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Ferroelectricity is one of the most useful and widely
examined properties of the ABOj3 perovskites. BaTiO3
and PbTiOj3 are flagship examples due to their sponta-
neous and switchable electric polarization.’? The dis-
covery of polarization in perovskite superlattices due

to coupling of two rotational modes® motivated the
oretical investigation that extended this idea to naf-

urally occurring bulk materials that belong the

layered perovskite Ruddlesden-Popper (A;,41B,X3 Nﬂ\.

series.®® These studies identified two candidafe
tential hybrid improper ferroelectrics:
CagMny07.%° They are dubbed “imprope

rameters (which are, in this case, oxygen oct
tions) is responsible for the emerge f the ferroelectric
polarization.® While Ca3TizO sm;l&r%y known to ex-
predictions,®” the

indeed a switch-

recent experimental discov
able room temperature
as a materials design

cive field of 120 kV/,
larization of 8 uC/&m

and anet remanent electric po-
-Ivalues ‘that compare well with
or instance, BaTiO3 and BiFeOg3
200 kV/cm and 140 kV /cm,
erestingly, CaTiOs does not have a
se the transition is suppressed

11713 There are, however, ferro-
14,15

2

usins (the prototypical titanate ferro-
or strained Ruddlesden-Popper member
1 in which the polarization is driven by
acement of the Ti cation),'™!® the ferroelectric
Ca3TisO7 mostly involves displacement of
te Ca cations (Fig. 1).8' The combined oxygen
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Jeand principles calculations to
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i CaTiOg3 (3.4 €V), a finding that
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en deficiency reduces the gap to

AN
& ‘.)‘Ca

} Rock salt
¢ layer
. Perovskite
¢ layer

®

2
CaTiO; (n =) CagTi,0; (n =2)

FIG. 1. (a) Crystal structure of CaTiOs illustrating the well-
known three dimensionally-connected octahedra of the n=o00
material'® and (b) the structure of CazTi»O7 which sports
double layer slabs of perovskite units separated by CaO lay-
ers (n=2).” The properties of the A, +1B,X3,4+1 homologous
series are determined by the number of charge storage layers.

octahedral rotation/tilting modes that constitute the dis-
tortion result in layered dipoles that only partially can-
cel, yielding a net polarization due to the non-cancelling
electric dipoles.® Charged domain walls (both ferroelec-
tric and ferroelastic) are also present in this material.®
The other physical properties are, at this time, unex-
plored. Clearly, the opportunity to investigate a recently
discovered hybrid improper ferroelectric is a very excit-
ing prospect. At the same time, the combination of oc-
tahedral rotations and ferroelectricity in this perovskite
is unusual’® and merits additional investigation.

In this Letter, we report the optical properties of fer-
roelectric CagTizO7 and compare our findings with com-
plementary first principles calculations. We find a di-
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intensity and area. All experiments were carried out at
room temperature. First-principles calculations at the
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FIG. 2. Optical absorption spectrum of CasTi2O7 at 300 K.
The 3.94 eV band gap derives from charge transfer excit
tions.

curves taken in the dark and under 3.1 and 4 eV illumi

The lower right-hand inset compares the photoconduct
taken at various photon energies along with the
coefficient. The black dashed curve is a guide to th

rect band gap of 3.94 eV, noticeably la }bha%that of
CaTiOs (3.4 eV). This is due to confinement effects in
the n=2 member of the Ruddlesdén-Ropper series. Pho-
toconductivity in CasgTizO7 tr sorption, with
the largest response occurri
also explore the effects of
deficiency. Sr-substitution gb disorder (which
broadens the band edge«glight hereas oxygen de-
ficiency reduces the gapNe and gives rise to a
broad tail that pergists %o much lower energies. These
ined with a natural ability to sep-
CagTisO7 and its derivatives
aviolet light harvesting and

tion and oxygen

arate charge, suggest, t
may find applicati i

crystals of CagTis O,
d CagTisO7_s were grown using
zone method as described in Ref. 8.
lue of ¢ is on the order of 0.001. We

coeflicients. Photoconductivity experiments 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

