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Classical solid-state synthesis methods allow access to many
complex extended structures, which can be classified in terms
of basic structural units."! This understanding can then be
used to identify further compositions and structures for
synthesis. For example, a modular structural approach can be
used to guide the synthesis of superconducting copper
oxides.”) One limitation is the availability of synthetic
methods that will permit the isolation of the identified
structures. Conventional solid-state synthesis involving a
diffusional reaction between powders ground to dimensions
of the order of microns often requires elevated temperatures
to permit diffusion of the reacting atoms at a sufficient rate to
form the desired structure. With the exception of generalized
kinetically controlled routes, such as intercalation into a pre-
existing host,"! this approach usually leads to the formation of
thermodynamically controlled products. In this case, the
absence of a direct structural relationship between the
reagents and products hinders targeted synthesis. This sit-
uation has led to the development of kinetically controlled
approaches to materials assembly,* involving the pre-assem-
bly of disordered reagents to direct low-temperature crystal-
lization,”® or the atom-by-atom construction of materials by
molecular-beam epitaxy (MBE),"” for example. MBE and the
related process pulsed-laser deposition (PLD) are frequently
associated with the deposition of epitaxial semiconductor
device structures, but they can also be exploited to prepare
new multilayered materials (e.g., ABO; perovskites with
controlled B-site cation order® %), opening up exciting
prospects for synthetic solid-state chemistry. Herein, we
report the targeted synthesis of the n=4, 5, and 6 members
of the Ca,,;Mn,0O;,,,; Ruddlesden-Popper (RP) series by the
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assembly of the constituent modules (CaMnOj; perovskite
and CaO rock-salt blocks) in a unit-cell-upon-unit-cell
manner, with in situ monitoring of the growth process using
reflection high-energy electron diffraction (RHEED).['!
The RP series A, B, 03,1 (or AO(ABOs),) is one of the
simplest lending itself to the modular-assembly approach.
There are two structural components: an AO rock-salt layer,
which is electrically insulating, and an ABO; perovskite layer
n-octahedra thick (Figure 1). In principle, the value of n is
indefinitely variable, but ceramic routes to oxides typically
only afford n =3 as the maximum finite value. The relatively

&

a0l
A

&
¢,

&

PR 2222

3
il
8

Figure 1. The Ruddlesden—Popper (RP) series A,,,B,0;,,, can be
viewed as an assembly of AO rock-salt and ABO; perovskite layers.
The unit cells of the n=1-6 and co members of the Ca,,,Mn,0;,,, (or
CaO(CaMnO;3),) RP family are shown. The MnO, octahedra are shown
as polyhedra and the Ca®* ions as spheres.

small mismatch between the Sr—O distances in SrO itself and
in SrTiO; has permitted the growth of the n=4 and n=>5
members of Sr,,,Ti,0;,,; on StTiO; substrates by MBE!!”
and by RHEED-assisted PLD.'® There has been little
progress in growing thin films of other RP structures, except
the deposition of both c-axis'®- and (110)!"-oriented
(La,Sr);Mn,0; (n=2) thin films. An n=4 RP phase in the
S1,,1Co0,0;,,, series has been prepared under high pres-
sure.[®)

The inaccessibility of higher-n members in the manganate
RP family is a particularly serious limitation, as higher
n values offer a route to increased magnetic-ordering temper-
atures in these “natural spin-valve” structures of interest for
tunneling magnetoresistance.'”) As PLD is a versatile route to
intergrowing unit cells with different metal compositions,**"
it permits, in principle, the modular assembly of different
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structural units in direct relationship to the way a synthetic
solid-state chemist would propose the structure and compo-
sition of a new material.

The n =4 RP manganate CasMn,O; is inaccessible in the
bulk, as classical high-temperature synthesis affords phase
separation into Ca,Mn;O,, (n=3) and CaMnO; (n=c0).
Epitaxial strain imposed by the substrate is important in
stabilizing, in thin-film form, materials that are otherwise
metastable under classical synthesis conditions.”!! This work
uses SrTiO;(100) substrates pretreated through the homo-
epitaxial growth of 22 layers of SrTiO; (600 laser pulses) to
give a 2 x 1 reconstructed surface (Figure S1 in the Supporting
Information).’? The SrTiO; (STO; agro =3.905 A) substrate
has a lattice mismatch of 4.5% with CaMnO; (acavno,=
3.730 A), while the Ca—O bond length in the rock-salt
structure CaO (ac,o=4.815 A) has a mismatch of 12.8%
with the Sr—O distance in the perovskite SrTiO;. The strain-
stabilization approach is unsuccessful here in stabilizing
CasMn,O,;. PLD growth on the SrTiO;(100) substrate from
a single-source biphasic bulk target with the Ca;Mn,O,; (n=
4) composition affords instead an epitaxial c-axis-oriented
film with the perovskite (n=o0) structure. We therefore
adopted the alternative approach of layer-by-layer assembly
of the n=4 RP structure from pseudomorphically strained
individual unit cells of CaMnOj; and CaO deposited from two
separate targets.

