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The recently demonstrated chiral modes of lattice motion carry angular momentum and therefore directly
couple to magnetic fields. Notably. their magnetic moments are predicted to be strongly influenced by
electronic contributions. Here. we have studied the magnetic response of transverse optical phonons in a set
of Pb; ,Sn,Te films. which is a topological crystalline insulator for x > 0.32 and has a ferroelectric transition at an
x-dependent critical temperature. Polarization-dependent terahertz magnetospectroscopy measurements
revealed Zeeman splittings and diamagnetic shifts. demonstrating a large phonon magnetic moment. Films
in the topological phase exhibited phonon magnetic moment values that were larger than those in the topo-
logically trivial samples by two orders of magnitude. Furthermore. the sign of the effective phonon K-factor was
opposite in the two phases. a signature of the topological transition according to our model. These results
strongly indicate the existence of interplay between the magnetic properties of chiral phonons and the topol-

ogy of the electronic band structure.

INTRODUCTION

The symmetries of crystals determine many properties of their
phonons, such as their selection rules and degeneracies (I).
Among the possible symmetries, mirror symmetries play a special
role: When they are broken, the lattice ions can display circular
motion with finite angular momentum (2). These modes are
called chiral phonons, and recently, they have been the subject of
intense research in a large variety of materials and applications
(3-16). In magnetic fields, chiral phonons preferably absorb polar-
ized light of a given handedness, resulting in magnetic circular di-
chroism (MCD) (17-19). Furthermore, chiral phonons carry a finite
magnetic moment that results in the phonon Zeeman effect, which
has been observed in the narrow-gap semiconductor PbTe (19), the
nonaxial CeF3 (20), and the Dirac semimetal Cd3As; (21), with the
phonon magnetic moment values ranging from hundredths to
several Bohr magnetons.

There are a few mechanisms that can lead to a finite phonon
magnetic moment. Recent theoretical reports (22-24) have pro-
posed that a phonon magnetic moment can arise from the time-de-
pendent electric polarization induced by a laser-driven infrared-
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active phonon. However, the predicted magnitude of the phonon
magnetic moment, which depends on the phonon effective charge
and the ion masses, is relatively small compared to recent experi-
mental observations (19, 21). Larger values compatible with exper-
iments can be obtained when electronic contributions are
considered (25-27). In this regard, Ren ef al. (28) proposed a mech-
anism where the circular motion of a chiral phonon induces an elec-
tronic orbital response that contributes to the phonon magnetic
moment. Furthermore, Geilhufe (29) suggested that the chiral
phonon can induce inertial effects on the electrons, which lead to
an effective spin-chiral phonon coupling. Therefore, electronic con-
tributions to the phonon magnetic moment open the possibility for
the interplay of chiral phonons and electronic topology. However,
no experimental evidence has been reported.

Here, we report results of terahertz time-domain spectroscopy
(THz-TDS) experiments on the pseudobinary alloy Pb,_,Sn, Te.
This material system is known to be a topological crystalline
insulator (TCI) for x > 0.32 (30, 31) and has exhibited chiral
phonons in strong magnetic fields for x = 0 (19). We studied one
sample in the trivial phase (x = 0.24) and two samples in the topo-
logical phase (x = 0.42 and 0.56). For each sample, we observed two
anharmonicity-split transverse optical (TO) phonon modes and
characterized their magnetic properties at temperatures low
enough to place the samples in their ferroelectric phases (32, 33).
Both the trivial and topological samples exhibited chiral phonons,
as a consequence of being in a ferroelectric phase with broken in-
version symmetry. However, across the topological transition, the
phonons switched chirality, and the phonon magnetic moment in-
creased by two orders of magnitude. The ferroelectric transition
might influence the increased effect. We supplemented our experi-
mental observations with a theoretical model for the phonon
magnetic moment arising from the electronic orbital response
following (28), which captures the phonon chirality switching
across the topological transition. Thus, our results indicate a con-
nection between electronic topology and phonon chirality.
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RESULTS

