn,TiO, structure. The magnetization as a
function of external magnetic field (M-H) and magneti-
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zation as a function of temperature (M-T) at an external
magnetic field of 500 Oe were measured at the temperature
range from 300 to 3 K using physical property measure-
ment system (PPMS-16). The valence states of elements
in sample were determined by X-ray photoelectron spectro-
scopy (XPS). Furthermore, first principles calculations
were also employed to investigate the magnetic property,
mainly the spin polarization contributions of the atoms.

3. Results and Discussion

The magnetic properties of Zn,TiO, single crystals are
investigated trough PPMS at varied temperature and the
magnetization curves (M-H) as shown in Fig. la. Since
using the ground single crystal powder sample, the direc-
tion of the external magnetic field does not need to be
considered. It can be observed that the sample has
ferromagnetic behavior at low field, and the lower the
temperature, the larger the area of hysteresis, remanence
and coercivity that due to the stronger ferromagnetism
(see Fig. 1b). In order to understand the magnetic behavior
and magnetic ordering of the sample, the temperature
dependence of zero-field-cooled magnetic moment (ZFC)
and field-cooled magnetic moment (FC) were measured
at an external magnetic field of 500 Oe from 300 to 3 K,
as illustrated in Fig. lc. It is observed that ZFC and FC
curves are well bifurcated and the magnetization is always
positive, suggesting the ferromagnetic behavior with un-
blocked ferromagnetic ordering of the sample. With
decreasing temperature from 300 to 20 K, the magneti-
zation increased very slowly. However, the FC curve has
a shoulder around 50 K. The FC curve at a field of 1000
Oe (also see Fig. 1c) shows the same trend, whereas the
position of the shoulder temperature shifts slightly to
higher temperature. After the temperature decreased to 20
K, the magnetic moment increased quickly.

As mentioned above, FC curve has a shoulder at 50 K,
so the M-H curve at 50 K under near H =500 Oe is
measured and compared with 30 and 60 K (the inset of
Fig. 1c¢). It can be observed that the magnetization at 50 K
is larger than that at 30 and 60 K at an external magnetic
field of 500 Oe, which is consistent with what is observed
in the FC curve. The results indicate that an anomalous
behavior may have appeared at around 50 K, but the
change of the magnetization is very small. To further
investigate ferromagnetic behavior at temperatures below
20 K, the 10 and 15 K hysteresis loops were later sup-
plemented at low field from -5 to 5 KOe (Fig. 1a). It can
be also seen from Fig. la that the ferromagnetic curve
becomes steeper with the temperature decreasing and the
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Fig. 1. (Color online) (a) M-H curves at different temperatures
for Zn,TiO, single crystal powder; (b) a close view of M-H
curves at 5, 10, 30, 60, 90 and 300 K; (c¢) Temperature depen-
dent magnetization curves of zero-field-cooled (ZFC) and
field-cooled (FC) from 300 to 3 K for Zn,TiO, single crystal
powder. The inset shows the magnetization at 30, 50 and 60 K
under near H = 500 Oe.
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Fig. 2. (Color online) Saturation magnetization and Diamag-
netic susceptibility as a function of temperature.

total magnetization increases obviously when the temper-
ature decreases to 10 K. Fig. 2 exhibits the saturation
magnetization (M) of ferromagnetism with the temperature,
which are obtained from the hysteresis loops. The specific
estimation method is described in detail later. As the
temperature decreased from 300 to 15 K, the M increased
very slowly. When the temperature is 5 K, the corre-
sponding M increased to 0.01 emu/g quickly. On the
other hand, the external magnetic field needed for the
sample to reach ferromagnetic saturation gradually increas-
ed when the temperature decreased from 300 to 10 K, but
they were not more than 4000 Oe. However, when the
external magnetic field increased to 17000 Oe, the
ferromagnetism reached saturation at 5 K. The M-H
curves are well corroborated with M-T curves. The results
show that there is a magnetic orderly shift below 10 K,
resulting in a significant enhancement of the ferromag-
netism of Zn,TiO, crystals.