The reconstructed SrTiO;(100) surface is suitable for the
growth of the n =4 RP manganate, if precise control of the
layer-by-layer growth is maintained to take into account the
differences in bond length at the interfaces formed during the
growth process. The strain introduced by the deposition of
CaO onto the SrTiO; substrate leads to the disappearance of
the RHEED pattern after 150 laser pulses, owing to relaxa-
tion of the coherent film structure driven by the large bond-
length mismatch referred to above. However, the mismatch
between the A—O distance in the cubic CaO structure
(2.408 A) and that in the CaMnO, perovskite (2.637 A) is
significantly less (—8.7%) than the bond-length mismatch
between CaO and SrTiO;. Similarly, the small difference in
cell parameters between CaMnO; and SrTiO; permits epi-
taxial growth. By starting the growth of the target n=4 RP
structure with the deposition of four unit cells of CaMnO; on
the SrTiO;(100) substrate at 800°C, it is possible to introduce
a buffer CaMnO; layer before the first CaO layer to decrease
the mismatch. The success of the subsequent deposition then
depends on whether precisely one CaO layer can be deposited
on top of this first module of the target n =4 structure. Either
insufficient or excessive deposition of CaO compared with the
quantity required to form a single-unit-cell layer (or unit)
prevents the subsequent formation of the whole superlattice,
leading instead to a thin film with the perovskite structure
(Figure S2). In particular, termination of the deposition of the
CaO layer before precisely one single-unit-cell layer is
stabilized affords either epitaxial perovskite films or systems
with extremely broad low-angle diffraction features consis-
tent with the formation of very small domains of the target RP
structure. The deposition of the first CaO layer and subse-
quent CaO and (CaMnOs), units requires the reduction of the
substrate temperature to 700°C to maintain the RHEED
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oscillations indicating layer-by-layer growth. Figures 2 and S3
show RHEED oscillations during the growth of the
Ca, ;Mn,0;,., (n=4,5, and 6) materials deposited according
to the ideal sequence with complete CaO-layer coverage at a
700°C growth temperature in 2.8 x 10~* Torr O,.
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Figure 2. RHEED oscillations measured for a) 2 periods and b) 5 peri-
ods of the PLD deposition of the CaO and (CaMnOs); layers during
the growth of the CagMn;0,¢ phase (n=5). The filled and empty
symbols in (a) indicate the CaO and CaMnOj; deposition periods,
respectively. The persistence of the RHEED oscillations without
significant damping indicates that the superlattice has been grown
epitaxially.

From these RHEED oscillations, one can clearly follow
the deposition process at the unit-cell scale as illustrated for
n=>5 CagMn;O, in Figure 2. As the CaO layer is deposited,
the RHEED intensity increases initially with an increasing
number of laser pulses. Finally, it reaches its maximum value,
and then decreases. The point at which the RHEED intensity
decreases to the same level as its original value corresponds to
the deposition of one complete single-unit-cell CaO layer. At
this stage, the laser is switched to the CaMnO; target and the
RHEED intensity decreases as the first CaMnO; layer grows.
The subsequent increase to a maximum value corresponds to
the deposition of one complete single-unit-cell CaMnO;
layer. There are five clear periods in the RHEED oscillations
during CaMnO; deposition in the case of the n=5 film
(Figure 2 a), which indicates that five single-unit-cell CaMnOj5
layers have been grown. The initial growth of five CaMnO;
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units is essential to permit the subsequent growth of the
epitaxial RP phase with smooth interfaces between the
coherent layers. The initial deposition of four and six
CaMnO; units, respectively, permits the growth of the n =4
and n =6 members of the RP series (Figures 1 and S3)

We can clearly distinguish that all the films are in the c-
axis orientation and have the desired RP structure for each
member of the seriess The XRD patterns of the
Ca, 1Mn, 05, films with n=4, 5, and 6 are shown in
Figure 3. Small quantities of perovskite intergrowth are
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Figure 3. X-ray diffraction patterns of thin films of the RP phases

