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Rotations of oxygen octahedra are ubiquitous, but they cannot break inversion symmetry in simple
perovskites. However, in a layered oxide structure, this is possible, as we demonstrate here in A-site ordered
Ruddlesden-Popper NaRTiO4 (R denotes rare-earth metal), previously believed to be centric. By revisiting
this series via synchrotron x-ray diffraction, optical second-harmonic generation, piezoresponse force
microscopy, and first-principles phonon calculations, we find that the low-temperature phase belongs to the
acentric space group P4̄21m, which is piezoelectric and nonpolar. The mechanism underlying this large
new family of acentric layered oxides is prevalent, and could lead to many more families of acentric oxides.
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Acentric materials are under intense investigation owing
to their fascinating properties, including piezoelectricity and
nonlinear optical effects. Perovskite oxides without inversion
symmetry are widely used as capacitors and transducers. In
the acentric perovskites, structural distortions leading to the
noncentrosymmetry are driven by second-order Jahn-Teller
(SOJT) active cations such as Ti4þ, lone pair electrons as in
Pb2þ, or a small tolerance factor resulting in lithium niobate-
type structures [1–4]. This fact limits the abundance of
acentric systems to less than 5% of all known perovskite
oxides [5]. Moreover, in low-dimensional systems like
layered perovskites, the two dimensionality can suppress
the coherence of such cooperative distortions and thereby
decouples the subunits from each other, which further limits
the abundance of acentric systems [6,7].
In this Letter, we report noncentrosymmetry in layered

perovskites, NaRTiO4 (R denotes rare-earth metal), induced
by oxygen octahedral rotations (OORs),which are ubiquitous
distortions in perovskite-related compounds [8]. Fascinating
ideas on creating noncentrosymmetry in layered perovskites
by means of OORs have been recently suggested by theory
[9–15]. Some types of OORs can remove inversion centers at
the A sites but not at the B sites in ABO3 perovskites.
Rondinelli and Fennie [12] proposed double perovskites with
layeredA-site-cationorderingAA0B2O6,which lack inversion
symmetry at theB sites due to the cation ordering, and at theA
and A0 sites due to OORs represented by a−a−cþ in Glazer
notation [16]. Another way to remove inversion centers at the
B sites is to employ naturally occurring layered perovskites
such as Ruddlesden-Popper (RP), Dion-Jacobsen,Aurivillius
phases, and [110]-layered perovskites [10,11,13,17], most of
which are readily made by conventional solid-state reactions

and, in some cases, a subsequent topochemical process [18].
Benedek et al. [10,11] have discussed n ¼ 2 RP phases
Ca3B2O7 (B ¼ Ti,Mn). In thehigh-symmetry structureof the
n ¼ 2 RP phase, which has no OORs, the inversion centers
exist not at theB sites but at theA sites in the perovskite layers
and between the A sites in the rocksalt layers. The a−a−cþ-
type ofOORs in the perovskite blocks remove these inversion
centers. The above two examples are classified as hybrid
improper ferroelectrics. Theory has revealed [10,11,15,17]
and predicted [11–14,19] noncentrosymmetry with the origin
related to OORs for several layered perovskites but there are
no experimental reports clearly demonstrating the acentric-to-
centric phase transitions caused by OORs to our knowledge,
although the low-temperature acentric structures have been
identified for some of the layered perovskites based on
diffraction methods [20–22].
Here we report an experimental and theoretical study of

an A-site-ordered n ¼ 1 RP series, NaRTiO4, revealing
that the inversion symmetry is broken by OORs. As shown
in Fig. 1(a), a simple n ¼ 1 RP phase A2BO4 possesses
inversion centers at the B sites and between the A sites
[11,14]. These inversion centers at the B sites are removed
in the A-site-ordered n ¼ 1 RP structure with P4=nmm
space group [Fig. 1(b)]. The remaining inversion centers can
be removed by OORs as shown in Fig. 1(c) [11,14]. How-
ever, the noncentrosymmetry has not been experimentally
reported for any A-site-ordered n ¼ 1 RP phase such as
ARTiO4 (A ¼ H, Li, Na, K, Ag) [14,23–30]. The previous
articles have reported that some of the RP phases exhibit
a−a−c0-type of OORs, leaving them centric (space group:
Pbcm). In this study, however, we have revisited the
NaRTiO4 series to find that NaRTiO4 exhibits a phase
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transition from P4=nmm into P4̄21m accompanying
a−b0c0=b0a−c0-type OORs [Fig. 1(c)]. Here, P4̄21m is
acentric but nonpolar. This is a rare example for the acentric
n ¼ 1 RP oxides; LaSrLi0.5Ru0.5O4 is the only acentric
n ¼ 1 RP oxide reported experimentally to the best of our
knowledge [31], and the synthesis of Pb2TiO4, which has
been predicted to be acentric [32], has not been reported yet.
First-principles calculations were performed for

