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Reduction and oxidation in transition-metal oxides are keys to develop technologies related to energy and
the environment. Here we report the selective topochemical reduction observed when artificial superlattices
with transition-metal oxides are treated at a temperature below 300 °C with CaH,. [CaFeO,],,/[SrTiO3],
infinite-layer/perovskite artificial superlattice thin films were obtained by low-temperature reduction of
[CaFeO; 5] ,,,/[SrTiO3],, brownmillerite/perovskite artificial superlattice thin films. By the reduction only
the CaFeO, 5 layers in the artificial superlattices were reduced to the CaFeO, infinite layers whereas the
SrTiO; layers were unchanged. The observed low-temperature reduction behaviors strongly suggest that the
oxygen ion diffusion in the artificial superlattices is confined within the two-dimensional brownmillerite
layers. The reduced artificial superlattice could be reoxidized, and thus, the selective reduction and oxidation
of the constituent layers in the perovskite-structure framework occur reversibly.

xygen-deficient perovskites AFeO; 5 (A = Sr or Ca) (6 = 0~1.0) attract much attention because they

show wide varieties in crystal structures and physical properties as a function of oxygen content, and thus

they have been studied extensively for more than 40 years' . For example, SrFeO; (8 = 0) is a simple
perovskite, contains iron ions with unusually high valence state (Fe'"), which is stabilized by a strong oxidizing
atmosphere, and exhibits metallic conductivity">°. SrFeO, s (5 = 0.5), on the other hand, is synthesized at an
ambient condition, and its brownmillerite structure consists of alternate layers of Fe’* octahedra and tetrahedra,
and is an antiferromagnetic insulator’. Although it was not possible to produce a perovskite with Fe’* by using
any reduction techniques, recently low-temperature topochemical reduction made the brownmillerite SrFeO, 5 to
an infinite-layer structure SrFeO, (6 = 1.0)*'°. Such a wide range of oxygen nonstoichiometry could also be
exploited in applications for electrochemical energy generation and storage devices' ™.

The infinite-layer structure AFeQ, is the first iron oxide with Fe>* with an unusual square-planar coordination
of oxygen, and is made from the corresponding brownmillerite AFeO, 5 by reducing it at a low temperature with
CaH, (refs. 8 and 14). This reduction reaction changes the iron from Fe’" with a tetrahedral or octahedral
coordination to Fe** with an unusual square-planar coordination". A similar reaction with CaH, also reduces
a perovskite LaNiO; to an infinite-layer structure LaNiO, with unusual square-planar coordinated monovalent
Ni (refs. 16-18). Thus, the low-temperature reduction removes oxygen atoms from the fundamental perovskite-
structure framework and adjusts the oxidation state and the oxygen coordination of cations'>*.

AFeO, is also obtained in a single-crystalline thin film form by the reduction of AFeO, ;s thin film
Interestingly, the topotactic reduction of thin films of the brownmillerite CaFeO,s to the infinite-layer
CaFeO, revealed that there are two ways of oxygen rearrangement that have different kinetics. Both a-axis
oriented and b-axis oriented CaFeO, s thin films changed to the c-axis oriented CaFeO, films, but the complete
reduction of the b-axis oriented film took longer time than that of the film oriented on the a axis®. Thus, the low-
temperature reduction behaviors seen in the thin film samples provide us deep insight into oxygen-ion rearrange-
ment in oxides.

Similar oxygen release and rearrangement were seen in the reduction of an artificial brownmillerite superlattice
thin film consisting of CaFeO, 5 and SrFeO, 5 to an infinite-layer-structure superlattice thin film consisting of
CaFeO, and SrFeO, (ref. 24). The oxygen atoms in the constituent brownmillerite-structure oxides are released
from the superlattice layers of the thin film. This raised an interesting question as to what happens during the
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Figure 1 | RHEED intensity oscillations during deposition. RHEED
intensity oscillations during the growth of a [CaFeO, 5]4/[SrTiOs];
superlattice on a SrTiO; (001) substrate. Red and blue oscillations
correspond to the growth of [CaFeO, 5], and [SrTiOs];, respectively.

reduction of artificial superlattice thin films consisting of the brown-
millerite CaFeO, s and the perovskite SrTiO;. Because SrTiOj; is
rather stable in any atmosphere, the oxygen rearrangement facilities
are expected to be different between the two constituent layers. The
reduction behaviors of such artificial superlattices are investigated in
the work reported here.

