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Abstract of the Dissertation
Nano-Self-Assembly in Mn-based Spinels through Solid State Process
by
Chenglin Zhang
Dissertation Director:

Sang-Wook Cheong

Transition-metal oxides characterized with anisotropic d-orbital electrons are subject to
intense discussion in strongly correlated electron systems, ranging from colossal
magnetoresistance (CMR) to high temperature superconductivity (HTSC). The orbital
degree of freedom often underpins complex physical properties and a variety of
extraordinary phenomena while coupling with charge, spin and lattice. In this thesis, we
demonstrate a fascinating example of orbital-related physical properties in Mn-based
spinels. The strong octahedral preference of Jahn-Teller ions Mn’" results in
simultaneous chemical and structural phase separation into Mn-poor (cubic) and Mn-rich
(tetragonal) regions, forming two types of rectangular nanorods with cross section
checkerboard-like (CB). Because of the pioneering discovery of checkerboards in the
nonmagnetic ZnMn,Ga;,O4, we chose to study two magnetic spinel systems: (1)
Mg(Mn,Fe;)O4, where unfortunately only poorly-ordered magnetic nano CBs were
observed; and (2) Mn-doped CoFe,04, the nano CBs with distinct magnetic properties
and tunable sizes achieved here are highly ordered, exhibiting a nearly ideal architecture
for the patterned perpendicular recording medium. The evolution of such compositional
separation and topological nanoscale ordering is reasonably understood based on a three

dimensional (3D) phase-field microelasticity (PFM) model.
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Chapter |

Phase Separation Associated with Self-assembled

Patterns in Oxides



1. Introduction to Spinodal Decomposition

Phase separation occurs when a homogenous system separates spatially into two or
more phases. This occurs in the unstable region of the phase diagram, as illustrated in
Fig. I.1, which is a binary eutectic phase diagram for the mixing of two types of atoms A
and B, and which was obtained by the common tangent construction from the free energy
diagram. This picture basically is better to describe for liquid mixtures. The boundary of
the unstable region is the binodal curve, which is the limit of solid solubility. The single-
phase region is outside the binodal curve. Here, we concerned about the region inside the
binodal curve, which is also called the miscibility gap. Any homogeneous solution cooled
into this region spatially decomposes into A-rich and B-rich phases. The dashed line
inside the miscibility gab is the spinodal region. The point where the binodal and
spinodal curves meet is the critical point.

Phase separation takes place through either nucleation and growth or spinodal

2

decomposition depending on the curvature of in the free-energy phase diagram,

2
C

where G is the free energy of the system, and c is the chemical concentration. The

underlying mechanisms between them are distinguishable. In the region between the

2

binodal and spinodal where > 0, nucleation and growth occurs associated with large

oc?

initial composition fluctuations. Therefore, the growth is slow because atoms have to
migrate over long distance. The overall composition of the precipitate remains unchanged

in the whole process. In contrast, spinodal decomposition happens in the region

2
where

<0 . In this region, infinitesimal concentration fluctuation will trigger

oc



spontaneous phase separation to lower the free energy. The imhomogeneities are largely
different in chemical composition, but often with identical crystal structures. The
compositions of the product vary with time before reaching equilibrium, and the

interfaces of the different phases become sharper with time. The boundary between the

2
nucleation/growth region and spinodal decomposition region, a—? =0, is the spinodal
c

curve.
The process of phase separation is quantitatively described by the Cahn-Hilliard

equation. For 1D cases with mass conservation, the continuity equation is written as

2 2 4
e _ —a—J:M%a—f+2MKa—f,
ot Ox Oc” Ox Oox

where c is the local concentration, J is the flux, M is an Onsager coefficient and K is the

gradient energy coefficient. The effective diffusion coefficient D, is given by

2 2
D,=M —fzo where—fols negative. This indicates that D, is negative since M is
’ oc oc? ’

always positive. In contrast to the downhill diffusion, the diffusion is uphill in spinodal
decomposition. The chemical difference between the neighboring phases increases with

time. The general solution of the continuity equation is

2kq®

c(x,t) = ¢, +cos(gx) exp[—(Deﬁfqzt(l + )]

0
Where c, is the initial composition, f; is the second derivative of the free energy in the

respect to the composition, and ¢ is the wave vector of the composition fluctuation. The

2
amplitude of the composition fluctuation is defined as R(g) = —Deﬁ.q2 (1+ 2§q ) . By

0
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FIG. I.1. A typical spinodal decomposition phase diagram.



taking @: 0, the largest wave vector corresponds to ¢q,.. :%1/—%. The fastest
q

. . 2z . . .
growing wavelength is 4, =-—— . Obviously, microstructure at finer scale will be
q]TlaX

obtained by deeply quenching the parent compound further into the spinodal region
because f, is more negative [1].

The typical morphology of spinodal decomposition in a liquid mixture is a random
interconnected structure as shown in Fig. 1.2 [2]. The dimensionless Peclet number « is
defined as the ratio between the convective and diffusive mass fluxes, where « is often
small due to the high viscosity of liquid. The droplets form first followed by growth. But
for most liquids, « is typically in the range from 10° to 10°. In the early stages of phase
separation, the diffusion is dominant so that the size of microstructure increases linearly

with time. Later on, the convection becomes the dominant way for mass transport,

therefore, and the microstructure grows ast'’’

. With increasing Peclet number, droplet
formation and growth occur simultaneously. The driving force of the microstructure
coarsening is a capillarity effect. Large droplets grow at the expense of shrinking small
ones depending on the balance between the surface energy and the bulk free energy.

We briefly describe the microstructure formation and coarsening in spinodal
decomposition by the simplest theoretical model “1D linear Cahn-Hilliard equation” to
qualitatively understand the underlying mechanisms. As a matter of fact, the situation
turns out to be much more complicated in solid-solid transitions due to the elastic strain
energy. The Time-Dependent Ginzburg-Landau phase-field approach is employed to

explain the coherent microstructures by takin into account the ordering, decomposition

and strain-induced coarsening. This effectively describes the decomposition when the
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FIG. 1.2. Morphology of liquid mixture changes with time and convection number [2].



crystal symmetry of precipitated phase is different from that of parent compound. The
model is further improved by stochastic time-dependent equations involving some initial
fluctuation. 2D computer simulations based on this model has been used to successfully
explain the checkerboard-like microstructure in the cubic-tetragonal transformation of
Co-Pt alloy. The simulations are good agreement with experimental observations [3].

A 3D computer simulation based on the same model was attempted to clarify the
formation of checkerboard structure in some spinel systems. This will be discussed in the
following chapters [4]. The experimental situation is more complicated than expected
because the phase transformation is diffusion-dependent associated with Jahn-Teller (JT)
distortion. The microstructure formation is intrinsically different from whatever pattern
has been observed before. In the following sections, a few patterns in oxides, formed

through phase separation associated with JT distortion, will be presented.

2. Introduction to Phase Separation in Oxides

Phase separations in transition metal oxides such as rare earth manganites, cuprates
and cobaltates are intriguing phenomena that occurs in a broad range from bulk materials
to thin films as well as multilayer heterostructures. In a certain temperature window, a
pure monophasic composition separates into two or multiple competing phases with
distinct electronic and magnetic properties, often associated with spontaneous formation
of self-assembly patterns. In many cases, simultaneous interactions among lattice, charge,
spin and orbital account for the rich variety of patterns. Particularly, contributions from

the charge, spin and orbital degrees of freedom are more or less relevant, and able to



bring forth dramatic responses to subtle external perturbations for example colossal
magnetoresistance (CMR) effect in perovskite manganites [5-7].

Significantly different from intergrowth of related phases, phase separations in
various length scales lead to entirely new physical properties which are totally
unexpected in the parent compounds. Such phase separations are tunable with
composition, temperature, magnetic/electric field, photo-excitations and pressure etc.
Apart from CMR, many novel physical properties have emerged with the electronic and
magnetic inhomogeneities which could be exploited for a number of technological
applications. For instance spintronics, the energy difference between distinguished phases
is usually very small, therefore states can be quickly switched by minute perturbations in
an input signal [8,9].

Physical properties are related with not only the atomic crystal structure, but also the
detailed nature of the microstructure. Engineering of microstructures forming through
phase separation might lead to a revolution of recording medium. The presence of phase
separation is argued as an intrinsic feature in the spin-charge-orbital coupled systems in
transition-metal oxides. Understanding the underlying mechanism of self-assembly
patterns caused by the coexistence of coherent phases will provide significant insight into
the nature of many exotic phenomena including CMR and HTSC, which are not

understandable based on homogenous systems [5].

3. Phase Separation in Manganites and Cuprates

Perovskite manganite with CMR effect is the most representative system showing

versatile unconventional electron-electron or electron-lattice interactions. Phase



separation is argued as the essential ingredient in CMR physics. It has been unraveled by
considerable experiments that coexistence of competing phases near bicritical point in
manganites is indeed a ground state. Two kinds phase separation are generally
recognized: electronic phase separation and disorder-induced phase separation [5,9,10].

Self-assembly patterns formed through phase separations vary widely on time scales
from statics to dynamic, as well as length scales from nano to micron, giving rise to
distinct signatures in X-ray, neutron diffraction patterns, as well as TEM and other
spectroscopies. In the case of phase separation driven by quenched disorder arising from
inherent chemical randomness or intentional impurity doping, micron grain-like pattern
characterized by percolation are observed in phases with equal densities. However, it is
not possible to form long-range ordered microstructure in electronic phase separation
owing to the high coulomb energy cost. Therefore, glass-like phase separation at
nanoscale is observed in some compounds wherein ferromagnetic (FM) metallic and
antiferromagnetic insulating phases (AFI) with comparable energies coexist. The two
types of domains with contrasting electronic and magnetic properties are separated by
first-order transition with different densities. Meanwhile, the large strain mismatch
between the domains also contributes to induce the nanoscale phase separation [5]
Evidence of such phase separation is found in (La, Pr, Ca)MnOs as shown in Fig. 1. 3(a)
[11].

A variety of electronic inhomogeneous states have also been unveiled in cuprates for
examples: stripes in La,.Ba,CuOs4ss, patchworks in d-wave superconductor gaps in
Bi,Sr,CaCu,0g45 (Bi-2212), checkerboards in Ca,..Na,CuO,Cl, as shown in Fig. [.4. The

tendency of phase separation or intrinsic hole clustering is universally observed in doped
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FIG. 1.3. Schematic diagram showing the coexistence of the charge ordered insulating
(dark area) and FM metallic (white area) domains in (La, Pr, Ca)xMnO3. Arrows show
alignment in a magnetic field [11].
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FIG. 14. Inhomogeneous states in HTSC materials. (a) Schematic stripes in La,.
+Ba,CuOy;; (circles are holes; arrows, spins). (b) d-wave SC gap real-space distribution in
Bi,Sr,CaCu,0s:5. The entire frame is 560 Ax560 A. (c) charge-order state in Ca,.
xNaxCuOQClz [5]
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cuprates. A good example is La,CuQOs:5 which, below a specific temperature, undergoes a
reversible spinodal decomposition into two nearly identical orthorhombic phases with
distinct magnetic and electrical properties: an oxygen-excess (hole-rich) region and an
oxygen-deficient (hole-poor) region. The former is a superconducting phase with 7¢~35
K, while the latter is an AFM insulated phase with 7\~250 K. The two phases are
alternately arranged in CuO; sheets and form quasi-one-dimensional stripes as visualized
in Fig. L.4(a) [5,12].

Although the nature of phase segregation in the physics of manganites and cuprates
is still controversial, it is no doubt that this unusual feature is essential to understand the
underlying mechanism while incorporating with lattice distortion, strain, and quenched

disorder etc.

4. Checkerboards in the Perovskite (Nd,; 4Lisy)TiO3

Two-dimensional (2D) modulated nanocheckerboards associated with chemical
phase separation has been recently observed in the Li-containing perovskites (Nda;3-
xL13x)TiO3 as shown by TEM image in Fig. [.5(a). Due to the large number of highly
mobile Li" ions and vacancies at the A sites, the sample undergoes spinodal
decomposition in the process of cooling from high temperature, whereby the sample
spontaneously separates into Nd;;,Li;,TiO; and Nd,;3TiOs with roughly identical
periodicities. Both diamond and checkerboard contrasts are shown in Fig. 1.5(a). The
light square nanodomains rich with Li are separated by dark zigzag boundary regions rich

with Nd.
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Generally, patterns formed through spinodal decomposition are neither symmetric
nor random (Fig. 1.5(b)). However, a highly ordered superstructure is adopted in this
specific system as schematically illustrated in Fig. 1.5(c) and (d). The periodicity can be
adjusted in a range from 5 to 11 nm by changing the composition. With increasing Li
concentration, the Li-rich regions increase at the expense of the Nd-rich regions,
eventually reaching a checkerboard pattern at the equilibrium states. Fig. 1.5(c) and (d)
clearly show the development of checkerboards with Li concentration.

The reason forming the unique pattern is mainly because of the ionic size difference
between Li" and Nd**. For an ideal perovskite structure, the ion sitting at the center
should be coordinated with twelve oxygen atoms. Ti'" is relatively small so that it
reduces the oxygen coordination by cooperative distortion of TiOg octahedra. This
distortion is enough to satisfy the coordination preference of Nd** ion. In contrast, Li" ion
has to undergo a remarkable displacement to further low the number of oxygen
coordination to four, forming a square window site. The only choice to accommodate
both ions is to go through phase separation into Nd;;Li;,TiOs, in which Li layers
alternately stack with Nd*™ layers, and Nd,;TiO; without the presence of Li". The high
mobility of Li" and vacancies significantly facilitates the ion diffusion to form the
specific pattern. This demonstrates a potential way to fabricate highly ordered 2D

nanostructures by the conventional solid state reaction [13].

