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We have investigated the effects of spatial-inversion and time-reversal symmetry breaking on the
acoustic phonon branches in chiral MnSi using high-resolution inelastic X-ray scattering and first-
principles calculations. We find a momentum-transfer-dependent (g-dependent) splitting between
transverse phonon bands having angular momentum parallel or antiparallel to ¢. This is understood by
a phenomenological theory using a gyrotropic tensor. We observed no significant impact from the time-
reversal symmetry breaking induced by a magnetic field (energy shifts < 0.3 meV). This suggests the
effect of time-reversal symmetry breaking is small or is restricted to a very low energy regime in this

material, possibly due to small spin-orbit interaction.

MAIN TEXT

Symmetry breaking has been a fundamental concept in condensed matter physics related to the emergence of
novel electronic states [1]. In particular, spatial-inversion symmetry (SIS) and time-reversal symmetry (TRS)
breaking lift the spin degeneracy of the electronic state. Therefore, novel spin-related phenomena emerge in
symmetry-broken-materials. The simplest case is a ferromagnet, in which broken TRS induces exchange splitting,
and gives rise to phenomena such as magnetoresistance, the anomalous Hall effect, and the optical Faraday effect
[2]. The breaking of SIS also induces spin splitting through spin-orbit interaction, in which spin polarization
depends on the momentum direction. For this reason, Rashba [3] or Dresselhaus [4] spin textures appear in the
band structure of a wide range of noncentrosymmetric materials, giving rise to unique electromagnetic phenomena
such as the Edelstein effect [5]. In this paper, we investigate the effect of symmetry breaking on phononic bands.

It has been well known that the circularly polarized states of acoustic wave are realized in symmetry broken
materials such as chiral materials [6] and (anti-)ferromagnets [7,8]. These are understood as acoustic analogs of
natural activity and Faraday effect. The degeneracy of two transverse acoustic modes is lifted by the symmetry
breaking and as a result, circularly polarized eigen states are realized. The mode splitting has been directly
observed by inelastic neutron scattering (INS) in several chiral materials [9,10].

Recently several studies unveiled intriguing the spin-related phononic phenomena in symmetry broken
materials such as phonon Hall effect [11-15], nonreciprocal thermal [16] and acoustic [17-19] transport, and
magnetization control by phonons [20]. For the understanding of them, it is useful to regard the circularity of

polarization as phonon angular momentum [21-23]. The concept of phonon angular momentum was first



introduced by Vonsovskii and Svirskii in 1962 [21,22] and rediscovered by Zhang and Niu [24]. The phonon
angular momentum may be taken as [23,24]

Joh = Lo Ug X Pgs (D
where u. is displacement vector of a-th atom about equilibrium position and pe is its momentum. [, behaves as
an internal degree of freedom of the phonon. By the introducing phonon angular momentum, the circularity of
phonon polarization can be treated quantitatively, and intensive studies have been performed from the view points
of this concept [25-31]. In this context, revisiting phonon spectra in a symmetry broken material is of fundamental
importance to unveil how Jpn is activated by symmetry breaking and to further develop these Jpn-related
phenomena.

Here we study the effects of TRS and SIS breaking on the phononic band in a chiral magnet, MnSi, by means
of a high-resolution inelastic X-ray scattering (IXS) [32] and first-principles calculations. We show the
momentum-dependent splitting of phonon band is induced by SIS-breaking. In contrast, the impact of TRS
breaking on phonon energy was found to be negligibly small on the meV energy scale. These observations imply
that the SIS breaking directly affects the phonon band but the effect of TRS breaking is only indirect, mediated by
the small spin-orbit interaction, in contrast to the electronic cases.

