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We have studied the magnetic response of transverse optical phonons in Pb1−xSnxTe films.
Polarization-dependent terahertz magnetospectroscopy measurements revealed Zeeman splittings
and diamagnetic shifts, demonstrating that these phonon modes become chiral in magnetic fields.
Films in the topological crystalline insulator phase (x > 0.32) exhibited magnetic moment values
that are larger than those for topologically trivial films (x < 0.32) by two orders of magnitude.
Furthermore, the sign of the effective g-factor was opposite in the two phases, a signature of the
topological transition within our model. These results strongly indicate the existence of interplay
between the magnetic properties of chiral phonons and the topology of electronic band structure.

The symmetries of crystals determine many proper-
ties of their phonons, such as their selection rules and
degeneracies [1]. Among the possible symmetries, mir-
ror symmetries play a special role: when they are bro-
ken, the lattice ions can display circular motion with fi-
nite angular momentum. These modes are called chiral
phonons [2–6]. In magnetic fields, chiral phonons prefer-
ably absorb polarized light of a given handedness, result-
ing in magnetic circular dichroism (MCD) [7–9]. Further-
more, chiral phonons carry a finite magnetic moment that
induces a phonon Zeeman effect, which has been observed
in the narrow-gap semiconductor PbTe [9], the non-axial
CeF3 [10], and the Dirac semimetal Cd3As2 [11], with
magnetic moment values ranging from hundredths to sev-
eral Bohr magnetons.

There are a few mechanisms that can lead to a fi-
nite phonon magnetic moment. Recent theoretical re-
ports [12, 13] have proposed that a phonon magnetic
moment can arise from the time-dependent electric polar-
ization induced by a laser-driven infrared active phonon.
However, the predicted magnitude of the phonon mag-
netic moment, which depends on the phonon effective
charge and the ion masses, is relatively small compared
to recent experimental observations [9, 11]. Larger val-
ues compatible with experiments can be obtained when
electronic contributions are considered. In this regard,
Ref. [14] proposed a mechanism where the circular mo-
tion of a chiral phonon induces an electronic orbital re-
sponse that contributes to the phonon magnetic moment.

Further, Ref. [15] suggested that the chiral phonon can
induce inertial effects on the electrons, which lead to an
effective spin-chiral phonon coupling. Therefore, elec-
tronic contributions to the phonon magnetic moment
open the possibility for the interplay of chiral phonons
and electronic topology [14]. However, no experimental
evidence has been reported.

In this Letter, we report results of terahertz time-
domain spectroscopy (THz-TDS) experiments on the
pseudobinary alloy Pb1−xSnxTe. This material system
is known to be a topological crystalline insulator (TCI)
for x > 0.32 [17, 18] and has exhibited chiral phonons
in strong magnetic fields for x = 0 [9]. We studied one
sample in the trivial phase (x = 0.24) and two samples
in the topological phase (x = 0.42 and 0.56). For each
sample, we observed two anharmonicity-split transverse
optical (TO) phonon modes and characterized their mag-
netic properties at temperatures low-enough to place the
samples in their ferroelectric phases [16, 19]. Both the
trivial and topological samples exhibited chiral phonons.
However, across the topological transition, the phonons
switched chirality, and the phonon magnetic moment in-
creased by two orders of magnitude. We supplemented
our experimental observations with a theoretical model
for the phonon magnetic moment arising from the elec-
tronic orbital response [14], which captures the chirality
switch across the topological transition. Thus, our re-
sults indicate a connection between electronic topology
and phonon chirality.
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FIG. 1. (a) Cubic and distorted unit cell structure of Pb1−xSnxTe, where gray spheres represent Pb/Sn atoms and yellow spheres
represent Te atoms. (b) Diagram of the trivial-to-TCI transition in the 10–300 K range, adapted from Ref. [16]. The crosses
mark our samples. (c) Transmittance spectra for the x = 0.42 sample at various temperatures. (d) Temperature dependence
of the energy squared of the TO1 phonon mode for all samples. The solid lines are Curie-Weiss fits. (e) Transmittance spectra
above and below Tc for all samples. B = 0 T.

The single-crystal Pb1−xSnxTe films (∼1.5 µm thick)
were epitaxially grown on (111) BaF2 substrates. This al-
loy system is known to exhibit x-dependent ferroelectric
and topological phase transitions [16, 19]. The existence
of the ferroelectric phase is the result of a rhombohedral
distortion of the rock-salt structure, which breaks inver-
sion symmetry and leads to a ferroelectric transition at
a critical temperature (Tc) [20–29]; see Fig. 1(a). Addi-
tionally, with increasing x, the electronic band gap (Eg)
decreases until it closes at a critical value (xc) and the
electronic bands invert around the L-points [16, 30], en-
tering the TCI state [31–40]. The critical concentration
xc is temperature-dependent [16]; see Fig. 1(b).