5. Checkerboards in the Polycrystalline ZnMnGaO,

Jahn-Teller (JT) ions such as Mn®* or Cu®" sitting at octahedral sites have strong

tendency to cluster together leading to structure distortion. This JT distortion tends to
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FIG. 1.5. (a) TEM image of polycrystalline (Ndys3Lig43)TiO3 shows chessboard-type
phase separation. (b) A typical spinodal decomposition (c¢) and (d) The phase separation
in (Ndy;3xLi3x)TiO3 with x ~0.05 and ~0.12. The black region is Li-poor and the white
region Li-rich [13],
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induce an ionic phase separation of the JT ions, resulting in spatially separated regions
with higher and lower JT ion concentrations. Utilizing this ionic phase separation
tendency induced by the JT effect, we have fabricated highly ordered nanostructures in
the spinel ZnMnGaO4 (ZMGO) [14].

ZMGO is a mixture of two normal spinels: cubic ZnGa,O4 and tetragonal
ZnMn,04. The quenched parent compound ZMGO is cubic. While slowly cooling down,
it undergoes a cooperative JT transition below ~1323 K and separates into cubic
ZnMn, sGa; 504 and tetragonal ZnMn, 7Gaj 304 phases. These two phases form two types
of long nanorods with the ~4x4x70 nm’® size (Fig. 1.6(c)), alternatively stacking in a way
that the cross sectional view is checkerboard-like (Fig. 1.6(a)) and side view is
herringbone-like (Fig. [.6(b)).

Fig. 1.6(a) and (b) are the bright field TEM images of the 5 °C/h-cooled ZMGO
with the incident beam parallel to [100] and [111] directions of the cubic phase,
respectively. The CB regions, denoted as “A” in Fig. 1.6(a), becomes HB patterns (Fig. 1.
4(b)) . This confirms that the regions actually are the same nanodomains but with
different view angles.

As we see from the above two pictures, the fundamental blocks are nanorods with
CB cross sections. A schematic view of the nanorods stacking is shown in Fig. 1.6(c). The
tetragonal domains (more precisely, orthorhombical (O) phases) orientate in two different

directions which are closely related with the Mn’" orbital ordering as shown in Fig. 1.7

[7].

6. Checkerboards in the ZnMnGaO, Thin Film



16

FIG. 1.6. (a) and (b), TEM images with the relative sample orientation of ~90°. The
checkerboard domain denoted as “A” in the [100] incidence image displays a herringbone
pattern for the [010] incidence, demonstrating that the checkerboard and herringbone
images are different angular views of the same nanoscale object. (¢) A schematic
representation of two (110) twin-related colonies of a CB structure, where yellow regions
show cubic phase; blue regions tetragonal equilibrium phase with different orientations
[14].
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Followed by the discovery of highly ordered nano CBs in ZnMnGaO, polycrystalline
samples, unprecedented ordered array of nanorods (~4x4x750 nm’) with the same
composition are vertically fabricated on a (001) cubic MgO substrate by the pulsed laser
deposition (PLD) technique as demonstrated in Fig. I.8. Fine fringes perpendicular to the
substrate surface is shown in Fig. 1.8(a), indicating the formation of well organized
nanorods. The magnification of the nanorods from side view is illustrated in Fig. 1.8(d).
The top view of nanorods (Fig. 1.8(c)) reveals CB pattern composed by orthorhombic and
tetragonal phases [15].

A schematic view of the two phases vertically packing on the substrate is shown in
Fig. 1.8(b). This amazing architecture shows almost an ideal prototype of the patterned
recording medium. Although tremendous effort has been paid to fabricate self-assembled
structures in oxide films by PLD, highly ordered phases with different chemical
compositions have not been achieved yet [16]. On the other hand, the relevant length
scale is above 30 nm, which is too large to serve as high capacity media. The nanorods
(~750 nm) in our ZnMnGaOy film are ten times longer than that in our polycrystalline
sample (~70 nm). This clearly indicates that the shape anisotropy of the nanorods might
be tunable with external strain by changing the length of HBs in a broad range from nano
to micro scale. The successful fabrication of CB pattern on film is a robust evidence of
the possibility to exploit it as an ultrahigh density recording medium if one phase was
ferromagnetic while another paramagnetic.

The deformation of Mn-poor phase from cubic to tetragonal and Mn-rich phase from
tetragonal to orthorhombic is due to the coherent strain among the phases. The symmetry

lifting observed in the above experiment is well consistent with the prediction by the 3D
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4 nm

FIG. L.7. A schematic view of the ordering of cubic and orthorhombically distorted (O)
phases. Two O-type rods, having two different directions of Mn orbital order, and two C-
type rods with a relative 6° rotation, stack in the checkerboard pattern [7].
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FIG. 1.8. A self-assembled nanocheckerboard ZnMnGaO4 film grown on a (001) MgO
substrate. (a) TEM side-view image of the spinel film at low magnification. The picture is
normal to the (010) axis. Pt is used for a capping layer for focused ion beam (FIB) sample
preparation. (b) Schematic picture of a well-oriented nanorod spinel film formed on a
substrate. The nanorods are aligned along the [001] direction. (¢c) A TEM dark field
image near the top surface showing a checkerboard domain. (d) A TEM right field side-
view image near the MgO substrate showing the nanostructured film, a thin transition
layer, and the substrate, from top to bottom [15].
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PFM model which will be stated in detail in the Chap. 3 [4]. By the synchrotron radiation
X-ray diffraction, it further observes that the out-of-plane lattice parameters of the two

phases are identical [17]. This is also good agreement with the prediction of the model.

7. Background of the Perpendicular Recording

Perpendicular recording is widely viewed as the next generation of recording [18].
The areal density could be 10 times larger than that of longitudinal recording. As shown
in Fig. 1.9, the data bits are packed vertically, perpendicular to the disc. Therefore, each
bit takes less space on the surface area of a disc. More bits can be squeezed in per square
inch and allow higher storage capacity compared with the conventional longitudinal
recording. The magnetization of adjacent bits stands in an opposite direction. In terms of
energy, the adjacent bits attract each other and are more favorite to overcome thermal
fluctuation. It is predicted that the areal density could be pushed up to 1 Tbit/inch’ by the
perpendicular recording. Actually, because of the limitation of write field, it is really
challenging to achieve this goal.

Patterned magnetic recording is superior to any recording methods. In patterned
media, the magnetic islands are created as an ordered array with high uniformity and
isolated from each other. Each island represents an individual bit; in the conventional
media, the bits composed by many grains form a mosaic and are randomly distributed on
the disc. With pattered media recording, the areal density could be extended 50 Tbit/inch®

assisted with heat-assisted magnetic recording (HAMR) technique.
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Global efforts in nano-science have been launched to fabricate and characterize ever-
smaller structures and exploit their properties for miniaturized technological devices.
The central challenge of these diverse initiatives is the fabrication of nanoscale
structure/assembly with well-controlled architectures. Two general strategies have been
adopted here: high-resolution lithography (top-down) and nanoscale self-assembly
(bottom-up). However, none of them is economical enough to massively manufacture

[19-22].

8. Conclusion

Nanoscale Phase separation in oxides has been briefly reviewed. Although the
simultaneous formation of checkerboard-like microstructure associated with phase
separation has been observed in several systems especially in alloys such as Co-Pt, Ni-V,
etc. even in natural mineral [3,23,24], it is a rare case to form highly ordered
nanostructures constituted by two or multiple phases with different chemical
compositions in oxides.

Different from whatever so-called checkerboard patterns observed before, several
points of the CBs achieved in ZnMnGaOy both polycrystal and film are deserved to be
addressed. First, they are truly checkerboards in terms of the rectangular shapes of the
components. Second, the 3D structure might be superior to the 2D structure in the analog
and digital communications, in which signal-to-noise ratio (SNR) is a measure of the
signal strength relative to the background noise. It is critical to preserve certain number

of grains in a bit to suppress the noise since SNR~log,,(N), where N is the number of

grains in a bit. Higher density requires to reduce the volume (V") of each grain in a bit.
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Decreasing the grain size will unavoidably encounter the above thermal stability
condition [21]. For our CBs, even though the size is only a few nanometers far below or
close to the threshold of superparamagnetism (10 nm), the overall volume is big enough
to accommodate a large number of atoms because of the tunable length of HBs.
Additionally, the large shape anisotropy of the nanarods will assist to overcome the
instability caused by the thermal activation.

The most meaningful point of discovering the nanostructure in ZGMO is that it
demonstrates an alternative way, except top-down and bottom-up methods, to fabricate
highly self-organized patterns in Mn-based spinels. Ordered nanostructures can be
synthesized through the conventional solid state reaction. The subsequent fabrication of
this spectacular pattern on the thin film is a robust evidence to make it potentially
applicable in the ultrahigh density medium recording. Impressively, the length of the
nanorods in thin film could be facilely controlled by the thickness of films. What we will
see in the Chap. 4 is that the cross section, in other words the sizes of CB, actually can
also be broadly controlled by the isothermal annealing time and compositions in other
magnetic systems.

Unfortunately, the two separated phases in ZnMnGaO4 spinel system are
nonmagnetic, not much directly related with magnetic application. In the magnetic
recording, it is important to decouple the magnetization of magnetic domains and control
each of them independently by applying an external magnetic field. The ideal case is to
have one separated phase ferromagnetic and another nonmagnetic at room temperature.

Hereby, searching systems characterized with this feature will be our main focus in this
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thesis. We will discuss two magnetic Mn-based MgFe,O4 and CoFe,Oy spinel systems in

detail.
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1. Introduction

The electronic degeneracy of ions such as Mn’" or Cu®” can be lifted by a Jahn-
Teller (JT) distortion, when the electronic energy gain can overcome the structural energy
cost [1]. This JT effect can be associated with intriguing physical phenomena such as the
colossal magnetoresistance effect in perovskite manganites and high temperature
superconductivity in layered cuprates [2-7]. Furthermore, the JT effect can couple to
chemical phase separation by inducing a miscibility gap in the system with mixed JT and
non-JT ions, leading to spatially separated regions with higher and lower JT ion
concentrations [8,9]. One extraordinary example of JT-induced phase separation was
observed in the spinel Zn(Mn,Ga),04 (ZMGO), where a truly nanoscale and well ordered
structure is stabilized by the phase separation. The nano-structure consists of two types of

long square rods (~4><4><70 nm’) with different Mn concentrations that are alternatively

stacked with long-range periodicity, and thus its cross section shows a checkerboard (CB)
pattern [10]. Crystallographically, the nano-CB of ZMGO is truly remarkable, but does
not constitute a technological advance in a “magnetic” sense, because ZMGO is basically
paramagnetic (PM) near room temperature [11,12].

Since “ferrimagnetic (FM)” spinel compounds are abundant [13], one can
contemplate forming a nano-CB structure with two types of nano-rods having distinct
magnetic properties, ideally with one of them having a FM transition above room
temperature. Such a magnetic nanostructure with large shape anisotropy is potentially
useful as a medium for perpendicular magnetic recording [14,15]. Keeping this in mind,
we have investigated many FM spinels with partial Mn concentrations, and found that

the nanostructures are common in mixed spinels with proper heat treatments. Herein, we
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report the realization of the magnetic nanostructure in Mg(Mn,Fe),04. We also discuss
the structural evolution of Mg(Mn,Fe),04 as well as the change of magnetic properties
with various chemical compositions and cooling rates (CR). MgFe,O4 is FM with Curie
temperature (T¢) of ~600 K, while MgMn,0, is PM down to low temperatures [16,17].
In addition, MgFe,Oy crystallizes in a cubic structure (Fd3m) with a = 8.52 A [18], but
MgMn, 0y is tetragonal (14,/amd; due to cooperative JT distortions) with a = 5.75 A and
¢ ~ 9.38 A [17]. This tetragonality in MgMn,O, reflects the presence of cooperative JT
distortions. Both of them are partially inverse spinels, meaning that some of the Fe and

Mn ions in Mg(Mn,Fe),0;4 are located in tetrahedral A sites [13,16-19].

2. Experimental Method

A dozen MgMn,Fe, 04 specimens were prepared by conventional solid state
reaction. Stoichiometric amounts of MgO, Mn,0O3, and Fe,O; powders were mixed and
sintered at 1050-1250 °C three times with intermediate grindings. The final cool-down
from 1250 °C to room temperature was performed with various CR, ranging from
quenching in cold water to 0.3 °C/h-cooling. Crystallographic structures were examined
using a Rigaku x-ray diffractometer (XRD) at room temperature. A SQUID
magnetometer was used for magnetization measurements and standard four-probe
resistivity (p) experiments were performed. Bright field images were taken using a JEOL
2000FX transmission electron microscope (TEM) at 200 kV, equipped with a 14-bit

charge-couple-device array detector.

3. Result and Discussion
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Fig. I1I.1(a) demonstrates that the CR drastically influences the magnetic
hysteresis loop at 5 K for x =1.5. The coercivity (H,) of the 50 °C/h-cooled specimen is
~4,700 Oe, which is about 25 times larger than that of the quenched one (4. = 187 Oe).
The plot of H. vs CR reveals that the 50 °C/h-cooled specimen exhibits the maximum H.,
(see the inset of Fig. Il.1(a)). Fig. IL.1(b) displays that the XRD patterns for
x = 1.5significantly change with varying CR, suggesting that the H, change is associated
with the structural modification. The XRD pattern for the quenched specimen shows a
pure cubic phase. However, the structure of the 50 °C/h-cooled specimen is purely
tetragonal, and this clean tetragonality indicates a cooperative JT distortion in the entire
specimen. The cubic nature of the quenched specimen may reflect that the quenching is
faster than the kinetics needed to support the cooperative JT distortion. Note that in the
quenched cubic specimen, there may be a significant amount of Mn ions in the A sites,
which are not JT-active. These non-JT-active Mn ions also contribute to the absence of
cooperative JT distortions in the quenched specimen [20-23]. In contrast, the 10°C/h-
cooled specimen shows the mixture of cubic and tetragonal phases, stemming from the
chemical phase separation with the clustering of the JT Mn ions in the octahedral B sites.
Still slower cooling, 0.3 °C/h, produces a more distinct phase separation between the
cubic and tetragonal phases.

