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Abstract The laser energy density (laser fluence)
dependency of the Sr/Mn ratio was investigated for
SrMnO;_s (SMO) thin films grown by pulsed laser depo-
sition (PLD). It was found that the Sr/Mn ratio showed a
steep increase followed by a gradual increase as the laser
fluence was increased. However, the Sr/Mn ratio always
showed Mn-excess under the present laser fluence condi-
tion as long as stoichiometric StMnOj targets were used. In
order to obtain cation stoichiometric SMO films, it was
necessary to use Sr-excess SrMnQOj targets in addition with
laser fluence tuning. The crystal quality of the SMO thin
film was found to vary with the Sr/Mn ratio. In stoichi-
ometric or Sr-excess SMO thin films, epitaxial thin films
could be obtained, whereas Mn-excess thin films showed
very low crystallinity. Sr-excess films were also found to
have some extra SrO planes. In addition, they exhibited
out-of-plane lattice expansion which electron energy loss
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spectroscopy analysis revealed was due to Mn vacancies.
The variation of film growth was closely related to point
defects due to excess cations included in growing thin
films.

Introduction

Pulsed laser deposition (PLD) is widely used for oxide thin
film growth because it has been considered easy to obtain
oxide thin films with the same composition as that of the
target materials. However, Ohnishi et al. [1, 2] pointed out
that the composition of SrTiO3 (STO) films, specifically
the Sr/Ti ratio, depends on the laser energy density on
targets (laser fluence). Namely, cation stoichiometric STO
films can be obtained only at critical laser fluence, while
cation off-stoichiometric STO films exhibit lattice expan-
sion, which results from the incorporation of point defects
due to excess Sr or Ti [3]. Variation of the Sr/Ti ratio can
change physical properties of the films. For example, off-
stoichiometric homo-epitaxial STO films are considered to
become ferroelectric at room temperature, whereas stoi-
chiometric STO does not exhibit ferroelectricity at any
temperature [4, 5]. Thus, it is very important to control the
cation ratio in complex oxide films by PLD. However,
there are very few reports about the cation off-stoichiom-
etry in PLD-grown complex oxide thin films.

In this study, we focus on StMnO;_s (SMO) thin films.
SMO is a perovskite-type manganese oxide, which is often
used as an end member of La;_,Sr,MnO3; (LSMO)-series
colossal magnetoresistance (CMR) materials [6]. LaMnOs/
SrMnOj; superlattices have been intensively investigated to
observe different phenomena from La;_,Sr,MnO;5 single
crystals [7, 8]. However, there have been very few reports
on SMO thin films, despite the fact that it has attractive
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possibilities for showing interesting properties due to
mixed oxidation states or strain induced by the mismatch
with the substrate [9—13]. Thus, we grew SMO thin films
by PLD to investigate the St/Mn ratio change with laser
fluence, their microstructure, and the Mn oxidation states
by high-resolution transmission electron microscopy
(HRTEM), scanning transmission electron microscopy
(STEM) using an aberration corrector, and electron energy
loss spectroscopy (EELS).

Experimental procedure

SMO films with various cation off-stoichiometry were
grown on atomically flat single crystal STO (001) sub-
strates by PLD. The substrate temperature was kept at
800 °C, and the base pressure before the film growth was
set around ~5 x 107® Torr. The incident angle of the
laser on the target was 45°, and the distance between the
target and the substrate was set at 50 mm. The film
thickness was controlled by total pulse counts to be about
200 nm using a KrF excimer laser (248 nm) at a laser
frequency of 2 Hz. The off-stoichiometry, i.e., the Sr/Mn
ratio, was tuned by changing the laser fluence and the
target composition. Laser fluence was changed by a
reflection-type variable attenuator system without any
change of the spot size and a laser discharge voltage. The
St/Mn ratios of the polycrystalline SMO targets used were
50/50, 56/44, 59/41, and 62/38. Sufficient preablation of
the surface of these targets was performed before the film
growth. To obtain SMO thin films with an expected Sr/Mn
ratio, the laser fluence dependency of the Sr/Mn ratio was
determined by energy dispersive X-ray spectroscopy (EDS)
on a scanning electron microscope using amorphous films
prepared on aluminum substrates at room temperature.
With the obtained dependency, crystalline SMO films with
the aimed Sr/Mn ratios were grown under the growth
condition described above. After the film growth, the actual
Sr/Mn ratio was confirmed again by EDS in HRTEM (EM-
002BF, TOPCON Co.). In the determination of the Sr/Mn
ratio in the grown films, a stoichiometric SMO polycrystal,
which was glued on the films, was used as a standard
material for the compositional analysis.