Although there are hysteresis loops at the low field, the
magnetization of Zn,TiO, single crystals decrease linearly
with the increasing of external magnetic field at high field
(see Fig. la). When the saturation magnetization of
ferromagnetism was completely offset by diamagnetic
magnetization, the total magnetization became negative as
the external magnetic field continued to increase. It can
be concluded that M-H curves represent the superposition
of ferromagnetism and diamagnetism. Since the measure-
ment of magnetism does not require substrates, both
ferromagnetism and diamagnetism are intrinsic properties
of Zn,TiO,. Ferromagnetism is dominant at low field and
diamagnetism at high field.

The diamagnetic susceptibility ( y4,) was calculated at
high field by the function expressed as:

M= Ms— Yia - H (M
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Fig. 3. (Color online) The crystal structure of spinel Zn,TiOy.

Where M is the magnetization and H is the external
magnetic field. As the magnetization is the superposition
of saturation magnetization and diamagnetic moment at
high field, the saturation magnetization (44) and dia-
magnetic susceptibility (y4,) at various temperatures can
be obtained by linear fitting of curves of high field. As
shown in Fig. 2, the diamagnetic susceptibility is about
—4.43 x 1077 emu/gOe at 300 K and —4.05 x 107" emu/
g0e at 90 K, which is consistent with the fact that it does
not change with temperature. When decreasing the
temperature to 10 and 5 K, it decreased to —1.38 x 10~
and —1.29 x 1077 emu/gOe rapidly, respectively. It should
be the effect of the ferromagnetic enhancement and the
increase of M; in low temperature zone.

The spinel-type Zn,TiO, has a face-centered cubic unit
cell, belonging to space group Fd-3m with a=0.84608
nm and its structure formula can be written as Zn(TiZn)O,.
There are 56 atoms in the unit cell, 32 oxygen atoms
comprise a face-centered cubic lattice with associated
interstitial tetrahedral (7) and octahedral (O) sites (see
Fig. 3). The half of divalent Zn cations occupy the T sites,
and a stoichiometric mixing of the divalent Zn and
tetravalent Ti cations occupy the O sites randomly. The
intrinsic diamagnetism is the effect of electron orbital
motion induced by external field in Zn,TiO4 spinel
structure. If there are oxygen vacancies or impurities in
the sample, they may result in unoffset electron magnetic
moments in the structure, which can produce ferromag-
netism by interaction between them. Because our sample
is high-quality single crystal, the ferromagnetism at low
field of Zn,TiOy is not derived from impurity.

In order to find out the effect of oxygen vacancies on
ferromagnetism at low field of Zn,TiOy, the single crystal
sample was annealed again at 1200 °C in oxygen atmo-
sphere for 20 hours to reduce oxygen vacancies. Sub-
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Fig. 4. (Color online) M-H curves measured at 30 K for as-
prepared and annealed sample in oxygen atmosphere at
1200 °C for 20 hours. Inset (a) M-H curves for annealed sam-
ple at 300, 30 and 5 K. Inset (b) ZFC and FC curves for
annealed sample at H =500 Oe.

sequently, the M-H curves (at 300, 30 and 5 K, external
magnetic field from -5 to 5 KOe) and ZFC/FC curves (at
an external magnetic field of 500 Oe from 300 to 3 K)
were measured (Fig. 4). It can be seen that the annealed
Zn,TiO4 crystal also exhibits ferromagnetic behavior at
low field and diamagnetism at high field. By comparison,
the hysteresis loops at 300, 30 and 5 K for the as-prepared
single crystal sample are steeper than that for the anneal-
ed sample. At 30 K, the external magnetic field required
for the annealed sample to reach ferromagnetic saturation
is 1700 Oe, but 2500 Oe for the as-prepared sample, and
the saturation magnetization of the annealed sample is
about 0.0043 emu/g, slightly less than that 0.0044 emu/g
of the as-prepared sample (shown in Table 1). The com-
parison of saturation magnetization and coercivity in
Table 1 shows that the ferromagnetic weakening caused
by annealing sample is very limited, indicating that the
oxygen vacancy is only one origin of ferromagnetism of
Zn,TiO, single crystal, not all of them.

In addition, we find that the shoulder around 50 K in
ZFC and FC curves (Fig. 1c) disappears in annealed

Table 1. Saturation magnetization (M) and coercivity (H.) at
300, 30 and 5 K for as-prepared and annealed sample, respec-
tively.