In order to conveniently discuss the structural change forx =1.5, we introduce a
few notations. C" and 7" are for the cubic phase of the quenched specimen and the
tetragonal phase of the 50 °C/h-cooled one, respectively. Both of them are metastable,
and slower cooling than 50 °C/h induces the decomposition of 7" into a mixture of cubic

(O) and tetragonal (7) phases. Mn concentrations in C’" and 7" are identical. However, Mn
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FIG. II.1. (a), M vs H at 5 K for x =1.5 with selected CR’s. The inset displays magnetic
coercivity vs. CR. Q represents quenching in cold water. (b), XRD patterns at room
temperature for x = 1.5 with selected CR’s. C' represents the cubic phase of the quenched
specimen, and the cubic XRD peaks of (220) and (311) are denoted. 7" represents the
tetragonal phase of the 50 °C/h-cooled specimen, and the tetragonal XRD peaks of (103)
and (211) are denoted. C and T represent the cubic and tetragonal phases after phase
separation, respectively. (¢), XRD patterns of the quenched (solid line) and 0.3 °C/h-
cooled (dashed line) specimens of selected Mn concentrations.
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concentration in 7 (C) is presumably more (less) than that in 7. Consistently, the
tetragonality of T is larger than that of T', as evidenced in the XRD results. Using these
notations, the structural evolution can be simplified as C'—> T"'— C + T with decreasing
CR. From extensive XRD studies, we have confirmed that other compositions in the
miscibility gap region show a similar structural evolution by varying CR, and that C and
T are the miscibility boundary compounds with compositions MgMn,,Fe(sO4 and
MgMn, 04, respectively (see below).

A large H. can be achieved by hindering the nucleation and growth of
magnetization reversed domains through pinning of domain walls or increasing magnetic
anisotropy [24,25]. The magnetic anisotropy can originate from various sources such as
magnetocrystalline, shape, magnetoelastic, interface, and exchange anisotropies. [24-29].
Magnetocrystalline anisotropy (MA) is commonly utilized to suppress the magnetization
rotation. Presumably, C’, 7" and C are ferrimagnetic, and 7 is paramagnetic. It is expected
that the MA in the tetragonal 7" phase is large and in the cubic C and C’ phases, is
negligible. Thus, 7" has the largest H., and the shape anisotropy of the C domains is
presumed to be the main contribution to the coercivity of the C+7 specimens.

Fig. II.1(c) shows the XRD patterns of the quenched and 0.3 °C/h-cooled
specimens for various concentrations. The x =1.15 pattern does not change with varying
CR. However, forx =1.3, the 0.3 °C/h-cooled specimen (dashed line) displays a totally
different XRD pattern from that of the quenched one (solid line), indicating that x =1.2
is close to one of the miscibility gap boundaries. The quenched specimens of
1.7 < x <2are tetragonal (i.e. 7") while the quenched specimens of 1.2 < x < 1.7 are cubic

(i.e. C"). These results suggest that the kinetics for the cooperative JT transition for
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1.7 < x <2 (i.e. high Mn concentration) is faster than the quenching speed while that for
1.2<x<1.7 is slower than the quenching speed. The 0.3 °C/h-cooled x=1.7 does
exhibit the C-T phase separation, indicating that the other miscibility gap boundary is
closetox=2.

Based on the results of XRD, high temperature resistivity, and magnetization
experiments, the phase diagram for MgMn,Fe, ,O4 (see Fig. I1.2(a)) has been constructed.
The miscibility gap exists for 1.2 <x <2 [30]. The resistivity anomaly with thermal
hysteresis in the inset of Fig. 11.2(a) originates from the 1*-order JT phase transition. The
JT transition temperature upon warming (/\) and cooling (V') and the Curie temperature
(Tc) for the quenched (O) and 5 °C/h-cooled specimens (L]) are determined from sharp
features in d(Inp)/dT and dy/dT, respectively. For 1.2<x <2, the T.’s of the 5 °C/h-
cooled specimens are almost independent of x. This is in good agreement with the picture
that only the amount, not chemical composition, of the C phase changes with x in phase
separated specimens and that the 7¢ is the ferrimagnetic transition of the C phase after
phase separation. On the other hand, the T¢ of the quenched specimens decreases
monotonically with increasing x. Fig. I1.2(b) displays how T¢ (4) and H, () of x=1.5
changes with CR. The 7" (50 °C/h) specimen exhibits the maximum H, and the minimum
Tc. Cooling slower than 50 °C/h produces the mixture of C and 7, so that 7¢ of the
mixture, fixed by that of C, is higher than that of C" and 7". The slower cooling of CR <
50 °C/h generates a higher 7¢ due to the further phase separation with larger length scale.

The temperature dependence of M/H of x=1.5 for various CR’s is shown in the inset of

Fig. I1.2(b).
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FIG. I1.2. (a), Phase diagram of Mg(Mn, Fe),04. Colored area depicts the miscibility gap
region in the 5 °C/h-cooled specimens. Arrow denotes the tetragonal T phase of x=2. A
and V denote the JT transition temperature, Ty, upon warming and cooling, respectively,
determined from high-temperature resistivity measurements. [] and O denote
ferrimagnetic T¢ of the 5 °C/h-cooled and quenched specimens, respectively. PM and FM
stand for paramagnetic and ferrimagnetic, respectively. The inset displays logarithmic
resistivity vs. temperature upon warming (red) and cooling (blue) for x=1.5. (b), Tc ()
and coercivity (<) vs. logarithmic CR for x=1.5. Lines are drawn for guides to the
eyes. The mixture of C+T forms for very slow CR (the most left region). The shaded
areas at the left and right hand sides represent the regions for the T'and C' phases,
respectively. Between the shaded regions, mixed C+T' is observed. The inset displays
the temperature dependence of zero field-cooled M/H in H=2 KOe for x=1.5 with
selected CR’s.
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M(H) curves at selected temperatures for the 50 °C/h-cooled MgMn; sFe( 504 are shown
in Fig. I1.3(a), and H. and remnant magnetization (M,), obtained from M(H) curves, are
displayed in Fig. II. 3(b). Interestingly, H. increases abruptly below ~30 K. This up-turn
of H. below ~30 K is apparently related with the down-turn of M/H below ~30 K (Fig.
11.3(c)).

In analogy with the observation in the 5 °C/h-cooled ZMGO [10], our TEM
results show that the 10 °C/h-cooled x =1.5 specimen displays checkerboard (CB) and
herringbone (HB) patterns with a few nanometers in size as shown in Fig. I1.3(d) and (e).
As explained in Ref. 10, the CB and HB patterns are the cross sectional and side views
of the self-assembled nano-rods, respectively. The results in Ref 10 along with our
results of TEM, XRD and magnetic measurements on x =1.5 indicate that the self-
assembled nanostructure consists of two types of square nano-rods with distinct
magnetic properties: the cubic-phase (C) rods are ferrimagnetic, and the tetragonal-
phase (7) rods are paramagnetic. (Note that the 7' rods can be orthorhombically-distorted
as discussed in Ref 10.) The unique self-assembly is spontaneously formed during the
coherent spinodal decomposition into non-JT Fe’"-rich (cubic) and JT Mn’"-rich
(tetragonal) phases through accommodating elastic strain induced by the lattice misfit of
the two precipitated crystallographically-distinct phases [10,31-33]. Since the
miscibility gap occurs for 1.2 < x < 2, the chemical compositions of the C and 7 rods are
expected to be MgMn;Fep3Os and MgMn,04 (i.e. the miscibility gap boundaries),

respectively. The lever rule for x =1.5 indicates that the total volume of the C rods is
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FIG. IL.3. (a), M vs. H of the 10 °C/h-cooled MgMn, sFe;s04 at selected temperatures.
(b), He (%) and M; (¥) vs. temperature. (c), Magnetization vs. temperature of the 10
°C/h-cooled MgMn; sFe( 504 (<I) and 4 nano-meter size spherical Co particles embedded
in Al,O; matrix (4 from Ref. 29). Magnetization is normalized by the maximum value.
(d) and (e), TEM images of the 10 °C/h-cooled specimen, showing checkerboard and
herringbone patterns, respectively. The arrows represent the crystallographic axes of the
cubic spinel unit cell. (f), a schematic view of the circled region in (d). The blue and
yellow regions represent the C and T phases, respectively.
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larger than that of the 7 rods, which is consistent with the XRD results in Fig. I1.1(b)
and TEM images. A schematic view of the CB structure is depicted in Fig. I1.3(f).

One of the main challenges to developing ultra high density magnetic recording
media is associated with the so-called superparamagnetic limit, due to the
destabilization of magnetization direction by thermal fluctuations [34,35]. As shown in

Fig. 11.3(c), spherical 4 nm-size Co particles embedded in AlL,O; ( €) show little
magnetization above ~10 K [29]. In contrast, the 10 °C/h-cooled x =1.5 (<!) exhibits a

significant magnetization as well as magnetic coercivity in a wide temperature range,

probably because of the large shape anisotropy of the C rods.

4. Conclusion

In conclusion, we have investigated how the JT distortions can influence the
structural and magnetic properties, and induce a unique magnetically active nanostructure
in Mg(Mn,Fe),04 due to the clustering tendency of the JT-distorted Mn ions. There
exists a strong tendency toward phase separation because of the clustering of the JT-
distorted Mn ions, inducing a miscibility gap in this system. The kinetics for this phase
separation, involving nano-scale ionic diffusion, is much slower than that for the JT
distortions. With decreasing cooling rates of specimens in the miscibility gap region, the
structural evolves asC'— T'— C + T . The phase-separated C+T mixture, in fact, forms
an intriguing nano-structure with only the C domains ferrimagnetic.

Meanwhile, the above work confirms the generality of the solid state reaction to
fabricate nanostructures in Mn-based spinels no matter whether they are normal or

inverse spinels. Especially, the formation of magnetic nanorods embedded in the
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nonmagnetic counterparts significantly improves the magnetic properties such as
coercivity. This indicates that the nanocheckerboard assembly with ferrimagnetic nano-
rods, can be suitable for a ultra high-density perpendicular magnetic storage medium
[32,33,36]. Unfortunately, the nanocheckerboards are not organized as well as those
observed in ZMGO. The distribution of nanocheckerboards is not homogenous
throughout the entire grain. Most likely, it is ascribed to the difference in cationic size.
The ionic size of Mg*™ (0.86 A) is much bigger than those of Fe** (0.738 A) and Mn’”
(0.753 A). Their mobilities could be different. Since the formation of microstructure
involves the substitutional diffusion of the three species of cations, the difference of
mobilities will consequently cause inhomogeneity. Therefore, our next goal is to search
for a magnetic system with a better organized microstructure. It will be discussed in the

following chapter.
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1. Introduction

Recently, organized nanostructure in the non-magnetic normal spinel system
ZnMn,Ga;,O4 has been fabricated by a chemical phase separation [1]. This pioneering
work first demonstrated that solid state self-assembly mediated by cooperative distortions
of Jahn-Teller (JT) ions (Mn®") could produce an ordered nanostructure through spinodal
decomposition in which two distinct types of square rods, with different Mn
concentrations but comparable sizes, were interlaced to form a cross-sectional
checkerboard pattern. This emergent method provides an alternative route to fabricate
ordered nanostructures, which are usually achieved by the conventional bottom-up and
top-down techniques [2,3]. However, highly ordered and densely packed magnetic
nanocrystals with tunable sizes, which are indispensable for nanotechnology applications,
have not yet been demonstrated by using this unique method, despite a similar, but
poorly-ordered nanostructure was reported earlier in a magnetic inverse spinel system
Mg(Mn,Fe;.,)O4 [4]. CoFe,04 is an outstanding permanent magnet with high coercivity
and moderate magnetization, showing great potential in magnetic recording applications
[5]. In the past few years, tremendous work has been devoted to fabricate its
nanostructures with diverse geometries [6-9]. Yet, no highly ordered nanostructure has

been realized.

2. Experimental Method
Polycrystals Co,Fe; s..Mn;sO4 (x = 0.5, 0.6) were prepared by the conventional solid
state reaction. High purity oxides Co304, MnO, and Fe,O; were mixed and sintered at

900-1150 °C, followed by quenching into air (or ice water) and isothermally annealing
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with different periods of time. Details of the sample characterization were described

elsewhere [1.4].

3. Result and Discussion

In this study, we focused on a new magnetic spinel system Mn-doped CoFe,O4 (with
nominal composition CogcFepoMn;s0O4), which can be viewed roughly as a proper
mixture of CoFe,O4 and CoMn,0O4 compounds classified as inversed and normal spinels,
respectively [10]. At room temperature, CoFe,O4 adopts a cubic ferromagnetic phase (a =
8.3 A, T. ~800 K) [5,6] and CoMn,0, (with the presence of Mn®" JT ions) adopts a
tetragonal paramagnetic phase (a ~ 8.1 A, ¢ ~ 9.3 A, T. ~100 K) [11,12]. This particular
system was chosen based on the consideration that the ionic sizes of the three cations are
very close so that the substitutional diffusion can occur easily and naturally. Moreover,
due to the high Curie temperature of CoFe,O4, the JT distortion after doping with Mn is
expected to occur at high temperatures. Additionally, we performed isothermal annealing
instead of slow cooling during the heat treatment to reduce the compositional fluctuation
after phase separation. This heat treatment significantly improves the homogeneity of
elastic field originating from the Ilattice mismatch between different chemical
compositions.

