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Tunable magnetic and electrical behaviors in 
perovskite oxides by oxygen octahedral tilting
Ya Gao1, Jianjun Wang1,2, Liang Wu1, Shanyong Bao1, Yang Shen1, Yuanhua Lin1* and Cewen Nan1*

The oxides with perovskite structure possess abundant physical 
properties, such as magnetism, dielectricity, photoelectricity, 
ferroelectricity, etc. The oxygen ions in the perovskite unit cell 
constitute an octahedral distribution. The deformation or tilt-
ing of the special oxygen octahedra structure leads to new per-
formances or properties change. Here, we give a review of the 
relationship between magnetic and electrical behaviors and ox-
ygen octahedral tilting in several typical perovskite oxides. An 
understanding of how to tune these properties by controlling 
the tilting during the sample growth can more effectively guide 
the design of new structures for high performance and inspir-
ing their potential applications.

INTRODUCTION
The ABO3 type oxides have the atoms arranged into the 
so-called perovskite structure. One perovskite unit cell in-
volves six oxygen atoms, which occupy the face-centered 
sites of the face-centered cubic (FCC) structure, forming 
an oxygen octahedron, and the B-site cations infill the cen-
tral vacancy, as shown in Fig. 1a. In a centrosymmetrical 
perovskite such as SrTiO3 [1–3] with space group of Pm3m 
and lattice parameter of 3.905 Å, the strontium ions are 
located at the corners of the cubic unit cell, and the titani-
um ion is in the center, surrounding by oxygen ions. These 
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TiO6 octahedra are perfectly piled up in three dimensions, 
with 90° angles and six equal Ti−O bonds at a length of 
1.952 Å, as shown in Fig. 1b. For the non-ideal cases, the 
atom arrangement has diverse possible distortions, includ-
ing: 1) deformation of the oxygen octahedra arising from 
Jahn-Teller effect, which changes the cubic symmetry 
and results in metal-insulator transitions in some oxides, 
or the arrangement of the spin in B-site atoms and then 
the change of magnetic properties [4]; 2) displacement of 
the center cation inside the oxygen octahedra giving rise 
to ferroelectricity, which is the situation of BaTiO3 [5,6] 
and Pb(Zr1−xTix)O3 [7]; 3) in a wide range, oxygen octahe-
dral tilting or rotation which can define the symmetry of 
the material [8]. One of the structural distortions or the 
combination among them (Fig. 1c) can form a unique per-
ovskite structure [9]. The structural distortions are related 
to diverse functionalities such as ferroelectricity [10–12], 
dielectricity [13,14], electroconductivity [15], thermal con-
ductivity [16], superconductivity [17], catalysis oxidation 
[18], photoelectricity [19], magnetism [20,21], and multi-
ferroicity [22,23]. 

As early as 1972, Glazer [8,24] defined the classification 
of the oxygen octahedral tilting in perovskites, which was 
called the Glazer notation: albmcn, where a, b and c repre-
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Figure 1  (a) Schematic of an ABO3 perovskite unit cell and its oxygen octahedron (orange). (b) Ideally arranged unit cell and octahedral configuration. 
(c) Possible distortions for non-ideal structures: Jahn-Teller elongation, center cation displacement, and oxygen octahedral tilting. Reproduced with 
permission from Ref. [9] (Copyright 2010, American Physical Society).
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sent the tilting magnitudes around the [100], [010] and 
[001] axes of the cubic or pseudo-cubic unit cell, while the 
superscripts l, m, and n are +, − or 0, expressing the tilting 
angle of the neighbor octahedron tilts in the same (+,“in-
phase” type) or opposite (−, “anti-phase type”) sense, or no 
tilts (0). The origin of the oxygen octahedron tilting is re-
flected by the deviation of the B−O−B bond which can be 
described by two quantitative definitions. The first is Gold-
schmidt Tolerance Factor [25]:
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
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B O2( )
r r

t
r r
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where rA, rB and rO are radii of A, B cations and O anions, 
respectively. The second is the Intersection Angle of the 
two bonds:
 θ =   (2)