300 K 30K 5K
as-prepared M, (emu/g) 0.0033 0.0044 0.01
sample H. (Oe) 8.643 61.446 80.902
annealed M (emu/g) 0.0032 0.0043 0.006
sample H, (Oe) 7.962 58.87 68.545
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sample, as shown in the inset (b) of Fig. 4, which may be
related to the oxygen vacancies.

From the element composition of Zn,TiO,, the electron
magnetic moment may come from Ti*" ion. The ideal
valence state of Ti is +4 in the Zn,TiO, spinel structure
because of the octahedron ion formed by the random
occupation of Zn and Ti. But even the single crystal
sample, the internal ion vacancies will also exist. If there
are Ti*" ions from Ti-site cation vacancies in single crystal
sample, the randomly occupied Ti*" ions may produce
ferromagnetism by Ti**-Ti** super-exchange interaction.

To have a deep look into the mechanism of magnetic
properties of Zn,TiO,, a first principles calculation is
handled via CASTEP MODULE of Materials Studio. A
primitive cell is employed which is derived from ICSD:
080851. Although the computational unit is described as
Zn,TiOy, it actually can be considered as intrinsic defected
crystal due to the fractional occupation of zinc and
titanium.

Perdew Berke Ernzerhof (PBE) functional within the
generalized gradient approximation [22] is applied ac-
company with norm-conserving potential, and the cutoff
energy is 830 eV in self-consistent total energy minimi-
zation with initial spin 3 5 per atom. The spin density of
states, which is the most important function for the ex-
planations of the magnetism phenomena, is shown in Fig.
5 (total) and Fig. 6 (projections to atom).

It is clear to find that the material is ferromagnetic
proved by the net spin of about 7 electrons per cell
(primitive). The magnetic moment is mainly contributed
by d-state electrons, while p-state electrons offer the next,
and s-state electrons give almost null. Note that p-state
electrons contribute negative at just below the Fermi
Level.

The projective Partial Density of States (PDOS) of

12

Fermi Level

10+

Integrated Partial Density of States
(Total,electrons)
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Fig. 5. (Color online) The total Partial Density of States.
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Fig. 6. (Color online) The Partial Density of States project of
atomic orbitals (a) p-component; (b) d-component.

different atoms is show in Fig. 6, where the s-states are
omitted due to their minor contribution to the total spin
density of states. As shown in Fig. 6, for the p-states,
Titanium contributes the most, and its decrease in Fig. 5

Ti-2p,,

458.77 eV

Ti-2p,,
464.95eV
457.75eV

Intensity (a.u.)

455 ' 460 ' 465 ' 470
Binding Energy (eV)
Fig. 7. (Color online) Ti-2p XPS of Zn,TiO, single crystal.
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is definitely from Oxygen atoms. For d-states, only
Titanium plays the role in magnetic moment.

In summarize, the ferromagnetic properties of Zn,TiO,
come from the p- and d-states of Titanium, and Zinc has
little contributions while Oxygen plays the negative role.

For investigating the electronic state of Titanium, X-ray
photoelectron spectroscopy (XPS) measurement was per-
formed for Zn,TiO, single crystal, as shown in Fig. 7.
The binding energy of Ti-2p can be divided into four
bonds at 457.75, 458.77, 463.77 and 464.95 eV which
represent Ti**-2psp, Ti**-2ps3n, Ti*-2p1n and Tit-2pip,
respectively [23, 24]. It indicates the existence of Ti*
ions in the sample which may be a source of ferromag-
netism of the sample.

4. Conclusion

In conclusion, the Zn,TiO, single crystals show ferromag-
netism and diamagnetism at different field. Ferromag-
netism is dominant at low field and diamagnetism at high
field. With the temperature decreasing from 300 to 10 K,
the weak ferromagnetism increased slowly. Around 50 K,
the M-T curves have a shoulder, indicating an anomalous
behavior. After the temperature decreased to 10 K, the
ferromagnetism increased significantly, showing that the
ferromagnetic mutation occurred below 10 K. The effects
of Ti** ions and oxygen vacancies on the ferromagnetism
of the Zn,TiO4 single crystals were also discussed.
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