The lower left-hand inset shows a close-up viewi of
the data below 3.5 eV. The upper inset displays typical I‘\
4

level of density functional theory (DFT) and generalized
gradient approximation (GGA) were performed using
the PBEsol exchange-correlation functional®® and the
projector augmented wave method?*2® as implemented
in VASP.?6"28 For the theoretical band gap, we report
the energy difference between the highest occupied and
lowest unoccupied Kohn-Sham states, which serves as
a guide to understaz?l‘oand gap trends but does not
directly correspond te a physically measurable quantity.
Figure 2 displayg the opti roperties of CazTizO7 at
hh absorption is low and flat until

ich there is a sharp increase that

F= % (B~ Byain)® + 2B~ Byina ¥ Bp)?, (1)
-
where a(E) is the absorption coefficient, Eg 4, is the di-
ect@ap energy, g ;nq is the indirect gap energy, Ky, is
the mediating phonon energy, and A and B are constants.
herefore, plots of (aE)? vs energy and (aE)'/? vs en-
ergy can reveal direct or indirect character via linear ex-
trapolation to the energy axis.?'2 As discussed in de-
tail below, we find that CagTioO7 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,3?:33 it has been extended to
include more complicated materials with non-parabolic
bands such as oxides.?* 37

In Figure 3(a, b), we report the band structure and the
densities of states of Ca3Ti;O7 determined from DFT.
The d-orbitals of the Ti ions in CazTisO; are almost
completely unoccupied and form the bottom of the con-
duction band, whereas the fully occupied oxygen p bands
form the top of the valence band. This is also the case
in CaTiO3.2% In both compounds, there is considerable
hybridization between the oxygen and titanium states,
and there is only a negligible amount of Ca density of
states around the Fermi level. Even though the parent
perovskite and Ruddlesden-Popper structures result in
different symmetry environments for the ions, we find
that the basic features of the band structure are simi-
lar, which is not surprising given their band insulating
behaviours.

We note that, according to our calculations, the band
gap of CazTisO7 (2.38 €V) is slightly larger than that
of CaTiO3 (2.30 eV). While DFT at the level of local
density approximation (LDA) (or GGA) is usually con-
sidered sufficient to capture the trends of gaps in band in-
sulators with different crystal structures, it was reported
in Ref. 39 that the trend of the gap between the bulk per-
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FIG. 3. (a) Band structure of CasTi2O7. (See the Suppl
mental Information for the definition of the high symmetry
points in the Brillouin Zone.?®**) The bottom of the condu

tion band consists of dispersionless bands along the I* i
(which is parallel to the crystallographic c axis), in line
the orbital projected DOS (shown in the supplem mate
rial) that indicates that these bands consist of d-orbitals Wi

lobes perpendicular to the ¢ axis. (b) Densiti f states per
formula unit and projected onto the different a &Q ies.

Y

ovskite SrTiOs and the Ruddlesden-Popper*e¢ompounds
Sry,+1Ti, 03,41 is not correctl duced by DFT.
However, DFT correctly captures the trénds of the band
gaps between different members ofsgthe Sr, 1 1Ti,Os,41
Ruddlesden-Popper series.
occupied, this is probabl§ no
the absence of strong afi-site correlation effects in DFT.
Rather, it might be es:N calculate the full opti-
cal response, including the effect of electron-hole inter-
correct trend of the band gaps,?’

i, d-states are un-

behave similarly to theif closely related SrTiO3 cousins,
we would anticipate Ca3zTisO7 to have an even larger gap
than CaTiO3in th(;ight of our calculations and previous

~Khotocarriers. The upper inset of Fig. 2 dis-
playsytypical I-V curves with light on and off, and the
ight-hand inset shows the photoconductance at
different illumination energies. Clearly, there is a strong
correlation between the absorption coefficient and pho-
toconductivity. Moreover, it is well known that pho-
tocurrent increases near or above the band gap.*' This is

because photoconductivity is related to absorption as*?

opc « na(E)T, where ope is the photoconductance of
the sample, 1 is the quantum efficiency (defined as ra-
tio of excited carriers created to the number of incident
photons), a(F) is the absorption, and 7 is the carrier life
time. From this expression, it is clear that as absorption
rises, the photoconductance should also increase. This
trend is evident in the similarity between opc and a(FE).
Our analysis shows thatscurrent loss takes place predom-
inantly via space-chayge-limited conduction, similar to
the mechanism in other ‘perovskites.*34* We estimate a
charge mobility onftheordersl0~* cm?/Vs.

izes the optical absorption and direct

Figure 4 summ

provides latform with which we can as-
re-preperty relationships connected with
1d  confinement,

’5? ag . 5 I‘0,5Ti207, and Ca3T1207_5.
A-site substitution-

42 we immediately notice that the onset
o rge Ytransfer excitations in CagTisO7 occurs at a
ighergentrgy compared to that in the n=cc member of
the"Ruddlesden-Popper series. As reported previously,
the direct gap of CaTiOsz is 3.4 eV.%? This comparison
vs. 3.4 eV) immediately reveals the effect of re-

&.ﬂNuced dimensionality on the electronic properties. A sim-

ilar variation has been reported in SrTiO3 (and its asso-
ciated layered series).?® This trend is typical in layered
perovskites including the Ruddlesden-Popper series*:46
and is due to the fact that the octahedra, which are three-
dimensionally connected in the n=o00 parent compound,
become systematically more isolated with decreasing n.
At the same time, the orbitals defining the band edge
in CagTisO7 become increasingly confined, which nar-
rows the valence band and increases the gap.?%*7 The
orbital projected DOS (provided in the supplemental
information)?® and the band structure confirm this point
and reveal that the bottom of the conduction band con-
sists of in-plane, two dimensional Ti d-orbitals with no
dispersion along the c axis.

