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ABSTRACT

One of the central challenges of nanoscience is fabrication of nanoscale structures with well-controlled architectures using planar thin-film
technology. Herein, we report that ordered nanocheckerboards in ZnMnGaO 4 films were grown epitaxially on single-crystal MgO substrates by
utilizing a solid-state method of the phase separation-induced self-assembly. The films consist of two types of chemically distinct and regularly
spaced nanorods with mutually coherent interfaces, ~4 x 4 x 750 nm? in size and perfectly aligned along the film growth direction. Surprisingly,
a significant in-plane strain, more than 2%, from the substrate is globally maintained over the entire film thickness of about 820 nm. The strain
energy from Jahn —Teller distortions and the film —substrate lattice mismatch induce the coherent three-dimensional (3D) self-assembled
nanostructure, relieving the volume strain energy while suppressing the formation of dislocations.

Nanoscale self-organization is used to assemble nanoparticlegor polycrystalline spinel ZnMnGagbulk materials:! Strain-

with precisely controlled size, shape, and composition and accommodating interaction between the Mn-rich orthorhom-
is achieved through “wet chemistry” by utilizing organic bic and Mn-poor cubic regions results in ordered nanorods
templates. However, this solution technique has found limited (~4 x 4 x 70 nn®) with a checkerboard pattern (CB). This
use for fabricatingnorganic components of technological  pure solid-state self-assembly can be ubiquitous in spinels
devicest™® On the other hand, stress-domain dominated self- with JT ions, which exhibit a variety of physical phenomena,
assembly with nanoscale patterns on sdaifacesare and thus can be implemented to fabricate heterogeneous
intensively studied for potential usage as nanostructure nanostructures with new functionalities. In fact, a similar
templates:” In oxide materials, a few approaches have been nanocheckerboard structure was also observed in ferri-
examined to fabricat_e self-assembled structures thrs_qkj;lh magnetic Mg(Mn,Fe)D,.12 It is conceivable to utilize the
stateprocesses, which may enable new functionalities. For nano-CB consisting of ferrimagnetic spinels with large shape
example, fllms with ferroelectrieferrimagnetic mixtures, anisotropy for magnetic media for ultrahigh-density perpen-
such as BaTi@-CoFeO,° have been successfully grown e jar data storage. In addition, a perovskite oxide showing
and have shown remarkable magnetoelectric coupling phe-g 4 dimensional CB-like nanostructure has been recently

trlhomezg'igoowever,h?hﬁ relevznt ITtngth t§ce}Ie IS s.t'” I%rgsr reported, revealing that this nanostructure formation in oxides
an nm which can be aliernatively achieved bY s ot jimited to the spinel systef However, the intriguing

current e-beam lithographical techniques, and there exists . . : .
) D . self-assembly in oxides was observed only in polycrytalline
no structural ordering between compositionally different o . o
0 : bulk materials: it is evident that the realization of the
phases? A new solid-state method of the self-assembly by . . )
. . . nanocheckerboard structure in large scale, desirably film
harnessing JahtiTeller structural distortions was reported . . ) .
forms is a critical step toward technological applications of
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substrate

Figure 1. A self-assembled nanocheckerboard ZnMn@é&In grown on a (001) MgO substrate. (a) Transmission electron microscopy
(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.

film growth direction, stack alternatively to form a periodic
CB pattern with mutually coherent interfaces. This unique
3D epitaxy process contrasts with a typical behavior in
conventional growth of highly lattice-mismatched films and
thus provides an important route for film fabrication of
nanostructured arrays with periodically varied electronic and
magnetic properties.