For a centrosymmetrical perovskite wherein the A cat-
ion matches in size with the O anion to form cubic close-
packed layers and the B cation matches the size of the inter-
stitial sites of the BO6 octahedron, the tolerance factor (t) 
is 1. However, once a distortion happens, the ideal packing 
will be broken, and t will deviates from 1.0 with the devia-
tion reflecting how far the ionic sizes can move and still be 
“tolerated” by the perovskite structure. When the deviation 
of t from 1.0 is small, e.g., −0.05 ≤ t−1.0 ≤ 0.04, the crystal 
structures were found to preserve cubic symmetry [26,27]. 
Whereas, if the deviation is positive and relatively large, 
for example in Ba5Ta4O5 [28], the B−O bonds are tensed 
while A−O bonds are compressed, and the B−O−B bond 
angle θ remains 180°, leading to hexagonal atomic stacking 
accompanied by ferroic properties. Likewise, if the devi-
ation is negative and relatively large, the A−O bonds are 
tensed while the B−O bonds are compressed, resulting in 

the tilting of the oxygen octahedra and the bent of the B−
O−B bonds. Such distortion gives rise to tetragonal stack-
ing (rotate around [001] axis, I4/mcm or P4/mbm systems), 
rhombohedral stacking (rotate around [111] axis, R3–c or 
Im3– systems), or orthorhombic stacking (rotate around 
[110] or [001] axis, Pbnm or Pnma) [29], and the average 
bond angle θ continues to decrease as the symmetry change 
from tetragonal to rhombohedral to orthorhombic. There-
fore the tolerance factor and the oxygen octahedral tilting 
are criteria for the structure symmetry.

The tilting of oxygen octahedra is highly related to the 
tunable properties of the perovskite oxides. In this review, 
we use four prototypes as examples to present the relation-
ship between the oxygen octahedral tilting and the mag-
netic and electric properties of the perovskite ABO3 oxides.

MAJOR TECHNIQUES TO OBSERVE OXYGEN 
OCTAHEDRAL TILTING
The magnitude of the oxygen octahedron tilting can be 
evaluated from both theoretical calculations and exper-
iments. Theoretically, calculation methods [30–32] can 
work from atom arrangements and predict the connection 
between the oxygen octahedral tilting and the properties. 
Fig. 2a gives an example of a complete new family of sta-
ble phases in multiferroic BiFeO3 (BFO) and related com-
pounds [33]. Besides the a0a0c+ (c axis in-phase type, name-
ly pp or mm) and a0a0c− (c axis anti-phase type, namely pm) 
tilting patterns, it is also possible that the BFO displaces 
complex and nano-twinned tilting patterns, ppmppm and 
ppmm. 

Experimentally, researchers first started with neutron 
deflections measurements [34–36] to characterize the 
structure symmetry. With the development of electron 
microscope, experimental observations can directly spot 
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Figure 2 Methods to characterize the oxygen octahedral tilting. (a) Calculation prediction of possible tilting superstructure in BFO (Reprinted with 
permission from Ref. [33], Copyright 2012, John Wiley and Sons). (b) Direct observation through HAADF and ABF-STEM of the tilting at SRO/GSO 
interface (Reprinted with permission from Ref. [37], Copyright 2013, Nature Publishing Group).
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the octahedra. For example, with the help of the high-an-
gle annular dark field scanning transmission electron mi-
croscopy images (HAADF-STEM) and annular bright-field 
scanning transmission electron microscopy (ABF-STEM), 
it is available to visualize the oxygen atoms as well as the 
octahedral tilting. Fig. 2b shows the oxygen octahedra 
of a SrRuO3 (SRO) film on the GdScO3 (GSO) substrate 
[37], where the tilting is a−a−c+ in an orthorhombic (Pbmn) 
structure, and the pattern of the film gradually changes from 
in-plane along [001]ortho to out-of-plane along [1–10]ottho. 
Also, Ramen spectrum can help to measure the structural 
distortion [38–40].