Phonon modes at zero magnetic field

Pb;_.Sn,Te is known to exhibit x-dependent ferroelectric and topo-
logical phase transitions (32, 33). The existence of the ferroelectric
phase is the result of a rhombohedral distortion of the rock salt
structure, which breaks the inversion symmetry and leads to a fer-
roelectric phase transition at an x-dependent critical temperature
(T.) (34-43); see Fig. 1A. In addition, with increasing x, the elec-
tronic bandgap (E,) decreases until it closes at a critical value (x.)
and the electronic bands invert around the L-points (32, 44), enter-
ing the TCI state (45-53, 54). The critical concentration x,_ is tem-
perature dependent (32); see Fig. 1B.

First, to identify the spectral features corresponding to the TO
phonons, we performed standard THz-TDS measurements in a
transmission geometry (55). A transmittance spectrum for the x =
0.42 sample is shown in Fig. 1C at 250 K and zero magnetic field.
The minima observed at ~0.9 THz (TO;) and ~1.6 THz (TO,) are
consistent with two anharmonicity-split optical phonon modes ob-
served in neutron scattering measurements on PbTe (56), similar to
features observed in Pb,_,Sn,Se (57) and common in all the studied
samples; see the Supplementary Materials (58). The large widths of
the phonon resonances are related to alloy-inherent disorder. In
Fig. 1D, the phonon modes red shift, or soften, continuously with
decreasing temperature until the temperature reaches T.. Below T,
the modes blue shift (or harden) with decreasing temperature but
less steep than expected by the Landau theory of ferroelectrics (59,
60), as also reported for materials with degenerate soft
phonons (61).

The characterization of the ferroelectric phase in our samples is
in agreement with the literature and shown in the Supplementary
Materials (58), as the scope of this report is the phonon magnetic
properties. In short, we found that the critical temperature for the
ferroelectric phase transition increases from 15 up to 89 K with an
increasing Sn concentration across the set of our samples. Similar I'-
point TO phonon behavior has been associated with a ferroelectric
transition of the displacive nature for Pb, _,Sn,Te (62) and SnTe (59,

63). Below T_ for all the samples (T < 15 K), the phonon angular
momentum, JP" = > aMigug X du,, can be nonzero for a crystal
without inversion symmetry (4). Here, the index a runs over all
the atoms in the crystal; u, is the phonon displacement vector,
and m, is the phonon mass. This low-temperature condition is
maintained in the following discussion, allowing us to probe
chiral phonons and access the TCI phase above x. ~ 0.32.

Phonon chirality in magnetic fields
Next, to investigate the magnetic properties of these TO phonons
across the topological transition, we applied magnetic fields up to
30 T combined with THz-TDS (58, 64, 65). Figure 1E shows a sche-
matic of the experiment. While the incident polarization was set in
the x direction, we measured both linear components of the trans-
mitted terahertz electric fields with a detection polarizer oriented
along the x (E,) or y direction (E,). The magnetic field-induced
changes at 29.5 T are displayed in Fig. 1 (F and G). The change in
the E, component (AE,) can be clearly seen to contain several oscil-
lations in time, with the oscillation amplitude slightly reduced for
the x = 0.56 sample. The magnetic field-induced y component, E,, is
robust and has a few picosecond oscillations that can be reversed by
changing the polarity of the magnetic field (B). An E, component
with amplitude comparable to E, is a clear indication of the exis-
tence of phonon chirality, for which a circular right (R)/left (L)
basis, Ep1. = (Ey + iE,)//2, is more adequate for analysis.
Figure 2 (A to C) shows Eg in the frequency domain for all
samples for different B. The empty (blue) and solid (red) arrows in-
dicate the positions of the transmission minima for the opposite
senses of circular polarization. A high degree of MCD is obtained
when a transmission minimum occurs for one polarization while
the opposite one displays a maximum. The plots show substantial
differences in Ep 1, depending on whether the sample is a trivial in-
sulator or a TCIL. Magnetic fields larger than 7.8 T are required to
observe a deep minimum in Ep; for x = 0.24. On the other hand,
on the TCI side (x = 0.42 and 0.56), Ep ; has well-defined deep
minima clearly visible for low fields. This implies that a larger
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Fig. 1. Magnetic field-induced phonon chirality. (A) Cubic and distorted unit cell structure of Pb,_,5n,Te, where gray spheres represent Pb/Sn atoms and yellow
spheres represent Te atoms. (B) Diagram of the trivial-to-TCl transition in the 10 to 300 K range, adapted from (32). The crosses mark our samples. (C) Transmittance
at 250 K for x=0.42 and at B=0T. (D) Temperature dependence of the frequency of the TO, phonon mode for x = 0.42. The solid line is a Curie-Weiss fit. (E) Schematic of
the experiment showing a linearly polarized terahertz beam at the input and a transmitted beam after passing through the sample in the presence of a perpendicular
magnetic field. (F) Magnetic field-induced change in £, at 29.5 T for all samples. (G) Transmitted terahertz electric-field E, and magnetic field-induced E, components for