Ca, ;Mn,0;,,, with a) n=4, b) n=5, and c) n=6. The intense unin-
dexed reflections are from the SrTiO; (100) (STO) substrate.

visible (Figure S4a). The rocking curve for the (0018)
reflection of the n =4 film (Figure S4b) further demonstrates
that a high degree of c-axis epitaxial orientation has been
achieved. The c-axis lattice parameter is (34.12+0.02),
(41.46£0.04), and (49.11+0.07) A for the n=4, 5, and 6
RP phases, respectively. As these compounds are not known
as bulk phases, it is necessary to compare them with the trend
in the lattice parameters of 12.05, 19.575, and 27.119 A
reported for the bulk n=1, 2, and 3 RP phases. Values of
approximately 34.65, 42.19, and 49.72 A would be expected
for the n=4, 5, and 6 phases in the absence of strain or of
variations in composition and octahedral tilting.®! In the
present thin-film case, the in-plane tensile stress on the RP
lattice due to the larger agro lattice parameter will cause an
out-of-plane compression, contributing to a slight decrease in
the c-axis lattice parameter compared with the expected
values.

The high-resolution transmission electron microscopy
(HRTEM) image in Figure 4a confirms the growth of the
CasMn,O,; (n=4) layers shown by XRD. Under the given
defocus conditions, the dark dots in the image correspond to
projected cation columns in the structure. Image simulations
confirm that the brighter (horizontal) rows correspond to the
rock-salt CaO layers.

At the SrTiO;—CasMn,O,; interface, lattice misfit occurs
owing to the rock-salt bond-length mismatch; this misfit is
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Figure 4. Cross-sectional HRTEM images of the epitaxially grown RP
phase CasMn,O,; (n=4). a) Image of the bulk of the film, showing the
ideal n=4 RP structure. The unit cell is outlined in white. A simulation
of the image (using the Ca;Mn,O;; structure at a focus value of

—150 A and a thickness of 44 A) is inserted inside the black frame.
The indexed diffraction pattern generated as the fast Fourier transform
(FFT) of the image is shown in Figure S6. Images of the SrTiO;—
CasMn,O;,; interface, showing the orientation of the Ca;Mn,O,; struc-
ture relative to the interface, and showing the dislocations described
by the Burgers vectors b) '/, (101)cuuno, and €) {100)c,uno, The differ-
ent phases are labeled, and the Burgers circuits are indicated by
dashed lines.

relieved by the presence of dislocations such as the ones
shown in Figure 4b and c. The Burgers circuits are indicated:
the Burgers vector is (100)c,uno, for Figure4c and
/5 (101) cqmno, for Figure 4b; the latter corresponds to the
insertion of a plane perpendicular to the interface as well as
one parallel to the interface.

Some areas of the film contain RP layers randomly
introduced along the growth direction, similar to the ones
reported in films with (SrTiO,)s/(SrO), superlattices."™™ An
example of such an area is shown in Figure S5. On this image,
one can clearly observe dark stripes perpendicular to the
interface, which correspond to the contrast caused by the
insertion of extra CaO layers. These defects may contribute to
the reduced intensity and increased width of the low-angle
(00!) reflections in the X-ray diffraction patterns of this and
other artificial RP structures.

Thermal post-deposition annealing experiments indicate
that the n =4 RP phase starts to decompose into the n =00
perovskite phase above 850°C and totally disappears above
1000°C (Figure S7). This result explains why the growth from
a single bulk-composition target is unsuccessful, as the kinetic
energy for surface-adatom diffusion required to rearrange the
incoming atom flux from the multiphase target into the n =4
RP structure requires a high growth temperature (cf. the
substrate temperatures of over 900 °C needed to grow the n =
1 and 2 members of the RP series directly!**>). However,
the annealing experiments show that the target n =4 RP film
would not be stable under the conditions that would permit
sufficient diffusion for it to form. By contrast, unit-cell-by-
unit-cell modular growth with multiple targets (CaMnO; and
CaO) permits each unit cell to adsorb and assemble without
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the extensive reorganization required in the single-target
approach.

Magnetization measurements on the films deposited are
consistent with the predominantly antiferromagnetic coupling
expected in these Mn' films. Chemical control of the
electronic properties of the perovskite blocks by adjustment
of the metals (by changing the band filling in the perovskite
layers through changes to the A site cation charges) in either
module or the oxygen content will be necessary to obtain
metallic conductivity and ferromagnetism. The synthesis of
complex oxide phases by unit-cell-by-unit-cell deposition
motivated by a modular view of the target structure is a direct
route to new materials in thin-film form.
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