OXYGEN OCTAHEDRAL TILTING TUNNING 
MAGNETIC BEHAVIOR

Multiferroic BiFeO3 (BFO)
BFO is the only material that has been discovered to main-
tain both magnetism and strong ferroelectricity at room- 
temperature, with antiferromagnetic Néel temperature 
TN~643 K, and ferroelectric Curie temperature TC~1103 K 
[41,42]. Fig. 3a shows the schematic illustration of a BFO 
unit cell, which is rhombohedrally (R) distorted (R3c) [43] 
with lattice parameters of a = 3.965 Å and α = 89.3°–89.4° 
[44,45], meanwhile, the tolerance factor t = 0.88 [46], and 
the Fe−O−Fe angle θ = 154°−156° [47]. The oxygen octahe-
dral tilting is about 11°−14° around the [111] axis [43,48] 
(Glazer notation a−a−a−). Such tilting controls both the 
magnetic exchange and the orbital overlap between Fe and 

O ions, thus determines the magnetic ordering tempera-
ture and the conductivity (which will be discussed in the 
later section).

The local short-range magnetic ordering of BFO is 
G-type antiferromagnetism, with each Fe3+ spin surround-
ed by the six antiparallel spins on the nearest Fe neighbors. 
Yet, the spins are not perfectly antiparallel due to the ox-
ygen octahedral tilting, and this asymmetry is intimately 
connected with a macroscopic magnetization called weak 
ferromagnetism [49], arising from the canting of the an-
tiferromagnetic sublattices. However, there is a spiral spin 
structure (a spin cycloid, Fig. 3b) with the antiferromagnet-
ic axis rotating along the [10-1] direction in a long-wave-
length period of 64 nm [50], which cancels the local canted 
moment as an averaging out effect in bulk BFO. Fortu-
nately, this spin cycloid can be suppressed by doping [51] 
or in thin films due to epitaxial constraints from the sub-
strates or enhanced anisotropy [52], which enables a ho-
mogeneous net magnetic moment. The mechanism of the 
canted moment is an antisymmetric spin coupling called 
Dzyaloshinskii-Moriya (DM) interaction [53,54], which 
is due to the combined action of exchange interaction and 
spin-orbit coupling. Between two magnetic moments MFe1 
and MFe2 of two Fe atoms in the unit cell, as shown in Fig. 
3c, DM interaction has the form of:

           EDM = − 1
2

D ∙ (MFe1 × MFe2) = −D∙ (L × Mc), (3)

where D is the coupling vector, L = MFe1 − MFe2 is the an-
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Figure 3  (a) Schematic of the R3c BFO unit cell. (b) Schematic of the spin cycloid in bulk BFO. (c and d) Schematic of the magnetic moment arrange-
ment of two Fe ions in BFO, from antiferromagnetically oriented (c) to spin-orbit interaction induced canted configration (d). (e) Relationship between 
the magnetic easy plane and the ferroelectric polarization. Reprinted with permission from Ref. [49] and [50] (Copyright 2005 and 2008, American 
Physical Society).
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tiferromagnetic vector which express the difference of the 
two sublattice magnetizations, and Mc = MFe1 + MFe2 is the 
resulting canted magnetization (Fig. 3d). From the expres-
sion of EDM, it is clear that D, L and M build up a right-hand-
ed system. This DM interaction-induced weak magnetism 
has been proved by calculations [49] to be coupled with 
the structural distortions. On the other hand, besides the 
oxygen octahedral tilting, the structural distortions in 
R3c BFO also includes the anion and cation displacement 
which leads to a spontaneous electric polarization of about 
100 μC cm−2 [55]. However, the experimentally observed 
magnetization reversal was demonstrated to link directly 
with the oxygen octahedral tilting instead of the polariza-
tion displacement switching.