We have performed standard THz-TDS measurements
in transmission geometry in high magnetic fields [41, 42].
First, to identify the spectral features corresponding to
TO phonons, we report measurements at various temper-
atures at zero magnetic field. Transmittance spectra for
the x = 0.42 sample are shown in Fig. 1(c). The minima
observed at∼0.9 THz (TO1) and∼1.6 THz (TO2) at high
temperatures are consistent with two anharmonicity-split
optical phonon modes observed in neutron scattering
measurements on PbTe [43] and similar to features ob-
served in Pb1−xSnxSe [44]. The large widths of the
phonon resonances are related to alloy-inherent disor-
der. The phonon modes red-shift, or soften, continu-
ously with decreasing temperature until the temperature
reaches Tc. Below Tc, the modes blue-shift (or harden)
with decreasing temperature but less steep than expected
by the Landau theory of ferroelectrics [45, 46], as also
reported in materials with degenerate soft phonons [47].
Similar Γ-point TO phonon behavior has been associated

with a ferroelectric transition of the displacive nature for
Pb1−xSnxTe [48], and SnTe [45, 49].

To characterize the ferroelectric phase in our samples,
we fit the transmittance spectra modelling TO phonons
as Lorentzians [42]. Increasing from 15 K up to 89 K, Tc
was obtained from Curie-Weiss fits in the phonon soften-
ing region of Fig. 1(d). We note that the TO phonons in
the x = 0.24 and 0.42 samples soften to a lower energy
than in the 0.56 sample. This behavior can be related
to the interplay between Tc and the density of free carri-
ers [50], which increase with x because the native Sn va-
cancies make Pb1−xSnxTe epilayers more p-type [42, 51].

The phonon frequency hardening in Fig. 1(d) shows
that all the studied films were in the ferroelectric phase
below 15 K. Transmittance spectra for the samples are
shown in Fig. 1(e) above and below Tc. In the last case,
the phonon angular momentum, Jph =

∑
αmαuα×∂tuα,

can be nonzero for such crystal without inversion sym-
metry [2]. Here, the index α runs over all the atoms in
the crystal, uα is the phonon displacement vector, and
mα is the phonon mass. This low temperature condition
is maintained in the following discussion allowing to host
chiral phonons in all the samples and to access the TCI
phase above xc ∼ 0.32.

Next, to investigate the magnetic properties of these
TO phonons across the topological transition, we applied
magnetic field pulses up to 30 T synchronized with THz
radiation [41, 42, 52]. While the incident polarization
was set in the x direction, we measured both linear com-
ponents of the transmitted THz electric fields with a de-
tection polarizer oriented along the x (Ex) or y directions
(Ey). The magnetic-field-induced changes at 29.5 T are
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displayed in Figs. 2(a) and 2(b). The change in the Ex
component (∆Ex) can be clearly seen to contain sev-
eral oscillations in time, with the oscillation amplitude
slightly reduced for the x = 0.56 sample. The magnetic-
field-induced y-component, Ey, is robust and has a few
picosecond oscillations that can be reversed by changing
the polarity of the magnetic field (B). An Ey component
with amplitude comparable to Ex is a clear indication
of the existence of phonon chirality, for which a circular
right(R)/left(L) basis, ER,L = (Ex ± iEy)/

√
2, is more

adequate for analysis.

Figures 2(c)-2(e) show ER,L in the frequency domain
for all samples for different B. The empty (blue) and
solid (red) arrows indicate the positions of the trans-
mission minima for the opposite senses of circular po-
larization. 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
significant differences in ER,L, depending on whether the
sample is a trivial insulator or a TCI. Before the topolog-
ical transition, at x = 0.24, the data has several wiggles
at low magnetic fields whose origin cannot be identified.
Magnetic fields larger than 7.8 T are required to observe
a deep minimum in ER,L. On the other hand, on the
TCI side (x = 0.42 and 0.56) ER,L has well-defined deep
minima clearly visible for low fields. This implies that a
larger degree of MCD can be obtained in the TCI phase,
reaching nearly 100% at a much lower B than that needed
for the trivial insulator. Note that the MCD value we re-
cently reported for TO phonons in PbTe (x = 0) at 9 T
was 30% [9].

The ferroelectric transition could be responsible 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, thus leading
to undefined phonon circular motion at low B. On the
contrary, the samples with higher x are deeper in the fer-
roelectric phase at the same temperature, and the chiral
phonons can be obtained for lower magnetic fields. Addi-
tionally, 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 ER to EL with increasing B.

