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We bring together optical absorption spectroscopy, photoconductivity, and first principles calculations to
reveal the electronic structure of the room temperature ferroelectric Ca3Ti2O7. The 3.94 eV direct gap in
Ca3Ti2O7 is charge transfer in nature and significantly higher than that in CaTiO3 (3.4 eV), a finding that
we attribute to dimensional confinement in the n=2 member of the Ruddlesden-Popper series. While Sr
substitution introduces disorder and broadens the gap edge slightly, oxygen deficiency reduces the gap to
3.7 eV and gives rise to a broad tail that persists to much lower energies.

I. INTRODUCTION

Ferroelectricity is one of the most useful and widely
examined properties of the ABO3 perovskites. BaTiO3

and PbTiO3 are flagship examples due to their sponta-
neous and switchable electric polarization.1,2 The dis-
covery of polarization in perovskite superlattices due
to coupling of two rotational modes3 motivated the-
oretical investigation that extended this idea to nat-
urally occurring bulk materials that belong to the
layered perovskite Ruddlesden-Popper (An+1BnX3n+1)
series.4,5 These studies identified two candidates as po-
tential hybrid improper ferroelectrics: Ca3Ti2O7 and
Ca3Mn2O7.4,5 They are dubbed “improper” because fer-
roelectric polarization is not the primary order parame-
ter, and the phrase “hybrid improper” indicates that the
simultaneous onset of more than one primary order pa-
rameters (which are, in this case, oxygen octahedral rota-
tions) is responsible for the emergence of the ferroelectric
polarization.6 While Ca3Ti2O7 was already known to ex-
ist in a polar space group prior to these predictions,4,7 the
recent experimental discovery that it is indeed a switch-
able room temperature ferroelectric8 is widely regarded
as a materials design coup. This system sports a coer-
cive field of 120 kV/cm and a net remanent electric po-
larization of 8 µC/cm2 - values that compare well with
proper ferroelectrics.8 For instance, BaTiO3 and BiFeO3

films have coercive fields of 200 kV/cm and 140 kV/cm,
respectively.9,10 Interestingly, CaTiO3 does not have a
ferroelectric phase because the transition is suppressed
by octahedral rotations.11–13

Unlike its close cousins (the prototypical titanate ferro-
electric BaTiO3 or strained Ruddlesden-Popper member
Srn+1TinO3n+1 in which the polarization is driven by
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FIG. 1. (a) Crystal structure of CaTiO3 illustrating the well-
known three dimensionally-connected octahedra of the n=∞
material14 and (b) the structure of Ca3Ti2O7 which sports
double layer slabs of perovskite units separated by CaO layers
(n=2).7 The properties of the An+1BnX3n+1 homologous se-
ries are mainly determined by the number of rock salt (charge
storage) layers.

the displacement of the Ti cation),15,16 the ferroelectric
distortion in Ca3Ti2O7 mostly involves displacement of
the A-site Ca cations (Fig. 1).8,17 The combined oxygen
octahedral rotation/tilting modes that constitute the dis-
tortion result in layered dipoles that only partially cancel,
yielding a net polarization due to the non-cancelling elec-
tric dipoles.8 Charged domain walls (both ferroelectric
and ferroelastic) are also present in this material.8 The
other physical properties are, at this time, unexplored.

mailto:musfeldt@utk.edu


2

FIG. 2. Optical absorption spectrum of Ca3Ti2O7 at
300 K. As discussed in the text, the band gap derives
from charge transfer type excitations and is 3.94 eV.
The lower left-hand inset shows a close-up view of the
data below 3.5 eV. The upper inset displays typical I
- V curves taken in the dark and under illumination
at 3.1 and 4 eV. The lower right-hand inset compares
the photoconductance taken at various photon ener-
gies with the absorption coefficient. The black curve
is a guide to the eye.

Clearly, the opportunity to investigate the first new bulk
room-temperature ferroelectric oxide in 50 years is a very
exciting prospect. At the same time, the combination of
octahedral rotations and ferroelectricity in perovskites is
unusual13 and merits additional investigation.