MnSi belongs to the cubic chiral space group P213, and extensive studies have been performed for the past
decade to investigate its topological skyrmion spin texture [33,34]. While the nontrivial topology of phonon band
was studied theoretically [35] and experimentally [36] in this class of compounds MSi (M = Fe, Co, Mn, Re, Ru),
angular-momentum-dependent splitting has not been reported [37]. In the present study, high-resolution inelastic
X-ray scattering (IXS) measurements were carried out at BL43LXU [32,38] of SPring-8 in Japan. The instrumental
energy resolution was 1.4 meV full width at half maximum. A single crystal of MnSi was grown by the floating-
zone method in Ar gas. The sample was cut and carefully polished to be thin plate shape of 2.4x1.8x0.14 mm?.
Before the IXS measurement, the sample was annealed at 1173 K for three hours in a vacuum to remove internal
stress. The sample was mounted in a cryostat with a superconducting magnet and measured in a transmission
geometry. For analysis of IXS data, a phonon band calculation has been performed using density functional theory
and frozen phonon method with VASP [39] and PHONOPY [40] packages. The plane-wave basis set with the
projector augmented wave scheme [41] with a cutoff energy of 520 eV, and Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional [42] were used. For the frozen phonon calculation, a 3 X 3 x 3 supercell was
employed.

Figure 1(a) shows IXS spectra for various phonon wavevectors around (4, -4, 0). As the momentum is increased
along the (111) reciprocal vector, a single broad peak tends to split as shaded by green and purple colors and the
splitting energy becomes larger. To study the origin of these peaks, we show the calculated phonon dispersions
and dynamical structure factor S(Q,w) in Fig. 1(b). Fitting and calculation procedures were shown in the
Supplemental Material [43]. At the measured momentum transfers (4-+h, -4+4, h), the dynamical structure factor
of the longitudinal mode is small and the observed peaks correspond to the transverse modes. If there are both SIS
and TRS, two transverse acoustic modes propagating along <l111> direction should be degenerate (see
supplemental materials). Because TRS breaking hardly affects the phononic spectra in this system as discussed
later, the peak splitting seems to be caused by SIS breaking. This splitting was confirmed by our fits: even when
the our finite momentum resolution (A%, Ak, Al ~0.02 (r. 1. u.)) is included we clearly observe first an increase in

linewidth and then full mode separation for 4 > 0.2. The calculations shown in Fig. 1(b) also show (though it is



hard to see at low ¢) corresponding non-degenerate dispersions of transverse acoustic mode. Nevertheless, it
should be noted that in the calculated spectra, the two transverse modes cross each otherat# =~ 0.09. This crossing
in the small g-region is probably caused by the artifact owing to the finite size of supercell (3 x 3 x 3) in our
calculation. In the larger ¢ region, the calculation is quite consistent with the experimental data.

To investigate the origin of the mode splitting, we plot Jphs in Fig. 2, which is the angular momentum of a
phonon for the o-th phonon branch and at wavevector g determined from our calculations. The i-th component of
Joho can be obtained by  Jyn.o = heh(@)Mico(a), where €,(q) is the phonon polarization vector of a o=th branch
at wavevector ¢, and the matrix M; is given by (M) = Invxn (i) & for N atoms in a unit cell [24,31]. Inxy represent
N x N identity matrix and & is Levi-Civita symbol. Jyn points parallel or antiparallel to the (4, s, h) wave vector
for the transverse modes, whilst Jyn of longitudinal mode is negligible. Importantly, the Jyn is an odd function of
the wavevector. Figure 2 (c) quantitatively shows the magnitude of phonon angular momenta along [111] direction
from /"to R point. Here we plot only the lowest three branches, which correspond to two TA and one LA modes
in the small ¢ region. This clearly presents that phonon angular momenta for the two TA modes are # and -A while
that of the LA mode is negligible in the small g region. The emergenece of Jpn and TA mode splitting is closely
related in cubic lattice as discussed in the Supplemental Material [43] (see, also reference [44] therein). A similar
spin splitting of electronic state was observed in a chiral semiconductor Te [45]: the spin direction on the split
Fermi surface is parallel or antiparallel to the momentum. In this sense, the observed mode splitting is an indication
of the phonon version of spin-momentum locking owing to the SIS breaking. It should be noted that this is also
consistent with the well-known concept of acoustic natural activity [6] because the rotational direction of
polarization is reversed upon a reversal of propagation direction in this phenomenon.

