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S1 - Sample Characterisation

The free-standing films of Barium Titanate (BTO) were placed on bottom electrodes com-
posed of gold and copper before the top electrodes were prepared on top using lithography,
see Figure 2 in the main text. The electrode stack structure is presented in the left panel
of Figure 1. The orientation of the BTO membrane was confirmed prior to the resonant
inelastic x-ray spectroscopy (RIXS) experiments using a standard lab diffractometer (D8
DISCOVER Bruker). As can be seen in the right panel of Fig. 1, the expected out-of-plane
orientation was confirmed to be (001) as seen from the visible peaks (001) and (002), where
the P4mm (tetragonal) structure [1] allows for both peaks to be observed. From estimates
of the structure factor, the relative Bragg peak intensities are commensurate with the pre-
dicted structure. The peak intensity of a Bragg peak, hkl, is found from the square of the
structure factor over the N atoms in the unit cell,
N
Fipy = Z fel=2milhagthy;-+£2)] (S1)
j=1
where z;,y;,%; and f; represent the co-ordinates and x-ray scattering factor, respectively,
of atom i. The ratio foo /1o, found experimentally (0.31) was slightly less than predicted
from bulk (0.55). We attribute this to strain relief in the ferroelastic free-standing films [2]
as compared to values in the literature which are measured from either epitaxial thin films

[3] or bulk[1].
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Supplementary Figure 1: Left: Sketch of the sample stucture where the (001) direction
of BTO is out of plane. Right: Determination of the out-of-plane orientation was confirmed

with a 6/26 scan of the free-standing BTO film performed with lab-based diffractometer

The intensity of non-specular peaks could not be compared to the above due to difficul-
ties in aligning the sample with the lab-based system, possibly due to the sample thickness
(80 nm). However, a qualitative overview of in-plane order is shown in Figure 2 where the

[103] peaks are plotted as the sample azimuthal angle, ¢, is swept across + 120 degrees.
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These show the expected 90 degree offset for the tetragonal crystal structure where the (010)

is along the film edge (see Figure 2 in the main text).
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Supplementary Figure 2: In-plane scan of the sample azimuthal angle for the [103]
peak of FS-BTO film.



Supplementary Material GRIMES et al.

S2 - X-ray absorption spectroscopy

Prior to the RIXS measurements we first investigated the edge and near edge regions of the
oxygen K-edge using x-ray absorption spectroscopy (XAS). This edge occurs at the energy
expected and was used as a reference for the choice of the x-ray energies for RIXS. During the
RIXS measurements, XAS scans were intermittently recorded to adjust for energy drift in
the x-rays produced by the synchrotron. In all instances, the XAS spectra are recorded on a
portion of film that is un-poled (= 0.1 mm from the electrodes) The cumulative spectra over
the course of the experiment is shown in Figure 3 where the error bars represent standard
deviation of the signal. The energy drift is corrected according to the mid-point of the

leading edge.
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Supplementary Figure 3: XAS of the BTO film. Data was acquired intermittently over
a period of 16 hours during one set of RIXS measurements. The error bars are found from

the standard deviation of the binned data when corrected according to the leading edge.
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S3 - Resonant inelastic x-ray scattering

S3.1 - Theory of CD RIXS

We present here a brief over view of the origin of circular dichroism that emerges in RIXS
from the basis of circular rotation of ions in the unit cell. The interested reader is referred

to the paper of Ueda et al. for a detailed derivation [4].

The RIXS process involves the absorption of an incident photon and emission of scat-
tered photon which have momenta, Q, and Q’, and polarisations, ¢, and €. During the
process, the intermediate core-hole state can impart a net momentum, q and energy, F,,,
to the system. Therefore, a theoretical model for a RIXS process requires in general: the
Hamiltonians; Hg, Hi1 of the initial and finals states, and the interaction Hamiltonian of
the intermediate state, #;, and the dipole operators, D, and D, creating/annihilating the
intermediate state exciton, respectively, that are functions of the incident and scattered
x-ray polarisations. Since we consider the oxygen K-edge which involves the 1s to 2p tran-
sition, the rotational motion of the ions is described in terms of the p orbitals where the
non-centrosymmetric nature of the unit cell imposes that the p, and p. orbitals are non-
degenerate. One may construct the system as a quantum pendulum as a function of the
angle, ¢. The creation operators in this case are written as p; L= pz,r cos(¢) + pi sin(¢).