Unprecedented ordered arrays of rectangular magnetic nanorods with tunable cross
sections are achieved in the present study. Evolution of the structure, morphology and the
corresponding changes of magnetic properties with isothermal annealing time were

studied in details. It was observed that, in the early stage of annealing, Cog¢FepoMn; sO4



44

— : 440 080
(a) ; | - ,
CogsFeg oMn; 5Oy

20 nm

FIG. III.1. Bright field TEM images of Coge¢FeooMn; sO4 annealed at 375 °C for 324
hours. (a) Coexisting nanoscale checkerboard (CB) and herringbone (HB) domains, (b)
and (c¢) Expanded views of checkerboards (the upper circled region) and herringbones
(the bottom circled region). The insets are the corresponding diffraction patterns.
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undergoes an allotropic transformation from the cubic structure of the quenched
specimen to a metastable tetragonal phase driven by the cooperative JT distortions. It is
noteworthy that all of the isothermal annealing experiments are performed below the JT
transition temperature between the previously mentioned cubic and tetragonal phases.
With further annealing, the intermediate tetragonal phase, accompanied by inter diffusion
of Fe and Mn ions, spinodally decomposes into a mixture of two equilibrium phases with
distinguished crystallographic and magnetic properties: CogcFe; sMngsO4 (cubic, 7, ~560
K) and Cog¢Fep2Mn; 04 (tetragonal, 7. ~70 K) (see below for further discussions on the
chemical compositions). These two phases serve as the two types of fundamental
building blocks for the checkerboard formation. With the emergence of the nanostructure,
the magnetic coercivity is enhanced by a factor of ~10 at 5 K. The size of checkerboards
is tunable with composition, and particularly with isothermal annealing time in the range
of ~13.8x7.9 nm’ and ~17.3x14.0 nm’. At room temperature, the alternately stacked
ferrimagnetic and paramagnetic domains exhibit a nearly ideal configuration for
patterned perpendicular recording medium [13-15]. Engineering of the periodic domain
patterns of magnetic nanocrystals with high anisotropy is believed to be one of the
promising routes to achieve storage density well beyond the limit of superparamagnetic
effect [16.17]. Compared with our previous work on the Mg(Mn,Fe;_,)O4 system [4], the
magnetic nanocheckerboards achieved here are tunable in size, much better organized
with a high degree of uniformity throughout the entire grain, and exhibit more than 10
times higher coercivity at room temperature. All of the above advantages are definitely
important in order to exploit the nanostructure of checkerboards for device applications.

Therefore, these nanocheckerboards offer a superior prototype for the ultra high density
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magnetic recording media [18].

Annealing time was found to have the most critical effect on the microstructure of
the Mn-doped CoFe,O4. We will first discuss the highly ordered overall nanostructure in
the form of long rectangular nanorods observed in the Cog ¢Fep9Mn; sO4 sample annealed
at 375 °C for 324 hours (h) as shown in Fig. III. 1(a). Nanorods are periodically stacked
in a particular way such that the side view is herringbone (HB)-like with length ~300 nm,
and the cross-sectional view is checkerboard (CB)-like with the average size ~15x10 nm-.
Expanded views of the HB and CB (circled regions) are exhibited in Fig. III. 1(b) and (c),
respectively, with their corresponding diffraction patterns. The diffraction pattern of the
HB clearly shows densely packed superlattice spots on a streaking diffuse background.
The periodicity of the superlattice spots is ~18 nm, close to the distance between
dark/bright fringes of HBs (Fig. III. 1(b)) and the diagonal length of the CBs (Fig. III.
1(c)). Four types of spots in the diffraction pattern of the CB (the inset of Fig. III. 1(c))
can be identified, revealing that the CB is a patchwork of four different types of domains.

Detailed microstructural information of the CB is nicely revealed through the
analyses of high resolution TEM image (Fig. III. 2(a)) and the corresponding electron
diffraction, Fig. III. 2(c). The CB pattern is found to be an intricate patchwork of four
different types of domains denoted as «, S, , and o. It is noted that « and y domains are
tetragonal (more accurately, orthorhombic) whereas £ and ¢ are cubic. The horizontal and
vertical domain boundaries in Fig. IIl. 2(a) adopt a slightly zigzag variation with a
rotation angle ~7°, consistent with the observation in Fig. II.1(b). The zigzag arrangement
of CB is a way to accommodate large shears with minimal macroscopic shear strain by

lattice invariant deformation, similar with the observation in Ti-48.2Ni-1.5Fe alloy [19].
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FIG. III.2. (a) High-resolution TEM image of the checkerboard in the 324 h-annealed
specimen at 375 °C, which consists of two cubic domains @ and » with different rotations
and two tetragonal domains & and J with different orientations. (b) Dark field image
taken by using » spot around (008) position; (c) The diffraction pattern of checkerboard
domains, the dashed lines with arrows indicate the rotations of the two cubic domains.
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Lattice constants are estimated from the positions of the diffraction peaks. The dark field
image, (Fig. III. 2(b)) using y peak around (080) position, distinctly shows the highly
ordered and alternating CBs of the tetragonal phase. The formation of complex
microstructure is often concomitant with a chemical phase separation of the system
during growth. Indeed, using energy dispersive X-ray spectrometry (EDS) with a fine
electron probe ~0.2 nm, we have determined the chemical compositions to be
approximately CogeFe; sMngsO4 (Fe-rich) and Cog¢FepoMn, 04 (Mn-rich) for the cubic
and tetragonal domains, respectively. The cobalt concentration is unchanged and uniform
throughout the sample.

Having established the ordered CB structure of the nanorods, we now turn to the
evolution of the microstructure with varying annealing time. Fig. III. 3(a) shows the X-
ray diffraction (XRD) patterns of Copg¢FeooMn;sO4 annealed at 375 °C. The crystal
structure evolved remarkably with prolonged annealing time. Here, we introduce four
notations C', 7, C and T to facilitate the description of the structural change with
annealing time. C' is a metastable cubic phase of the quenched sample, which is a high
temperature phase with random distribution of the three cations on tetrahedral (A) and
octahedral (B) sites in the crystal structure. 7" is an intermediate metastable tetragonal
phase for the 3.6 h-annealed sample, presumably with the same composition as C’ but
more Mn®" ions now occupying the B sites randomly. It should be noted that Mn>" ions
become JT active once situated in B sites. C denotes the Fe-rich cubic phase and 7 the
Mn-rich tetragonal phase after the phase separation under thermal equilibrium condition.
The quenched sample undergoes a displacive, martensitic transformation during the first

10 minutes of annealing. We note from XRD patterns that the (311) peak has
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FIG. III.3. (a) XRD patterns of CogscFepoMn;sOs4 annealed at 375 °C with selected
annealing time, C'is the cubic phase of the quenched specimen, 7" is the tetragonal phase
of the 3.6 h-annealed specimen, and the cubic and tetragonal peaks are denoted. C and T
are the final equilibrium cubic and tetragonal phases after phase separation. The dashed
lines indicate the positions of (311) and (211) peaks; (b) Schematic process of crystal
structure evolution with prolonging annealing time; (c)-(f) The corresponding
microstructure development with annealing time. All images have the same scale.
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significantly broaden whereas the (222) peak still remains sharp. This suggests that the
displacive distortions are confined in the (111) planes during the martensitic
transformation. With further annealing, an allotropic transformation (AT) takes place
which involves Mn’" ions diffusing from A sites to B sites and then becoming JT active.
Therefore, the quenched C’ phase is completely converted to the 7" phase due to the
cooperative JT distortion. The 7" phase is highly unstable and immediately subjects to
spinodal decomposition (SD) into a new Fe-rich cubic phase C and a new Mn-rich
tetragonal phase 7, demonstrated by the two sets of peaks in the 156 h-annealed specimen.
The broadening of cubic (311) and tetragonal (211) peaks is consistent with the
appearance of nanostructure. Due to the spinodal instability, extending the annealing time
up to 717 h causes small further splitting of the above two peaks, indicating coarsening of
the nanostructure associated with larger scale phase separation. No significant changes
were observed beyond 156 h, suggesting that stable equilibrium has been largely reached.
Thus, the whole structural evolution process starts from a supersaturated cubic phase C’,
then allotropically transforms to a metastable tetragonal state 77, and eventually
precipitated into two equilibrium phases through spinodal decomposition: C and 7. Fig.

III. 3(b) is a schematic structural transformation pathway with annealing time:

C'—AL 572 sC+T.

It might be worthy to address 7" phase a little bit. In the point view from diffusion, the
metastable 7’ phase could play an important role in the formation of CB pattern in the
subsequent of spinodal decomposition. The diffusion coefficient D is a scalar for a cubic

structure, in which ion diffusion responds to chemical gradient identically in all
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D
directions: [D;]= D = D. Whereas in the lower symmetry system such as a
D

tetragonal structure, the ion diffusion anisotropically respond the chemical gradient with

D 11
exhibiting two independent diffusivity elements: [D, ] = D,, .The highly
D 33

anisotropy of diffusion should contribute to the formation of the heterogeneous
microstructure [20,21]. So, the preferential diffusion occurs along the elastically soft
directions, which coincides with the boundaries of CBs.

Fig. III. 3(c-f) show bright-field TEM images indicating the corresponding
pronounced changes of microstructure with annealing time: from the initial tweed
structure to the intermediate twin followed by nanocheckerboards. This is in good
agreement with the structural evolution discussed above. The most impressive feature of
the morphology evolution is that the size of CBs is tunable with annealing time. For the
10 min-annealed sample, the tweed microstructure (Fig. III. 3(c)) along the elastically
soft direction [110] or [ 110 ] occurs immediately as a result of the diffusionless
martensitic transformation due to the rapid small cooperative displacements. Following
the disappearance of the tweed structure, the presence of twinned domains (7" phase) was
observed in the 3.6 h-annealed specimen (Fig. III. 3(d)). Prolonged annealing over 90 h
led to the formation of highly ordered CB domains from the twinned structure of the 7"
phase. Subsequently, the CBs undergo continuous adjustment with annealing time: the
average size of CBs varies from ~13.8x7.9 nm” in the 90 h-specimen up to ~17.3x14.0

nm” in the 717 h-specimen (Fig. II1.3(f)). Generally speaking, the wavelength of spinodal
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decomposition is strongly temperature and annealing time dependent. Here we only
observed a small fluctuation of compositions in the C and 7 phases in various samples
under longer annealing. The compositions of the checkerboard domains are
approximately CogcFe; sMngsOs and CogFepoMn, 04 for C and 7, respectively. This
unambiguously indicates that the coarsening occurs without long range diffusion of ions,
consistent with the subtle shift of (311) and (211) peaks (in Fig. IIl. 3(a)) and the
invariant Curie temperature (7;) of 7 phase (in Fig. III. 4a) with annealing time.

The slow coarsening of CBs is a capillarity-driven process, usually originating from
the excess free energy of surfaces or interfaces [22]. The phase boundaries between C
and 7 build up high energy barriers preventing the Mn ions in the 7 phase from diffusing
back to the C phase, and the Fe ions in the C phase back to the T phase. We proposed that
the only possible channel for coarsening is through the contacted corners of the CBs
having the same phase such as C-C or 7-T. The diffusion channel is so narrow that the
coarsening rapidly slows down with decreasing the number of edges. As shown in Fig.
III.1(b) and Fig. II1.3(f), the average size of CBs in 324 h-annealed specimen does not
look much different from that of the 717 h-annealed specimen, although the annealing
time is more than twice longer. The final adopted size of CBs is assumed to be mainly
determined from the balance between the elastic strain energy from the lattice mismatch
and interfacial free energy of C and 7' [22-25].

Meanwhile, we notice that the rotation of £ and ¢ increases from ~6° in the 90 h-
annealed specimen to ~8° in the 717 h-annealed specimen so as to minimize macroscopic
shear strains in a local region. Moreover, as shown in the 717 h-annealed specimen (Fig.

III. 3f), fine striations on the 7 phase of CBs appear and align along the diagonal
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direction of CBs, signifying further relief of lattice or shear strains. Since longer
annealing always gives rise to larger concentration difference in the final phases before
reaching a thermodynamic equilibrium, the lattice mismatch between different phases
will lead phase boundaries evolving from coherent to semi-coherent and eventually to
incoherent. Coherent boundaries are characterized with contiguous lattice planes
associated with strongly localized strains, semi-coherent boundaries have periodic
dislocations to reduce strains, and incoherent boundaries have neither contiguous planes
nor boundary dislocations but possible long-range strain fields. The microstructures of
precipitates take diverse morphologies with the variation of elastic strain. Thus, the
increased rotation and appearance of fine striations are the natural consequences to
reduce the strongly localized static strains both at the phase boundaries and within the CB
domains [22].

The normalized M/H vs temperature curves (Fig. III. 4(a)) show that 7. of the
quenched specimen (C’ phase) and the 3.6 h-annealed one (7" phase) are above room
temperature. A transition at ~70 K signifying 7. of the T phase, T.(7), is observed for
specimens with the formation of CB (C+T phases). We note that 7, of the C phase, 7.(C),
as determined by high temperature M/H measurement, is located at a much higher
temperature ~560 K. 7.(7) remains nearly unchanged for all of the specimens with C+T
phases. This further confirms that the compositional fluctuation is small, as suggested by
XRD (Fig. I1I. 3(a)) and EDS measurements.

