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manganese oxide ZnMnGaO,4
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Abstract

Controllability of the nanostructures in spinel-type manganese oxide ZnMnGaOs by
changing cooling rate was studied via transmission electron microscopy (with selected area
electron diffraction and bright- and dark-field imaging) as well as X-ray diffraction. The
Quench sample exhibited a tweed pattern, suggesting the coexistence of two phases at the
nanometer scale. The nanostructural changes from a fine twin structure to a checkerboard
nanostructure, followed by the emergence of a lamellar-type nanostructure, were clearly
observed as the cooling rate decreased from quenching to 1 °C/h. It was suggested that the
diffusion of manganese ions accompanied by the Jahn—Teller distortion play an important

role in the formation of nanostructures of this system.



1. Introduction

Self-assembled materials based on phase separation have been extensively fabricated
to improve the physical properties of materials [1-11]. In particular, self-assembled
nanostructures of transition metal oxides have received significant interest in the areas of
ceramics and thin films, owing to their potential applicability [12-23]. Self-assembled
checkerboard (CB)-type nanostructures of spinel-type manganese oxides, owing to the
nanoscale phase separation related to Mn>" ions accompanied by the Jahn—Teller distortion,
are some of the well-known examples [24-26]. For example, the formation of a CB-type
nanostructure was observed for 10 °C/h slow-cooled Mg(Mn, Fe)304 [27]. (Co, Mn, Fe)304
was also studied for the formation and growth of CB- and lamellar-type nanostructures under
isothermal annealing at 375 °C [28,29]. The CB-type nanostructures were found to consist
of highly anisotropic and well-ordered nanorods: two types of Mn-poor cubic and two types
of Mn-rich tetragonal nanorods. Furthermore, it was reported that further increasing the
annealing time changed the CB-type nanostructures of (Co, Mn, Fe)3O4 to lamellar-type
nanostructures [30]. This formation of thermally induced nanostructures of (Co, Mn, Fe)304
drastically changed its magnetic properties, such as coercivity [28-30]. A mixed system of
ZnGax04 and ZnMn204, ZnMnGaOs4, under a low cooling rate of 5 °C/h also presented a
CB-type nanostructure consisting of highly anisotropic nanorods of ~4 nm x 4 nm X 70 nm
in size [24]. However, the change in the CB-type nanostructure of ZnMnGaOa4 by controlling
the annealing conditions still remains unclear.

ZnGax04 phosphor has recently been studied as a potential candidate for field
emission displays and plasma display panels [31-35]. In particular, as photocatalysts,
ZnGa204 nanoparticles have been found to present hydrolytic hydrogen generation activity,
and their synthesis has been attempted by various methods, such precipitation and solution
combination methods [36,37]. Therefore, the fabrication of nanomaterials containing

ZnGaz04 and control of their dimensions will be of interest.



In this study, we investigated the change in the nanostructures of spinel-type
manganese oxide ZnMnGaOs as a function of the cooling rate from a high temperature via
X-ray diffraction and transmission electron microscopy (TEM). A tweed pattern observed in
the quenched sample was found to change to a nano-twin structure under a low cooling rate
of 120 °C/h, followed by the formation of a CB-type nanostructure under 5 °C/h cooling, as
reported in a previous research [24]. Furthermore, a lower cooling rate of 1 °C/h resulted in
the evolution of a lamellar-type nanostructure. These results indicated that the cooling rate
plays an important role in the formation of nanostructures of ZnMnGaOs, suggesting the
importance of the diffusion of manganese ions accompanied by the Jahn—Teller distortion in

this system.

2. Methods

ZnMnGaOs polycrystalline samples were prepared in air by a conventional solid-state
reaction method. A mixture of ZnO, Mn203, and Ga203 powders was pelletized and calcined
at 950 °C for 5 h, followed by calcination at 1000 °C for 15 h. After the final sintering at
1150 °C for 24 h, the samples were quenched or cooled to room temperature with different
cooling rates of 120 °C/h, 5 °C/h, and 1 °C/h, respectively. The macroscopic crystal structure
was studied using a powder X-ray diffractometer (Rigaku SmartLab). The TEM observations
were conducted using a JEM-3000F (acceleration voltage: 300 kV) transmission electron
microscope at room temperature. All reflection peaks and spots in the X-ray and electron

diffraction patterns are indexed based on the cubic spinel structure.

3. Results and discussion
The macroscopic crystal structure of ZnMnGaOs recorded by powder X-ray
diffraction revealed the dependence of the evolution of nanostructures on the cooling rate.