Results
Brownmillerite/perovskite artificial superlattices, [CaFeO, 5],/
[SrTiOs],, (m = 4, 6, and 8; n = 1, 2, 3, and 4), were prepared on
single-crystal SrTiO3(001) substrates by pulsed laser deposition. The
reflection high energy electron diffraction (RHEED) intensity oscil-
lation during the growth of a [CaFeO, 5]4/[SrTiO;]; superlattice is
shown in Fig. 1. The observed clear oscillation pattern confirms that
both CaFeO,s and SrTiO; are grown in a layer-by-layer growth
mode. As reported in a previous paper*, b-axis-orientated
[CaFeO,s], 7.4 A thick, a thickness corresponding to one FeOq
octahedron and one FeO, tetrahedron, grew during a single
RHEED oscillation. Thus, the deposition of CaFeO, s for the two
oscillations produces m = 4 layers. One-unit-cell-thick SrTiO;
(3.91 A) can also be deposited during a single RHEED oscillation.
As shown in the X-ray diffraction pattern of the [CaFeO, 5],/
[SrTiOs]; superlattice in Fig. 2a (the structure model is shown in
Fig. 2b), the (0 0 ]) diffraction peaks confirm the successful growth of
the superlattice structure. Note that the stacking direction of the
artificial superlattice is defined here as the ¢ direction. The X-ray
diffraction patterns of the m = 8 (n = 1,2, 3, and 4) and m = 6

(n =1,2,3,and 4) superlattices prepared in the present study are also
shown in Supplementary Figs. S1 and S2, respectively. As shown in
Fig. 3, the out-of-plane lattice constants of the as-deposited
[CaFeO, 5],,/[SrTiOs], brownmillerite/perovskite superlattices are
on the line of 3.70 [= b (CaFeO,s: 14.8 A)/4] X m + 3.91 X n A.
These results thus clearly show that the brownmillerite/perovskite
superlattices were prepared as designed.

The films were then treated, in evacuated glass tubes, with CaH, at
280 °Cfor 48 h. After the reduction process, the (0 0 ]) peak positions
of the thin films in the X-ray diffraction patterns changed to higher
angles (see Fig. 2a, and Supplementary Figs. S1 and 52), and thus the
out-of-plane lattice constants decreased significantly. The 18.9 A
out-of-plane lattice constant of the as-deposited m=4 and n=1 film,
for example as seen in Fig. 2a, decreased to 17.9 A. What is of par-
ticular interest here is that the reduced out-of-plane lattice constant
is very close to the lattice constant of an artificial superlattice, which
consists of four unit cells of the infinite-layer-structure CaFeO, and
one unit cell of SrTiO3. The observed diffraction intensities shown in
Fig. 2a are also consistent with those simulated for the superlattice
structure model with the infinite-layer CaFeO, and the perovskite
SrTiO; shown in Fig. 2c.

The reduction of the CaFeO, s brownmillerite layer to the infinite-
layer structure CaFeO, in the superlattice was also confirmed by a
cross-sectional high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) image shown in Fig. 4.
Although the four-coordinated Fe and six-coordinated Fe in the
brownmillerite structure are distinguishable in the HAADF-STEM
image (see inset of Fig. 4), such features are not evident in the reduced
superlattice, suggesting that all Fe in the reduced film are square-
planar coordinated by oxygen ions. The alternate stacking of eight
layers of CaFeO, and three layers SrTiOj; is clearly seen with sharp
interfaces. It should also be noted that the bright Sr column distances
in the image of the SrTiO; layer in the reduced film do not change
from those of the as-deposited SrTiO;. This implies that no signifi-
cant oxygen deficiencies are introduced in the SrTiO; layers after the
low-temperature reduction.

