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Three new modulated structures induced by controllable electron beam irradiation (EBI) were obtained from
SrCrOs single crystal. The crystal and electronic structures were investigated using aberration-corrected scanning
transmission electron microscopy, electron energy loss spectroscopy (EELS) and ab initio calculations. The EELS
results revealed that EBI induced ordered oxygen vacancies and generated modulated structures SrCrOz 5 (I4/
mmm), SrCrO2 g (C2/m) and SrCrO; ¢7 (C2/m) from pristine SrCrO3 (Pmm). The corresponding structural models

were proposed and modified by ab initio calculations. Additionally, the electronic structures of the optimized
modulated structures were further investigated.

1. Introduction

The transition metal oxides, e.g. ACr4+03 (A = Sr, Ca and Ba), have
recently attracted considerable attention because of their characteristic
properties induced by the partially filled d shell of the Cr ion and the
strong electron-lattice coupling effect [1-7]. Among them, pristine
SrCrO5 exhibits a cubic structure with Cr*"Og octahedra. Due to the
fluctuation of Cr** valence, SrCrOs can only be synthesized under
extreme conditions of high pressure and high temperature. Previous
works indicated that SrCrO3 has a ferromagnetic transition at 50 K and a
structural phase transition from a cubic to an orthorhombic structure
below 100 K [8]. Ortega-San-Martin et al. reported that polycrystalline
SrCrOs3 had a phase separation induced by lattice strain at low temper-
ature, which includes an original paramagnetic cubic phase and an an-
tiferromagnetic tetragonal phase [5]. However, some results indicated
that SrCrO3 does not undergo magnetic transformation at low temper-
ature [9]. In addition, cubic SrCrO3 can be reversibly transformed into
rhombohedral SrCrO, g under artificially controlled experimental con-
ditions [10], and at 400-500 °C by using redox reactions [11]. Ong et al.
explored the formation of oxygen vacancies and the collective mass
transport in an epitaxial SrCrOs_s thin film based on ab initio
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calculations [12]. They believed that processes of fast mass transport
give importance to some functional materials in which fast 0%~ trans-
port occurs, such as solid oxide fuel cells and electrochemical reactors
[10,12]. However, there is also some debate about the electrical prop-
erties of SrCrOs. It was reported that SrCrOs displays metallic behavior
in temperature-dependent resistivity measurements [8], and infrared
observations [13]; however, it displayed semiconducting behavior in
temperature-dependent resistivity measurements [14,15]. Zhou et al.
found that polycrystalline SrCrOs is in a metallic state at pressures
exceeding 4 GPa, but showed nonmagnetic insulating behavior at
ambient pressure [4]. Therefore, the ground state of SrCrO3 needs to be
discussed further [16].

The electronic, transport and magnetic properties can be modified by
external fields, such as temperature, hydrogenation, strain and electron
beam irradiation (EBI) [17-25]. The EBI can induce a structural tran-
sition by relaxing unstable bonds or generating oxygen vacancies more
precisely compared with thermal annealing [21-23,26,27]. For
example, the unit cell volume of LaMnOj s slightly expands with
increasing EBI dosage [28].

In this work, we report that EBI induced three kinds of modulated
structures from SrCrOgs single crystal. We used aberration-corrected
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Fig. 1. SAED patterns of pristine SrCrOs single crystal along the (a) [100]¢ and
(b) [110]¢ zone axes.

Fig. 2. The SAED patterns of the SrCrOj; single crystal along the [110]¢ zone
axis, recorded (a) at the beginning of irradiation experiment and after irradi-
ation of (b) 2 min, (c) 2.5 min and (d) 4.5 min.

scanning transmission electron microscopy (STEM) and electron energy-
loss spectroscopy (EELS) to study the crystal and electronic structures of
these new superstructures. We also explored the origin of the modulated
structures and constructed the corresponding structural models. We
optimized the models using first-principles calculations and carried out
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simulation works of electron diffraction and STEM images to justify the
rationality of the models. The calculated energy bands and density of
states (DOS) of the pristine phase and three kinds of modulated phases
were further investigated. The EBI-induced modulated structures of
transition metal oxides may have novel properties and potential
applications.