Since BFO is also a rhombohedral ferroelectric, its 
polarization P points along [111] directions. Experimen-
tal works have explored the relationship between the fer-
roelectric polarization and the magnetic symmetry. The 
magnetic easy plane is defined by the polarization P and 
the cycloid propagation vector k//[101–] in bulk BFO. Thus 
the homogeneous canted moment in thin films is perpen-
dicular to the polarization, and can be manipulated by 
electrically switching the polarization, as shown in Fig. 3e. 
Recently, it is reported both theoretically and experimen-
tally that in an exchange coupled Co0.9Fe0.1 (CoFe)/BFO 
heterostructure, the ferromagnetic moment of CoFe can 
be reversed using applied electric field, which is promising 
candidate for magnetoelectric and multiferroic device ap-
plications [56,57]. 

By manipulating the epitaxial strain to be strongly com-
pressive in BFO thin films (using YAlO3 and LaAlO3 sub-
strates instead of SrTiO3 or DySrO3), the rhombohedrally 
symmetry in bulk BFO can be manipulated to a tetrago-
nal-like (T-phase) distorted phase (P4mm), with the lattice 
parameter a~3.66 Å and c~4.65 Å [58]. Such distortion has 
a large spontaneous polarization, however it suppresses 
the oxygen octahedral tilting in R-phase BFO. Therefore, 
the T-phase BFO has been proved with no canted moment 
[59]. This is further evidence that the weak ferromagnetism 
is related to the tilting distortion instead of the ferroelec-
tric B-site cation displacement. The LaAlO3 substrates also 
produce appropriate compressive strain that the T- and 
R-phase coexist (mixed phase) in the films, which provide 
comprehensive yet interesting system for further studies.

Metallic ferromagnet (La,Ca)MnO3 (LCMO) and (La,Sr)
MnO3 (LSMO)
With appropriate doping of Sr or Ca on the A-site, LaMnO3 
can be transformed from an antiferromagnetic insulator 
to a ferromagnetic metal, which is explained by the dou-
ble exchange hoping mechanism [60–63] associated with 
Jahn-Teller effect [64]. Unlike BFO, LSMO [65] and LCMO 

[66] have multiple phase transitions: the rhombohedral- 
orthorhombic-monoclinic structural phase transitions, the 
electronic transport metal-insulator transition, and the an-
tiferromagnetic-ferromagnetic phase transition. The phase 
diagrams of LSMO and LCMO are shown in Figs 4a and 
b. Such a complex doping system enhances the variety of 
physical properties. The LSMO with doping concentration 
x between 0.2 and 0.4 has the highest Curie temperature 
(TC≈ 370 K in thin films) in the manganite family, as well as 
relatively high carrier density (1021–1022 cm−3) [66]. It also 
has a perovskite structure with rhombohedral distortion 
(Glazer notation: a−a−a−), the tilting angle is 7.8°, and the 
Mn−O−Mn angle   θ is about 163° [67].

In ideal crystal stacking of LSMO or LCMO, the energy- 
level configuration of the five d orbitals of a manganese ion 
split into a t2g triplet and an eg doublet. Under the effect of 
Jahn-Teller distortions, the energy of the t2g triplet and the 
eg doublet further split into a complex spin-resolved band 
structure [68,69]. The spin-up localized t2g band are fully 
occupied, thus the conductivity are determined by the par-
tially occupied spin-up eg band and the oxygen p bands. 
Moreover, the coexistence of Mn3+ and Mn4+ gives rise to 
absence electrons (or holes) of the Mn4+ eg orbit, which 
can contribute to conductivity. In details, an O2p electron 
hops to a Mn4+ empty eg orbital, meanwhile, the eg elec-
trons of the adjacent Mn3+ hops to the O2p orbital. With 
strong Hund’s coupling, the spin of the eg electron is paral-
lel to the t2g electrons in Mn3+ (Mn4+). Such ferromagnetic 
interaction caused by the exchange of conduction electrons 
is called double exchange interaction. The hopping proba-
bility of the eg electrons between adjacent i and j Mn ions 
along the Mn−O−Mn chain can be explained by the effec-
tive hopping energy tij:

                                    


 0 cos
2
ij

ij ijt t ,  (4)

where t 
0
ij is the intersite hopping interaction, and θij is the 

angle between the classic t2g spins of the Mn ions. The equal 
sign establishes under certain hypothesis and approxima-
tion. According to Equation (4), the energy is largest when 
the Mn spins are aligned parallel. Therefore, by modifying 
the spin alignment, the conductivity can be manipulated. 
The spin configuration upon TC is random, which leads to 
low hopping probability of the eg electrons. However, an 
external magnetic field can align the spins, and results in 
magnetoresistance (MR) effect. Such enormous MR change 
around TC is called colossal magnetoresistance (CMR) ef-
fect [68].