NaRTiO4 to determine OOR patterns that lower the total
energy of the parent P4=nmm structure [Fig. 1(b)]. Our
calculations were carried out using the projector aug-
mented-wave method [33,34] and the PBEsol functional
[35–37] as implemented in the VASP code [38–41]. The
phonon band structures were derived from the calculated
force constants using the PHONOPY code [42] to explore
stable structures systematically [43]. (See Supplemental
Material for details [44].) The phonon band structures
between Γ andM are shown for NaRTiO4 with R ¼ La and
Y in Figs. 2(a) and 2(b), respectively. Two doubly degen-
erate imaginary modes, which transform like the irreducible
representations (irreps) M1 and M2, are found at M for
NaYTiO4, while both modes are stable for NaLaTiO4. We
calculated the total energies of NaYTiO4 with the struc-
tures in which the atoms were moved according to a set of
linear combinations of the calculated M1 mode eigen-
displacements [Fig. 2(c)]. The space groups of the obtained
structures, i.e., isotropy subgroups [45], are P4=nmm (the
origin), P4̄21m (the horizontal and vertical axes other than
the origin), Pbcm (the diagonal lines of other than the
origin), and P21212 (all regions other than those mentioned
above). The M1 modes leading to the Pbcm, P4̄21m, and
P21212 structures are denoted as M1ðη1; 0Þ, M1ðη1; η1Þ,
and M1ðη1; η2Þ modes, respectively, where (η1, η2) is a
general order parameter direction in the subspace defined
by irrep M1 [14,45]. The (η1, 0) and (η1, η1) directions are
illustrated in Fig. 2(c). We found the total-energy minima
for the P4̄21m structure in the subspace. The atomic

displacements for the M1ðη1; η1Þ mode are illustrated as
arrows superposed on a

ffiffiffi

2
p

×
ffiffiffi

2
p

× 1 supercell of the
P4=nmm structure in Figs. 2(d)–2(f). The M1ðη1; η1Þ
mode involves OORs represented by a−b0c0=b0a−c0,
while the M1ð0; η1Þ mode corresponds to a−a−c0-type
OORs. Total energies of the P4̄21m and Pbcm structure
relative to the P4=nmm structure are −148 meV=f.u. and
−107 meV=f.u., respectively, after the lattice constants and
atomic coordinates are fully relaxed under the constraint of
the symmetry. A treelike line diagram schematizing the
results of the stable-structure search within

ffiffiffi

2
p

×
ffiffiffi

2
p

× 1
cell doubling against the P4=nmm structure is shown in
Fig. 2(g), where the space groups of the structures obtained
by freezing the imaginary modes for the parent structures
and those of the structures fully relaxed after the freezing
are seen along the lines and at the symbols, respectively.
As a result, we found that the P4̄21m and Pbc21 structures
are the two dynamically stable structures remaining within
this stable-structure search and that the P4̄21m structure
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FIG. 1 (color online). Schematics of (a) an n ¼ 1 RP phase
A2BO4 [I4=mmm], (b) an n ¼ 1 RP phase with layered
A-site-cation ordering AA0BO4 [P4=nmm], and (c) AA0BO4 with
a−b0c0=b0a−c0-type octahedral rotations [P4̄21m]. The cross
symbols indicate the locations of inversion centers.
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FIG. 2 (color online). Phonon band structures between the
Γð000Þ and Mð1

2
1
2
0Þ points for NaRTiO4 with parent P4=nmm

structures for R ¼ (a) La and (b) Y. (c) Total energies of NaYTiO4

mapped on the subspace spanned by linear combinations of the
degenerated M1 modes. Atomic displacement patterns of the
M1ðη1; η1Þ mode viewed from the (d) [110], (e) [100], and
(f) [001] directions are schematically illustrated as arrows on
the P4=nmm structure. The cross marks indicate the locations of
inversion centers in the P4=nmm structure. (g) Treelike line
diagram of NaYTiO4 [see text for details]. (h) Total energies of the
Pbcm, Pbc21, and P4̄21m structures for NaRTiO4 R ¼ La, Nd,
Sm, Gd, Dy, Y, and Ho) relative to that of the P4=nmm structures.
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is the most stable. Total-energy calculations of NaRTiO4