2. Experimental sections
2.1. Preparation of samples

A single crystal SrCrO3 was synthesized by utilizing SrO and CrO; as
primary materials under 5.5 GPa and 500 °C. The synthesis details as
well as the transport and magnetic properties of the sample were pre-
viously described [9]. The specimens for transmission electron micro-
scopy (TEM) observations were prepared by focused ion beam
technology. All the samples and TEM specimens were stored in a glove
box filled with Ar gas at 1 atm pressure to avoid contamination from air
and water.

2.2. Characterization

The STEM [high-angle annular dark-field (HAADF) and annular
bright-field (ABF)], EELS and selected area electron diffraction (SAED)
were performed on a JEM-ARM200F microscope with double Cs cor-
rectors for the condenser lens and objective lens. The available point
resolution was better than 0.078 nm at an operating voltage of 200 kV.
The acceptance angles were 90-370 mrad for HAADF imaging and
11.5-23 mrad for ABF imaging. All EELS spectra were collected in image
mode in case of an orientation effect. The lattice constants and internal
coordinates of the pristine and modulated structures were optimized by
ab initio calculations based on density functional theory using the
CASTEP program, which was also used to calculate energy bands and
DOS.

3. Results and discussion
3.1. TEM irradiation analysis

The TEM results showed that the pristine SrCrOs single crystal had a
cubic structure with lattice constants of a, x a, x a, (space group Pmm)

Fig. 3. STEM HAADF images of the SrCrO; single crystal along the [110]¢ zone axis (a) before irradiation (inset is the projection of structural model) and after
irradiation of (b) 2 min, (c) 2.5 min and (d) 4.5 min. The corresponding STEM ABF images along the [110]¢ zone axis (e) before irradiation and after irradiation of (f)

2 min, (g) 2.5 min (h) and 4.5 min (insets are the corresponding FFT patterns).
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Fig. 4. The EELS spectra with fine structures of the pristine (black line) SrCrO3
and double (red line), five-fold (blue line) and triple (green line) modulation
structures: (a) O-K edges and (b) Co Ly, 3 edges.

under 200 keV when the EBI dose rate was relatively low. Some obvious
extra electron diffraction spots appeared when the dose rate increased to
40.1 pA/cm? for the specimen region with a relative specimen thickness
of 0.25) (A is the mean free path of SrCrOs [29]). Keeping the dose rate
of 40.1 pA/cm?, we studied the EBI effect on the pristine SrCrOs. Fig. 1
illustrates a cubic structure of pristine SrCrO3 recorded at the beginning
of the irradiation, consistent with a previous report [9]. Fig. 2 displays
the evolution behavior of the SAED patterns of SrCrO3 with increasing
irradiation time along the [110]¢ zone axis (subscript C denotes the
primitive cubic phase). After irradiation of 2 min, extra reflection spots
(marked by red arrows) appeared in {111}*-reciprocal planes (Fig. 2b)
in contrast with the fundamental perovskite reflection spots (Fig. 2a). It
should be noted that additional reflection spots appeared at the middle
position of the basic spots along the [111]*¢ direction, indicating a
doubled unit cell along this direction. With increasing irradiation time,
new extra reflection spots (marked by green arrows) appeared along the
[111]*¢ direction and divided the basic reciprocal vector into five equal
parts, implying a five-fold unit cell along this direction (Fig. 2c). With
further irradiation, new reflection spots (marked by blue arrows)
occurred at the 1/3 position of basic spots along the [111]*¢ direction,
showing a triple unit cell along this direction (Fig. 2d). It should also be
noted that there was no change in the electron diffraction pattern along
the [100]¢ zone axis during irradiation. The extra diffraction spots
induced by EBI imply the formation of lower symmetry structures, as
shown by the splitting of the spots (red circles, Fig. 2b-d), which came
from both the pristine phase and modulated phases. Hereafter, we name
these modulated structures double, five-fold and triple modulated
structures, respectively. We also performed EBI on different regions and
observed the same phenomenon.