Let us consider the splitting of phonon mode in MnSi based on a phenomenological theory proposed by Portigal
and Burstein [46]. According to their theory, elastic constants can be expanded in a power series of wavevector ¢
as

Cij(w,q) = C;j(w) + id;jrqy + -+, (2)
where the first term is the conventional elastic constant represented in Voigt notation, and the coefficient dj is
called the acoustic gyrotropic tensor [46]. The second term is present only in materials without SIS and is
responsible for acoustic activity [6]. For transverse acoustic waves propagating along [111] direction, one can

obtain eigen frequencies for these waves by solving Christoffel’s equation [47] as

Cxd d
s = [FHq =gt vy (55) > (3)

Here, d = (3d152-3d163-2d4s3)/9 and C = (C11-C12+Ca4)/3. p=5.833 [g/cm?] is the density of MnSi and vo = (C/p)'?
is the average velocity of transverse modes. The + sign corresponds to the two counter-rotating circularly polarized
eigenmodes. Thus, Eq. (3) means that degeneracy of transverse modes is lifted by SIS-breaking and eigen states
with circular polarization appear. To examine the validity of this phenomenological relation, we plot the energy
splitting against the square of wavevector normalized by that of Brillouin zone edge ¢/gsz in Fig. 3. The ¢*-law is
very well satisfied for experimental results of MnSi at least up to ¢/gsz = 0.66 (i.e., (¢/qsz)* =~ 0.44 and g = 0.33).
From the slope of this plot and elastic constant [48], the experimental acoustic gyrotropic tensor is estimated as d
= 9.86 [Pa m]. Figure 3 also shows the result of the first-principles calculation. While a small dip was discerned
in the small ¢ range owing to the aforementioned artifact caused by the finite cell size, the linear relation seems

satisfied in the intermediate ¢ range (0.1 < (¢/¢gsz)? < 0.4). The slope is larger than the experimental data (d = 16.6



[Pa m]). For comparison, experimental values [9, 10] of other chiral materials are also shown. The size of energy
splitting is the largest for MnSi and compared with the other materials, the phenomenological theory is valid to
higher momentum transfers. This seems partly due to the small unit cell and relative simplicity of in MnSi: MnSi
is useful for examining the validity of the phenomenological theory.

Finally, let us discuss the effect of TRS breaking. The TRS breaking is related to magnetism but the coupling
between the magnetism and phonons is nontrivial. Recently several novel phenomena induced by the phonon-
magnetism coupling, such as the thermal phonon Hall effect [11-15] were observed. Therefore, it is interesting to
determine if phonon-magnetism coupling affects the phonon dispersion. In particular, some theories that explain
the phonon Hall effect propose a so-called Raman-type phonon-magnetism interaction originating from spin-orbit
interaction [49,50]

Hraman = KS * Jpn, 4)
where s is a spin moment and X is the coupling coefficient. If this interaction is valid in MnSi, one should observe
an energy shift depending on both momentum and magnetization. To examine this, we measured the magnetic
field dependence of the acoustic phonon modes. Figure 4(a) displays IXS spectra showing transverse phonon
modes at Q = (4.33, -3.67, 0.33) at 10 K with and without magnetic field. This comparison shows no discernable
change even at == 0.7 T, where the magnetization is almost saturated as shown in Fig. 4(b). In Fig. 4(c), the peak
energies are plotted against the magnetic field. They show almost no magnetic field dependence; energy shifts are
less than 0.3 meV, the energy differences between the two modes changes by < 0.15 meV and there is no tendency
to follow the magnetization curves as shown in Fig. 4 (d).