(R ¼ Y, La-Ho) with P4=nmm, P4̄21m, Pbcm, and Pbc21
structures [Fig. 2(h)] revealed that theP4̄21m structures were
the most stable except forR ¼ La, where the P4̄21m, Pbcm,
and Pbc21 structures relaxed to the P4=nmm structure. The
energy difference between the P4̄21m and P4=nmm struc-
tures becomes larger with a decrease in the ionic radius of the
R ions, rR [46], possibly because the OOR is driven by the
coordination preference of theA-site cations as in perovskite-
related compounds. There is a small deviation from this
tendency between Dy and Y likely because Y is one of the
fifth-period R elements and chemically different from the
other sixth-period R elements; the R-O covalent bonds are
considered to be attributed to Y 4d, 5s−O 2p interactions for
NaYTiO4, and R 5d, 6s−O 2p interactions for the others.
Thus, the first-principles calculations have predicted

acentric P4̄21m structures as the ground states for small
R ions. The inversion centers in the P4=nmm structure are
removed by the zone-boundary M1ðη1; η1Þ OOR mode
accompanying a

ffiffiffi

2
p

×
ffiffiffi

2
p

× 1 cell doubling [47]. A recent
group-theoretical analysis has indicated the possibility of
this kind of centric-to-acentric phase transition path [14].
However, the centric Pbcm structures have been exper-
imentally reported so far [29,48,49]. Therefore, we rein-
vestigated the structures experimentally as follows.
Polycrystalline NaRTiO4 samples were synthesized

via conventional solid-state reactions [see the inset of
Fig. 4(a)]. Our synthesis conditions are similar to those
reported in Ref. [29] and are described in the Supplemental
Material [44]. To reinvestigate the structures of the com-
pounds, high-resolution synchrotron x-ray diffraction
(SXRD) patterns were taken with a Debye-Scherrer camera
at the BL02B2 beam line of SPring-8. Figure 3(a) depicts the
room temperature (RT) SXRD patterns for R ¼ Y,
La-Ho. The SXRD patterns for R ¼ La and Nd show
tetragonal symmetry with a systematic absence of the hk0
reflections for hþ k ¼ 2nþ 1 [29]. Taking into account the
extinction rule and assuming that they exhibit n ¼ 1
RP structures, the plausible structures are the A-site-cation
ordered n ¼ 1 RP phases with P4=nmm space group shown
in Fig. 1(b) [29]. A Rietveld refinement (see Supplemental
Material [44]) of the SXRD pattern for R ¼ La using the
RIETAN-FP code [50] showed a small weighted-profile
reliability factor (RWP ¼ 5.341), while a refinement for R ¼
Nd resulted in considerable reliability factor (RWP ¼ 12.159),
partly because it undergoes a phase transition to an acentric
phase just below RT, as revealed later. Superlattice reflection
peaks corresponding to a

ffiffiffi

2
p

×
ffiffiffi

2
p

× 1 cell doubling are
found in theSXRDpatterns forR ¼ Y,Sm-HoatRT[the inset
of Fig. 3(a)]. The superlattice reflection peak for R ¼ Sm
diminishes at high temperatures around800Kas shown in the
Supplemental Material [44], indicating a phase transition
between P4=nmm and lower-symmetry phases. The tetrago-
nalP4̄21m and orthorhombicPbcm andPbc21 space groups
have been derived from the extinction rule and the compat-
ibility with n ¼ 1 RP structures [51]. The SXRD patterns fit

well using theP4̄21m structural model with a small reliability
factor (RWP ¼ 5.652 for R ¼ Y) that is very similar to those
found in the refinement based on the Pbcm (RWP ¼ 6.289)
and Pbc21 (RWP ¼ 5.722) models. Thus, we cannot unam-
biguously determine the structure only in terms of the
reliability factors in the Rietveld analysis of the SXRD data,
likely because of the difficulty refining the oxygen positions.
As shown below, however, the dependence of lattice

constants on rR along with the optical second-harmonic
generation (SHG) and piezoresponse force microscopy
(PFM) provides unequivocal experimental evidence for the
P4̄21m structure. Figures 3(b) and 3(c) illustrate the exper-
imental (exp) and calculated (calc) long- (la) and short-axis
(sa) lattice constants, L. There are two interesting findings
concerning Lexp