Figure 1 shows the X-ray diffraction profiles near the 311 reflection peak for the samples



quenched and cooled to room temperature with the rates of 120 °C/h, 5 °C/h, and 1 °C/h,
respectively. The diffraction profiles obtained for both the quenched (Quench) and 120 °C/h-
cooled samples present a remarkable peak splitting resulting from the tetragonal spinel
structure, namely, the 311 peak (in cubic notation) splits into the 310t and 211t peaks (where
the subscript "T" represents the indices base on the tetragonal spinel structure). However,
the 120 °C/h-cooled sample exhibits a comparatively larger splitting, with the 311 peak
shifting toward a higher 26 scattering angle. The dependence of the lattice parameters on the
cooling rate estimated from these profiles is summarized in Table 1. The tetragonal lattice
parameters of Quench and the 120 °C/h-cooled sample are (at/Quench ~8.30 A and cT/Quench
~8.58 A) and (arv120°c ~8.21 A and cty120°c ~8.74 A), respectively, indicating the evolution
of tetragonality under slow cooling. It is noted that only the tetragonal phase, the so-called
T' phase [24-28], is detected in the powder X-ray diffraction patterns of both the samples
within experimental uncertainties. As the cooling rate is decreased, the separation of the peak
splitting increases, followed by drastic changes in the X-ray diffraction profiles, as observed
for the 5 °C/h-cooled sample. The X-ray diffraction profiles of both the 5 °C/h- and 1 °C/h-
cooled samples in Fig. 1 can be indexed by the superposition of cubic ZnGaxO4 (space group:
Fd3m, denoted by C) and tetragonal ZnMn2O4 (space group: I41/amd, denoted by T),
suggesting the coexistence of these phases. The lattice parameters obtained from these
profiles for C and T are C: ac/sec ~8.30 A and T: at/sec ~8.11 A, cr/s°c ~9.10 A for the 5 °C/h-
cooled sample and C: ac/1 °c ~8.31 A and T: at1 «c ~8.11 A, cr1°c ~9.15 A for the 1 °C/h-
cooled sample. These parameters are similar to those of ZnGa204 (a ~8.33 A) [38] and
tetragonal ZnMn204 (a ~8.09 A, ¢ ~9.24 A) [39]. Furthermore, the diffraction peaks of the
5 °C/h- and 1 °C/h-cooled samples are significantly broadened, owing to the formation of
nanostructures. These results suggest that in the present system, low cooling rates lead to
structural phase separation of ZnMnGaOs4 into Mn-rich tetragonal and Mn-poor cubic phases

with the formation of nanostructures. In comparison, high cooling rates result in a single



tetragonal phase, probably owing to the Jahn—Teller distortion.

Electron diffraction observations via TEM revealed the characteristic changes
occurring with the cooling rate. The electron diffraction patterns obtained for the samples at
different cooling rates are shown in Figs. 2(a)—(d), respectively. The diffraction pattern for
Quench (Fig. 2(a)) presents remarkable diffused streaks along the [110] and [110] directions
around the fundamental spots, which are due to the local lattice distortions within the sample.
In the pattern obtained from the 120 °C/h-cooled sample (Fig. 2(b)), there is a remarkable
splitting of the diffraction spots along the [110] direction. The emergence of a twin structure
is indicated by the large splitting of the spots in the high-scattering-angle reciprocal region
as well as by the absence of splitting along the [110] direction through origin 000. However,
for the sample cooled at the rate of 5 °C/h (Fig. 2(c)), anomalous splitting of the diffraction
spots is observed in the electron diffraction pattern; for example, the reflection spots of the
h00 series split into four branches along the [100] and [010] directions. These characteristic
diffraction patterns are almost identical to those found for CB-type nanostructures, as
reported previously [24,29,30,40,41]. This suggests the presence of two types of tetragonal
nanorods with different directions of the tetragonal long-axis (indicated by a and y near the
800-reciprocal position) and two types of cubic nanorods with different directions of the unit
cell rotation (indicated by B and 6 near the 800-reciprocal position). Annealing at a lower
cooling rate of 1 °C/h leads to the splitting of the diffraction spots along only the [110]
direction, as shown in Fig. 2(d). It should be noted that regardless of the similarity between
Figs. 2(b) and (d), the diffraction spot denoted by C in Fig. 2(d) is located at the positions
expected from the cubic structure without lattice distortions. The splitting of these diffraction
spots is similar to that reported in (Co, Mn, Fe)304 [30], indicating the coexistence of cubic
and tetragonal domains in the 1 °C/h-cooled sample. The electron diffraction pattern
depicted in Fig. 2(d) reveals that the unit cells of the cubic phase are rotated by ~3.0° relative

to those of the tetragonal structures, in excellent agreement with the value estimated, ~3.4°,



from simple geographical calculations of the X-ray diffraction.