x =0.56 at £29.5 T. a.u,, arbitrary units.
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Fig. 2. Phonon magnetic circular dichroism. (A to C) Right-handed (solid line)
and left-handed (dashed line) transmitted electric fields in the frequency domain
for several B. The data were normalized. The full and empty arrows indicate the
position of relevant transmission minima in g, as a guide to the eye for the cir-
cular dichroism. Scans are vertically offset for clarity. T=12 K.

degree of MCD can be obtained in the TCI phase, reaching nearly
100X at a much lower B than that needed for the trivial insulator.
Note that the MCD value that we recently reported for TO phonons
in PbTe (x=0) at 9 T was 306 (19). In addition, while, for the trivial
insulator, both polarizations maintain similar amplitudes in the
studied field range, for the TCI samples, the dominant transmitted
polarization switches from Eg to E; with increasing B.

We should note that the ferroelectric transition could be respon-
sible for the different degrees of MCD observed in these samples, as
broken inversion symmetry is necessary for a finite phonon angular
momentum. The x = 0.24 sample at 12 K is close to the ferroelectric
transition (12 K/T, = 0.8), thus leading to undefined phonon circu-
lar motion at low B. On the contrary, the samples with higher x are
deeper in the ferroelectric phase at the same temperature (12 K/T. =
0.4 and 0.13 for the x = 0.42 and 0.56 samples, respectively), and the
chiral phonons can be obtained at lower magnetic fields.

Giant magnetic moments of phonons in the TCl phase

To quantify the magnetic properties of these chiral phonons, we
calculated the complex Faraday rotation (FR) as a function of
frequency. While it only relates to the off-diagonal terms of the con-
ductivity tensor, the complex FR allows us to determine the phonon
frequencies in the circular basis and has a useful advantage in
experiments under extreme conditions: It is not necessary to
repeat measurements on the substrate to obtain a reference signal.
The real and imaginary parts (FR = © + in) at a given frequency are
©® = [arg(Eg) — arg(Ep)]/2 and n = (|Er| —|Egr|)/(|EL| + |Eg]|), where
O is the FR of the polarization plane and n quantifies the ellipticity
change (66).

Figure 3 (A to C) presents ® and r) for the three samples. For x =
0.24, the signal shows multiple wiggles at low B but exhibits a pair of
positive and negative ellipticity peaks and vanishing Faraday rota-
tion at the same frequency in high magnetic fields. Such evolution
for the ellipticity is a direct estimate of the MCD, where chiral
phonons will lead to the absorption of either |Eg| or |Ey|, resulting
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in a peak of n = £1. As argued before for the MCD in the TCI
regime, low magnetic fields are sufficient for the appearance of op-
posite ellipticity peaks together with vanishing FR angles.