In this Letter, we report the optical properties of fer-
roelectric Ca3Ti2O7 and compare our findings with com-
plementary first principles calculations. We find a direct
band gap of 3.94 eV, significantly larger than that of
CaTiO3 (3.4 eV). This is due to confinement effects in
the n=2 member of the Ruddlesden-Popper series. Pho-
toconductivity in Ca3Ti2O7 tracks the absorption, with
the largest response occurring just above the gap. We
also explore the effects of A-site substitution and oxygen
deficiency. Sr-substitution introduces disorder (which
broadens the band edge slightly), whereas oxygen de-
ficiency reduces the gap to 3.7 eV and gives rise to a
broad tail that persists to much lower energies. These
characteristics, combined with a natural ability to sep-
arate charge, suggest that Ca3Ti2O7 and its derivatives
may find applications in ultraviolet light harvesting and
photo-catalysis.18–20

II. METHODS

High-quality single crystals of Ca3Ti2O7,
Ca2.5Sr0.5Ti2O7, and Ca3Ti2O7−δ were grown us-
ing the optical floating zone method as described in
Ref. 8. We employed a series of spectrometers and a
combination of transmittance and reflectance techniques
(on thinner and thicker samples, respectively) to extract
the absorption coefficients. Photoconductivity experi-
ments were carried out on crystals with sputtered Pt
contacts using a setup that includes a Xenon source, a

source measurement unit, a series of narrow bandpass
filters, and tungsten contact tips. The response was
normalized for power intensity and area. All experiments
were carried out at room temperature.

First-principles calculations at the level of density
functional theory (DFT) and generalized gradient ap-
proximation (GGA) were performed using the PBEsol
exchange-correlation functional21 and the projector aug-
mented wave method22,23 as implemented in VASP.24,25

For the value of band gap, we report the energy differ-
ence between the highest occupied and lowest unoccupied
Kohn-Sham states, which serves as a guide to understand
the trends of the physical band gaps but does not directly
correspond to a physically measurable quantity.

III. RESULTS AND DISCUSSION

A. Optical properties and electronic structure of Ca3Ti2O7

Figure 2 displays the optical properties of Ca3Ti2O7 at
room temperature. The absorption is low and flat until
nearly 4 eV, beyond which there is a sharp increase that
defines the band gap and higher energy series of elec-
tronic excitations. Comparison with other perovskites
like CaTiO3 suggests that these features should be as-
signed as O 2p → Ti 3d charge transfer excitations.26,27

Traditionally, the magnitude and nature of the gap is
determined from the spectroscopic response as:

α(E) =
A

E
(E − Eg,dir)0.5 +

B

E
(E − Eg,ind ∓ Eph)2, (1)

where α(E) is the absorption coefficient, Eg,dir is the di-
rect gap energy, Eg,ind is the indirect gap energy, Eph is
the mediating phonon energy, and A andB are constants.
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Therefore, plots of (α · E)2 vs energy and (α · E)1/2 vs
energy can reveal direct or indirect character via linear
extrapolation to the energy axis.28,29 As discussed in de-
tail below, we find that Ca3Ti2O7 has a direct gap of
3.94 eV. There is no evidence for indirect character. It
is worth noting that, even though this type of analysis
was developed for single parabolic band materials like
traditional semiconductors,29,30 it has been extended to
include more complicated materials with non-parabolic
bands such as oxides.31–34

In Figure 3, we report the densities of states of CaTiO3

and Ca3Ti2O7 determined from DFT. The d -orbitals of
the Ti ions in Ca3Ti2O7 are almost completely unoc-
cupied and form the bottom of the conduction band,
whereas the fully occupied oxygen p bands form the top
of the valence band, which is also the case in bulk per-
ovskite CaTiO3. In both compounds, there is consid-
erable hybridization between the oxygen and titanium
states, and there is only a negligible amount of Ca den-
sity of states around the Fermi level. Even though the
parent perovskite and Ruddlesden-Popper structures re-

FIG. 3. Densities of states for Ca3Ti2O7 and CaTiO3

for the experimentally reported crystal structures from first
principles.35,36 The DOS are reported per formula unit and
are projected onto the different atomic species.

sult in different symmetry environments for the ions, we
find that the basic features of the band structure are sim-
ilar, which is not surprising given their band insulating
behaviours.