This results in an intermediate state,
Hi = —PB sstpT(0,cos2¢ + o, sin2¢)p, (S2)

where o denotes the Pauli matrices. By following the Kramers-Heisenberg formula and
assuming ultrashort core-hole lifetime (UCL) with respect to the circular motion of the
ions, one can arrive at the following estimation of the RIXS amplitude due to the chiral

phonon modes, m, as
0 e—2i¢
AR oc (m(er) €cl0), (S3)
e2i¢ 0

where we introduce a circular polarisation basis as €. = (e, + i€y, €, — i€,). One can derive
that the difference in amplitude for right and left handed photons is maximised as 2h. We
re-iterate that the conditions imposed by the circular basis imply that the contrast can only
be observed when inversion symmetry is broken in the unit cell with respect to the motion of

the oxygen ions. Likewise, the inversion of the Ti ion displacement will reverse the contrast

as the projection of the oxygen p, and p, orbitals will be inverted.
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S3.2 - Energy dependence
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Supplementary Figure 4: a) Right: Energy map of the RIXS signal near the elastic
line for ¢4 = (0.04, 0.23, 0.42) A-1. The left- /right-handed portions show the spectra
near the leading edge and within the inter-peak region, respectively. Left: Energies of the
spectra are plotted with respect to the XAS (performed on a portion of the BTO film that
is un-poled). b) Selected RIXS spectra in near edge region

The energy dependence of the phonon fingerprints in the RIXS spectra was investigated
to optimise the detection of the chiral phonon dichroism signal. The spectra in Figure 4
show the changes observed in the signal as the x-ray energy is swept from the near edge (530
eV) of the oxygen K-edge up to the higher energy features (540 eV) in the XAS spectra. The
left portion of Fig. 4 a) illustrates where on the XAS spectra these energies correspond. It is
seen that the elastic line in the spectra is strongest near the XAS peak while the inter-peak
regions have lower overall signal (left- and right-hand portions of Fig. 4, respectively). The
phonon fingerprint is discussed in detail in the main paper and in latter sections (see S4),
comprising the low energy features up to 0.2 eV in the RIXS spectra. These features are
strongest for x-ray energies in the near edge region. That these relaxation signals are found
below the peak resonance has been previously seen in RIXS studies [4, 5].

A select range of spectra are shown in Fig. 4 b) where the phonon features are especially
pronounced. The acquisition time was increased by a factor of ten to improve the SNR.
These are found in the near-edge region. For the main paper, the x-ray energy was set at
531.25 eV for all RIXS measurements to ensure the strongest chiral phonon contribution to

the CD experiments. The energy map can be seen in the right portion Fig. 4 a).



Supplementary Material

GRIMES et al.

S3.3 - Circular dichroism in RIXS

In order to attribute the observed circular
dichroism to the presence of chiral phonons,
we first must discount other source of con-
trast. While dichroisms can indicate that a
transfer of angular momentum has occurred
which is the case in XMCD for example,
the RIXS process is also sensitive to sam-
ple anisotropies which can present in the
refractive index for example. For instance,
the tetragonal structure of the BTO sam-
ple imposes a difference in the scattering for
in-plane and out of plane interactions. Fol-
lowing the work of Nag et al., the sample
birefringence can induce CD which will de-
pend on the incident angle, 6;, of the x-rays
with respect to the optical principal axis [6].
Through the sample depth, the Stokes pa-
rameters (see main text) of the C+ and C-
light will vary as the light travels a distance
l; = t/sinf;. The polarisation state of the

light is computed as:

P = In /i, T,PT}. (84)
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Supplementary Figure 5: a) Example of
the RIXS spectra for two different circular
polarisations of x-rays for ¢ = [0.247, -0.402,
0.557] r.l.u.. Aside from the incident an-
gle, all other parameters are held constant
as compared to the measurements in Fig. 3
of the main text. b) The circular dichroism
of the BTO sample when positive and neg-
ative fields are applied. The field switching

is less apparent, though some contrast is ob-

served near the low energy phonons.

