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Raman optical activity (ROA), the dependence of Raman intensity on the circular polarization of
incident and scattered light, has traditionally been observed in chiral molecules and magnetic materials,
where inversion or time-reversal symmetry is broken. Here we demonstrate that ROA can also arise in a

centrosymmetric and nonmagnetic ferroaxial crystal. Using circularly polarized Raman spectroscopy on
single-crystalline NiTiO;, we observed a pronounced ROA signal in the cross-circular polarization
configurations, which correlates with the ferroaxial domain structure. Our symmetry analysis, first-
principles calculations of phonons, and tight-binding model calculations reveal that the natural ROA
originates from the ferroaxial order and persists even within the electric dipole approximation. These results
establish ROA as a powerful probe of ferroaxial order in centrosymmetric systems.

DOI: 10.1103/wrv8-4f7k

Chirality is the property of objects that cannot be super-
imposed on their mirror images by rotation, as exemplified
by left and right hands. It is widespread in nature and occurs
in crystals with helical structures. When light enters such
chiral materials, it gives rise to optical rotation and circular
dichroism, phenomena collectively known as natural elec-
tronic optical activity (NEOA) [1]. The sense of rotation of
linearly polarized light and the differential absorption of left-
and right-circularly polarized light vary with the handedness
of the chiral material. Therefore, NEOA serves as a valuable
technique for probing chirality.

A similar phenomenon occurs in Raman scattering,
known as Raman optical activity (ROA), which involves
differences in the Raman intensities depending on the
circular polarization state of the incident and scattered
light. ROA has been reported in systems containing chiral
molecules and in those with magnetic ordering. ROA
arising from magnetic effects is referred to as magnetic
ROA, while that occurring in nonmagnetic materials is
called natural ROA (NROA) [1]. The NROA of chiral
molecules is attributed to the interference between scattered
light resulting from electric dipole-electric dipole transi-
tions and that from electric dipole-magnetic dipole tran-
sitions [2]. For NROA to occur, the materials have
traditionally been thought to lack inversion symmetry.

However, recent experimental studies suggest that NROA
can also be observed in centrosymmetric, nonmagnetic
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materials. In the layered compound 17-TaS,, intensity
differences between left- and right-circularly polarized
Raman spectra have been observed in the chiral charge
density wave (CDW) phase [3-6]. Despite its name, the
chiral CDW phase of 17-TaS, is not strictly chiral, as its
point group, 3, is achiral and retains inversion symmetry.
This state is more accurately described as exhibiting ferroax-
ial (ferrorotational) order [6]. Previous studies have attributed
the origin of ROA in this material to chiral CDW domains
formed through complex Raman tensors owing to optical
absorption [4]. Similar circular intensity differences in
Raman scattering have also been reported in compounds
that are both chiral and polar, such as NiCo,TeOg4, which
belongs to the ferroaxial point group 3 [7]. However, the
microscopic mechanism by which NROA arises from
ferroaxial order remains unknown.

In this Letter, we report the observation of a remarkably
large ROA in a three-dimensional centrosymmetric bulk
crystal of NiTiO3, a material known to exhibit ferroaxial
order. The intensity differences observed in both the Stokes
and anti-Stokes spectra are consistent with the symmetry
arguments of NROA. Furthermore, our calculations show
that the observed NROA originates directly from the
ferroaxial order.

Ferroaxial order was proposed as a type of ferroic order
that is invariant under both spatial inversion and time-
reversal operations [8]. It arises from the breaking mirror

© 2026 American Physical Society
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FIG. 1. (a) Crystal structure of NiTiO; above the structural
phase transition temperature (7T¢c = 1560 K). Ti and Ni cations
on z = 0 and z = 1/2 layers and oxygen ions bonded to them are
depicted. (b),(c) Crystal structures viewed along the ¢ axis for the
A, and A_ ferroaxial domains, respectively. The gray arrows
denote the direction of rotational displacements of oxygen ions
from the (110)-type planes (dotted lines). The ferroaxial order,
indicated by the purple or green arrows, is characterized as
A o . 1r; X p;, where r; and p; are the position vector and the
electric dipole moment (yellow arrows) at site i, respectively (see
the Supplemental Material, Sec. S1 [22] for details).

symmetry, with the mirror plane(s) obtained parallel to the
principal axis. The order parameter is the axial vector
A > . r; xp;, where r; and p; represent the position
vector and electric dipole moment of the ith atom,
respectively [9]. Such axial vectors are allowed in only
13 of the 32 crystal point groups [10,11]. Since chirality-
related phenomena, such as NEOA, require the breaking of
inversion symmetry, some ferroaxial materials with cen-
trosymmetric structures do not exhibit NEOA. Well-known
ferroaxial systems that retain inversion symmetry include
RbFe(MoOy), [12], K,Zr(POy), [13,14], NiTiO; [15-18],
and MnTiO5 [19,20].