Lattice parameters were measured by X-ray diffrac-
tometry (XRD, ATX-G, Rigaku Co). X-ray reciprocal
space mapping was performed around 114 Bragg reflec-
tions from the STO substrate.

The obtained films were observed by HRTEM and
STEM (JEM-2100F, JEOL Ltd) equipped with an aberra-
tion corrector (CEOS GmbH), both operated at 200 kV.
The observation was carried out in a cross-sectional view
of the films. The Radial Wiener Filter was applied to
HRTEM and STEM images to reduce the noise by

commercial software in Digital Micrograph (Gatan Inc) [14].
Thin foils for HRTEM and STEM observation were prepared
by conventional procedures including cutting, mechanical
grinding, polishing, dimple grinding, and Ar-ion beam
milling for electron transparency. Ar-ion beam milling was
performed with PIPS™ (Model 691, Gatan Inc).

STEM EELS (Model 766 Enfina, Gatan Inc) was used to
analyze the local electronic states in the films. Quantitative
analysis of the Mn-L, ;5 edges was conducted by a Hartree—
Slater function in Digital Micrograph. In addition, to obtain
information about standard O-K and Mn-L,; edges,
orthorhombic StMnQO, 5 and cubic SrMnO; polycrystals
with Mn oxidation states of 3+ and 4+ , respectively,
were prepared by sintering. StMnO, 5 polycrystals were
fired at 1240 °C for 12 h in ~3x107° Torr vacuum
atmosphere and quenched in oil. Cubic SrMnO; poly-
crystals were obtained by annealing StMnO, 5 polycrystals
to remove the oxygen vacancies at 350 °C for 12 h in air
[15-17]. The lattice parameters of the two polycrystals
were confirmed by XRD [15, 18].

Results

Figure 1 shows the laser fluence dependency of the Sr/Mn
ratio in SMO thin films which were grown using the targets
with various St/Mn ratios. In the plots, there are two major
distinct features. One is that the St/Mn ratio in the obtained
films exhibits laser fluence dependency. As seen for the
stoichiometric SMO (Sr/Mn = 50/50) target, the Sr/Mn
ratio steeply increases with laser fluence up to around
0.3 J cm~? and then gradually increases for laser fluence
higher than 0.3 J cm™2. The other feature is that the Sr/Mn
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Fig. 1 (Color online) Dependency of the Sr/Mn ratio on laser fluence

in StMnO;_; films. Four kinds of polycrystalline SrMnO; targets
were used, with Sr/Mn ratios 50/50, 56/44, 59/41, and 62/38
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ratio of the films is always lower than 1.0 (Mn-excess)
under the present laser fluence condition as long as a
stoichiometric target is used. To obtain stoichiometric
SMO thin films, we have to select the target with suitable
off-stoichiometric Sr/Mn ratio in addition to tuning the
laser fluence to an optimal value. These features obtained
in SMO are very different from the case reported in STO
homo-epitaxial film growth [2]. In case of STO films
grown by PLD, the cation (St/Ti) ratio strongly depends on
laser fluence. In contrast, the dependency is very weak in
the present case of SMO. In addition, the St/Mn ratio of the
SMO films obtained from the stoichiometric target is
always smaller than 1.0 (Mn-excess), i.e., stoichiometric
SMO films could not be obtained from stoichiometric SMO
targets under the conditions used in this study.