The morphological features associated with these electron diffraction patterns are
remarkably demonstrated in the corresponding dark- and bright-field images, as
schematically shown in Figs. 3(a)—(d). The images in Figs. 3(a)-3(d) were taken using the
400, 220, 400, and 000 diffraction spots (transmitted electrons), respectively. Dark-field
images taken for Quench (Fig. 3(a)) reveal a tweed pattern in the sample, suggesting a fine
dispersion of the cubic phase in the matrix. In this case, the presence of the tweed pattern
suggests a local occurrence of cubic regions in the tetragonal matrix, prior to the phase
separation associated with the Jahn—Teller strain due to Mn*" ions. It is noted that large-sized
twin domains are observed in Quench. In comparison, very fine twins with a width of ~15
nm are observed in the dark-field image obtained for the 120 °C/h-cooled sample (Fig. 3(b)).
The appearance of nanotwins can be attributed to the uniform Jahn—Teller strain associated
with Mn*" randomly present in the sample, resulting in an averaged tetragonal crystal
structure accompanied by large tetragonalities. Note that phase transitions from cubic to
tetragonal structures are frequently accompanied by strain-relieving twinning. Similar to
previous reports, highly ordered CB-type nanostructures are found in the dark-field images
(Fig. 3(c)) obtained for the 5 °C/h-cooled sample [24]. The typical size of the domains is ~7
nm X 7 nm. The inset exhibits the schematic figure corresponding to the region framed in
Fig. 3(c). Along with herringbone-type patterns with a typical length of approximately 130
nm in the sideview observations (not shown here), the CB-type nanostructures consist of two
types of tetragonal nanorods (o and ) and two types of cubic nanorods (B and 6), which are
highly ordered along the [110] and [110] directions. It should be mentioned that the TEM
image showing the CB-type nanostructures is a projection from the [001] direction.
Interestingly, in the 1 °C/h-cooled sample, band-like domains with a width of ~35 nm can
be clearly observed in the bright-field image (Fig. 3(d)), which is similar to Fig. 3(b).

However, the band-like domains are of two distinct types: with parallel boundaries and with



an inclination of ~22°, in good agreement with the value of ~26° suggested by a simple
estimation from the differences between the lattice parameters of the cubic and tetragonal
cells. The different directions of the domain boundaries in Fig. 3(d) as well as the
characteristic splitting of the diffraction spots shown in the electron diffraction pattern in Fig.
2(d) demonstrate the appearance of lamellar-type nanostructures. These nanostructures
consist of one type of cubic nanoplates and two types of tetragonal nanoplates with different
orientations of the tetragonal long axes in the 1 °C/h-cooled sample, similar to those reported
for (Co, Mn, Fe)304 [29,30]. It should be mentioned that the electron diffraction pattern of
Fig. 2(d) was taken from the region framed by the circle in Fig. 3(d) consisting of the cubic
nanoplate and only one type of the tetragonal nanoplate. Whereas the other electron
diffraction patterns were obtained from the whole regions in Fig. 3(a) - Fig. 3(c). Therefore,
based on the results of annealing at different cooling rates from temperatures above which
the chemical phase separation occurs, there is a morphological change from the tweed
structure to the nano-twins, followed by formation of nano-CB and lamellar-type
nanostructures, with the corresponding crystallographic changes. We would like to
emphasize that these morphological changes in the ZnMnGaOs system that depend on the
cooling rate are very similar to the nanostructural changes in (Co, Mn, Fe)3Os4 when it is
isothermally annealed for different times [28,30].

Summarizing, nanostructural change from tweed patterns to lamellar-type
nanostructures related to nanoscale phase separation were observed in the samples cooled
down to room temperature with different cooling rates. Higher cooling rates led to a
nanostructural change to the tweed pattern or nanotwin structure, whereas lower cooling
rates resulted in the appearance of the lamellar-type nanostructures, with the CB-type
nanostructures as the intermediate states. Figures 4(a) and (b) depict three-dimensional
schematics of the CB- and lamellar-type nanostructures, respectively. A CB pattern can be

observed in the cross-section of the aggregate texture of the nanorods, i.e., two types of cubic