ZnMn,O,4 forms in a tetragonal structure (space grotfa/
amd a. = 8.091 A, ¢ = 9.240 A), while ZnGgO,
crystallizes in a cubic structure (space grodfd3m, a =
8.330 A). When they are mixed in ZnMnGa@ZMGO),
the high-temperature phase is chemically and structurally
homogeneous with a tetragonal distortion (space grads:
amd a. ~ 8.2 A, c. ~ 8.7 A). Upon lowering temperature,
spinodal phase separati&haccompanying M# diffusion
within each tetragonal twin domain, results in Mn-rich
orthorhombic regions (JT-active ZnMyGa 304) and Mn-
poor cubic regions (JT-inactive ZnMgGa sO4). Proper
control Of. the d|ffu5|on kllnetlcs changes the balance beMeenTEM bright field side-view image near the MgO substrate showing
the elastic and interfacial energy of the structural variants, y,e nanostructured film, a thin transition layer, and the substrate,
and the large misfit between the orthorhombic and cubic from top to bottom. The periodicity between the bright rods &2
phases leads to the nanometer-scale self-assembled CBm. (b) A diffraction pattern near the film surface showing diffusive

structure with a high degree of periodiciy.Note that streaks perpendicular to the rod direction. (c) A diffraction pattern
annealing time near the JT transition temperature Wasnearthe interface between the film and the substrate, showing both

v f d b itical in th substrate and film peaks. Note that the diffusive streaks are weaker
recently found to be a critical factor In the nanostructure . those near the surface. (d) Electron diffraction of the MgO

formation of the phase-separated spiriels. substrate only. No diffusive peaks are visible.

ZMGO films were deposited on single crystalline (001)
MgO substrates by using a pulsed laser deposition (PLD) represent two chemically distinct nanorods: one is ortho-
technique from a tetragonal ZMGO target. The grown films rhombic, and the other is cubic (tetragonal to be precise).
are ~820 nm thick with an exceptionally smooth surface: A bright-field TEM side-view image near the MgO
the root-mean-square roughness is about 0.7 nm over areasubstrate in Figure 2a unveils the details of the self-assembled
of 3 x 3 um? as determined by atomic force microscopy nanorod structure. Long nanorods without defects are formed
(AFM). The bright-field transmission electron microscope uniformly above a transition layer to the top surface of the
(TEM) image of the side view of a film in Figure lareveals film and reach~750 nm in length. The transition layer in
well-ordered fine fringes perpendicular to the substrate the film without any fringes (i.e., without nanorods) forms
surface, demonstrating the formation of vertically oriented up to ~50 nm from the substrate. The periodicity between
nanorods. A schematic picture of stacked nanorods in athe bright rods is~6.2 nm along the [010] direction, which
ZMGO film on a (001) MgO substrate is illustrated in Figure implies that the length of the cross-sectional edge of a single
1b. The self-assembled square nanorods exhibit a CB patterrsquare nanorod along [110]+4s4.4 nm. To clarify the details
in the top view, where the edge of the square is along the of the crystallographic structure, electron diffraction patterns
[110] crystallographic direction. Yellow and blue colors of different regions of the side-view specimen have been

Figure 2. TEM side-view images for a ZnMnGaQilm. (a) A
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investigated. Figure 2b shows the diffraction image near the
top surface of the film. Since the diameter of the probing
size is~450 nm, the bottom of the probing area is located
at the~400 nm level from the substrate in Figure 2a. Clear
diffraction peak splitting of, for example, the (040) or (044)
peak is evident, and this splitting originates from the presence
of two types of nanorods with different crystallographic
structures (this will be discussed in detail later). Note that
the elongated diffusive streaks are also observed along the
[010] direction (perpendicular to the nanorod growth direc-
tion), indicating the presence of either a small variation of
the periodicity of the nanorods or nonuniform nanorod
boundaries. No diffraction peak splitting was detected near
the substrate (less thar200 nm from the substrate) [Figure
2c]. The contributions of the nanorod region and the
transition layer to the diffraction in Figure 2c aret3% and
~14%, respectively. This depth dependence of the diffraction
peak splitting is expected if the strain from the substrate is
released with increasing distance away from the substrate.Figure 3. TEM top-view images for a ZnMnGa@ilm. (a) A TEM
The lattice constants near the top surface have beendark fi_eld image near the top su_rface showing a checkerboard (CB)
calculated within this scenario. We have obtained the in- domain pattern. (b) A diffraction pattern near the top surface