Our findings are consistent with previous FR measurements in
Pbyg sSng sTe (49), which displayed small ellipticity peaks at frequen-
cies similar to ours (although not discussed in their work). In com-
parison, the lower hole concentrations of our samples allowed us to
study the films further into the ferroelectric phase, resulting in
clearly one chiral sense per phonon.

The frequencies of the chiral phonons change substantially with
the magnetic field strength, as shown in Fig. 3 (D to F). The mag-
netic properties of the observed phonon branches can be extracted
using a model for the quadratic dependence in terms of a Zeeman
splitting and diamagnetic shift according to E; p(B) = hfto + g*'ugB
+ 04;,B~, where h is the Planck constant, frq is the TO phonon fre-
quency at zero magnetic field, g* is the effective g-factor, pp is the
Bohr magneton, and o4, is the diamagnetic shift coefficient (19).
We used this equation in Fig. 3 (D to F), as shown by the solid
lines, to obtain the parameters plotted in Fig. 3 (G to I).

The trend observed in Fig. 3G for fro, showing increasing
phonon frequencies with x, which is a consequence of the compo-
sition-dependent phonon hardening, confirms that all films were
below the ferroelectric critical temperature during the experiments
in magnetic fields. Note that the x = 0 sample from (19) is still in the
softening part of the phase transition at that temperature.

For the sample with x = 0.24, the fitting of the Zeeman term for
the lowest energy phonon (blue circles in Fig. 3D) gives a value of g*
(0.12 +£0.02) that is three times larger than that reported for thex =0
sample (0.043 £ 0.006) (19). The large error bar for g* in this case is
mainly a result of the impossibility of fitting the ellipticity peaks
down to the low fields. When x is increased into the TCI side, the
effective g-factor changes sign for TO; and continues to increase
with an opposite sign between the two phonon modes, as shown
in Fig. 3H. The value of g* that we obtained for the sample with
the largest Sn composition (g* = —1.2 + 0.2 for TO, and 3.3 £ 0.5
for TO,) represents a colossal increase, by two orders of magnitude,
over the measurements in the trivial insulator samples (x = 0 and
0.24). The order of magnitude is comparable with the value recently
reported (2.7) for a soft phonon in the Dirac semimetal Cd;As;
(21, 67).

The diamagnetic term, which increases the energies of both
chiral branches with an increasing magnetic field, also shows agree-
ment in the order of magnitude between the shift for TO, in the x =
0.24 sample and the reported value for x = 0 [(1.9 + 0.2) x 10~*
meV/T?]. For the same phonon mode, the diamagnetic shift contin-
uously increases by up to one order of magnitude at x = 0.56 [(15 +
4) x 107* meV/T?]. For the TO, mode, as seen in the Zeeman term,
the value is even larger than that for TO, and reaches (39 +9) x 1074
meV/T

Because of time reversal symmetry at zero magnetic field, it is
expected that each one of the measured phonon modes (TO; and
TO,;) should produce two circularly polarized branches, perhaps
with one weaker branch, as reported for PbTe (19), CeF5 (20),
and Cd3As; (21). Nevertheless, because of strong MCD, only one
type of chirality could be experimentally resolved per phonon
mode in Fig. 3 (D to F). Furthermore, those single chiral branches
acquired opposite handedness, i.e., left-hand (blue) for TO, and
right-hand (red) for TO,. Using the obtained fitting parameters,
we estimated the position of the minority chiral branches, as
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Fig. 3. Phonon magnetic properties across the TCl transition. (A to C) © (dashed lines) and n (solid lines), both in radians, as a function of frequency for several B. The
arrows indicate the frequencies shown in Fig. 2. (D to F) Frequency of the ellipticity peaks as a function of B with fitting model (solid lines). The dashed lines estimate the
position of phonon branches with complementary chirality. The obtained parameters are plotted in (G to I). The data points for x = 0 were extracted from (19). Scans

shown in (A to C) are vertically offset for clarity. T= 12 K.

plotted by the dashed lines. While for x = 0.24, those energy branch-
es could be in the unidentified FR features, in the TCI regime, we
expect the R-branch for TO, to be a shoulder on the low-frequency
side of the R-branch for TO, where it is hidden by the peak of the
dominant chirality for the other phonon. On the other hand, the L-
branch for TO; should be above its R-branch, which is in the limit
or outside the measured frequency window.