Fig. III. 4(b) shows the coercivity H. and remanent magnetization M, vs. annealing

time in logarithmic scale at 5 K. H, increases steadily from ~710 Oe for the quenched
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FIG. II.4. Magnetic properties of CogsFepoMn; sO4 annealed at 375 °C with selected
annealing time. (a) Normalized M/H vs temperature with 200 Oe field cooling ; (b) H. (®)
and M, (O) vs annealing time in the logarithmic scale at 5 K, the shadow and patterned
regions indicate the structure evolution with annealing time; (¢c) M(H) at 5 K; (d) H. (m)
and M, (O) vs temperature for the 156 h-annealed specimen.
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sample to ~8400 Oe for the 156 h-annealed specimen, and remains largely unchanged

~8000 Oe with even longer annealing. Correspondingly, M, decreases from ~2.4 .,/ fu
to ~1.1 g/ fu then to ~0.96 ;/ fu (Note: we took account of the magnetic contribution

from the entire sample). Fig. III. 4(c) displays M(H) curves of specimens with C’, 7" and
C+T phases, which clearly shows that the strong enhancement of coercivity due to the
formation of nanorods. Once the nanorods are formed, their magnetic properties are quite
stable with annealing time as evidenced by small variations of H, and M,. Fig. III. 4(d) is
H. and M, vs. temperature for the 156 h-annealed sample with the average size of the CB
~14x9 nm’. Since T.(T) is ~70 K, the contribution of the measured magnetic properties
above 70 K are mainly from the C phase. We did not see any abrupt changes of H. and
M, around 70 K, indicating the very weak magnetic properties of the 7 phase even at the
low temperatures. If we only consider the contribution from the C phase, H. and M, at

300 K could be ~2100 Oe and ~1.5 uy/ fu, respectively. Compared with that of 10°C/h-
cooled MgMn; sFe) 504 (M, ~0.27 up/ fu, H. ~150 Oe, at 300 K) [4], the 156 h-annealed

CoosFepoMn; 504 shows a much larger coercivity and magnetization in the whole
temperature range (we assumed that the amount of C phase is approximately half in both
samples).

Practical applications of the magnetic nanostrucuture require the nanorods to be
magnetically isolated without significant couplings among them [8,28]. With the lack of
magnetic imaging techniques capable of resolving each individual magnetic nanorod, we
can only speculate the extent of their magnetic coupling. We note that both C and T
nanorods are insulators and the magnetic nanorods (C) are surrounded by nonmagnetic

counterparts (7) at room temperature, therefore the dominant magnetic interaction is
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probably dipole-type. Thus, the magnetic coupling among the magnetic nanorods ought

to be weak and these nanorods may be readily controlled at room temperature.

4. The Mechanism in the Formation of Nanocheckerboards

The CB microstructure has been observed in several metallic systems such as Co-Pt. A
2D phase field microelasticity (PFM) was employed to explain the mechanism of the CB
formation. But, the reduction from 3D to 2D leaves an open question: how the
microstructure evolves with the isothermal annealing time [25]. Recently, the 3D PFM
model gives quite clear time-dependent pictures and reasonably describes the natural
underlying mechanism [26].

According to the free energy diagram of the cubic and tetragonal phases at a fixed
temperature (Fig. I11.5), the composition Cop¢FegoMn; sO4 we study above is located in
the region B, more precisely, close to the critical decomposition ¢,(T). ¢,(T) is on the
thermodyamic boundary where cubic and tetragonal phase have equal free energies at
the same composition. In the region B, the free energy of tetragonal phase is lower than
that of the parent cubic phase. The free energy can be reduced by the quick diffusionless
transformation without changing composition. Therefore, the cubic-tetragonal (C'— T")
first order transformation happens prior to the spinodal decomposition.

In the 3D stochastic PFM model, the contribution from the chemical, elastic and
interfacial energies to the transformation driving force has been automatically included.

The 3D stochastic PFM equations are given by the time-dependent density functions

c(l’,t) andn, (r,t) :



57

\ tetragonal
cubie A . .

1=const

free energy

—-—

o o Cs  composition

=y
R oo R L L

FIG. IIL.5. A schematic free energy vs. composition diagram for the spinodal
decomposition with coherent cubic and tetragonal phases [26].
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ot =-L 57717 (r,t) + é/p (r:t) H (2)

where c(r,t) is the function of composition at the point r and time ¢, 77, (r,t) is

the long-range order parameters characterizing a density of structural domains of the p-th
type (p represents the three different orientations of the tetragonal domains), F is the free

energy, OF/dc(r,t) and SF / on,(r,t) are the transformation driving forces, M and L are

the kinetic coefficients characterizing the diffusional mobility, £“(r,#) and £ (r,t) are

the Gaussian-distributed Langevin noise terms describing the thermal fluctuations which
induce the nucleation of tetragonal phases from the parent cubic compound.
The non-equilibrium free energy F' is composed by Landau “chemical” energy

and the elastic strain energy:

&’k

e ©

F=[ | e+ .(ef + 20, (V) | [ B@,E 08 K

where f,(c,{n,}) is the chemical free energy density, . and S, are the constants
determining the equilibrium properties of the system, &;(K)is the Fourier transform of
Bain straing;(r), K is the wave vector, the symbol " denotes the complex conjugate.
B(e),;, 1s an algebraic function depending on the materials properties and related to the

Green function of the elasticity problem, e=k/k.
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The evolution of microstructure at B region ¢ > ¢, (7)) with different time scale is

simulated as shown in Fig. II1.6. The simulation patterns are quite reasonable consistent
with the TEM observations. Presumably, decomposition in this case is actually a pseudo-
spinodal decomposition which takes place among phases with different symmetries and is
accompanied with nucleation. In sharp contrast, homogenous parent compound during a
standard decomposition directly separates into phase mixture. The compositions of
nucleated phases are close to that of parent compounds. The difference is asymptotically
vanish when the compositions of parent compounds shift to the critical point c,(7).
Hence, nucleation possibly occurs without large compositional fluctuation. The
nucleation rate is comparable with the cubic-tetragonal displacive transformation. This
particular nucleation causes both structural and compositional heterogeneous. The
nucleation is of important to induce a tweed structure, formed by tetragonal nano
domains embedded in the parent cubic matrix. The tetragonal nano domains with
different orientations are spatially coherent so that the tweed structure serves as a
template for developing nano CBs in the later stage. The prerequisite condition of
nucleation is that the initial composition of parent compound is contiguous to the
boundary c,(7). Ideally, a composition close to ¢,(7), but located in the region A , gives
much more organized checkerboard pattern according to the 3D computation, because
tetragonal phase already exists there. Due to the competition of the diffusionless cubic-
tetragonal transformation and the nucleation of the tetragonal phase involving a short-
range diffusion, the frustrated tweed structure is not perfect to form a highly ordered
pattern. With the isothermal annealing time, the opposite rotation of rods becomes more

obvious. The angle ¢ is proportional to the lattice mismatch between the two phases:
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FIG. III1.6. The 3D modeling of the microstructure evolution at ¢ > ¢, (7') with different

time scale. The black color is the cubic phases. Other colors are the tetragonal domains
with three different orientations. The diffraction patterns in the insets are generated along
[010] axis of the tetragonal phases. (d)-(h) only show the green tetragonal domains by the
Fourier filtering to remove small perturbations from the back Fourier transformation
describing the image contrast [26].
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¢, —a ) .
¢ o« ———L  where cr and ar are the lattice parameters of the tetragonal phase, ac is that
dc

of the cubic phase. This is is a good agreement with the observation in Fig. III.5(e) and
(f). The coherent strain might deform the cubic phase to tetragonal phase while the
tetragonal phase to orthorhombic phase. This predition is quite consistent with the
observation in the ZGMO thin film [27].

The essential of the model is that the formation of tweed structure is the precondition
of the formation of CBs, which serves as a template. It also predicts the evolution of the
microstructure with time. Furthermore, it concludes that the lattice parameters along
[100] and [010] of tetragonal phase have to be identical to that of cubic phase. Or else,
dislocation is going to be generated among the phase boundaries, which will affect the
ordering of checkerboards. In some sense, the above simulation based on the 3D model is
roughly agreement with our TEM observations.

We notice that the formation of 7" phase is totally ignored in the above 3D simulation,
which is found critical in the formation of CBs in the ZMGO thin film. Fig. I11.7(a) is the
dark field image of the as-grown ZMGO thin film. It presents as the tetragonal 7" phase
since the growth temperature is below the JT transition (C'— T"') temperature. 90°
domains appear. The twins lie vertically in the white regions while horizontally in the
dark regions. Fig. III.7(b) 1s the schematic diffraction pattern of CBs. A and C peaks
could be used to present the 0 and S phases in Fig. II1.2(c). Both are tetragonal phases
but with different orientations. By using the “A” peak around (080) position, we see the f
phases are actually not continuous stripes but show a tendency of phase separation (Fig.

II1.7(c)). By using the “C” peak, an image with an inverted contrast appears (Fig. I11.7(d)).
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FIG. II1.7. (a) The dark field images of the as-grown ZMGO thin film. (b) The schematic
view of the diffraction pattern of CBs. The A and C peaks come from the tetragonal 7"
phase with different orientations. (c) and (d) are the magnified dark field images of the
region marked with dashed line in (a) by using A and C peaks, respectively [from Y.
Horibe].
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The 0 domains are also discontinuous. If we overlap their corresponding high magnified
TEM images of the f (Fig. I11.8(a)) and ¢ (Fig. II1.8(b)) phases, we see that the white
regions (the tetragonal phases) are surrounded by dark regions (supposed to be the cubic
phases) in Fig. II1.8(c). By post annealing on the as-grown film, the blur phase
boundaries become sharp and eventually shape into nice CBs as shown in Fig. [.8(c) [28].

The TEM images of the as-grown ZGMO film with 7" phase give a quite clear scenario
how the twins in the 7" phase evolve into CBs through spinodal decomposition. It is the
twins in the 7" phase, not tweed, serving as a template for the CBs in the subsequent
progress of spinodal decomposition. The mechanism of forming CBs in Mn-based spinels
is obviously different from the so-called CB patterns observed so far in alloys such as
Co-Pt [25]. Undergoing a cubic to tetragonal transformation triggered by JT distortion is
crucial in the formation of CBs. The phase field microelasticity (PFM) model which has
successfully explained the phase separation in the alloys might have to be further
modified in order to clarify our CBs. Some factors such as the external strain effect from
the grain boundaries (which we will see in the following chapter) and JT distortion

should be seriously counted.

5. Conclusion

In summary, unprecedented ordered arrays of 3D magnetic nanocheckerboards, with
composition close to CoFe,04, were achieved in Cog¢Feo9Mn; sO4 after phase separation,
and the size can be readily tuned with the isothermal annealing time. Patterned media is
known as the most promising approach to push the magnetic storage density far beyond

the superparamagnetic limit. E-beam lithography usually is one of the ways to scale
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FIG. 1II.8 (a) and (b) are the high magnified TEM images of Fig. IIl.7(c) and Fig.
II1.7(d), respectively. The red arrows indicate that the contrast of the white region in (a) is

inversed to the dark region in (b). (c) is the overlap of (a) and (b), showing a tendency of
forming CBs [from Y. Horibe].
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nanostructured magnetic patterns down to ~100 nm. However, it is not economically
feasible and difficult to achieve high uniformity by direct deposition method [3]. Here we
convincingly demonstrate a spinodal decomposition mediated by the cooperative J-T
distortion as an alternative route to fabricate highly self-assembled and uniform
nanostructures, with distinguished magnetic properties, down to a few nanometers in the
Mn-doped CoFe,Oy4 spinel.

Since CB in ZMGO has been successfully fabricated on film [27], with properly
selecting substrates and growth conditions, we believe that our remarkable pattern with
well-aligned crystallographic orientation and quasi-long-range order can, in principle, be
realized on films. The tunable size of the checkerboards with annealing time, and
adjustable length of herringbones with the thickness of films, provide additional degrees
of freedom to design the properties and functions of the magnetic nanostructures for
ultrahigh magnetic storage density up to 1~10 Tb/in.

We also briefly discuss the mechanism of the formation of CBs. As we clearly see
from the TEM image of the as-grown ZGMO thin film that the CBs form during the
spinodal decomposition of the twins in the 7" phase, not through the coarsening of tweed.
Thus, we propose that the twins instead of tweed in the metastable 7" phase serve as a

template for the CBs.
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Chapter IV

Composition and Strain Effect on the Microstructure of

the Mn-based Spinel
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1. Introduction

In the previous chapter, we demonstrated that the spinodal decomposition as an
alternative route to fabricate highly self-assembled 3D nanorods with distinguished
magnetic properties down to a few nanometers. The size of CB is tunable in a fixed
composition with the isothermal annealing time. In the following chapter, we will report
that the size of CB is also changeable with composition. For example, CBs with the size
~13%x9 nm? are observed in CoysFeMn,; sO,. This will give an additional freedom to
design the magnetic properties of CBs. At the same time, we will discuss the effect of
external strain on the formation of CBs. For instance, the microstructures of the annealed
polycrystal and single crystal with the same composition CogsFeMn;sOs are
distinguishable. Although both separated into cubic and tetragonal phases during the
spinodal decomposition, highly ordered CBs are observed in the former, twin-like
structure in the latter. We conclude that, except the internal strain from the lattice
mismatch between the cubic and tetragonal phases, the formation of nanostructure is
intimately related with the external strain from the grain boundaries. This finding actually

provided an important clue for fabricating CBs in the ZMGO thin film [1].

2. Experimental Method

Polycrystalline samples: CopsFeMn;sO4, CogsFe;sMng704, CogsFep2Mny 304,
CoFeossMnj 4504 and Cops4FeMn; 04 were prepared by the solid state reaction.
CopsFe; sMng 704 (cubic phase) and CogsFep.Mn; 304 (tetragonal phase) are the final

equilibrium phases of CogsFeMn, 5O, after spinodal decomposition. The single crystals
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are grown in air by floating zone method. All the isothermal annealing is done below the

Jahn-Teller transition (C'— T' transformation) temperature.