. . . showing clear peak splitting, consistent with the presence of four
plane lattice constants of Mn-rich orthorhombic nanorods types of domains. (c) A diffraction pattern near the substrate
of a2 ~ 8.01 A andbg ~ 8.92 A, while the in-plane lattice  showing a tetragonally strained spinel structure without peak
constant of the Mn-poor tetragonal nanorodsjs~ 8.41 splitting. (d) Expanded view using one of the split peaks around
R, slightly larger than that of the phase-separated polycrys- the (800) position (yellow circle in Figure 3b). The size of each
talline ZMGO (ag ~ 8.3 A)I' Note, however, that the square nanorod varies from4 x 4 nn? to ~4 x 6 nn?.

average in-plane lattice parameter (8.43 A, taking into fo; the entire CB region regardless of the depth. Figure 2d
account the rotation of the Mn-poor regions, which will be - g5\s the diffraction image of the substrate only. Note that
further discussed below) of the nanorods even near the topy,e (022) diffraction peak in a spinel notation is forbidden
surface is close_to that of the MgO substrate (8.43/2_,&). The in the MgO diffraction pattern (space groupm3m, 4.216
out-of-plane lattice constants for both nanorods are identical gy

(cg ~ c¢ ~ 8.23 A) and slightly smaller than that in the Dark-field TEM planar-view images near the top surface
phase-separated polycrystalline ZMG€d ¢ 8.3 A). These  (Figure 3a) obtained by using a diffraction peak confirm the
results are consistent with the presence of an average tenS"%Xistence of a CB pattern. The diffraction pattern in Figure
strain in the film from the cubic MgO substrate all the way 3p, where the electron beams were directed along the [001]
to the top of the film surface. We emphasize that we have axis, reveals the presence of two well-defined phases having
deliberately chosen the MgO substrate to utilize the substrate-orthorhombic and tetragonal structures, consistent with the
induced tensile strain to align nanorods, and this tensile strain,side-view diffraction image near the top surface (Figure 2b).
indeed, stabilizes the perfect orientation of nanorods. For This pattern is also consistent with that for the CB regions
the bulk polycrystalline ZMGO, the lattice parameters of in the polycrystalline ZMGG! The expanded dark-field
neighboring Mn-rich and Mn-poor regions along the nano- planar-view image (Figure 3d) using one of the split peaks
rods are identical (8.3 A) and smaller than the average latticearound the (800) position (yellow circle in Figure 3b) clearly
parameter (8.4 A) normal to the nanorod direction. Thus, demonstrates the presence of a CB pattern and the structural
the large lattice parameter (8.43/2 A) of MgO induces a (compositional) modulation of the film. The edges of each
tensile strain on the film, resulting in [1] a slight expansion CB domain are along the [110] or {110] directions, and
(from 8.4 A to 8.43 A) of the average lattice parameter the size of each CB domain varies fromd x 4 nn? to ~4
normal to the nanorod direction, [2] a light contraction (from x 6 nm2 On the other hand, the diffraction image taken
8.3 At0 8.23 A) of the lattice parameter along the nanorods, near the substrate (Figure 3c) indicates no peak splitting,
and [3] the out-of-plane alignment of nanorods with the same which is consistent with Figure 2c. Both the planar-view and
lattice parameter (8.23 A). Note that the identical magnitude the side-view images near the substrate reveal a tetragonally
of the out-of-plane lattice parameters of structurally and strained spinel structure. In fact, the domain boundaries in
chemically distinct Mn-rich and Mn-poor nanorods is es- TEM planar-view images near the substrate (above the
sential for the stable out-of-plane growth of nanorods over transition layer; not shown) appear smeared because of the
the extensive length of 750 nm. Furthermore, our results structural similarity of the two types of nanorods in that
indicate that while the in-plane strain is releasszhlly near strained region.