sa and Lcalc
sa : First, the pairs of Lexp

sa obtained
using the orthorhombicPbcmmodel are similar to eachother,
i.e., b≃ c for R ¼ Y, Sm-Ho, indicating tetragonality, in
contrast to the pairs ofLcalc

sa forPbcm andPbc21,whereb and
c diverge as rR becomes smaller. Secondly, theLexp

sa shows an
upturn betweenNd and Sm,where the superlattice reflections
emerge. This behavior is well reproduced byLcalc

sa forP4̄21m.
Thus, these results clearly support the P4̄21m structures and
rule out the Pbcm and Pbc21 structures for R ¼ Y, Sm-Ho.
Both optical SHG and PFM are sensitive probes of

noncentrosymmetry because the probed properties are
related to third-rank polar tensor [52]. Optical SHG
measurements were performed in reflection geometry with
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an 800 nm fundamental beam (Ti:sapphire laser, 80 fs
pulses, 1 kHz repetition rate). Figure 4(a) shows that finite
SHG signals are observed at RT for NaRTiO4 with R ¼ Y,
Sm-Ho, which exhibits superlattice reflections in the RT
SXRD patterns [the inset of Fig. 3(a)]. These results clearly
support the acentric P4̄21m structure over the centric Pbcm
structure at RT. The SHG signal for R ¼ Sm diminishes at
about 800 K where its x-ray superlattice reflection peaks
disappear [44]. Note that in this series, the single nonpolar
mode, i.e., M1ðη1; η1Þ mode, breaks the inversion sym-
metry, which is similar to a K3 mode in an improper
ferroelectric YMnO3 [53,54] although this series is non-
polar [55], and, thereby, the cell doubling due to the OOR
occurs just at a acentric-to-centric phase transition temper-
ature, Tac [56]. The centric-to-acentric transitions were
observed for Sm, Eu, and Gd above RT. The Tac’s are
higher than 1073 K for R ¼ Dy, Y, and Ho. The enlarge-
ment of the low intensity region is shown in Fig. 4(b). The
acentric-to-centric transitions are observed at 100 and
270 K for R ¼ La and Nd, respectively, indicating that
they also crystalize to P4̄21m structure at low temperatures.
For R ¼ La, the calculated M1ðη1; η1Þ phonon modes are
stable but the frequency is almost zero [see Fig. 2(a)]; that
is, the calculation predicts that it is on the verge of a soft-
mode transition. Such a subtle difference between
the experiment and theory may arise partly because of
the employed functional. The inset of Fig. 4(b) shows
that the Tac monotonically increases with a decrease in rR,
in good agreement with the calculation results that the

smaller the rR, the more favored the P4̄21m phase is [see
Fig. 2(h)].
TheOORangle θ and displacement of rare-earthmetal ions

in the x direction Δux, illustrated in Figs. 2(d) and 2(f),
respectively, are considered as a measure of amplitude of the
M1ðη1; η1Þ mode [44]. The inset of Fig. 4(b) plots the
rR dependence of Δux and θ obtained from the Rietveld
refinements of RT SXRD. As rR becomes smaller, both Δux
and θ become larger. Figure 4(c) illustrates that the temper-
ature dependence of the SHG intensity has a similar trend to
that of Δu4x as expected from Landau theory [44]. Also for
R ¼ Eu and Y, Δu4x shows a good overlap with the SHG
intensity [44]. We also performed PFM by using an atomic
force microscope system (Bruker, Dimension Icon) for the
NaRTiO4 (R ¼ Dy and Ho) pellet samples, and then con-
firmed their piezoelectricity as shown in the Supplemental
Material [44]. The piezoelectric strain coefficients were
calculated by using density functional perturbation theory
implemented in the VASP code [57,58]. The calculated
coefficients become larger with a decrease in rR [44]. For
P4̄21m NaYTiO4, d14 ¼ 4.3, and d36 ¼ 6.0 pC=N.
In summary, we have uncovered a large family of acentric

and piezoelectric RP oxides, NaRTiO4. A novel mechanism
for breaking inversion symmetry via OORs in A-site ordered
RP phases was reported. The low-temperature phase of this
RP series has been shown to belong to acentricP4̄21m rather
than centricPbcm, as suggested before. This study suggests a
need to revisit other A-site-ordered n ¼ 1 RP phases includ-
ing well-studied ARTiO4 (A ¼ H, Li, Na, K, Ag), where we
predict a similarmechanism to be active,which could lead to a
rich selection of acentric materials.
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