3. Result and Discussion

As the aforementioned Cogg¢FepoMn;sO4, highly ordered nanorods are evenly
distributed throughout the entire grain in the polycrystal CogsFeMn,; sO4 (Fig. 1V.1(a),),
sintered at 1150 °C followed by annealing at 380 °C for 148 hours. The length of
herringbones (HB) is over 200 nm, and the average size of checkerboards (CB) is ~13x9
nm’. The magnified images of HBs and CBs are shown in Fig. IV.1(b) and (c),
respectively. The insets are their corresponding diffraction patterns, confirming that the
nanostructures achieved here are analogue to the previously observed patterns. The CBs
consist of four different domains: two cubic domains (with different rotations, Fe-rich)
and two tetragonal domains (with different orientations, Mn-rich). The chemical
compositions of cubic and tetragonal domains are identified by X-ray spectrometry
(EDS) to be approximately CogsFe; sMng ;704 and CogsFeo2Mn; 304, respectively.

The dashed lines represent the habit planes (110), which are free from crystal lattice
mismatch and thus do not generate elastic strain during the cubic-tetragonal (C'— T")
transformation. As we clearly see that the CBs are arranged along the softest elastic
direction. The arrows show the zigzag arrangement of the adjacent nanorods, which are
along the c axis of the tetragonal T phase.

According to the compositional identification on the C and T phases by EDS, we
made CogsFe; sMng 704 and CogsFeyp,Mn; 304 by the identical heat treatment we did on

CopsFeMn; s04. The XRD of the annealed CogsFeMn; sO4,( Fig. IV.2(a)) displays two



71

(a) CoysFeMn, ;FeO,

4 | o W
T' T el
i
-

" W g . L

b

FIG. IV.1. (a) Bright field TEM images of the annealed polycrystal CogsFeMn; sO4.
Coexisting nanoscale CB and HB domains, the dashed lines indicate the habit plane
formed in the cubic to tetragonal transformation, arrows indicate the [001] direction of
cubic phase; (b) and (¢) Expanded views of HBs (the bottom circled region) and CBs (the
upper circled region). The insets are the corresponding diffraction patterns.
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sets of peaks. One is due to the cubic C phase, another tetragonal 7" phase. Compared
with the sharp peaks in the single C and T phase, the broadening of the peaks in the
annealed CogsFeMn; 504 indicates the emergence of nanostructure in the sample.

All of the samples are annealed at a temperature between the two cubic-tetragonal
(C'—> T") transition temperatures 660 K and 630 K, which refer to the transition
temperatures in the overheated and supercooled processes, respectively, as shown in the
measurement of resistivity vs. temperature (Fig. IV.2(b)). The two transitions bound the
temperature hysteresis range. The annealing temperature 648K (380 °C) is the
equilibrium of the first-order transformation temperature, falling in between the two
temperatures. Annealing above the JT transition temperature is not able to induce the

spinodal decomposition. The characteristic length scale of spinodal decomposition is

2 o\ 2
determined by 4 o [— f J , where f is the free energy and c is the chemical

o%c

o

concentration. 2 is strongly temperature dependence, which gets more negative with
c

deceasing temperature. Herein, finer scale microstructures might be obtained by
annealing samples at lower temperature. However, annealing at low temperature will not
provide enough energy for the ion diffusion because the free energy barrier will increase
associated with the appearance of infinitesimal heterogeneous structures [2].

Fig. IV.2(c) shows the magnetization vs. magnetic field at 300 K for the annealed
CopsFeMn; 504 (in red line) and its separated phases (C phase is in black, 7 phase in
blue). Although all of the three samples are prepared by the identical condition, the
magnetic behavior is completely different. The most impressive feature is that the

coercivity of the annealed CosFeMn; 5O, is much higher than those of its equilibrium



73

3
(a)
Coy sFe, ;Mn, 3O, (b)
5 | —_
] ¢ B
Q Coy sFeMn, O, \ Q_E,
=]
E
= 4 \
Cog sFeg ;Mn, ,O,
Coy sFeMn, O,
L L L L 2 L L
28 30 32 34 36 38 40 550 600 650 700
28
3 r(c) 7
2 I ] _~—
| &
ol ] 2
-
20¢ ' S
S L |
2l 4
-3 F ] 0.6 Coqy sFeMn, SO,
-1 -0.5 0 0.5 1 0 100 200 300
H(Oe) T(K)

FIG. IV.2 (a) XRD patterns of CogsFeMn; 504, CogsFe;7MngsO4 (cubic) and
CoosFeo3Mn; 204 (tetragonal). All of them have identical heat treatment. The latter two
compositions are the speinodal separated phases of CogsFeMn;sO4. The dashed line
indicates the peak shift of C and T phases. (b) The measurement of Inp vs. temperature.
The arrows indicate the warming and cooling processes. (c¢) M(H) for the three samples at
room temperature. (d) Normalized M/H vs. temperature of the annealed CogsFeMn; sO4
with 200 Oe field cooling.
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compositions. It gives direct evidence that the appearance of nanostructure could
significantly improve the magnetic properties.

Fig. IV.2(d) is the susceptibility vs. temperature for the annealed CogsFeMn; sOs4.
The transition at ~65 K is supposed to be the 7¢ of the 7 phase. While another transition
due to the C phase is above 600 K. Hence, the magnetic C domains are embedded in the
nonmagnetic 7 domains at the room temperature, which architecture is exactly we are
searching for.

In the spinodal decomposition, the microstructure evolution is related with the grain
boundary energies y of separated phases. We studied on the CopsFeMn; sO4 polycrystal
sintered at 1200 °C followed by annealed at 385 °C for 357 h. The average grain size is
supposed to be slightly larger than that of the sample sintered 1150 °C with showing nice
CBs (Fig. IV.1(a)). Analogous study is also carried on single crystal with the same
composition. From the XRD (Fig. IV.3(a)), phase separation takes place in all the three
samples as illustrated by two sets of peaks. However, the microstructure in the sample
sintered at 1200 °C (Fig. IV.3(b)) is largely different from the observation in the sample
sintered at 1150 °C. Instead of CBs, crossed domains are observed, which look like
alternately stacked lamina. The crossed diffusive spots in the diffraction pattern (Fig.
IV.3(c)) is also different from the split four spots pattern of the CBs in the sample
sintered at 1150 °C (the inset of Fig. IV.1(c)).

In the single crystal annealed at 385 °C for 398 h, crossed domains have been
observed (Fig. IV.4(a)). Fig. IV.4(b) is the expanded view of the domains. The
corresponding diffraction pattern shows the similarity with that of the sample sintered at

1200 °C (Fig. IV.3(c)). It confirms that the domains formed in the polycrystal sintered
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FIG. IV.3 (a) XRD of the annealed CogsFeMn,sO4 polycrystal sintered at different
temperatures and annealed single crystal. (b) and (c¢) Bright field TEM image and
diffraction patter of the polycrystal sintered at 1200 °C.
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FIG. IV.4 (a) Bright field image of the annealed CosFeMn,;sO4 single crystal. (b)
Expanded view the circle region in (a). (¢) The diffraction pattern.
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at 1200 °C are basically the same with that in the single crystal. From their TEM images,
the scale of phase separations is large, which is consistent with their sharp peaks in their
XRD.

From the above comparison of microstructures formed in the ploycrystal and single
crystal with the same composition, it unambiguously shows that grain boundary effect is
critical in the formation of CBs. Generally during spinodal decomposition, the
microstructure evolution in polycrystals and single crystals are different depending on the
grain boundary energy of separated phases. In the polycrystals with fine grains, the phase
separation assisted with grain boundaries is fast. The initial composition fluctuation is
large due to the high concentration of defects and dislocations at the grain boundaries.
The composition wave propagates throughout the entire grain. In the case of larger grain,
grain boundary-assisted phase separation occurs in the regions close to the grain
boundaries, in contrast, normal spinodal decomposition happens in the grain interior. In a
single crystal without grain boundaries, only normal spinodal decomposition takes place.
The initial fluctuation in composition is small [3]. The progress of diffusion is much
slower compared with that in the polycrystals and takes much longer time to reach
equilibrium state. The above qualitative analysis is good agreement with the observation
in the XRD and TEM. The annealing time of the single crystal is 398 h (Fig. [IV3(a)). In
order to induce well phase separation, much longer annealing time is obviously needed in
the single crystal than polycrystals. The phase separation in the single crystal also extends
in much larger scale. This finding provides important clue for properly selecting

substrates in the thin film growth.
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By fixing the concentration of Mn ~1.5, we further change the relative concentration
of Co and Fe. Phase separation occurs in the CoFejssMn; 4504 polycrystal. The two
separated phases are Coj;FeypsMn;,04 (cubic) and CogoFeypsMn; O, (tetragonal),
respectively. From the [001] axis of the cubic phase, we observed a checkerboard-like
pattern circled by dashed line (Fig. IV.5(a)). In fact, the pattern consists by crossed
different domains. Because the edges of CBs should arrange along either [110] or [110]
direction, however the seeming CBs are arranged 45° away from these directions.
Rotating the sample to [111] direction, beautiful twin-like structures (Fig. IV.5(b)) show
up analogous to the polytwinned microstructure in Fe-Pd alloy during the cubic-
tetragonal (disorder-order) transformation [4]. More precisely, we should temporarily call
them lamina since it is a mixture of phases. The fine lamina also gives rise to broadening
of peaks in the XRD. Therefore, the broadening of peaks in the XRD is not a reliable
indication of forming CBs in polycrystals. Moreover, we notice that the fine lamina
formed here is much finer than that in the single crystal CogsFeMn,; 04 (Fig. IV.4(a)).
This might be due to the small lattice mismatch between the final equilibrate phases in
which the difference in compositions is small.

In the corresponding single crystal with the same composition, we observed twin-like
structure although there is an indication of phase mixture in the XRD. By magnifying the
circled region in Fig. IV.5(c), we clearly see the fine twin structure (Fig. IV.5(d)). In
certain local area, the fine twins are interlaced with each other as confirmed by the
crossed diffusive spots in the diffraction pattern (the inset of Fig. IV.5(d)). This kind of
90°-ordered domains is generally observed in other spinel systems such as Co; §Mn; 404

(Fig. IV.6(a)) and FepoMn;, 04 (Fig. IV.6(b)). This illuminates that the all twin-like



79

® [0 (l 1 ]-:ubi-:

FIG. IV.5 (a) and (b) Bright field image of CoFegssMn; 4504 polycrystals viewed from
[001] and [111] directions of C phase. (sample made by S. Yeo) (c) Bright field image of
CoFej ssMn 4504 single crystal. (d) The high magnification image of the circled region in

(©).
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FIG. IV.6 (a) Bright field image of the annealed Co; ¢Mn; 404 polycrystal. (b) The optical
picture of the annealed FeyoMn, 04 single crystal along the growth direction. (¢) and (d)
Bright field image of annealed Cos+FeMn,;cO4 polycrystal and the diffraction patter,
respectively.
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structures observed so far either in polycrystals or single crystals are basically the same in
nature but with different scales. Furthermore, the absence of nano CBs in Co;¢Mn; 404
and FepoMn; 04 indicates the formation of CBs is a very special case in terms of
chemical composition. It takes place only in a system with three species of cations such
as (Co, Fe, Mn);0s,.

As we see from Fig. III.1(a) and Fig. IV.1(a), the size of CBs is tunable by fixing the
Mn concentration but changing the relative concentration of Co and Fe. Here, we attempt
to tune the size of CBs by fixing the concentration Fe but changing the relative
concentration of Co and Mn. We found that the microstructure is extremely sensitive to
the variation of Mn concentration. As shown in the TEM image of Co4FeMn, ¢O4 (Fig.
IV.6(c)), the morphology is remarkably distinct from the previous CBs we observed.
Although four spots, a characteristic of CBs, appear in the diffraction pattern (Fig.

IV.6(d)), it is more or less like a mixture of tweed and crossed twins.

4. Conclusion

The microstructure in the Mn-based CoFe,O4 is extremely sensitive to the
compositions. The morphology is drastically changed with the chemical composition. In
the CogsFeMn,;sO4 polycrystal, we observed well ordered CBs with ~13x9 nm->.
However, in the CoFe(ssMn; 4504 polycrystal, twin-like structure was observed implying
that the concentration of Co is important in the formation of CBs. Furthermore in the
Cop4FeMn, 04 polycrystal, a mixture of twin and tweed was observed demonstrating the
sensitivity of microstructure on the concentration of Mn. In neither Co; ¢Mn;4O4 nor

FepoMn; 104, CBs have been formed except the generally observed twin-like structures.
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Based on the above extensive search, we conclude that the formation of CB pattern is
limited in a specific system with a very narrow concentration range. It does not
universally happen in Mn-based spinel. Therefore, the CB patterns we observed are rare.
Meanwhile, we found that the external strain originating from the grain boundaries might
play an important role in the formation of CBs because crossed domains instead of CBs
appear in the Cog sFeMn, sO4 single crystal. This finding will provide useful information

in the fabrication of CBs in thin films.
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The achievement of the unprecedented high degree of ordered nano CBs in Mn-
based CoFe,0y, is certainly not the end of this work, but a starting point to exploit more
interesting phase separations in other spinels by harnessing JT distortion. In the rest of
this thesis, we will make a brief conclusion on it and try to outline what might be
interesting to be done in the future in this field.

In the first chapter, we mainly reviewed phase separation in oxides. Self-assembled
nanoscale CBs through phase separation are also observed in a few metallic systems such
as Co-Pt, Ni-V etc. However, it is an exotic case in oxides such as the (Li, Nd)TiOs
perovskite system. Particularly, the observation of 3D nanorods with cross section
checkerboard-like in the normal spiel ZnMnGaO, exhibits an alternative method to
fabricate highly ordered nanostructure, except the conventional top-down and bottom-up
methods. The solid state reaction utilized to fabricate nano CBs involves in a spinodal
decomposition from a high temperature cubic phase into a new cubic phase poor with
Mn®" and a new tetragonal phase rich with Mn®".