DISCUSSION
Now, we discuss possible microscopic mechanisms that give rise to
the large effective phonon g-factor, g*, and in particular, the changes
observed across the topological transition. Ren et al. (28) have pro-
posed theoretically a mechanism that leads to phonon effective g-
factors arising from electronic contributions comparable with the
experimental values reported for PbTe (19). Within this mecha-
nism, valid when the phonon frequencies are smaller than the elec-
tronic bandgap, the circular motion of a chiral phonon induces an
electronic orbital response with topological and nontopological
contributions that, in turn, give rise to a phonon magnetic moment.
In this work, we adopt a low-energy model for Pb;_,Sn,Te,
taking into account the valley degeneracy and the doping present
in the samples, and compute the phonon magnetic moment follow-
ing (28); see (58) for details. Figure 4A shows a generic electronic
band structure for samples with opposite mass terms and Fermi
level in the gap. In the trivial phase, we find that this model success-
fully predicts the increase of the magnetic moment from x=0tox=
0.24, once the occupancy of hole levels in the samples is taken into
account, as shown in Fig. 4B. There, we plot the phonon magnetic
moment, M., as a function of momentum in Fig. 4D. Integrating
over momentum, we find the ratio of the magnetic moment at x
= 0.24 to that at x = 0 to be 2.3, which agrees well with the experi-
mental value of 2.8 + 0.7. The model that we use predicts a sign
change of the phonon magnetic moment across the trivial to TCI
phases, as observed in our experiments; see Fig. 4C. A g*-factor
sign change has also been predicted across a strong-to-weak topo-
logical transition (28).

Hernandez et al., Sci. Adv. 9, eadj4074 (2023) 15 December 2023

However, our model cannot explain the observed continuous in-
crease of the g*-factor in the TCI phase. One possible explanation is
the different carrier density across the set of samples. However, we
found that increasing the carrier density decreases g*, contrary to
the observations (58). Another possible explanation is that the
surface states contribute to the phonon magnetic moment.
However, such a contribution cannot be captured within the pre-
mises of our model treating the phonons and electrons consistently
(58). As the samples with x > x, are expected to have gapless (111)
surface states, an understanding of the enhancement of the phonon
magnetic moment should take into account their nonadiabatic con-
tribution. Recently, Geilhufe (29) has proposed a mechanism where
a chiral phonon mode induces inertial effects in the electrons,
leading to an effective spin-chiral phonon coupling that could po-
tentially lead to large phonon magnetic moments. However, the
evaluation of this contribution for Pb,;_,Sn,Te requires including
the inertial effect Hamiltonian terms in density functional codes.
Zhang et al. (68) have put forward a phonon magnetic moment
theory for realistic materials based on first-principles calculations.
Both approaches require considering the anharmonic phonon in-
teractions and alloy nature of Pb, _,Sn,Te. In addition, the coupling
of the phonons to the electronic cyclotron resonance (21) should be
negligible, as those are largely detuned for the studied magnetic
field range. Although there has been an intense search for topolog-
ical contributions to phonon effects, as discussed above for (28) and
in other recent studies (68—71), further theoretical work is still nec-
essary to fully understand the magnetic moment of phonons in the
topological phase.