According to the mechanism of th  e CMR effect in LSMO 
or LCMO systems, Mn−O bond length and the Mn−O−
Mn angle can control the hoping matrix elements and 
then affect the magnetism and transport properties. The 
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electron structures for rhombohedral (R3–c), orthorhombic 
(Pbnm), and monoclinic (P21/c) phases along (010) plane 
are shown in Fig. 4c [34]. It is reported that the monoclinic 
phase is antiferromagnetic, the rhombohedral phase is fer-
romagnetic, and the orthorhombic phase is ferromagnetic 
for x ≥ 0.125. Transport measurements show that the or-
thorhombic and monoclinic samples remain nonmetallic 
from 20 to 350 K, while the rhombohedral phase exhibits 
a metal-insulator transition at temperatures close to TC. By 
controlling the oxygen octahedral tilting in LSMO through 
epitaxial strain engineering, the novel structural, electron-
ic, and magnetic behaviors can be designed in thin films 
and multilayers with desired properties [9].

OXYGEN OCTAHEDRAL TILTING TUNNING 
ELECTRICAL BEHAVIOR

Dielectricity: ABO3 perovskite
The perovskite is the name for a particular mineral: CaTiO3 

(CTO) as well as being the name of a structural family. The 
CTO ceramic (a = 3.80 Å, t = 0.98, orthorhombic, tilting 
notation: a−a−c+) is a typical dielectric material (κ = 180 at 
room temperature) [70]. Thus the dielectric constant (εr) 
of the perovskite structure was the first useful property 
pursued in history. During the Second World War, BaTiO3 
(BTO) was spotted to be a promising material with highest 
εr [6,71,72]. The   high dielectric susceptibility comes from 
the displacement of the titanium ions of the TiO6 octahedra 
center, which also results in ferroelectricity. However, the 
tolerance factor of BTO at room temperature is above 1, 
indicating that there is no tilting required. 

Afterwards, a series of barium and strontium based 
complex perovski  tes with the formula A(B1/3B'2/3)O3 were 
studied [4,73,74]. The B-site cations are stacked with one 
layer of B ions and two layers of B' ions in the {111} planes, 
while the A-site cations gradual substitution of Sr for Ba 
reduces the t value and resulting in phase transitions in-
cluding oxygen octahedral tilting. These doping induced 
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distortions affect the temperature coefficient of the dielec-
tric permittivity (τε) and resonant frequency (τf). Fig. 5a il-
lustrates the relationship between the t value and τε, which 
means that τε is manipulated by the octahedral tilting relat-
ed transitions. As the t value decreases from 1.06 to 0.92, 
the complex perovskites structure experienced from “un-
tilted” to “anti-phase tilted” to “in phase and anti-phase tilt-
ed” modifications. The Glazer notations taken into consid-
eration for the tilting modes are listed in Table 1. Because 
the compounds with higher temperature stability (τε close 
to 0) and lower dielectric losses (high quality factor Q∙f) are 
more promising candidates for resonators, by changing the 
B-site cations and manipulating the Ba/Sr ratio, the tilting 
mode of the structure can be controlled, and the dielectric 
properties can be regulated.