Although ZMGO exhibits a beautiful nano CB pattern, unfortunately, the separated
phases are nonmagnetic. Therefore, we focus on searching for magnetic nano CBs in Mn-
based spinels staring from the second chapter. In the mixture of two inverse spinels
MgFe,O4 (FM, T~713 K) and MgMn,0O4 (nonmagnetic down to low temperature),
partially ordered checkerboards have been observed. In spite that the CBs are ordered
not as well as that in ZMGO, it confirms the generality of fabricating a microstructure
characterized with checkerboards in Mn-based spinels by the simple solid state reaction

no matter whether they are normal or inverse spinels. Meanwhile, the coercivity of
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samples with checkerboards is significantly improved compared with the parent
compound without nanostructures.

In the third chapter, we discussed about Mn-based CoFe,O4 systems based on the
consideration of the ionic size effect on the substitutional diffusion. Because the
difference in ionic size remarkably affects the ionic mobility, usually, the larger the ionic
size, the more difficult it is to diffuse. The three species of cations have quite similar
ionic sizes leading to a small chemical fluctuation in the separated phases. Therefore, the
strain field should be periodic. The excellent magnetic properties of CoFe,O4 such as
high 7¢ and moderate magnetic coercivity are also included in our consideration. The CB
pattern shows almost an ideal prototype of architecture for patterned recording media,
which are constituted by two phases with distinct structural and magnetic properties.
Meanwhile, the checkerboards size is facilely alterable with prolonging the isothermal
annealing time at a fixed composition. A 3D stochastic phase field microelasticit (PFM)
model is harnessed to understand the underlying physics in the formation of CBs, in
which a tweed structure is proposed as a template for the formation of CBs. However, in
the as-grown ZMGO thin film, we observed that the metastable tetragonal phase serves as
the template for the CBs.

In the fourth chapter, we report that that the size of CBs is also tunable with the
composition. By comparing the microstructure in the annealed polycrystal and single
crystal with the same composition CogsFeMn; 504, we found that the formation of nano
CBs is related with the stress from the grain boundaries. We also found that the formation
of CBs is not a universal case in the Mn-based spinels as we though before. The

appearance of the unique pattern is limited in a very narrow window of composition
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region. In terms of the underlying mechanism, the formation of CBs is a rare case, which
is largely different from the CBs observed before.

Although highly ordered nano CBs have been fabricated in the Mn-based CoFe,04, a
lot of more work can be done in the future. The conventional solid state reaction
accompanied with a spinodal decomposition induced by J-T distortion has been
confirmed as a way to fabricate nano CBs in Mn-based either normal or inverse spinels.
Searching a system, which could be decomposed into one phase FM and another
ferroelectric (FE), or one insulated and another conductive, probably will bring forth
more interesting physics in this extraordinary phase separation. Direct imaging the
magnetic properties of the CBs by Lorentz TEM and fabricating the CBs of the Mn-based
CoFe;04 on thin films are expected to be the most meaningful work to do in the near
future. Once the magnetization of each magnetic CB domain could be independently
controlled by applying an external magnetic field, it would provide a new platform to
design patterned magnetic recording medium. The explanation of the formation of CBs
is far from clear at present. Taking into account of the contributions from the external
stain and J-T distortion might help to make the 3D PFM model more precisely to descript

the evolution of the microstructure with the isothermal annealing time.
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Coercivity and nanostructure in magnetic spinel Mg(Mn,Fe),0,
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When Fe ions in the ferrimagnetic cubic MgFe,0y4 are replaced by Jahn-Teller (JT)-active Mn ions,
the structure evolves with two-step processes. For example, the quenched cubic MgMn, sFep <0y
becomes tetragonal and JT distorted with slow cooling. However, with further slow cooling, the
clustering tendency of JT-distorted Mn ions induces the formation of a checkerboard
nano-self-assembly consisting of Mn-rich (tetragonal, paramagnetic) and -poor (cubic,
ferrimagnetic) rods. This morphological evolution accompanies a drastic modification of
ferrimagnetic properties, e.g., the magnetic coercivity changes by —25. The nanocheckerboard
assembly with ferrimagnetic nanorods with large shape anisotropy can be a platform for ultra
high-density memory devices. © 2007 American Institute of Physics. [DOI: 10.1063/1.2717568]

The electronic degeneracy of ions such as Mn** or Cu®*
can be lifted by a Jahn-Teller (JT) distortion, when the elec-
tronic energy gain can overcome the structural energy cost.!
This JT effect can be associated with intriguing physical phe-
nomena such as the colossal magnetoresistance effect in per-
ovskite manganites and high temperature superconductivity
in layered c:upratu:s.2 Furthermore, the JT effect can couple
to chemical phase separation by inducing a miscibility gap in
the system with mixed JT and non-JT ions, leading to spa-
tially separated regions with higher and lower JT ion
concentrations.” One extraordinary example of JT-induced
phase separation was observed in the spinel Zn{Mn,Ga),0,
(ZMGO), where a truly nanoscale and well ordered structure
is stabilized by the phase separation. The nanostructure con-
sists of two types of long square rods with different Mn
concentrations that are alternatively stacked with long-range
periedicity, and thus its cross section shows a checkerboard
(CB) pattem.E' Crystallographically, the nano-CB of ZMGO
is truly remarkable, but does not constitute a technological
advance in a “magnetic” sense because ZMGO is basically
paramagnetic (PM) near room tempemture.T's

Since “ferrimagnetic (FM)” spinel compounds are
abundant,” one can contemplate forming a nano-CB structure
with two types of nanorods having distinct magnetic proper-
ties, ideally with one of them having a FM transition above
room temperature. Such a magnetic nanostructure with large
shape anisotropy is potentially useful as a medium for per-
pendicular magnetic r't’.c::ording.lD Herein, we report the real-
ization of the magnetic nanostructure in Mg(Fe ,Mn),0,4. We
also discuss the structural evolution of Mg(Fe,Mn),0, as
well as the change of magnetic properties with various
chemical compaositions and cooling rates (CR’s). MgFe, 0, is
FM with Curie temperature (T¢) of —600K, while
MgMn,0, is PM down to low tnrtmpemturnes.“‘Jg In addition,
MgFe, 0, cwstal]izes in a cubic structure (Fd3m) with a
=852 A but MgMn,Qy is tetragonal (/4,/amd. due to
cooperative JT distortions) with @ =35.75 A and ¢=9.38 A. 12
Both of them are partially inverse spinels, meaning that some

“Electronic mail: sange@physics.rutgers.edu

0003-6951/2007/90(13)/133123/3/$23.00

of the Fe and Mn ions in Mg{Fe,Mn).0, are located in the
tetrahedral A sites. ™'

A dozen MgMn,Fe,_ 04 specimens were prepared by
the solid state reaction. Steichiometric amounts of MgO,
Mn,0;, and Fe,O5 powders were mixed and sintered at
1050-1250 °C three times with intermediate grindings. The
final cooldown from 1250 °C to room temperature was per-
formed with various CR, ranging from quenching in cold
water to 0.3 “C/h cooling. Crystallographic structures were
examined using a Rigaku x-ray diffractometer (XRD) at
room temperature. A superconducting quantum interference
device magnetometer was used for magnetization measure-
ments and standard four-probe resistivity (p) experiments
were performed. Bright field images were taken using a
JEOL 2000FX transmission electron microscope (TEM) at
200 kV.

Figure 1(a) demonstrates that the CR drastically influ-
ences the magnetic hysteresis loop at 5 K for x=1.5. The
coercivity (H.) of the 50 °C/h cooled specimen is
~4700 Oe, —25 times larger than that of the quenched one
(—187 Qe). H,. vs CR reveals that it exhibits the maximum
H, [see the inset of Fig. 1(a)]. Figure 1(b) displays that the
XRD patterns for x=1.5 significantly change with varying
CR, suggesting that the H, change is related with the struc-
tural modification. The quenched specimen is cubic, but the
50 °C/h cooled specimen is purely tetragonal, indicating a
cooperative JT distortion in the entire specimen. The cubic
nature of the quenched specimen may reflect that the quench-
ing is faster than the kinetics needed to support the coopera-
tive JT distortion. Note that in the quenched cubic specimen,
there may be a significant amount of Mn ions in the A sites,
which are not JT active. These non-JT-active Mn ions also
contribute to the absence of cooperative JT distortions in the
quenched s[_‘.ec:imnen.”l_1 In contrast, the 10 °C/h cooled
specimen shows the mixture of cubic and tetragonal phases,
stemming from the chemical phase separation with the clus-
tering of the JT Mn ions in the octahedral B sites. Still slower
cooling, 0.3 °C/h, produces a more distinct phase separation
between the cubic and tetragonal phases.

3123-1 © 2007 American Institute of Physics
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phase of the 5 ° Clh-cooled one, respectively. Both of them
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omal (T phses. Mo concenirations in €' ond T are idenii-
cal, bot Mn concentration in T (0] is presumably mone (less)
than that in T, Consistently, the tetmgonality of T is larger
than that of T', & evidenced in the XRD resuls. Using these
nolations, the sincioml evolwion can be simplified as ©
—+I" — T+ T with decreasing CR. From sxiensive XED
studizs, we hmve confimed that other compeositions in the
miscibility gap region shaw a similar stroctural evohotion by
varying TR, and that € and T ape the miscibility boundary
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MeMn. 0y, respactiwely [sae belowl
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md growth of magnetization reversed domains through EI.I:I
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such as magretocrysialline, 5I:|nEh: magmeins|astic, imerface,
md =xchange anisotropies. Magneworpsialline  mniso-
iropy (M& & commonly uiiliz=d o suppress the magn=tiza-
ticn rotaticn. Presumably, O, T, and C are FM ond T is M.
[t is expected that the ¥4 in the T phase is largs and in the
C and C° phmses is negligible. This, T hes the largesi
H_, and the shaps snisciropy of the © domains is presomed
o be the main conirbution 10 the cosrcivity of the CeT
spaCimens.

Figure Lic) shews the XRD paitems of the quenched and
0.3 *Cth cooled specimens for varous conceniraicns. The
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Bwsed on the results of XED, high empsraiurs resistiv-
ily, and magretization experiments, the phass disgram for
MaMn Fe, Oy [s2e Fig. 3al] has been consructed. The
miscibility pap emisiz for 12<x<=27 The resistivity
anomaly with thermal hysizrzsis in the msei of Fig. 2ia)
ariginates from the firsi-order JT phase iransition. The T
transition tempsarature upon warming (&) ond coaling (W)
and the Curie f=mperaimre (T2 for the quenched (C) and
55 cooled specimens () are determined from sharp
featurzs in oo gl and &y /e, respecoively, For L2<x
=2, the Tp's of the 5 *Cih cooled specimens ore almost
independent of 7. ThE is in good ogreement with the sce-
naria fthat onfy the amomt, not chemical composition, of the
i phise changes with 1 in phass se-E_Em:d specimens and
that T~ is the FM iransition of the © phese. On the otber
hand, T of the quenched specimens decreses moaoioni-

cally with moremsing x. FE“! 21k displays how T~ %) and
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H, (7] of 1= 1.5 changes with CR. The T (30 *C/h] speci-
men exhibis the maxirnom H. and the minimom T, Cooling
slower than 50 FC'h praduces the mictore of C ond T, so
that T of the mixiore, fixed by that of , is higher than tha
of ' and T, The slower conling of CR-2 50 °Cfh penenates
o higher T due to the further phase separaion with lorger
lengih scale. The emperaipre dependence of MIH of
xm|.5 for warious CR's is shown in the insel of Fig. Zik).
MiHl coves ai selecied lemperaiores for the 10 *CFh
cooled Mahn,  Fep 0y are shown in Fig. 3o), and H, and
remnant magnetization (M), obtined from M{H) curves,
oe displayed in Fig. 3bl. Inberestingly, H, incremes
sboruptly below — 30 K. This uptom of H, below — 3K is
opparently relobed with the downtorn of MOH below — 3K
[Fig. iz
[n mu]-:lg] with the cbsermtion in the 5 *CFh cooled
IMGO," cur TEM resuls show that the 10 °Clh cocled
xm|.5 specimen displays CB and herringbone (HH) patizrns
with 2 few nanometers in size, as shown n Figs. 3(d) and
Hel. Asexplained n Ref. 6, the CB and HB patems are the
cross sechionol and side views of the self-msemblzd nonc-
reals, respeciiwely. The resulis in Baf. & along with cur resulis
of TEM, XED, and mognstic measuremenis on x=1.5 indi-
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the XBD resuhs in Fig. 1(b) and TEM imoges. A schernatic
view of the CB sirociure is depicied in Fig. 3.

One of the main challengs to dewelop ulirakigh-de=nsicy
magneik recording media is assooinbed with the supsrpana-
magnetk limil due to the ﬂE‘I-ti.hlll.I.‘l.h.l:tl of magnetization
direction by themmal fluctustions.” As shown in Fig. 3ich,
spherical 4 om size Co particks smbedded in ALO, (<)
shors litile magretization above —10K." In coniret, ihe
10°C!h cooled xm 1.5 [=]) exhibiz a significani mageiina-
tion s well as cosrcivity in o wide emperature rangs, prob-
ahly becaEe of the large shape anisoiropy of the C rods.