In NiTiO;, the high-temperature phase above the tran-
sition temperature 7 = 1560 K adopts a corundum-type
structure, where Ni>* and Ti** ions are randomly distributed
at the cation sites [Fig. 1(a)]. The space group is R3¢ (point
group 3m), and the structure lacks ferroaxial order due to the
presence of a glide (mirror) plane along the principal axis. As
the temperature decreases, a structural phase transition
occurs at T [15,21]. Below T, the Ni** and Ti*" ions
become ordered. The space group changes to R3 (point group
3), breaking the mirror symmetry. Consequently, a net axial
vector emerges. The A, and A_ domain states shown in
Figs. 1(b) and 1(c), respectively, correspond to different axial
vector orientations and are related by a c-glide operation or
by flipping the crystal along the ¢ axis.

We prepared both single- and multidomain crystals of
NiTiO5. A single-domain crystal grown using the flux
method [45] was 60 pm thick and was confirmed to be a
single domain by electrogyration measurements [15,46]. A
multidomain crystal was obtained by heating a single-
domain crystal to 1620 K and then slowly cooling it,
resulting in a mixture of ferroaxial domains. This domain
structure was also confirmed via electrogyration, as
reported in Ref. [46].

We performed circularly polarized Raman spectroscopy
in a backscattering geometry with excitation along the
c axis using 785, 532, and 633 nm lasers. The detailed
setup is shown in the Supplemental Material [22], Sec. S2.
In the wavelength range around 785 nm, a strong absorp-
tion occurs due to d-d transitions of the Ni2* ions, whereas
the absorption at 532 nm is much weaker and originates
from the tail of a charge-transfer transition band. At
633 nm, the absorption is minimal [47]. The scattered
light was collected through an objective lens, filtered to
remove Rayleigh scattering using edge or notch filters, and
detected with a CCD-equipped spectrometer. All measure-
ments were performed at 295 K, which is far above the
antiferromagnetic Néel temperature, Ty = 22.5 K [48].
Left (L) and right (R) circular polarizations were defined
based on the rotation of the electric field on the sample
plane, independent of the propagation direction. Four
polarization configurations for the incident and scattered
light were considered: LR and RL (cross circular) and LL
and RR (parallel circular), as shown in Figs. 2(a) and 2(b),
respectively. According to the polarization selection rules
for Raman-active modes I" = 5Ag (a5 SEg, Eg—mode pho-
nons are active in cross-circular polarization configura-
tions, whereas Ag modes are active in parallel-circular
polarization configurations (see the Supplemental Material
[22], Sec. S3 for details).

Raman spectra obtained from the front surface of the
single-domain crystal at an excitation wavelength of
785 nm for the RL and LL configurations are shown in
Fig. 2(c). Four A, and five E, modes were identified. The
assignment of these modes agrees well with those reported
in previous studies on NiTiO5; powders [23,49]. Although

the Ag) mode has been reported to exist near 480 cm™! and
was confirmed by our first-principles calculations (see the
Supplemental Material [22], Sec. S4 for details), it was not
experimentally observed due to its weak intensity.

Next, we conducted measurements in the cross-circular
polarization (LR and RL) configurations. The Raman spectra
from the front surface of the single-domain crystal at an
excitation wavelength of 785 nm are shown in Figs. 3(a)
and 3(b), respectively. All five phonon peaks corresponding
to E, modes are observed in both the Stokes and anti-Stokes
spectra. These peaks exhibit clear intensity differences
between the LR and RL configurations. This result demon-
strates that ROA occurs even in a centrosymmetric, achiral
crystal, NiTiO5. To quantify the ROA, we defined the
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FIG. 2. (a),(b) Experimental setups for circularly polarized
Raman spectroscopy in the cross-circular and parallel-circular
polarization configurations, respectively. (c) Raman spectra of the
single-domain NiTiOj5 crystal, measured at 295 K using 785 nm
excitation in RL (R-incident, L-scattered) and LL (L-incident,
L-scattered) configurations, with phonon mode assignments.

normalized intensity difference between the cross-circular
polarization configurations as

grROA = B (1)
(Ig +1Tre)/2

where I1  and Iy are the Raman intensities of the LR and RL

configurations, respectively. The value of groa varies across

the phonon modes, with the Efgl) mode exhibiting the largest

intensity difference, reaching groa =~ 1.0. This value is
several orders of magnitude larger than the typical NROA

of chiral molecules, where ggros ~ 1073 [2] (see the
Supplemental Material [22], Table S4 in Sec. S5, for the
values of groa for the other peaks). The identical sign of groa
in the Stokes and anti-Stokes spectra indicates that the
observed ROA in NiTiO; is nonmagnetic in origin, in
contrast to magnetic ROA where the sign reverses [50-52].