3.2. STEM irradiation analysis

Typical STEM HAADF, ABF images and corresponding fast Fourier
transform (FFT) patterns before and after EBI along the [110] axis are
presented in Fig. 3. The FFT patterns in Fig. 3b and f reveal the presence
of modulated structure after irradiation of 2 min. Fig. 3c and g shows
that “stripes” appeared and formed some domain structures (indicated
by the red dotted line) after irradiation of 2.5 min. The corresponding
FFT patterns indicated the existence of five-fold modulation structure.
Meanwhile, the narrower “stripes” and corresponding extra spots in FFT
occurred after irradiation of 4.5 min and remained stable in the further
EBI (Fig. 3d and h), indicating the existence of triple modulated struc-
ture. We also studied the evolution behavior under EBI for specimens of
different thicknesses and observed that the thinner the observed area,
the faster the evolution proceeds. As the relative thickness changed from
0.25) to 0.42), for instance, the dose rate required for the occurrence of
the modulated structure needed to increase from 40.1 to 240 pA/cm?
Moreover, the stronger the dose rate, the quicker the modulation
structures formed.
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Fig. 5. The projection of the optimized structural models of (a) SrCrO2 s, (b)
SrCrO, g and (c) SrCrO ¢y along the [110]¢ zone axis. The green, blue and red
balls represent Sr, Cr and O atoms, respectively.

3.3. EELS analysis

To reveal the origin of the modulated structures induced by EBI, we
performed EELS line scan investigations on the specimen before and
after EBI. The TEM EELS is a powerful tool to determine the valence
states of transition metals in high spatial resolution. Fig. 4a and b dis-
plays EELS line scan core-loss spectra of O-K and Cr-Lj,3 absorption
edges before and after EBI, respectively. The fine structure of the O-K
edge derived from the electron transition from O 1s to 2p bands. The A, B
and C in Fig. 4a represent the maxima of spectra originating from the
hybridization between O and Cr ions, O and Sr ions, and O and Sr, Cr
ions, respectively [30]. Normalizing the intensity of peak A showed that
the intensities of both peaks B and C from the modulated structures were
significantly lower than that from the pristine structure. In addition, the
energy separation between peaks A and B became progressively smaller
in five-fold, triple and double modulation structures compared with the
pristine SrCrO3 due to their progressively lower oxygen content [31].
Similarly, Cr-Ly 3 spectra were normalized by Ls intensity. The Ly and L
edges were produced by the excitation of electrons from the spin—orbit
coupling split orbitals 2p;,» and 2ps3/» to the partially occupied 3d
orbital, respectively. With increasing valence from Cr(II) to Cr(VI), not
only did Cr-L 3 edges have a systematic shift to the higher energy side,
but the intensity ratio of Lg/Ly decreased [32]. In our results, the
chemical shifts of the Lg peak were about 0.7, 1.0 and 1.3 eV for double,
five-fold and triple modulation structures, respectively (Fig. 4b). In
addition, the intensity ratio of Lg/Ly decreased in the order of double,
triple, five-fold and pristine structures, confirming that modulated
structures had lower Cr valences compared with the pristine structure.
Since no extra cation (Sr or Cr) was doped into the crystal, the
decreasing of Cr valence was induced by the loss of oxygen generated by
EBL As a consequence, the origin of the modulated structures can be
explained as follows: EBI prompted perovskite SrCrOs to lose different
oxygen contents at different stages and led to forming ordered oxygen
vacancies, giving rise to the phase transition from the cubic structure to
the modulated structures. The mechanism of the structural evolution is
similar to that previously reported [26].

It should be noted that the modulated structures induced by irradi-
ation were almost irreversible. Only slow recovery of the original
structure was detected in a slightly irradiated sample. This phenomenon
will happen when the modulated structure with ordered oxygen va-
cancies absorbs surrounding or airborne oxygen atoms. A slow re-
oxidation of SrCrOs3 s phases to SrCrO3 was observed after five months
at room temperature on exposure to small amounts of air [11].