Out-of-plane X-ray diffraction (XRD) patterns of SMO
thin films around the 002 peak are shown in Fig. 2a. In the
figure, XRD profiles obtained from the SMO films with
different Sr/Mn ratios, specifically 56/44, 53/47, 50/50, and
45/55, are presented. The laser fluences used for the growth
of these films were 0.58Jcm 2 (St/Mn = 56/44),
0.46 J cm™? (Sr/Mn = 53/47), 0.58 J cm™ 2 (St/Mn = 50/
50), and 0.36 ] cm 2 (St/Mn = 45/55), and the spot size
used in this study was 0.05 cm® As seen in the XRD pro-
files, the out-of-plane lattice parameter increases as the
Sr/Mn ratio increases. The crystal quality of SMO thin film
is closely related to the Sr/Mn ratio. The crystallinity
degraded with excess Mn ratio (St/Mn = 45/55) while
epitaxial thin films could be obtained with the composition
of St/Mn =1 or a slight Sr-excess ratio. Hereafter, we
focus on stoichiometric and Sr-excess SMO thin films with
the composition ratios of St/Mn = 50/50, 53/47, and 56/44.

Figure 2b shows an example of a reciprocal space
mapping taken around 114 reflections of the SMO film
whose St/Mn ratio is 56/44. The in-plane lattice parameter
of the SMO film is similar to that of the STO substrate in
spite of showing lattice expansion normal to the substrate
surface. Similar tendencies were also observed for other
SMO thin films with St/Mn = 50/50 and 53/47.

Figure 3 shows bright-field TEM and HRTEM images
of stoichiometric SMO film (Sr/Mn = 50/50), which are
cross-sectional views along the [100] zone axis of the STO
substrate. As seen in the electron diffraction patterns inset
in Fig. 3a and the HRTEM image in (b), there are no
secondary phases and amorphous phases in the film, indi-
cating a good quality epitaxial thin film was obtained.
However, dark contrast exists in the film region near the
interface. The dark contrast is considered to relate to the
existence of strain, which originates from the lattice mis-
match between the STO substrate and the SMO film or
cation defects due to a very small off-stoichiometry.

On the other hand, in the Sr-excess SMO thin film (Sr/
Mn = 53/47), many line contrasts normal to the substrate
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Fig. 2 (Color online) a Out-of-plane X-ray diffraction pattern in the
vicinity of the SrTiO; 002 peak of SrMnOj;_s thin films with the
variation of the Sr/Mn ratio. b The reciprocal space mapping of
SrMnO;_; thin film with St/Mn = 56/44. Here, Miller indices for
SMO are based on the notation for fundamental perovskite units

surface were observed as shown in Fig. 4a and b. The
appearance of the streak patterns normal to the line contrast
is also confirmed in the electron diffraction pattern. These
indicate that some planar defects are formed normal to the
substrate surface. Considering the Sr/Mn ratio in Sr-excess
films, the planar defects are due to extra SrO planes.
Figure 5a shows a high-angle annular dark-field (HA-
ADF) STEM image taken from the area including the
planar defect in the SMO film with Sr/Mn = 53/47. In the
HAADF-STEM image, the intensity of atomic columns is
approximately proportional to the square of the atomic
number (Z) included in atomic columns, meaning that the
intensity of Sr (Z = 38) atomic columns should be higher
than that of Mn-O (Z = 25 and 8, respectively) atomic
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Fig. 3 a Cross-sectional bright-field TEM image of SrMnO;_; film
with St/Mn = 50/50 and SrTiOs5 substrate. The inset shows a selected
area electron diffraction pattern obtained from the film area, with
contrast inversed for ease of viewing. The interface is denoted by the
white arrow. b HRTEM image taken from a part of the same
specimen in a. Both the images were taken along the [100] zone axis

columns in the SMO lattice [19]. Figure 5b shows an
intensity profile taken from the HAADF-STEM image in
Fig. 5a. In region A, two types of the intensity peaks can be
seen, which correspond to Sr and Mn-O atomic column
positions. In region B, the intensity difference in the two
peaks becomes very weak. This can be understood as fol-
lows. When an extra SrO (100) plane is included into the
perovskite structure as indicated by the schematic illus-
tration of Fig. 5a, the SMO crystal is shifted by a/2[011]
(here, a is a lattice parameter of SMO) from the original
region. When this structure is viewed along the [100]
direction, Sr columns in the shifted region overlap with
Mn-O columns in the original region, and vice versa. This
leads to the image intensity features seen in region B. It is
therefore considered that the observed line contrasts in
Fig. 4 are due to the extra SrO planes.