We note that, according to our calculations, the band
gap of Ca3Ti2O7 (2.38 eV) is slightly larger than that
of CaTiO3 (2.30 eV). While DFT at the level of lo-
cal density approximation (LDA) (or GGA) is usually
considered sufficient to capture the trends of gaps in
band insulators with different crystal structures, it has
been reported in Ref. 37 that the trend of the gap be-
tween the bulk perovskite SrTiO3 and the Ruddlesden-
Popper compounds Srn+1TinO3n+1 is not correctly re-
produced by DFT. However, DFT correctly captures the
trends of the band gaps between different members of
the Srn+1TinO3n+1 Ruddlesden-Popper series. Since the
Ti d -states are unoccupied, this is probably not an error
associated with the absence of strong on-site correlation
effects in DFT. Rather, it might be necessary to calculate
the full optical response, including the effect of electron-
hole interactions, to capture the correct trend of the band
gaps,37 which is beyond the scope of this work. At this
stage, we merely note that if the CaTiO3 related com-
pounds behave similarly to their closely related SrTiO3

cousins, we would anticipate Ca3Ti2O7 to have an even
larger gap than CaTiO3 in the light of our calculations
and previous work on Srn+1TinO3n+1.37 This point is
verified by our measurements as discussed below.

B. Photoconductivity of Ca3Ti2O7

We also sought to evaluate the ability of Ca3Ti2O7 to
create photocarriers. The upper inset of Fig. 2 displays
typical I-V curves with light on and off, and the lower
right-hand inset shows the photoconductance at different
illumination energies. Clearly, there is a strong corre-
lation between the absorption coefficient and photocon-
ductivity. Moreover, it is well known that photocurrent
increases near or above the band gap.38 This is because
photoconductivity is related to absorption as:39

σPC ∝ ηα(E)τ, (2)

where σPC is the photoconductance of the sample, η is
the quantum efficiency (defined as ratio of excited carri-
ers created to the number of incident photons), α(E) is
the absorption, and τ is the carrier life time. From Eq. 2,
it is clear that as absorption rises, the photoconductance
should also increase. This trend is evident in the simi-
larity between σPC and α(E) in Ca3Ti2O7. Our analysis
shows that current loss takes place predominantly via
space-charge-limited conduction, similar to the mecha-
nism in other perovskites.40,41 We estimate a charge mo-
bility on the order 10−4 cm2/V·s.
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FIG. 4. (a) Absorption spectrum of
Ca3Ti2O7 along with that of the Sr-
substituted counterpart and the oxy-
gen deficient analog. The response of
CaTiO3 from Ref. 42 is included for
comparison. (b) Direct band gap anal-
ysis of these materials. The optical gap
of Ca3Ti2O7 is 3.94 eV, whereas that of
the Sr-substituted and oxygen deficient
systems are 3.9 and 3.7 eV, respectively.

C. Comparison of related materials

Figure 4 summarizes the optical absorption and direct
gap analysis of Ca3Ti2O7 and compares the findings with
those of CaTiO3, Ca2.5Sr0.5Ti2O7, and Ca3Ti2O7−δ.
This series provides a platform with which we can as-
sess the structure-property relationships connected with
dimensionality and confinement, A-site substitution-
related disorder, and oxygen deficiency.

1. Ca3Ti2O7 vs. CaTiO3 and dimensionality effects

Figure 4 displays the optical response and band gap
analysis of Ca3Ti2O7 compared with that of CaTiO3.42

We immediately notice that the onset of charge trans-
fer excitations in CaTiO3 occurs at a significantly lower
energy compared to that in the n=2 member of the
Ruddlesden-Popper series. Accordingly, the direct gap
of CaTiO3 has been reported to be 3.4 eV.42 This com-
parison (3.94 vs. 3.4 eV) directly reveals the effect of
reduced dimensionality on the electronic properties. A
similar variation has been reported in SrTiO3 (and its as-
sociated layered series).37 This trend is typical in layered
perovskites including the Ruddlesden-Popper series43,44

due to the fact that the octahedra, which are three-
dimensionally connected in the n=∞ parent compound,
become systematically disconnected with decreasing n.
At the same time, the orbitals defining the band edge
become increasingly confined, which narrows the valence
band and increases the gap.37 Our calculations (Fig. 3)
uncover the same trend.