Figures 3(c) and 3(d) show Raman spectra measured on
the back surface of the same single-domain crystal. We
again observed intensity differences between the LR and
RL configurations; however, the sign of gros Was reversed
compared to the front side. This indicates that the observed
NROA in NiTiOj is direction dependent—i.e., it depends
on the orientation (sign) of the ferroaxial vector. Such
directionality does not originate from the bulk properties of
chiral materials. Instead, it reflects the domain-dependent
orientation of the ferroaxial order, which differs between
the front and back of the crystal. The differential Raman
spectra of cross-circular polarization configurations on
the front and back surfaces are shown in Fig. S6 of the
Supplemental Material [22], Sec. S6.

In contrast to the E, modes, no noticeable intensity
differences were observed for the A, modes in the parallel-
circular polarization (LL and RR) configurations (Fig. S7 in
the Supplemental Material [22], Sec. S7). Moreover, the E,
modes excited at a wavelength of 532 nm exhibited only
weak intensity differences and no discernable intensity
differences at 633 nm (see the Supplemental Material [22],
Sec. S5). These results suggest that NROA is selectively
enhanced in certain phonon modes due to coupling with the
electronic structure associated with the ferroaxial order.

The selective enhancement of ROA at 785 nm can be
understood as a cooperative effect of (i) symmetry and
(ii) resonance. From (i) the symmetry perspective, the E,
phonons are decomposed into two components, lEg and
2Eg, corresponding to counterclockwise and clockwise
rotational motions with crystal angular or pseudo-angular
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FIG. 3.

Raman spectra of the front (a),(b) and back (c),(d) surfaces of the single-domain NiTiO; crystal, measured at 295 K using

785 nm excitation in LR and RL configurations. (a),(c) show anti-Stokes spectra, while (b),(d) show Stokes spectra.
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momenta of +1 and —1, respectively. Under circularly
polarized excitation, the LR and RL configurations transfer
angular momenta of —2 and +2 to the material, thereby
selectively exciting the 'E ¢ and 2Eg phonons in accordance
with angular momentum conservation and the Umklapp
process in the threefold symmetry [24].

The Raman intensity in the electric dipole approximation
can be expressed as I « |eRe;|?, where e; and e, are the
polarization vectors of the incident and scattered light,
respectively, and R is the Raman tensor. The Raman tensor
for the E, phonons are given by

R—RIC _i1>+R2(_1i :i) (2)

where R; and R, are proportional coefficients of the
Raman tensor for phonon modes belonging to 1Eg and
2Eg, respectively (see the Supplemental Material [22],
Sec. S3 for derivations). Since the Raman intensities in
the LR and RL configurations are proportional to |R, |*> and
|R,|?, respectively, a nonzero ROA arises when |R|| # |R,|.
The static ferroaxial distortion provides a preferred sense of
rotation in the lattice, rendering the two rotational compo-
nents, 'E, and 2Eg, inequivalent and leading to asymmetric
Raman tensor elements (|R;| # |R,|), which in turn give
rise to a finite ROA signal.

For (ii) resonance, at 785 nm the incident light is
resonant with the Ni’>* d-d transition. This transition is
electric-dipole allowed because the local inversion sym-
metry at the Ni site is already broken. The ferroaxial
rotational distortion further lowers the local symmetry from
3m to 3, which modifies the symmetry of the lattice
displacements coupled to the d-d transition. Under this
resonance, the intermediate electronic states involved in
Raman scattering are highly sensitive to local lattice
distortions. Our first-principles calculations show that the

Eén mode involves the largest displacement of Ni’>* ions,
leading to the strongest coupling to the resonant transition
and accounting for the largest observed ROA at 785 nm.