In previous works, enhanced phonon-magnetism coupling was observed in the magnetic resonance frequency
range (GHz frequency ~10 peV) in some transition metal compounds [7,8,18,26] or devices [17,19] leading to
energy sifts of ~1 peV. Magnetic resonance of MnSi was observed at GHz range [51], and magnon energy at finite
wavevector is also limited to lower energy than that of phonon [52]. Therefore, a relatively large effect of phonon-
magnetism coupling through hybridization with these magnetic excitations may be restricted to the low energy
regime in transition metal compounds. On the other hand, in the case of a rare-earth compound CeF3, a large (~ 3
meV) magnetic field effect has been observed for high energy optical phonon modes due to the relatively large
spin-orbit interaction of rare-earth ion [53]. Incidentally, nonreciprocal thermal transport has been observed below
the ordering temperature of Tb 4f moment for a multiferroic TbMnOs3, which requires the effect of TRS breaking
on a wide energy scale [16]. While the effect of TRS breaking on phononic system seems appreciable even apart
from the magnetic resonance frequency in the case of 4f electron systems with strong spin-orbit interaction, it is
within the experimental resolution in the present transition metal case.

To summarize, we have investigated the effects of SIS and TRS breakings on the phononic dispersion in MnSi.
We reveal that the two-fold degeneracy of transverse acoustic modes are lifted owing to the chirality at a finite
wavevector. In agreement with the phenomenological theory, the energy splitting was found to be proportional to
¢*. On the other hand, broken TRS has little impact on chiral phononic states, which indicates that the effect of
phonon-magnetism coupling is small or is restricted to a very-low-frequency range in this compound. In electronic
systems, the effect of TRS breaking is much more noticeable, for example, as ferromagnetic exchange splitting in
a spectrum while the impact of SIS breaking is mediated by the small spin-orbit coupling. In contrast, in phononic
systems, the effect of SIS breaking is direct while that of TRS is induced by the small spin-orbit interaction. To

observe the large impact of magnetism in phononic dispersion, larger spin-orbit coupling seems to be needed.



Some rare-earth compounds show novel thermal phenomena induced by large phonon-magnetism coupling [15,16].
In these cases, the spin-orbit coupling is comparable or larger than the crystal field splitting. Perhaps, the
comparison of the spin-orbit interaction and crystal field effect is crucial for the phonon-magnetism coupled

phenomena.
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FIG. 1. (a) IXS profiles of MnSi along the high symmetry line from a reciprocal lattice point (4,-4,0) to R (4.5, -
3.5, 0.5). These plots are offset for clarity. The IXS spectra are fitted to a sum of damped harmonic oscillator
functions convoluted with instrumental resolution function. (b) Comparison of experiment and calculation of IXS
data. The colormap and white dots represent calculated dynamical structure factor S(Q, ) and phonon dispersions.
The green, purple, and black circles represent experimental peak positions obtained from the fitting of IXS spectra

as shown in (a).
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FIG. 2. Projections of the phonon angular momentum into (a) the [111], parallel, and (b) [11-2], perpendicular
direction for dispersion along the [111] direction (/=R). LA and TA indicate longitudinal and transverse acoustic
modes, respectively. (¢) Magnitude of phonon angular momentum along the [111] direction for the lowest three
branches. In the small g region, these three modes correspond to two TA modes and one LA mode, respectively.

For the third lowest mode (LA mode), the data above ¢ = 0.2 (r. 1. u.) for (g, ¢, g) are omitted because of the mixing
with optical modes.
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FIG. 3. Experimental and calculated energy difference of acoustic phonon modes for MnSi as a function of square
of wavevector normalized by that at Brillouin zone edge. The dip in the small ¢ region of the theoretical data is
probably caused by the artifact owing to the calculation based on the finite size of supercell (3 x 3 X 3). The

experimental results of some other chiral materials [9,10] are also shown for comparison.
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FIG. 4. Magnetic field dependence of transverse acoustic modes. (a) IXS spectraat 0 Tand £ 0.7 T, 10 K and
Q=@+ h,-4+ h, h) at h = 0.33. Magnetic field is applied along [111], which is parallel to the Lph. (b)
Magnetization curve at 10 K along [111] direction. (c), (d) Magnetic field dependence of (c) these peak energies

and (d) difference between the energies.