In order to quantify the magnetic properties of these
chiral phonons, we calculated the real and imaginary
parts of the complex Faraday rotation (FR = Θ + iη)
at a given frequency as Θ = [arg(ER) − arg(EL)]/2 and
η = (|EL| − |ER|)/(|EL| + |ER|), where Θ is the (Fara-
day) rotation of the polarization plane and η quantifies
the ellipticity change [53].

Figures 3(a)-3(c) present Θ and η for the three sam-
ples. For x = 0.24, the signal again shows multiple wig-
gles at low B, as commented before in relation to data
shown in Fig. 2(c), but exhibits a pair of positive and
negative ellipticity peaks and vanishing Faraday rotation
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FIG. 2. (a) Magnetic-field-induced change in Ex at 29.5 T
for all samples. (b) Magnetic-field-induced Ey component for
x = 0.56 at ±29.5 T. (c)-(e) Right (solid line) and left-handed
(dashed line) transmitted electric fields in the frequency do-
main for several B. The data was normalized. The full and
empty arrows indicate the position of relevant transmission
minima in ER,L as a guide to the eye for the circular dichro-
ism. Scans in (a) and (c)-(e) are vertically offset. T = 12 K.

at the same frequency in high magnetic fields. Such evo-
lution for the ellipticity is a direct estimate of the MCD,
where chiral phonons will lead to the absorption of either
|ER| or |EL|, resulting in a peak of η = ±1. As argued be-
fore for the MCD in the TCI regime, low magnetic fields
are sufficient for the appearance of opposite ellipticity
peaks together with vanishing Faraday rotation angles.

Our findings are consistent with previous FR measure-
ments in Pb0.5Sn0.5Te [35], which displayed small elliptic-
ity peaks at frequencies similar to ours (although not dis-
cussed in their work). In comparison, the lower hole con-
centrations 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 signif-
icantly with the magnetic field strength, as shown in
Figs. 3(d)-3(f). The magnetic 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 EL,R(B) = hfTO ±



4

0.5

1

1.5

f TO
	(T

H
z)

Trivial	 TCI

-2
-1
0
1
2
3
4

g*
	

0

20

40

0.2 0.3 0.4 0.5 0.6σ
di

a	(x
10

-4
m

eV
/T

2 )

x
0.4 0.8 1.2 1.6
Frequency	(THz)

x	=	0.56

29.4

20.0

7.8

4.0

B(T)

0.4 0.8 1.2 1.6

0

4

8

12

Frequency	(THz)

x	=	0.24
Fa

ra
da

y	
R

ot
at

io
n	

(ra
d)

0.4 0.8 1.2 1.6
Frequency	(THz)

x	=	0.42a b c
d e f g

h

i

0 10 20 30
B	(T)

x	=	0.42

0 10 20 30
B	(T)

x	=	0.56

0.4

0.6

0.8

1

1.2

1.4

1.6

0 10 20 30

f	(
TH

z)

x	=	0.24

B	(T)

TO
2

TO
2

TO
1

TO
1

x	=	0.24 x	=	0.42 x	=	0.56

B	(T)B	(T)B	(T) x

g*
f TO

(T
H

z)

Fr
eq

ue
nc

y	
(T

H
z)

B	(T)

FIG. 3. (a)-(c) Θ (dashed lines) and η (solid lines) as a function of frequency for several B. The arrows indicate the frequencies
shown in Fig. 2. (d)-(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-i). Scans
shown in (a)-(c) are vertically offset for clarity. T = 12 K.

g∗µBB + σdiaB
2, where h is the Planck constant, fTO

is the TO phonon frequency at zero magnetic field, g∗

is the effective g-factor, µB is the Bohr magneton, and
σdia is the diamagnetic shift coefficient [9]. We used this
equation in Figs. 3(d)-3(f), as shown by the solid lines,
to obtain the parameters plotted in Figs. 3(g)-3(i).

The trend observed in Fig. 3(g) for fTO agrees with the
data presented in Fig. 1(e) for the zero-field frequencies at
low temperature. Small differences are owing to the large
sensitivity of the phonon energies with variations of the
nominal temperature in the experiments. Nevertheless,
both plots show the same increase of the frequency with
x, which is a consequence of the composition-dependent
phonon hardening, confirming that all films were below
the ferroelectric critical temperature during the experi-
ments in magnetic fields. For x = 0.24, the fitting of
the Zeeman term for the lowest energy phonon [blue cir-
cles in Fig. 3(d)] gives a value of g∗ (0.12± 0.02) that is
three times larger than that reported for a x = 0 sample
(0.043±0.006) [9]. The large error bar for g∗ in this case
is mainly the result of the impossibility to fit the ellip-
ticity peaks down to the low fields. When x is increased
into the TCI side, the effective g-factor changes sign for
TO1 and continues to increase with an opposite sign be-
tween the two phonon modes, as shown in Fig. 3(h). The
value of g∗ we obtained for the sample with the largest
Sn composition (g∗ = −1.2 ± 0.2 for TO1 and 3.3 ± 0.5
for TO2) represents a colossal increase, by two orders of
magnitude, over the measurements in the trivial insula-
tor 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 Cd3As2 [11, 54].