The out-of-plane lattice constants of all the reduced superlattices
can be fitted with the formula 3.35 [=c¢ (CaFeO,)] X m + 3.91 X n A.
As shown in Fig. 3, the reduction in the out-of-plane lattice constant
always corresponds to the thickness decrease due to the change from
brownmillerite CaFeO, 5 to infinite-layer CaFeO,. It is thus clear that
the reduced superlattices consist of the infinite-layer CaFeO, and the
perovskite SrTiO; and that only the brownmillerite CaFeO, 5 layers
were reduced by the low-temperature annealing (see the structure in
Fig. 2¢). The result is completely different from the reduction of the
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Figure 2 | XRD patterns and crystal structures of artificial superlattices. (a) X-ray diffraction patterns of the as-deposited [CaFeO, 5]4/[SrTiO;];
brownmillerite/perovskite superlattice and the reduced [CaFeO,],/[SrTiO3], infinite-layer/perovskite superlattice. Also shown at the bottom is the X-ray
diffraction pattern calculated from the superlattice structure model of [CaFeO,],/[SrTiO;]; shown in Figure 2c. (b), (c) Crystal structures of (b) the
[CaFeO, s]4/[SrTiOs]; brownmillerite/perovskite superlattice and (c) the reduced [CaFeO,]4/[SrTiOs]; infinite-layer/perovskite superlattice. The
brownmillerite and infinite-layer structures are drawn with Ca in green, Fe in brown, and O in red, and the perovskite structure is drawn with Sr in blue

and TiOg4 octahedra in light blue.
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Figure 3 | Out-of-plane lattice constants of as-deposited and reduced artificial superlattices. (a) Relation between the number m of CaFeO, s layers and
the out-of-plane lattice constants of (O) as-deposited and ([J) reduced [CaFeO, s],,/[SrTiO3], brownmillerite/perovskite superlattices. The lattice

constants of the as-deposited superlattices fit the blue line (3.70Xm + 3.91)

and those of the reduced superlattices fit the red line (3.35Xm + 3.91).

(b) Relation between the number n of SrTiOj; layers and the out-of-plane lattice constants of (O) as-deposited and ([J) reduced [CaFeO, 5]¢/[SrTiOs],
brownmillerite/perovskite superlattices. The lattice constants of the as-deposited superlattices fit the blue line (3.70X6 + 3.91Xn) and those of the
reduced superlattices fit the red line (3.35X6 + 3.91Xn). (c) Same as (b) but for [CaFeO, 5]5/[SrTiOs] , superlattices. The out-of-plane lattice constants of
the as-deposited and reduced films follow (3.70X8 + 3.91Xn) and (3.35X8 + 3.91Xn), respectively.

[CaFeO,5]/[SrFeO, 5] superlattice, in which both constituent
brownmillerite CaFeO, s and SrFeO, s layers were reduced to the
infinite-layer structures.

Discussion

Transition-metal ions are well known to show variation in their
oxidation states. The oxidation states of Fe, for example, are typically
2+ and 3 +, and those of Tiare 2+, 3+, and 4+. The present results
with the [CaFeO, 5]/[SrTiO3] artificial superlattices clearly show that
the Fe*" in the CaFeQ, 5 brownmillerite is reduced to Fe** whereas
Ti** in SrTiO; is not reduced under the same reducing atmosphere
with CaH,. This is, of course, related to the difference in reduction
facilities between Fe’* (the third ionization energy; 30.6 eV) and Ti**
(the fourth ionization energy; 43.3 eV). In addition, octahedral coor-
dination with oxygen ions for Ti*" is pretty stable, but square planar
and tetrahedral coordinations are difficult to stabilize.

The results thus suggest the difference in oxygen rearrangement
facilities between the two constituent layers and also raise interesting
discussion as to how the oxygen atoms are released and rearranged in
the present brownmillerite/perovskite superlattices. In the reduction
process, if we assume that the oxygen ions are released mainly from

Figure 4 | HAADF-STEM image of reduced artificial superlattice thin
film. HAADF-STEM image of the reduced [CaFeO,]s/[SrTiOs]5
superlattice. The blue, sky blue, green, and red spheres respectively
represent Sr, Ti, Ca, and Fe atoms. Inset shows a typical HAADF-STEM
image of brownmillerite CaFeO, s, where FeO4 octahedra and FeO,
tetrahedra are distinguishable as illustrated on the image.

the film surface, the results appear to imply that the oxygen ions pass
through the perovskite SrTiO; layers. Considering the fairly large
lateral size of the film samples (5 mm X 5 mm X 70 nm-thick), this
oxygen diffusion process is possible. In the brownmillerite structure
the oxygen ions travel by way of atomic vacancy sites, whereas in the
perovskite SrTiOj; structure they travel by way of exchange reactions
in the octahedron. On the other hand, suppose that the oxygen ions
are released mainly from the sides of the film sample, the oxygen ions
travel within the two-dimensional brownmillerite layers, instead of
passing through the SrTiOj; layers.