In conclusion, we studied two TO phonon modes in a set of
Pb;_,Sn,Te thin films across the trivial to TCI transition. We
observed the occurrence of a ferroelectric phase in all the samples
at a composition-dependent critical temperature. In that phase and
under intense magnetic fields, the phonon modes exhibited circular
polarization with opposite handedness. While the sample in the to-
pologically trivial phase (x = 0.24) showed magnetic properties in
agreement with a previous report for PbTe, the films in the TCI
phase displayed unexpected results. First, a high degree of magnetic
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Fig. 4. Phonon magnetic moment from electronic band topology. (A) A generic electronic band structure for a k. p Hamiltonian describing the low energy bulk band
structure in Pb,_,5n,Te for opposite mass terms with the Fermi level shown by a dashed line. (B) The band structure for the particular case of x = 0 and x = 0.24 where v, =
1 eV, v3 = 0.3 eV, and the Fermi level shown by the dashed line is calculated on the basis of carrier population. (C) Phonon magnetic moment calculated for the Fermi level
in the gap for opposite mass terms. The phonon magnetic moment changes sign with the mass term. (D) The topological (solid) and nontopological (dashed) contri-
bution to phonon magnetic moment for the two 5n concentrations in (B). The phonon magnetic moment from the two bands are equal and opposite, and thus, its value

is suppressed when Fermi level lies below or above the gap.

circular dichroism could be reached at low magnetic fields. Second,
the obtained effective g-factors for both phonons increased by two
orders of magnitude and changed sign for the lowest-energy
phonon mode across the topological transition, thus acquiring op-
posite signs between the modes. Furthermore, the diamagnetic shift
showed an increase of one order of magnitude. These results dem-
onstrate that the magnetic properties of phonons are largely en-
hanced in topological materials. Schemes for phonon
manipulation with magnetic fields, with impact in properties such
as thermal conductivity (72-74), can be more effectively applied in
that phase of matter.

METHODS

Sample growth

The single-crystal Pb,_,Sn,Te films were grown by molecular beam
epitaxy, with a thickness of ~1.5 pm, on (111) BaF, substrates and
with different Sn content across the topological phase transition.
The hole concentrations were 1.7 x 10'%, 8.1 x 10'%, and 8.5 x
10'® cm™ for the x = 0.24, 0.42, and 0.56 samples, respectively,
deduced from Hall measurements. Extensive details of the growth
parameters and magnetoconductivity results as a function of tem-
perature, Sn content, and carrier density are shown in (75).

Measurements

The THz-TDS setup uses the output from a Ti:sapphire regenerative
amplifier (1 kHz, 150 fs, and 775 nm; Clark-MXR Inc.) to generate
pulsed terahertz radiation via optical rectification. For the magnetic
field dependence of the phonon frequencies, we used the Rice Ad-
vanced Magnet with Broadband Optics setup. To avoid artifacts in
the crossed configuration due to imperfections in the polarizers and

Hernandez et al., Sci. Adv. 9, eadj4074 (2023) 15 December 2023

to increase the signal-to-noise ratio, the measurements were repeat-
ed several times. See further experimental details in the Supplemen-
tary Materials.

Model for phonon magnetic moment of lead tin telluride
To calculate the band topology contribution to the phononic mag-
netic moment, we consider the following effective four-band low-
energy Hamiltonian around the L point (76)

Hy = (m+ ck3)o, + ve(kisy

(1)
where ky, ky, and k; form an orthogonal system with k; pointing
along I'L line and k, along the [110] direction. The form of elec-
tron-phonon interaction, which is allowed by symmetry and
results in a nonzero phonon magnetic moment, is given by

kESx)Ux + VBkBGy

th = ((uxsoox uyszcy) (2)

The phonon magnetic moment is then calculated by using equa-
tion 3 in (28)

(3)

where m; is the mass of the representative ion with averaged angular
momentum L; = (m;/T)Jg(u x u)dt over the phonon period T,
k., and u, denote momentum and the displacement of phonon
mode in a direction with second Chern form

€
M, = 2_le J aﬁﬂkxkyuxuy

Qapys = Qapllys + Npylas  LayQps

(4)
defined in terms of Berry curvature Q. in momentum (K) and
phonon displacement (u) space.
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Supplementary Materials

This PDF file includes:

Details of time-domain terahertz spectroscopy
Temperature dependence of the phonon frequencies

Fits of transmittance spectra

Phonon magnetic moment from electronic band topology
Figs. 51 to 510

Tables 51 to 53
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