Dielectricity: complex perovskite (tungsten bronze 
structure)
Similarly, a perovskite-related solid solution Ba6−3xR8+2x 

Ti18O54   (0 < x < 1, where R is rare earth) also exhibits good 
dielectric properties as microwave resonators [75,76]. The 
structure is called tungsten bronze like superstructure 
(Pbam, Pbnm), in which the TiO6 octahedra framework 
forming by 2 × 2 unit cells of perovskite blocks and pro-
ducing ten A1 rhombic sites, four A2 pentagonal and four 
trigonal sites for A-site cations. The tolerance factor of this 
structure can be described by the following equation [77]:

                  
               



A1 A2 O

B O

4 1
5 5 5 5

2( )

x xr r r
t

r r
. (4)

The tilting of oxygen octahedra (Fig. 5c) along the 
c ([001]pseudo-cubic) axis leads to splitting of the oxygen ion 
electron density, which further changes the structure sym-
metry from 2 to 21 along the c axis, and then affects the 
dielectric properties.

It is reported [78] that the highest Q∙f value of the Ba6−3x 

R8+2xTi18O54 ceramic comes from the composition x = 2/3, 
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εr concerned with tilting angle in Ba6−3xR8+2xTi18O54 (Reprinted with permission from Ref. [80], Copyright 2001, Elsevier).

Table 1  The possible Glazer notations for the oxygen octahedral tilting 
of Ba and Sr-based complex perovskites

Tilting mode Possible Glazer notation
Untilted a0a0a0

Anti-phase tilted a−a−a−, a−b−b−, a−b−c−, a−a−c−

In phase and anti-phase tilted a+a−a−, a+b−b−, a+b−c−, a+a−c−
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in which the barium ions and rare earth ions occupy the 
A2 and A1 sites, respectively. Such distribution of cation 
ordering reduces the internal strain of the structure and 
results in high Q∙f. Nevertheless, the dielectric constant is 
affected by not only the volume of the TiO6 octahedra, but 
also the tilting of the Ti–O–Ti bond, and the polarizabili-
ties of the barium and the rare earth ions. For different R 
ions (Sm, Nd, Pr, and La), the εr decreases linearly as the 
unit cell volume decreases [79], and the tilting angle (Fig. 
5d) increases [80]. The τε is also related to the tolerance 
factor [74], as shown in Fig. 5b. 

It is possible for the “Glazer-like” tilting in the com-
pounds to affect the dielectric properties. Thus, the selec-
tion for the composition x and the rare earth element R of 
the tungsten bronze type ceramic Ba6−3xR8+2xTi18O54 are: (as 
concluded in Ref. [80]) 1) for high Q∙f, the composition x 
should be 2/3; 2) for high εr, certain R ions should be select-
ed with large polarizability and appropriate radius to gain 
large octahedral volume and small tilting angle.

Conductivity
The oxygen octahedral tilting can reduce the overlap be-
tween the B d and O 2p orbitals and hence affects the elec-
tric bandgap of the perovskite oxides. As we mentioned be-
fore, BFO is an insulating ferroelectric, and its conductivity 

is highly related to the tilting. As illustrated in Fig. 6a, at the 
ferroelectric domain walls of the BFO thin films, the local 
symmetry is damaged accompanied by the suppression of 
ferroelectric polarization, leading to a lattice expansion in 
the direction perpendicular to the domain walls. There-
fore, the octahedral tilting is suppressed, giving rise to 
straightening of the Fe–O–Fe bond angle and increasing of 
the overlap between Fe and O orbitals and hence conduc-
tive domain walls. Consequently, the domain-wall conduc-
tivity also depends on the type of domain wall. For exam-
ple, if the absolute value of the polarizations at the domain 
walls are low, the volume change will be greater, making 
the domain walls more conductive. In rhombohedral BFO, 
there are three types of domain walls: 180°, 109° and 71°, as 
  defined by the polarizations direction in the adjacent do-
mains across the wall. The tilting is not suppressed in 180° 
domain wall, hence, the absolute polarization is zero. Thus, 
this type of domain wall is more conductive. The tilting is 
the most suppressed in the 71° wall, and therefore it has 
the biggest polarization value, and the least conductivity. 
The experimental observations of domain wall conductiv-
ities agree with this prediction [81,82]. First principle cal-
culation studies [83,84] further explained that the oxygen 
octahedral tilting related distortions play the primary role 
in the ferroelectric phase, and thus control the domain wall 
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Figure 6  (a) Schematic of the polarization (arrows) and the oxygen octahedral tilting mode near an 180° domain wall in BFO (Reprinted with permis-
sion from Ref. [82], Copyright 2009, John Wiley and Sons). (b–e) Observation of the octahedral tilting at the epitaxial interface of BFO/LSMO/STO 
heterostructure. (b) The HAADF image of the BFO/LMSO interface. The Line profile of c parameter (c) and oxygen octahedral tilting angle (d) across 
the interface. (e) χ2 map of low-loss EELS spectra imaging exhibits an anomaly response (Reprinted with permission from Ref. [85], Copyright 2010, 
American Physical Society).
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conduction.
This lattice expansion induced conductivity change can 