The diamagnetic term, which increases the energies
of both chiral branches with increasing magnetic field,
also shows agreement in the order of magnitude between

the shift for TO1 in the x = 0.24 sample and the re-
ported value for x = 0 [(1.9 ± 0.2) × 10−4 meV/T2].
For the same phonon, the diamagnetic shift continuously
increases up to one order of magnitude at x = 0.56
[(15± 4)× 10−4 meV/T2]. For the TO2 mode, as seen in
the Zeeman term, the value is even larger than that for
TO1 and reaches (39± 9)× 10−4 meV/T2.

Because of time reversal symmetry at zero magnetic
field, it is expected that each one of the measured
phonons (TO1 and TO2) should produce two circularly
polarized branches, perhaps with one weaker branch, as
reported for PbTe [9], CeF3 [10], and Cd3As2 [11]. Nev-
ertheless, due to the MCD, only one type of chirality
could be experimentally resolved per phonon mode in
Figs. 3(d)-3(f). Furthermore, those single chiral branches
acquired opposite handedness, i.e., left-hand (blue) for
TO1 and right-hand (red) for TO2. Using the obtained
fitting parameters, we estimated the position of the mi-
nority chiral branches, as plotted by the dashed lines.
While for x = 0.24 those energy branches could be in the
unidentified FR features, in the TCI regime we expect the
R-branch for TO1 to be a shoulder on the low frequency
side of the R-branch for TO2 where it is hidden by the
peak of the dominant chirality for the other phonon. On
the other hand, the L-branch for TO2 should be above its
R-branch, which is in the limit or outside the measured
frequency window.

Now we discuss possible microscopic mechanisms giv-
ing rise to the large effective phonon g-factor, g∗, and
in particular the changes observed across the topologi-
cal transition. Ren et al. [14] have proposed theoreti-
cally a mechanism that leads to phonon effective g-factors
arising from electronic contributions comparable with
the experimental values reported for PbTe [9]. Within
this mechanism, valid when the phonon frequencies are
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smaller than the electronic band gap, 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
Pb1−xSnxTe, taking into account the valley degeneracy
and the doping present in the samples, and compute the
phonon magnetic moment following Ref. [14]. We find
that this model successfully predicts the increase of the
magnetic moment from the case x = 0 to x = 0.24 once
the occupancy of hole levels in the samples is taken into
account [42]. The model we employ predicts a magnetic
moment sign change across the trivial to TCI phases
as observed in our experiments. A g∗ sign change was
also predicted across a strong-to-weak topological tran-
sition [14].

However, the model cannot explain the observed con-
tinuous enhancement in the TCI phase. Increasing the
carrier density decreases g∗, contrary to observations [42].
A possible explanation is that the surface states con-
tribute to the phonon magnetic moment. However, such
a contribution cannot be captured within the premises
of our model [42]. Recently, Geilhufe proposed a mecha-
nism [15] where the chiral phonon induces inertial effects
in the electrons leading to an effective spin-chiral phonon
coupling that could potentially lead to large phonon mag-
netic moments. However, the evaluation of this contribu-
tion for Pb1−xSnxTe requires including the inertial effect
Hamiltonian terms in density functional codes. Addi-
tionally, the coupling of the phonon to a cyclotron res-
onance [11] is negligible as those are largely detuned in
the studied range. Further theoretical work is necessary
to fully understand the magnetic moment of phonons in
the topological phase.

In conclusion, we studied two transverse optical
phonon modes in Pb1−xSnxTe in a set of thin films across
the trivial to topological crystalline insulator transition.
We observed the occurrence of a ferroelectric phase in all
the samples at a composition-dependent critical temper-
ature. In that phase and under intense magnetic fields,
the phonon modes exhibited circular polarization with
opposite handedness. While the sample in the trivial
side (x = 0.24) showed magnetic properties in agreement
with a previous report for PbTe, the films in the TCI
side displayed surprising results. First, a high degree
of magnetic circular dichroism could be reached at low
magnetic fields. Furthermore, the obtained effective g-
factors for both phonons increased by two orders of mag-
nitude and changed sign for the lowest-energy phonon
mode across the topological transition, thus acquiring
opposite signs between the modes. Additionally, the dia-
magnetic shift showed an increase of one order of mag-
nitude. These results demonstrate that the magnetism
of phonons is largely enhanced in topological materials
and that a scheme for phonon manipulation with mag-
netic fields can be more effectively applied in that phase

of matter.
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