2. Sr substitution on the A site

Chemical substitution is a powerful technique for tun-
ing the properties of layered perovskites.45 This approach

is motivated by the fact that stability lies in the tolerance
factor, which is characterized by the relative size of the
cations involved. In our work, we replaced Ca with Sr
to yield Ca2.5Sr0.5Ti2O7. Figure 4(a) displays the opti-
cal response of Ca2.5Sr0.5Ti2O7; the corresponding direct
gap analysis is shown in panel (b). Ca-related states are
not involved in the excitations that define the leading
edge of the band gap. That said, the relative size differ-
ence between Sr and Ca ions is significant, and it is the Ca
ions in the perovskite layer (and not the ones in the rock
salt layer) that get replaced by Sr.7 Consequently, the oc-
tahedral rotation and tilt angle are reduced to stabilize
the structure.7,8 Since octahedral rotations in perovskites
often control the electronic structure and properties,46–48

we anticipated the band gap to be modulated due to Sr
substitution. In fact, our analysis instead reveals a band
gap of 3.9 eV, which is just slightly lower than the 3.94 eV
gap for Ca3Ti2O7. This is in line with our DFT calcula-
tions that find that when the degree of octahedral rota-
tions are decreased in Ca3Ti2O7, the band gap is reduced
by a minute amount [Supplementary information]. We
also find that the band edge is broadened slightly com-
pared to pristine Ca3Ti2O7. We conclude that chemical
disorder in Ca2.5Sr0.5Ti2O7 decreases the band gap only
slightly whereas it reduces the net remnant polarization
by 50% compared to the parent compound.8

3. The role of oxygen deficiency

Trends in the electronic structure that develop due to
oxygen deficiencies in the Ruddlesden-Popper series are
particularly interesting because the valence band is pri-
marily comprised of O 2p orbitals [Fig. 3]. As a result,
oxygen vacancies introduce carriers, modify the band
width, and at the same time distort the local lattice
environment.18,49,50 Figure 4 (a, b) displays the opti-
cal absorption spectrum and corresponding direct gap
analysis of Ca3Ti2O7−δ, respectively. The band gap of
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Ca3Ti2O7−δ is 3.7 eV, significantly lower than that of
pristine Ca3Ti2O7. This is because oxygen vacancies in-
troduce hole carriers and they might also geometrically
modify the TiO6 octahedral rotations, which result in a
broader valence band. The broad tail that persists to
much lower energies for the oxygen-deficient sample in
Fig. 4 (a) is similar to the response of oxygen deficient
CaTiO3 and SrTiO3.51,52 Clearly, control of the oxygen
content is a promising strategy for band gap tuning in
Ca3Ti2O7; the technique has been used successfully in
many other materials as well.53 At the same time, gat-
ing experiments, particularly those carried out with ionic
liquids, should be carefully controlled to prevent oxygen
migration.

IV. CONCLUSION

To summarize, we combined optical spectroscopy, pho-
toconductivity, and first principles calculations to un-
veil the electronic properties of Ca3Ti2O7, the first bulk
room-temperature ferroelectric oxide discovered in the
last 50 years. Analysis of the linear absorption spectrum
reveals a direct gap at 3.94 eV, significantly larger than
that in CaTiO3 (3.4 eV) due to confinement effects in the
n=2 member of the Ruddlesden-Popper series. The band
gap in Ca3Ti2O7 is defined by O p→ Ti d charge transfer
excitations. A-site chemical substitution with Sr broad-
ens the gap ever so slightly, an effect that we attribute
to the influence of octahedral tilting. On the other hand,
oxygen vacancies reduce the band gap to 3.7 eV and in-
troduce a significant low energy tail. Both effects are
due to the addition of charge carriers and the associated
valence band broadening. An obvious extension of this
work is to investigate B site substitution18 in Ca3Ti2O7

and Ca3Ti2O7−δ. This may lead to new and interesting
families of magnetoelectric multiferroics.
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