Therefore if one performs experiments where the x-rays are not of normal incidence, a more

sophisticated analysis is required to extract the relevant CD contrast. For example, we show

the measured RIXS contrast when an incident angle of 20 ° is used in Figure 5, equivalent

to ¢ = [0.247, -0.402, 0.557] r.l.u. A strong contrast can be seen across the whole spectrum,

and also across the elastic line. In contrast to Fig. 3 of the main text, when we measure

the effect of field switching, the contrast is not reversed. Instead it is dominated by the

effects of birefringence, see Fig. 5b). Finally, we note that the CD signal at the phonon

peaks is much stronger here than is shown for the measurements performed in the main

text. However, it is preferable to be solely sensitive to the contrast from chiral phonons.



Supplementary Material GRIMES et al.

S3.4 - Measurement Procedure
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Supplementary Figure 6: Measurement scheme used during the experiment. The po-
larisation is switched by applying +(-) 3.5 V before a +(-) 0.2 V holding potential is
maintained. In each ferroelectric state, RIXS is measured with circularly right- and left-

handed x-rays in a '+ - - +’ pattern.

In order to mitigate drift in the CD signal during data acquisition over a period of many
hours, we implement a measurement procedure which swithces between C+ and C- light in
a '+ - - 4+ pattern, as seen in Figure 6. The ferrolecrtic domains are switched using the
write voltage while a small holding potential ensures that small fluctuations don’t disturb

the polarisation within the area of the contact pad (see Fig. 2 in the main text).
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S3.4 - Data treatment and error calculations

In the measurement of RIXS data, a 2D detector is used where the number of photons
impinging on each pixel is collected. The spacing of the pixels is finer than the energy
resolution of the x-ray source, meaning that we are in fact measuring it with too much
precision. In such cases, one must either smooth or re-bin the data to emulate more correctly
the experimental parameters. As the experimental resolution is not an integer multiple of
the probed resolution, we use a simple Savitzky-Golay function to smooth the data across
the detector pixels. This smoothed line is what is presented in the main text as the RIXS
spectra (see Figure 3). For the calculation of the uncertainty of the signal, the smoothed
data is not ideal as the standard Gaussian error propagation would require a function which
weights the contribution of every point to each data point.

Instead, for the uncertainty, we start by re-binning the data (by a factor of 2) and then
estimating the standard deviation of the binned data across the number of scans performed.
This is done independently for each combination of C+/C- x-rays and positive/negative
electric fields. The uncertainty in the contrast shown in the lower portion of Fig. 3 in the

main text is simply the Gaussian propagated error:

ocp = \/U%Jr + O'%_ — 20040, (SH)

where 20¢c4c— is zero (as they are measured independently in a '+ - - +’ sequence). The

error for the XAS data is computed in a similar manner.
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S4 - DFT calculations

Density functional theory (DFT) calculations were performed using Abinit v. 10. The
tetragonal structure is implemented by relaxing the structure in the P4mm space group,
corresponding to the symmetry of the material under ambient conditions. The resulting
phonon distribution is shown in Figure 7, where the lowest lying phonon modes are seen to
have negative energy indicating the thermally excited state. The colour scale used refers to
the degree of chirality of the phonon modes. This is computed over the n atoms in the unit

cell as:

S. = Z S:m = Z (‘ (rm,z’€m> ‘2 — | <lm,z’€m> ‘2) ) (S6)

m=1

where S, is the z component of the mode, ¢,, are the phonon eigenvectors, and ry, ., 1y .
are the right- and left-handed circular rotation projections of each atom, m, respectively.
The total phonon angular momentum is then computed as J = AS, based on the formalism

of Zhang et al. [7].
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Supplementary Figure 7: Phonon band structure of BTO coloured according to the
magnitude, ||S||. (a) and x, y, and z components (b—d) of the phonon circular polarization

vector, S, for the measured Q-points.
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We further present the phonon magnetic moments in Figure 8. The phonon magnetic
moment is estimated as that generated by a circular charge current of the ions being written

as [8]

h h eZa 1ph
mp, = E mbpg, =h E 2./\/la P aas (S7)
«
where Z} are the Born effective charge tensors, M, are the masses of the atoms « in the

unit cell [9]. Finally, the plotted values refer to the moments ju,p, = |m;| for i = z,y, 2.
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Supplementary Figure 8: Phonon band structure of BTO coloured according to the
magnitude (||u||). (a) and x, y, and z components (b—d) of the phonon magnetic moment

(u), given in units of the nuclear magneton, for the measured Q-points.
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In order to estimate the expected RIXS 100 10
signal from a selected phonon mode, I, 80 6
one can consider the modulation of the lo- 60 g
cal electronic potential. For infrared-active g 40 6 %
modes, the intermediate excited state will § — — — M4 é;
be sensitive to the electron-phonon cou- “ —_—— \_,7/’__ g
pling, g4, (under the Franck-Condon prin- 0 i
ciple [10]) as '20Q1 q, d3 q, o, 0

2 *|2
Iph(qaw) X |gq,e| ~ |Ze| . (88) . .
Supplementary Figure 9: Mode effective

The Born effective charge tensors, Z*, are charges of the phonon modes as predicted
calculated using Eq. 53 of Gonze et al. [11]. from DFT.
This can simply be described as the linear

relation between the force on the ions, and the macroscopic electric field, &, i.e.

N 0Fm o
m,Ba T 855 ) (Sg)

where [ represents the direction of the polarisation, and « the direction of the atoms in
the sublattice. For each mode, the ionic displacement is used to generate the mode effective
charge where we plot the modulus of this complex vector in Figure 9. An equivalent treat-

ment of Raman-active phonon would begin from an estimation of the mode polarisability,
2

‘%Zgg . In each instance, the magnitude of q described in the main text are indicated as qi,
q2, 93, and q4-

12
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We focus on three phonon modes of BT'O which are expected to have significant angular
momentum. For each mode, the chiral motion as well as the projection parameter, J - q,
is calculated as a function of q while the azimuthal angle is rotated. However, one must
first consider the experimental energy resolution that is present in the RIXS measurements.
As discussed in the main paper, we are not able to resolve single phonon modes in the
measurements and the contrast will be a convolution of the phonon modes within a given
energy range (instrumental resolution). The resulting outputs of the convolved modes are
shown in Figure 10. In each case, the central q vectors used in the experiment are indi-
cated on the figures. We note the Cgy symmetry. In Figure 11, the strongest contrast is
expected for the two lower lying modes, while the higher energy phonon mode (100 meV)

possesses a lower degree of chirality. This reflects the contrast seen in the RIXS experiments.
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Supplementary Figure 10: Phonon angular momentum vectors.
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Supplementary Figure 11: Chiral projection of the modes, defined as J - q. The
Cyv symmetry of the lattice is observed for the three phonon modes, where the angular

momentum is zero at high-symmetry points.
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In Figure 12, we attempt to combine several phonon modes around the chiral modes
and compute the average chiral motion for the slice of g-space upon which our q points lie.
These are weighted by the magnitude of the mode effective charges which will reflect the
sensitivity of RIXS to each eigenmode. In general this compares well to that shown in Fig.
4 of the main paper. The one exception is the reduced contrast at position qp for the lowest
energy phonon. At this point, the contrast may not be resolved well. However, this meant
we could use the chiral projections, J - q, to compare with our measured results in Fig. 4 of
the main paper, to a good first approximation.
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Supplementary Figure 12: Weighted chiral motion of the modes. These are a linear
combination of several modes in the vicinity of the chiral modes, each weighted by their

respective mode effective charges.
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