As seen in Fig. 4, the extra SrO planes are formed
perpendicularly to the substrate surface. When extra SrO

Film

—
Substrate

Fig. 4 a Cross-sectional bright-field TEM image of SrtMnO;_; film
with St/Mn = 53/47 and SrTiOj; substrate. The inset shows a selected
area electron diffraction pattern obtained from the film area, with
contrast inversed for ease of viewing. The interface is denoted by the
white arrow. b HRTEM image taken from a part of the same
specimen in a. Both the images were taken along the [100] zone axis

planes are formed in the crystal, the lattice shows expan-
sion in the stacking direction of SrO planes [20]. Since the
lattice parameter of bulk StMnO;_s (0 < § < 0.5) with a
pseudocubic structure is smaller than that of STO
(3.905 A) [17, 21], in-plane lattice expansion of grown
SMO film serves to decrease the lattice mismatch with the
STO substrate. On the other hand, Sr-excess SMO films
show out-of-plane lattice expansion as shown in Fig. 2.
The out-of-plane lattice expansion is closely related to the
incorporation of excess Sr into SMO lattice as discussed
later.

Figure 6 shows O-K and Mn-L, ;3 EELS spectra taken
from SMO films with St/Mn = 50/50 and 53/47. In the
figures, the O-K and Mn-L, ; edges of StMnO;_; (6 = 0
and 0.5) polycrystals are also shown as standard edges for
SMO including Mn*" and Mn*". All the spectra are
aligned so that the first peak of the O-K edges around
530 eV are at the same position. Features of the O-K and

@ Springer
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(@) ~"SrO plane

Fig. 5 a HAADF-STEM image of SrMnO;_; thin film with Sr/
Mn = 53/47 taken along the [100] zone axis. The schematic of
SrtMnO;_; lattice including extra SrO plane is also shown. b An
intensity profile taken from a. In the profile, the intensity is summed
over the vertical direction

Mn-L, 5 edges in StMnO;_; films are very similar to those
of SrtMnO, 5, suggesting that the oxidation state of Mn is
likely to be 3+, which will be discussed later in detail, and
SMO films grown in the present study include oxygen
vacancies.

Discussion

The oxidation state of Mn can be understood by peak
shifts of the Mn-L, 5 edge as is clear for the SrMnOj3; and
StMnO, 5 polycrystals (Fig. 6b). When the Mn-L, 5 edge
of the SMO (Sr/Mn = 50/50) film is compared with that
of the SMO (St/Mn = 53/47) film, their peak positions are
slightly different, indicating that the Mn oxidation state of
the SMO (Sr/Mn = 53/47) film is different from that of
the stoichiometric SMO (Sr/Mn = 50/50) film. To inves-
tigate more in detail, the Mn L;/L, ratio was calculated.
For the calculation, a Hartree—Slater function was used as
a step function to extract the white line intensities [22].
The remaining signal under the corrected L, and L; lines
was integrated by a window of 10 eV as shown in Fig. 7a.
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Fig. 6 (Color online) O-K edge a and Mn-L, 5 edge b EELS spectra
taken from SrMnOj_; films with St/Mn = 50/50 and 53/47, and
StMnO;_5 (0 = 0 and 0.5) polycrystals. The dashed line in b shows
the onset of the Mn edges. These figures are rescaled in ¢ and d,
respectively