Note here that the time required for the complete reduction of
the brownmillerite/perovskite superlattices is almost the same irre-
spective of the thickness of SrTiOj; layers. Although the actual oxygen
diffusion should occur along both perpendicular and parallel direc-
tions of the films and the dominant diffusion process may depend on
the reduction temperature, the present results strongly suggest that
the oxygen diffusion through the thin SrTiOj; layer is not the main
pathway at 280 °C. Therefore, at low temperatures like 280 °C, the
stable SrTiO; layers can act as barriers for the oxygen diffusion and
the oxygen ion diffusion is confined within the two-dimensional
brownmillerite layers. It was indeed reported that the coherent inter-
face in epitaxial ZrO,:Y,0;/SrTiO; heterostructures increased oxy-
gen mobility at room temperature®>’. This suggests that the specific
two-dimensional structural feature has important roles in oxygen
diffusion in solids, especially at low temperatures.

The reduced infinite-layer/perovskite artificial superlattice could
be reoxidized to the brownmillerite/perovskite superlattice by
annealing it in an oxidizing atmosphere. Oxygen atoms could be
released selectively from the brownmillerite layers and also incorpo-
rated into the infinite-layer structure. Thus, the selective reduction
and oxidation in the perovskite-structure framework occur revers-
ibly. The results also give a potential application of the artificial
superlattice as a two-dimensional oxygen reservoir.

In conclusion, [CaFeO,],,/[SrTiOs], infinite-layer/perovskite
superlattices were prepared by low-temperature reduction of
[CaFeO,5],,/[SrTiO;],, brownmillerite/perovskite —superlattices.
The brownmillerite/perovskite superlattices were made by pulsed
laser deposition in a layer-by-layer growth mode by monitoring
the RHEED intensity oscillation during the deposition. The structure
analysis of X-ray diffraction data and the HAADF-STEM obser-
vation confirmed the successful reduction of the films to the
infinite-layer/perovskite superlattices. By the low-temperature
reduction with CaH,, only the brownmillerite CaFeO, 5 layers were
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reduced to the infinite-layer structure CaFeO, in the superlattices
whereas the SrTiO; layers were unchanged. The results strongly
suggest that, in the low-temperature reduction of the [CaFeO,s]/
[SrTiOs] artificial superlattices, the stable SrTiO; layers can act as
barriers for the oxygen diffusion and the oxygen ion diffusion is
confined within the two-dimensional brownmillerite layers.

Methods

The artificial superlattice thin films were prepared from CaFeO, 5 and SrTiO; ceramic
targets by pulsed laser deposition using a KrF excimer laser pulse (A = 248 nm)
(COHERENT COMPex-Pro 205 F). The polycrystalline brownmillerite CaFeO, 5
was synthesized by solid-state reaction of Fe,O; and CaCOj3 at 1200 °C for 36 h in air.
Brownmillerite/perovskite superlattices, [CaFeO, 5],,/[StTiOs], (m = 4, 6, and 8;

n =1, 2, 3, and 4), were prepared on single-crystal SrTiO;(001) substrates with
atomically flat terraces and unit-cell steps. The deposition started with CaFeO, 5, and
then SrTiO; was deposited. The oxygen partial pressure during the depositions was
107° Torr, and the substrate temperature was monitored with a pyrometer and kept at
600 °C.

The thickness of each layer was controlled by in situ observation of reflection high
energy electron diffraction (RHEED) intensity oscillation, and the total thickness of
the artificial superlattice was checked by measuring the Raue fringes in X-ray dif-
fraction profiles and by measuring the X-ray reflectivity of the film. The deposited
artificial superlattice thin films were embedded with about 0.25 g CaH, powder in
glass tubes in an argon-filled glove box and the tubes were sealed under vacuum
conditions, after which they were kept at 280 °C for 48h. The residual products and
unreacted CaH, on the film surface were removed by rinsing in 2-butanone.

The structures of the superlattices were evaluated by 20-0 X-ray diffraction mea-
surements with Cu Ko radiation (PANalytical X’Pert MRD) and the observed dif-
fraction intensities for the artificial superlattice thin films were compared to the
calculated ones by the simulation program RIETAN-2000*. The structures were also
studied by cross-sectional high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) observations with a JEM-9980TKP1.
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