nanorods with different rotation directions of the unit cells and two types of tetragonal
nanorods with different directions of tetragonality, perpendicular to the [001] direction. In
comparison, a lamellar pattern can be seen in the cross-sectional view of the aggregate
texture of the nanoplates, i.e., one type of cubic nanoplate and two types of tetragonal
nanoplates with different directions of tetragonality, perpendicular to the [001] direction. It
should be noted that the cross-sections perpendicular to the lateral direction (i.e., the [100]
and [010] directions) indicate the so-called herringbone nanostructures, in both the cases
[24,28], suggesting that these nanostructures cannot be distinguished from the TEM images
when viewed from the lateral directions. The origins of these interesting nanostructures are
schematically illustrated in Figs. 4(c) and (d). The CB-type nanostructure comprises four
different types of nanorods: two types of cubic nanorods and two types of tetragonal
nanorods. As discussed in previous reports, it is suggested that the CB-type nanostructures
relax the elastic strain efficiently on the nanometer scale and acquire the energy of the entire
system by a subtle arrangement of these four types of nanorods [24,27,30]. However, they
cannot maintain their stability when the nanorods become larger, and thus, lamellar
nanostructures presumably form in this system [30]. Specifically, a lower cooling rate to
reach room temperature leads to the evolution of nanostructures, resulting in a lamellar-type
nanostructure that consists of two types of tetragonal nanoplates and one type of cubic
nanoplates. Indeed, as shown in Fig. 4(d), the boundaries between the cubic and tetragonal
nanoplates are analogous to strain-relieving twin boundaries.

Figures 4(e) and (f) depict the schematics of the relative rotations of the cubic and
tetragonal unit cells across the boundary in the CB- and lamellar-type nanostructures,
respectively. To compensate for the tetragonal distortions at the tetragonal—cubic boundary,
the tetragonal unit cells are suggested to be rotated by ~3.3° and ~ 3.4° in the CB- and
lamellar-type nanostructures, respectively. Interestingly, their rotation angles are very similar

to each other, regardless of their very different morphological features. For (Co, Mn, Fe)30O4,



both the CB- and lamellar-type nanostructures fabricated by different isothermal annealing
hours are reported to be accompanied by almost identical local structures near the tetragonal—
cubic boundary, suggesting that the sizes of the domains play crucial roles in nanostructure
formation [30]. Consequently, the morphological differences in the ZnMnGaO4 samples
annealed with different cooling rates originate from the distinct sizes of the CB- and
lamellar-type nanostructures, owing to the evolution of the phase separations induced by the
manganese ion diffusion accompanied by the Jahn—Teller strain at the nanometer scale.
Specifically, the nanostructural changes in this system associated with the difference in the
cooling rates are suggested to be caused by the evolution of the domains due to strain

relaxation at the nanometer scale.

4. Conclusions

In conclusion, we investigated the cooling rate dependence of the nanostructural
changes in spinel-type manganese oxide ZnMnGaOs by X-ray diffraction and TEM. In
Quench, a tweed texture was observed, indicating the coexistence of two phases at the
nanometer scale. The nanostructures changed from nano-twins to CB-type and lamellar-type
nanostructures with the decrease in the cooling rate. Our TEM studies clearly demonstrated
that the cooling rate plays an important role in the formation of nanostructures of ZnMnGaOs4,
suggesting the importance of the diffusion of the manganese ions accompanied by the Jahn—

Teller distortion in this system.
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Figure captions:

Fig. 1. (Color Online)
X-ray powder diffraction profiles of ZnMnGaO4 samples cooled down to room temperature
with different cooling rates. C and T indicate 26 positions of diffraction peaks in cubic spinel

ZnGax04 and tetragonal spinel ZnMn20s4, respectively.

Fig. 2. (Color Online)
Electron diffraction patterns obtained for samples of ZnMnGaO4 with the cooling rates of
(a) Quench, (b) 120 °C/h, (c¢) 5 °C/h, and (d) 1 °C/h, respectively. Electron incidences are

almost parallel to [001] direction.

Fig. 3. (Color Online)
Nanostructural changes in ZnMnGaO4 depending on cooling rate: (a) Quench, (b) 120 °C/h,
(c) 5 °C/h, and (d) 1 °C/h, respectively. Schematics emphasize morphological features in

corresponding image at each cooling rate.

Fig. 4. (Color Online)

Schematics of CB - and lamellar-type nanostructures. (a) and (b); three-dimensional
schematics of the CB- and lamellar-type nanostructures, respectively. (c) and (d); cross-
sectional schematics of the CB - and lamellar-type nanostructures from the top view
direction. (e) and (f); enlarged views near the cubic—tetragonal domain boundaries framed
in (c) and (d). Each square in the blue or white regions represents a cubic or a tetragonal unit

cell, respectively. Arrows in tetragonal unit cells indicate direction of tetragonal long axes.



Table 1.  Dependence of lattice parameters on the cooling rates
estimated from X-ray diffraction profiles. T and T' represent tetragonal

phase with and without cubic phase as the result of phase separation.

Cooling rates Phases Lattice parameters (A)
T/T' C
Quench T a~8.30
c~858
120°C/h T a~8.21
c~8.74
5°C/h T+C a~8.11 a~ 830
c~9.10
1°C/h T+C a~8.11 a~8.3l1

c~9.15
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