Chemical substitution is a powerful technique for tun-
ing the properties of layered perovskites.*® This approach
is motivated by the fact that stability lies in the toler-
ance factor, which is characterized by the relative size
of the cations involved. In our work, we replaced Ca
with Sr to yield Cag 5Srg5TiaO7. Figure 4(a) displays
the optical response of Cag 5Srg 5TiaO7; the correspond-
ing 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
difference 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.” Con-
sequently, the octahedral rotation and tilt angle are re-
duced to stabilize the structure.”® Since octahedral rota-
tions in perovskites often control the electronic structure
and properties,??®! we anticipated the band gap to be
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suhstifiifed counterpart and the oxy- x —Cay 5Sro5Ti,07 AV
gen deficient analog. The response of < 3 |=—CasTi0s; ~_ 4+ /
CaTiOs from Ref. 40 is included for g % ¢ | = Ca;Ti,0;
comparison. [Reproduced with permis- ~ - ,, — Cay 581y 5Ti,0;
sion from J. Chem. Phys. 28, 824 5 2= x 300 g / — CasTip07-5
(1958). Copyright 1958 American In- 5 = 2 !
stitute of Physics] (b) Direct band gap o Nﬁ]
analysis of these materials. The opti- ﬂ 3
cal gap of CaszTi2O7 is 3.94 eV, whereas < I I I ~ 0

that of the Sr-substituted and oxygen
deficient systems are 3.9 and 3.7 eV, re-
spectively.

modulated due to Sr substitution. Our analysis instead
reveals a band gap of 3.9 eV, which is only slightly lower
than the 3.94 eV gap for CagTizO7. This is in line with
our DFT calculations that find that when the degree of
octahedral rotations are decreased, the band gap is re-
duced by a minute amount.?® We also find that the band
edge is broadened slightly compared to that in pristine
CasTiyO7. We therefore conclude that chemical disorder
in Cag 5519 5TioO7 modifies the band gap only slightly
despite the fact that it reduces the net remnant polar
tion by 50% compared to the parent compound.®
Trends in the electronic structure that develop
oxygen deficiencies in the Ruddlesden-Popper
particularly interesting because the valence ba
marily comprised of O 2p orbitals [Fig. 3¢ Oxy
cancies are well known to introduce carriers

fy
width, and distort the local environme aw:?:?&(ran-

esa

sition metal center - all of which comb fluence
the electronic properties.?’:52754 Figure 4 (ayd) displays
the optical absorption spectrum responding direct
gap analysis of CagTisO7_s5. A
order of 0.001. The band gap i
than that of pristine CasTi

in the oxygen-deficient ?A]ple

gies [Fig. 4 (a)] Similarétructure

deficient CaTiO3 an T‘IO&\?O The reduced band gap

and broad absorpti ns“c? in CagTisO7_s are primarily
which introduce hole carriers.

deficiencies modify the local

T‘i{(gen ers (and therefore, the TiOg
ich according to our DFT cal-

tent is a promising strategy for band

i207; the technique has been used in

many ther feboelectrlcs as well.”” Based on these find-

periments, particularly those carried out

ic liquids, should be carefully controlled to pre-
ga migration.

To stunmarize, we combined optical spectroscopy, pho-
toconductivity, and first principles calculations to unveil
the electronic properties of Ca3zTisO7, a recently discov-
ered hybrid improper ferroelectric oxide. Analysis of
the linear absorption spectrum reveals a direct gap at

trol of the oxXygen ¢

Energy (eV)

4 5 6 40 42 44 46

Energy (eV)

ticeably larger than that in CaTiO3 (3.4 eV)
menteffects in the n=2 member of the
er series. The band gap in CaszTisO7
p — Ti d charge transfer excitations. A-

site.chernigal stibstitution into the perovskite layer with
I broadens

e gap ever so slightly, an effect that we
ibute to the influence of octahedral tilting. On the
her hand, oxygen vacancies reduce the band gap to
3.7°¢V and introduce a significant low energy tail. Both
ffects are due to the addition of hole carriers and the
a ciated valence band broadening. An interesting ex-
- f0tension of this work is to investigate B site substitution2’
in CagTioO7 and CagTisO7_s. This may lead to new
families of magnetoelectric multiferroics.
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