3.4. Ab initio calculations

Based on the TEM results, we constructed three oxygen-deficient
ordered modulated structures and optimized them using ab initio cal-
culations. The composition of double, five-fold and triple modulation
structures were stoichiometric SrCrO,s, SrCrOsg and SrCrOs g7,
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Table 1
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The optimized supercell parameters and coordinates of the crystal structures of SrCrO3 5, SrCrO5 g and SrCrO; 67. The space groups of the superstructures are [4/mmm,

C2/m and C2/m, respectively.

a(A) b(A) c(A) label X y z
SrCrO, 5 5.3413 5.3413 7.9111 Sr(1) 0.5000 1.000000 0.00000
Cr(2) 0.5000 0.5000 0.73647
0(3) 1.0000 1.0000 0.0000
04) 0.2500 0.7500 0.7500
SrCrOy s 9.4599 5.4033 16.7197 Sr(1) 0.79700 0.50000 0.59680
Sr(2) 0.39320 0.50000 0.79400
Sr(3) 0.50000 0.00000 0.00000
Cr(4) 0.50000 0.00000 0.50000
Cr(5) 0.59740 0.50000 0.69800
Cr(6) 0.17200 0.50000 0.89050
0o(7) 0.67040 0.75810 0.81050
0(8) 0.45780 0.24970 0.40210
0(9) 0.25000 0.25000 0.00000
0(10) 0.89120 0.50000 0.79570
0(11) 0.30600 0.50000 0.60900
SrCrOs67 9.5118 5.3843 11.6150 Sr(1) 0.50330 0.00000 0.33499
Sr(2) 0.50000 0.00000 0.00000
Cr(3) 0.50000 0.50000 0.50000
Cr(4) 0.00225 0.00000 0.17917
0o(5) 0.75582 0.24432 0.68172
0o(6) 0.25000 0.75000 0.00000
0o(7) 0.52249 0.50000 0.35180
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Fig. 6. Simulated SAED patterns of (a) SrCrO. s, (b) SrCrO, g and (c) SrCrO- ¢ along the [0 T 0]r, [11 0]y and [1 T 0]y axes (corresponding to the [110]¢ axis of the
cubic structure), respectively. The corresponding experimental HAADF images of (d) SrCrOs s, (e) SrCrO5 g and (f) SrCrO. ¢7 along the [110]¢ zone axis, the insets are
the corresponding simulated HAADF images and the projection of structural models.

respectively. Their supercells are redefined. The [110]¢ zone axis of
primitive cubic SrCrOs is the [0 T 0]t zone axis of SrCrO, 5, [11 0]y zone
axis of SrCrO g and [1 T 0]y zone axis of SrCrO, g7. The subscript T and
M denote the tetragonal and monoclinic phases, respectively. The
modulated structural models along the [110]¢ axis produced by VESTA
software [33] are shown in Fig. 5, and the unit cell parameters and
coordinates of the optimized superstructures are listed in Table 1.
Among the three modulation structures, the component SrCrO, g is the
same as reported by Arévalo-Lopez et al. [11]. According to their X-ray
and neutron diffraction results, they believed that SrCrO,g had a
rhombohedral structure with a space group R 3 m. However, we selected
a different supercell in calculation according to the SAED and HAADF
results. Our results indicated that the five-fold modulated phase SrCrO; g
had a monoclinic structure with a space group C2/m.

The optimized structures were used to simulate SAED patterns and
ABF images (Fig. 6). The simulated SAED patterns (Fig. 6a—c) matched
well with the experimental SAED patterns (Fig. 2b—-d). Moreover, the
qualitative agreements between the simulated and experimental HAADF
images (Fig. 6d-f) suggested the rationality of the superstructures. It
should be noted that an orthorhombic structure SrCrO3 (space group
Imma, ag = 5.3997, bo = 7.6052 and co = 5.3944 A) was reported on
account of the slight compression of CrOg octahedron under 100 K [8].
We also optimized this orthorhombic structure using ab initio calcula-
tions and found that it was not dynamically stable.