We verified the condition |R;|# |R,| in ferroaxial
systems using symmetry-based model calculations.
Specifically, we consider a tight-binding Hamiltonian for
spinless p orbitals on a trigonal lattice with symmetry-
adapted bases [25] and demonstrate that ferroaxial rotation
generically leads to different scattering amplitudes in the
two cross-circular polarization configurations, independent
of microscopic band details. Regarding the Raman tensors
R(w, 5w) with their explicit dependence on the frequency
of the incident light @ and the (anti-)Stokes shift dw, we
numerically computed the @ dependence of the coefficients
R;(i = 1,2). Following the established perturbation calcu-
lations within the electric dipole approximation, we
obtained the normalized cross-circular Raman intensities,
defined as
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FIG. 4. Excitation frequency (w) dependence of the normalized
cross-circular Raman scattering intensities (I; g, I, ) and the joint
density of states (JDOS) obtained from model calculations. JDOS
indicates the number of optically resonant states contributing to
the Raman scattering. Main plots of I g, I, are for the Stokes
process (6w = —1073 < 0), and the inset is for the anti-Stokes
process (dw = 1073 > 0).

IR |? =

IR RL
Ri|> + R, |?

R
IRi|* + |R,|?

(3)

iLR =

In Fig. 4, we observe a significant deviation between the
two intensities (I; g # Iy ), indicating a cross-circular ROA
even within the electric dipole approximation. Analysis of
the essential parameters [26] shows that the cross-circular
ROA results from the coupling of the E, phonons to the
orbital rotations driven by the ferroaxial order (see the
Supplemental Material [22], Sec. S8 for details). ROA is
strongly enhanced in the presence of resonant particle-hole
excitations, as illustrated by the JDOS, supporting the
experimental results obtained with different light sources
(Fig. 3 and the Supplemental Material [22], Sec. S5).
Notably, consistent with experimental observations, the
signs of the cross-circular ROA (I} g — Ig;.) are the same for
the Stokes (6w < 0) and anti-Stokes (6w > 0) responses for
each excitation frequency @ (Fig. 4 and inset). Note that
although the model calculation was conducted on a trigonal
lattice, our symmetry analysis can extend to ferroaxial
systems with n-fold rotational symmetry (n = 1,2, 3, 4, 6),
provided that the Raman susceptibility differs between the
two cross-circular polarization configurations.

To further confirm that the observed intensity differences
reflect the ferroaxial order in NiTiO;, we performed a
spatial mapping of grpoa by scanning the laser spot across
the sample. Figures 5(a) and 5(b) show spatial maps of

groa hear the Eé” peak on the front and back surfaces of a

single-domain crystal, respectively. The sign of grpoa is
reversed between the two surfaces, which is consistent with
the change in the ferroaxial domain orientation. In the
regions outside the sample or near cracks, groa ~ O,
indicating that the observed ROA was intrinsic and not
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FIG.5. Imaging of ferroaxial domains in NiTiOs. (a),(b) Domain
maps of the front and back surfaces of a single-domain crystal
obtained by circularly polarized Raman spectroscopy. (¢) Domain
map of a multidomain crystal. The normalized intensity difference
JrROA = 2(1LR — IRL)/(ILR + IRL) Of the E(gl) peak iS plotted
(d) Domain image obtained by electrogyration, adapted from
Ref. [46] (image inverted from the original).

due to instrumental offsets. Figure 5(c) shows a similar
mapping for a multidomain crystal, revealing a domain
pattern with features on the order of 100 pm. This pattern
closely matches the ferroaxial domain distribution obtained
from electrogyration imaging [Fig. 5(d)] as reported in
Ref. [46], which supports the conclusion that the ROA
reflects the ferroaxial order. The narrow region where groa
approaches zero likely reflects either partial averaging of
A, and A_ domains within the optical spot or a suppression
of the ferroaxial order at the domain wall; higher spatial
resolution would be required to distinguish these scenarios
(see the Supplemental Material [22], Sec. S9).

In summary, we demonstrated a remarkably large ROA
in the ferroaxial crystal NiTiO5 using circularly polarized
Raman spectroscopy. The intensity differences observed in
the Stokes and anti-Stokes spectra, together with their
dependence on the domain orientation, provide clear
evidence that the ROA is induced by ferroaxial order.
Our calculations show that this effect arises from intrinsic
electron-phonon coupling within the electric dipole
approximation, even in centrosymmetric, achiral, and non-
magnetic materials. These findings pave the way for the
observation of ferroaxial domains using Raman spectros-
copy and broaden the scope of ROA beyond chiral and
magnetic systems. Furthermore, the coupling between

electrons and chiral phonons in NiTiO5 is expected to
give rise to diverse phenomena, including phonon magnetic
moments [53,54].
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