The integration area is = 10 eV from the minimum
position between the L; and L, edges, and a scaling
window of 4 eV was used. The resulting integrated
intensity was used to calculate the Mn Ls/L, ratio. The
calculation results are shown in Fig. 7b with the results
performed for SMO polycrystals. Here, we assumed that
there is a linear relationship between the Mn L3/L, ratio
and the Mn oxidation state as indicated by dotted line in
Fig. 7b. The result of SMO polycrystals is in good
agreement with a previous report performed for other
perovskite manganese oxides [22]. On the other hand, the
Mn L3/L, ratio of grown SMO films is found to increase
with the increase of the Sr/Mn ratio. The Mn oxidation
state is about 3.2+ in SMO film with Sr/Mn = 50/50,
while it is about 3.4+ in SMO film with St/Mn = 53/47.
The difference in the Mn oxidation state between SMO
films with St/Mn = 50/50 and St/Mn = 53/47 is closely
related to the cation off-stoichiometry. Figure 8 shows
out-of-plane and in-plane lattice parameters obtained from
SMO films with different Sr/Mn ratios. In-plane lattice
parameters of all SMO thin films coincide with those of
the STO substrate whereas out-of-plane parameters
increase as the Sr/Mn ratios increase. It is assumed that
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Fig. 7 (Color online) a Integration area of the Mn-L,3; edge for
calculating the Mn L3/L; ratio. The red dashed line shows the Hartree—
Slater step function. b Mn Ls/L, ratio of StMnO3_; thin film with St/
Mn = 50/50 and 53/47. As shown with red dashed line, the Mn Ls/L,
ratio decreases with increase of the Mn nominal oxidation state

the Sr-excess for SMO (Sr/Mn = 53/47) film can not be
accounted for solely by extra SrO planes, i.e., the SMO
crystal between the extra SrO planes will have an
Sr-excess composition. It is therefore considered that Mn
vacancies exist in the SMO crystals, and the presence of
Mn vacancies would lead to an increase in the Mn oxi-
dation state. In the case of ionic crystals such as SMO,
when vacancies are incorporated, the lattice at the area
commonly expands due to electrostatic repulsion [23].
This explains out-of-plane lattice expansion and Mn
valence increase in the SMO (Sr/Mn = 53/47) film. Since
it is usually very difficult to directly reveal the presence
of Mn vacancies, the effects of oxygen vacancies were
checked by annealing the specimens at 400 °C for 24 h
in air and by measuring the change of the lattice
parameters. As shown in Fig. 8, the out-of-plane lattice
parameters of post-annealed Sr-excess SMO films were
not coincident with that of post-annealed stoichiometric
SMO film. This indicates that many Mn vacancies are
present in Sr-excess SMO films, which still results in out-
of-plane lattice expansion of post-annealed Sr-excess
SMO films.

3.95 | ® c-axis (as-deposited)
O c-axis (postannealed)
B 3-axis (as-deposited)
< 390} . . b
B
3
£
£ @
T 3.85
g 3
Q =
L2 )
E @
3.80 |
3.75 . -
50 55 60
Sr/(Sr+Mn) /at.%

Fig. 8 (Color online) In-plane (filled squares) and out-of-plane (filled
circles) lattice parameters of as-deposited SrMnO;_, films with Sr/
Mn = 50/50, 53/47, and 56/44. Opened circles show the out-of-plane
lattice parameters of post-annealed SrMnO;_; films. It should be
noted here that the out-of-plane lattice parameter for post-annealed
stoichiometric SMO film may not be so accurate, because the SMO
film was severely cracked during the post annealing

Summary

We revealed the dependency of the cation ratio in SMO
films on laser fluence by PLD. The atomic-scale structure
and the oxidation state of Mn of the films were carefully
investigated. The crystal quality of SMO thin film was
found to be closely related to the Sr/Mn ratio. The crys-
tallinity degraded in SMO (Sr/Mn = 45/55) films. On the
other hand, epitaxial thin films could be obtained for SMO
(Sr/Mn = 50/50, 53/47, and 56/44) films. In Sr-excess
SMO film, the expansion of the out-of-plane lattice
parameter and an increase in the Mn oxidation state were
observed, which is considered to be due to the presence of
Mn vacancies.
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