be utilized through strain engineering during thin film 
growth. It was reported that the interface of the BFO/LSMO/
STO structure has an anomaly electrical performance [85]. 
As shown in Figs 6b–d, the epitaxial thin LSMO layer pass-
es on the strain to the first several unit cells of the BFO film 
adjacent to the interface. Using HAADF TEM (Fig. 6b), 
the c lattice parameter of the first 3-4 atomic layers of BFO 
has an increase from 4.06 Å to 4.21Å (Fig. 6c)  . The exten-
sion of the structure leads to a suppression of the oxygen 
octahedral tilting, and the FeOx angles increase gradually 
in the BFO phase in the same region that shows the ex-
panded c-lattice parameter (Fig. 6d). The higher symmetry 
at the interface is expected to influence the conductivity 
of the interface of BFO/LSMO similar to the conducting 
domain walls. The electronic behavior is measured by low-
loss electron energy loss spectroscopy (EELS) imaging 
(Fig. 6e), that the decreasing of the bandgap at the interface 
comes mainly from an increase of the Fe–O–Fe angle to 
180o, and therefore enhances the bandwidth. These results 
demonstrate a mesoscopic antiferrodistortive phase transi-
tion near the interface in BFO. By controlling the epitaxial 
strain from certain substrates, the oxygen octahedral tilting 
can be controlled to establish new phase and novel proper-
ties in oxide ABO3 thin films, which proposes a new con-
cept of the tilting-controlled phenomena.

CONCULSION AND FUTURE PERSPECTIVES
The oxygen octahedral tilting in ABO3 perovskite structure 
is highly related to the physical properties. The tilting sys-
tems can affect the properties in two aspects: 1) triggering 
new properties by regulating the electron or/and spin de-
grees of freedom; 2) tuning the original properties to an 
unexpected level. Since the discovery of Glazer, the possible 
tilting structure for basic perovskite has been studied and 
narrowed down from 23 possible tilting systems as Glazer 
first claimed. However, researchers’ interest of prediction 
for new structures never stopped. With the rapid develop-
ment of thin film growth technics and structure detection 
measurements, new superstructures with complex tilting 
systems have been exploited. Furthermore, controllable 
strain from substrate or elaborate interface, as well as the 
traditional doping method in ceramics, have been utilized 
to alter the lattice symmetry at atomic level, and then create 
new performances. With regard to magnetic and electrical 
behaviors, the controlling of the oxygen octahedral titling 
can bring out novel influences on the spin/orbit distribu-
tion, the (spontaneous) polarization, and the energy band 
structure. By manipulating the tilting in perovskite or re-
lated structures, tunable magnetic and electrical properties 
can be used for device applications.
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中文摘要    钙钛矿结构氧化物具有极其多样化的物理性能, 如磁性、介电性、光电性、铁电性等. 钙钛矿晶胞中的氧离子排布成八面
体结构. 氧八面体的变形或旋转会改变原有的物理特性, 甚至产生原本不存在的新性能. 本文综述了几种典型钙钛矿氧化物的氧八面
体旋转与磁性能和电性能的关系, 同时探讨了如何通过样品制备控制微观的八面体旋转, 从而更有效的设计具有高性能的新结构, 及
其潜在应用. 
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