Furthermore, we calculated the energy band structures and DOS
using ab initio calculations. To reduce calculation complexity, we
transformed the lattice unit cells of SrCrOs s, SrCrO5 g and SrCrO5 g7 to
their corresponding primitive cells in this calculation. Fig. 7a and b
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Fig. 7. The energy band structure and DOS of (a, b) SrCrOs, (c, d) SrCrO, s, (e,
f) SrCrO, g and (g, h) SrCrO, ¢;.

presents the calculated energy band structures and DOS of SrCrOs. The
DOS and partial DOS (Fig. 7b) showed that the main contributions to the
Fermi level were O-2p and Cr-3d electrons and there was strong hy-
bridization between O-2p and Cr-3d electrons. Combined with the cor-
responding energy band structures in Fig. 7a, the Fermi level clearly
crossed the energy band, implying metallicity. Fig. 7c-h shows the en-
ergy band structures and DOS of irradiation-induced modulated struc-
ture SrCrOy5, SrCrOzs and SrCrOze7. Similarly, these modulated
structures also had metallic characteristics. In addition, the primitive
cells of SrCrO3, SrCrO; 5 (SroCrs0s), SrCrO5 g (SrsCrs014) and SrCrO 67
(Sr3Cr30g) showed that the increased number of nonequivalent atomic
positions in a primitive cell should induce the degenerate energy levels
to form splitting states. These characteristics were indicated by the
crowded energy levels in our calculated band structures (Fig. 7).

We used thermodynamics to study the propensity of the trans-
formation from the pristine phase SrCrOs to double modulated phase
SrCrOy 5, five-fold modulated phase SrCrOyg and triple modulated
phase SrCrO; ¢7 during EBL. To characterize the thermodynamic stability
of the SCO system, we introduced the formation energy of oxygen
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vacancies at 0 K: E"™ = 1Es.ci0,_, + 1/2B0, — 3Esicio, [34], where EQ™
is the energy of forming an oxygen vacancy in SrCrOs, Es;cro,_, is the cell
energy with 8 oxygen vacancies, Eg.cro, is the cell energy without oxygen
vacancy and Eo, is the Gibbs free energy approximation of a gaseous
oxygen molecule at 0 K. According to these calculations, the E{}’;"‘ of
SrCrOsy 5, SrCrO5 67 and SrCrO, g were 4.78, 4.64 and 4.61 eV, respec-
tively. This indicates that the order of the forming energies in the SCO
system was Eg;cr0,5 Esrcro,4, Esrcro,5, Which does not coincide exactly
with the observed occurrence order of the modulated phases. The reason
may be that the formation of the modulated phases is not only based on
the initial and final states, but also closely related to the barrier height, i.
e. thermodynamics and kinetics, as also found by Park et al. [35]. In
addition, because SrCrOs5s5, SrCrO5g and SrCrOs ¢y have similar en-
ergies, under external fields such as EBI, the three phases can probably
transform into each other and/or coexist. This is consistent with our
experimental results.

4. Conclusions

In summary, three kinds of modulated structures formed in cubic
SrCrOs under EBL. Our TEM studies showed that the superstructures
were caused by the ordered oxygen vacancies. The oxygen-deficient
ordered structural models of SrCrO, s, SrCrO,g and SrCrO,gq; were
constructed and optimized using ab initio calculations. The agreements
between the experimental and simulated results implied the rationality
of the superstructures. In addition, we further calculated the energy
bands and DOS of the optimized structural structures using ab initio
calculations, and found that both the pristine phase and the modulated
phases were metallic. The calculation results verified that the phase
transformation of SrCrOs under EBI was dynamically stable. Our results
also indicate that EBI can be used to generate oxygen vacancies in some
functional materials to optimize utilization.
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