the top surface, resulting in the diffraction peak splitting,  Figure 4a shows synchrotron radiation X-ray diffraction
the strain igglobally maintained by keeping the average in- results for the HK, H—L, and K—L cross sections of the
plane lattice constants close to the substrate lattice parametereciprocal space map (RSM) around the (044) peak of the
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Figure 4. Reciprocal space maps and a schematic diagram representing the CB domain formation. (a) Synchrotron radiation X-ray diffraction
intensity measured near the asymmetric (022) reflection of the MgO substrate ((044) of the spinel film). X-ray peaks corresponding to
elastically strained tetragonah), rotated tetragonalf(andy), and orthorhombicd andd) domains are shown in HK, H—L, and K—L

cross section reciprocal space maps (RSMs). (b) Schematic diagram showing the CB pattern formation. Yellow squares represent the
orthorhombic domains, while blue squares are the rotated tetragonal domains. Solid straight arrows show the orthorhombic long axis direction,
and curved arrows indicate the rotation directions of tetragonal domains. Bottom shows a cartoon for the coherent arrangement of tetragonal
and orthorhombic unit cells at the corner of the domain boundaries (red circle in the top figure). (c) RBS spectra. Blue and red colors
represent the as-grown and annealed films, respectively. The good match between the simulation shown with a black solid line and experimental
data indicates that the chemical composition (ZnMn@aDas-grown films is that of the PLD target. Circles represent random orientation

of the ion beam, while the solid lines correspond to aligned beams.

spinel structure. Three types of crystal structures (five Figure 4a confirm that the out-of-plane lattice parameters
different peaks) are evident in the-HK map. Four broad  of each domaind, 3, y, andd) are identical (8.25 A), which
peaks, which are similar to (800) peaks in Figure 3b, are provides the means for the coexistence of these elongated
denoted as, 3, v, andd. The f andy peaks are due to  domains in close contact throughout the volume of the film.
tetragonally distorted cubic domains, while thendd peaks Thus, the domain boundaries are coherent even along the
are from orthorhombic domaiféThe andy domains have  direction. This out-of-plane lattice parameter of 8.25 A
the in-plane lattice constant of 8.41 A and are rotated aroundcorresponds to—2.1% strain with respect to the MgO

L (film growth direction) by 2.6 in two opposite (clockwise  substrate. It appears that accommodation2f1% strain is

and counterclockwise) directions, respectively. thendo provided by a combination of the orthorhombic distortions
domains are two perpendicularly oriented orthorhombic and the rotation of the tetragonal domains around lthe
phases with the short (8.11 A) and long (8.95 A) in-plane direction. We emphasize that within experimental uncer-
lattice parameters. A schematic diagram representing the in-tainty, all estimated lattice constants from the results of the
plane arrangement of these four types of domains forming two-different-direction TEM diffraction and synchrotron
the CB pattern is shown in Figure 4b. The bottom figure X-ray scattering are consistent. Judging from the peak
illustrates how the in-plane unit cells of the rotated tetragonal intensity analysis, the central peak, marketh Figure 4a,
domains g andy in blue) and the neighboring orthorhombic corresponds to an~120-nm-thick layer near the MgO
domains ¢ andd in yellow) share the edge (along the [110] substrate that shows the in-plane lattice parameter of 8.43
direction) and form mutually coherent domain boundaries. A and thus is elastically strained with respect to the substrate.
The H-L and K—L cross sections of the RSM intensity in  This layer exhibits the out-of-plane strain 6f2.8% and
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probably includes the-70 nm transition layer as well as impact for the monolithic integration of lattice-mismatched
the fully (i.e., locally as well as globally) strained initial nano- materials with complementary electronic, magnetic, and
CB region. The presence of the diagonal narrow streaks withoptical propertie3®2! Moreover, the self-assembled nano-
weak intensity suggests the presence of a residue of the highstructure with perpendicular nanorods exhibiting an unprec-
temperature tetragonal phase, which we found to be dominanbdented h|gh degree of order provides an important alter-

in unannealed films.

native with practical functionalities to the conventional

Averaged chemical compositions and the crystallinity of nanometer-scale fabrication of oxide materials.

as-grown and oxygen annealed films were examined by
Rutherford backscattering spectroscopy (RBS) (Figure 4c).
Our simulations (black solid line) reveal that the as-grown
film (open blue circles) has the same chemical composition
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