In conclosion, we have investigzied how the T dstor-
tions can influsnce the siructural and mognetic properiiss,
and indoce a unigoe magnetically actrre nanocheckerboard
in MgiMn,Fel:0y due to the chetering endency of the 1T-
distared Mn ions, which could be suiable for a vhirahigh-
density perpendiculor magnstic stornge mediom ©422H
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Fommation of magnetically ordered array of iwo iypes of recangular nancorads, — 300 nm in lzngih
and o few nonomelers in size, is achieved in the Mn-doped CoFe.00, spinel throogh chemical phass
separation mediaied by cooperative John-Teller distortions. A1 room emperawre, the magnetic
nanorods, with composition closs to CoFe, Oy, interlooe with the paramametic coomerparis md
form a highly organized checkerboard paitem in the cross section. The checkerboard size in the
range of — 3.8 19— —~17.3x 140 nm? is mnable with composition and, pariculary, wich the
isothermal annezaling time. These three-dimensional nanccheckerboards exhibd a mearly ideal

configoration for the
Plrysics. [DOL: LOU10A3] 282 1835]

Rezently, orgonimed nancstroctir: i the nommagnslic
namal spinel sysiem ZnkngGng .06 his been fabricared by
o chemical phase ssparotion ' This pionsenng work demon-
strated that solid simie self-msembly medinied by coopsrative
disiorbors of Jahn-Taler (7T} ions (Mo coold produce an
ordersd noncsirociure throogh spinodal decomposition: in
which two distinct crpes of square rods, with different Mo
concentrations kol comparable sizes, were inlerlsced o form
o crosssectimal checkerboand patem. ThE  emergen
mathod provides an oternatiee roome to fabricale onrdered
nancstruciures, which are nsoally achisved by the conven-
ficnal boillomap and top-down dechniques”” Heowever,
highly ordersd ond denszly pocked mognetic nonocrysials
with tunable sizes, which are indispensable for nanotschnel-
ogy applications, hove not yei been demonsirated using this
umique method, despile an earlier report of a similar, b
pooriyordensd nanosirociure in 2 mametic inverss spinel
sysiern Mg{Mn_Fe, 10, CoFe,0, is an ovisionding per-
monent magret with high cosrcivity ond moderate magreti-
mition, showing greot potentinl in magnetic recording
opplications.” In the pest few vears, iremzndons waork has
been devolzd to fobricale ils nancsirocturss with diverse
grometries.” " Yat, no highly orderad nanostrctms has bzen
renlized.

In this siudy. we focused on o mametic spinel sysiem
Mndopsd  CaokFe,0y  (with  pominal  composition
Ciyy P M 000, which can be wiewed roughly as o proper
mixture of CoFezly and CoMnyOy compomds. At room
ternperainre, CoFe,0y ndopis a cubic fzrromagmetic phse
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patierned perpendiculor recording mediom. © 2007 dAmemican Iocdmne of

fw=8.3 A, T.— 500 K and Caln, 0, sdopis a Ieu'n%nunl
paramegnetic phase (o= 51 A, c=0.3 A, T-— 100 K.

Compared with  oor  prewious wak  on ihe
Mg Mn,Fay 104 sysiem,” ihe magnetic nanocheckerboards
achieved her= are mnabie in size, much betier organized. and
sxhibit more than 120 cimes lorgsr cosncivily ol room bem-
perature. Therefors, these nanocheckerboards offer o sope-
nor pnI::n:-l.'_rpe for the ohrakigh density magretic recording
mzdin

The palyerysals CoFe, o Mo, 0 (r=05 06] ware
prepared by solid siobe reaction. Cogiy, MnO;, nd Feglh
were miked and sintered ai S00-1150°C, followed by
quenching imo air {or ioe woter], and isothermally annealing
with different periods of fime. The details of the sample char-
acterizntion were described =kewhere !

The annzaling time was found o hawe the most critical
affect on the microsimcione of the Mo-doped CoFe 0, Y
will fist discoss the ordered overall nancsrocrs in the
form of long recingular nonorods  observed in the
Cay oFep g bn) .0, sample annealed ar 375 °C for 324 h, =
shown in Fig. Lia). Manareds are perisdically sucked in o
parcicular woy such that the side wiew is hercringbons
(HE Llike with length of —300 nm, and the cross-sectional
view 15 checkerboard (CH)-like with the avernge size of
— 15 10 nm®. The diffmcion patizen of the HB (the bottorm
ins=t) shows dersely packed superinitics spots on a sirsaking
diffiee background. The pericdicity of the supsratics spots
is — 152 nm, close 1o the distonos betwesn dakbright fringss
of HBs and the dingonal lengih of ihe CHs [Fig. Liki]. The
four trpes of spos i the diffroction paibem of the CH (ihe
upper inset] can be ientified rewsaling that the CB is a
paichwork of four different prpes of domains.
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FEIL 1. (Celer calem) TEM imager af CogFegMa,,0; soomled o
nis L'F:rri!i-ll-,l ﬁﬁuu{lnﬁm-$mnﬁﬂlﬂm
domaiea, e ineh are caraipeodiog diffrenco parorea. () High-
micleion TEM 1 af e chacherbeard, which cooamn of tea cobic
demaia 8¢ ¢ wih dilfren riscos s tea wimgoaa] doxsin 2iy wih
differect ariecinizoa. The iniei in ke dork feld arage bes by ouieg v npoi
wrausd (IR panion (el dupzrive EDS idmalyag b compan-
tora of ibe cshic esd domaica.

The detniled microsiucioml infommation. of the CH is
revealed throogh the analyses of dark-field image [Fig. 1(h1]
ol the comesponding electron diffraction [the inssis of Fig.
1{al]. The CB pattem is fomnd o be an intricate parcheok of
four different types of domains which give ree 1o four dis-
tinct diffraction peaks denoted s o, 2, ¥ ond & i the lec-
iron diffraction paitem. It is noled that « and 3 domnains. are
ietmgonal whereas @ and & are cubic, The laitics constanis
ar= estimaizd from the positions of the diffraction peaks. The
dark field image [the insst of Fig. 1(h}], using ¥ peak around
{06 position, distincily shows ihe highly ordered and alter-
natng CHs of the teiragonal phase. The formation of com-
ple:r. microsirocire is often concomitani with a chemical

ratian of the sysiem dwring growth. [ndeed, nsing
eu:rgg.' isperive x-ray specomomery (EDE) with o fine
slecron probe =02 nm [Fig. led] we hove detemmined
the chemical compositions to be  approvimately
Coy e, Mng, JO (Fe rich) and Coy Fe, - Mny 0, (Mo rich)
for the cobic (2 and & and tetmgonal (o and ¥) domains,
respaciively. The cobalt concentmiion remains unchanged
mid mifommn throughooi che sample.

W now wen o the evalotion of the microsimciore with
varying annealing rime. Figore 2(a) shows the xroy diffrac-
ticn (RO patierns of CopFegMng 0, annealed @
375 °C. The crystal stmciore evalved remarkably with pro-
longed monealing rime. Here, four notations C', T, C, ond T
are introduced 1o describe the sroctural chonge with anneal-
ing time. ' is a meinsuble mbic phse of the qoenched
sample. T & an intermediate metasiable 1eiragonal phase for
the 3.6 & amealed sample. O denoles the Fecich cobic phse
md T ihe Mnsich tsirngona phase after the phase separa-
tion. The quenched sample nndergoes o displacive, marien-

sitic ransfommation |:||:|r1:|1gI ih= first 10 min of ann=aling. We
Dowilnadied 12 Al 2008
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FIZ. 2. (Coler astie] (w) XRD pokeroa of Cag oFeg oMoy 0y scniesled
N5 *C wih ileied seraaliog tima, l." iviha cobic phuss of de qeeschied
ipzcaran, I lhurq:u]?iul af e 6 b ezneaked speciran, oed e

cnbir ored riraganal l.ll:hmd Cusd T o thae Bl equilibriom
b el won. The dabed Snen isdicnia
tha poatiany of (3110 asd § !JI.I E-l.h (k) Schaoumic precan of aryiial

vy evelnion 'llll: lasging scrwenling fme. [ic ...}:. Th come-
I:Ip:u:i:g DEICEnITIEY fl:‘npﬂ-lll'l‘hl.lll.‘ll!ﬂﬂ-l .'u"lll.‘- whare
wra e

nicte from XRD paterrs that the (211) peak has signifizantly
troaden, whersas the (222) peak remains sharp. This sug-
gests that the displacive distortions are confined in the I:]l?:l
planes doring the manensiiic tmeformation. With forher
annzaling, on alloiropic oonsfommation inkes place which in-
vobees Mn™ ions diffusing from A sites to B sites and then
becoming IT active. Thersfore, the ' phase is compleizly
converied iothe T phase, The T' phase is highly urstable
and immediaizly subjecis 1o spinodal decomposition ineo ©
and T phese, demonsiraied by the iwo seis of peaks in the
156 b-onnealed specimen. The broadening of the oubic (311)
and tetragonal (211) peoks is consitent with the appearance
of nonostrocture. Mo significont changss were ohserved he-
yond L56h, sogeesting thml stable eqoilibriom hs been
largely reached. Thos, the whole stmooral evolution process
starts from o supersawabed cubic phase C°, then alloiropi-
cally ransforms to o metasioble beiragonal same T,
and ewenmally precipicaied nto two equilbriom phasss
ihrough spi uJFdet-::l:[:-:u-l.Lm C u:u:l?i Figuore '-‘I'Ig'l is @
xhe:u.l.lu: .-.I::uchuul trarsfommation pathway with ann=aling

time: C' T"—C-l-T
Figores 2c)-20f1 show bright-field TEM images indical-
ing the comesponding pronounced chonges of microstnictors
with annealing lime from the inilial twaed siructore 1o 1the
intzrmediale twin followed by nanccheckerboards. This is in
E-cd ageement with the srocwral evoloion discussed
ove. mosi impressive feaiure of the morphalogy =vo-
lotion is that the size of CBs is mnoable with anrealing time.

For ih= 10 min snealed sample, ihe twesd microstncios
Nl i pargraiicopETeg LA p
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[Fig. 2iz)] along the elstically sofi dirsciion [110] or [110]
ocomrs immediatzly as a result of ihe diffusionless mariznsi-
tic imnsformation dos 1o ihe ropid small cooperative
displacements.”’ The pressnce of Ewinned  domnains
i7" phass) obssrved in the 3.6 h mnnealed specimen [Fig.
2{d}] is crocial and serves as o emplae in the fomation of
the regular CB paem. Unliks the isciropic ©' phse with
similar conceniration gradisnts ar sirain in all directions, the
T phase, with unsqual |aitice parameiers, & highly aniso-
tropic, sa thal the preferential diffosion occurs along the elas-
tically sofi directions, which coincides with the bomdanizs
of CHs. Pralonged annealing over 00 h l=d io the formation
of ordered CB domains from the twnned sirocture of the
T phase. Sohssquendy, the CHs undergo continoons adjusi-
ment with onealing rime: the awerage size of CHs varies
from —13B=7.0om? in the W0h spximen wp o
—17.3x 140 nm* in the T17h specimen [Fig. 2iF)]. The
compositions of the chackerboard domains are kepi almasi
unchanged. This unsmbiguonsly indicaizs that the coorsen-
ing ocows withont long range diffusion of inns, consisten
with the spbtle shift of (3111 and 2111 peaks [in Fig. 2(a)]
and the invariant Corie vampsranr: iT:! of T phese [in Fig.
3fal] with annzaling rime."""

The normalized M/H wersos iemperators mrves [Fig.
3a)] show that T, of ©' and T phoses ore above room
termperatore. A ransition at — 70 K signifying T, of the T
phase, T,(T), is chesrved for specimens with the formation of
CH {C+ T phasesl. We note thal T of the © phase, T4, as
determined by high temperamree M H measorement, is lo-
caled at & much higher temperamee — 580 K. T(T7) remmains
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rearly unchanged for all of the spacimens with C+ T phases.
This further confirms that the composicional flocmation &
smiall.

Figore 3hi shows the cosrcivity . and remaneni mag-
refization M versus annealing toe in logarithmic scole o
5 K. H, incremses sizadily from —710 O for the goenched
simple bo =540 Oe for the 156 h amnealed specimen, and
remains largely unchongsd — 8000 Oe with even longer an-
realing. Correspondingly, M, decreasss from —2.dgal fu to
=L gl fu then 1o =006/ fu (note that we ook accomt
of the magretic contribution from the entirs sample]. Figors
Ml displays MH) curves of specimens with O, T and
+T phasss, which cleary shows that ihe sirong snhoncsment
of coercivity dus oo the formation of noorods. Chos ihe
manarods are formed, their magnetic propertiss are quoile
siable with annzaling time & evidenced by small voriations
of He and M,. Figees 3(d} is H; and M, w=rsos emperotms
for the 134 h annzaled sample with the ovemge size of ihe
CB =14 2 nm®. Since T4T1 is =70 K, the coniribution of
ihe measured magnetic properiss obowe 70 K are mainly
from the  phise. We did noi cbssrve any abropt changes of
H_and M, aroond 70 K, indicating the very weak magmetic
operiies of the T phase even af the kow emperaiures, i we
only consider the contribution from the © phase, B, and 3,
ai 300 K coold be — 2100 0w and — 1 5ug /. respactively
Compared with thai of 10°C'h cooled MgMn, . Fep 04
(M — 037w,/ fu, B, —1500, at 300 KL* the 156 h an-
reenked O og s Pepabing o0y shaws a moch larger cosrcivicy and
magnstation i the whols fempemiore range (the amouni of
{ phass is assomed to be kalf in bath samples).

[n sommary, magnetically ordered orrays of theee-
dimznsional  nanccheckerboards were achizwed  in
Cog g FepMn 0, ond the size can be readily foned with the
isaihermal annealing time. Forhemors, checkerboards wich
dimension — 13 9 nm® wers cbserved in o Coy JFaMn, .0,
sumple. [f oor remarkahle patiern is realized on filos, i pos-
sibly exiends ihe magrelic storoge  densiiy wp bo
1-10 Th/in®,
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