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Magnetic Control of Soft Chiral Phonons in PbTe
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PbTe crystals have a soft transverse optical phonon mode in the terahertz frequency range, which is
known to efficiently decay into heat-carrying acoustic phonons, resulting in anomalously low thermal
conductivity. Here, we studied this phonon via polarization-dependent terahertz spectroscopy. We observed
softening of this mode with decreasing temperature, indicative of incipient ferroelectricity, which we
explain through a model including strong anharmonicity with a quartic displacement term. In magnetic
fields up to 25 T, the phonon mode splits into two modes with opposite handedness, exhibiting circular
dichroism. Their frequencies display Zeeman splitting together with an overall diamagnetic shift with
increasing magnetic field. Using a group-theoretical approach, we demonstrate that these observations are
the result of magnetic field-induced morphic changes in the crystal symmetries through the Lorentz force
exerted on the lattice ions. Thus, our Letter reveals a novel process of controlling phonon properties in a

soft ionic lattice by a strong magnetic field.
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Phonons, collective excitations of a crystal lattice,
determine many physical properties of solids, including
electrical, thermal, and optical. By exciting and controlling
particular phonon modes, one can modify material proper-
ties or even induce quantum effects such as superconduc-
tivity. Usually, phonons are insensitive to magnetic fields.
Unlike spectral features related to electrons, which respond
to magnetic fields through their orbital and spin magnetic
moments, phonon-related features typically remain inde-
pendent of magnetic fields. While some phonons are
predicted to carry an orbital magnetic moment due to ionic
cyclotron motion [1,2], a phonon Zeeman effect has been
experimentally observed either via strong electron-phonon
coupling [3] or in strong paramagnets [4].

Recently, there has been much interest in phononic
properties of lead telluride (PbTe) to throw light on the
microscopic origin of its exceptional thermoelectric proper-
ties [5-8]. Reports have related the low thermal conduc-
tivity to anomalous lattice dynamics with giant anharmonic
coupling of the longitudinal acoustic (LA) modes with the
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transverse optical (TO) phonon mode [9-12]. Softening of
this TO phonon mode with decreasing temperature has
been observed and interpreted as an onset of ferroelectric
instability, as seen in other good thermoelectric materials;
their phase transition temperatures depend on the carrier
concentration, indicating the importance of electron-pho-
non coupling [6,13-15]. These results for the anharmo-
nicity and incipient ferroelectricity of PbTe have been
obtained in a small number of experimental studies on
reflectivity spectroscopy [16] and, more recently, inelastic
x-ray scattering [6] and neutron scattering measure-
ments [9].

The ionic nature of the PbTe lattice is expected to lead to
even richer lattice dynamics in the presence of a magnetic
field, as it may host circularly polarized phonons carrying a
magnetic moment [2]. Such magnetic moments arise from
the orbital angular momentum of ions, due to the circular
motion of ions with different masses, and can be observed
as an energy splitting between left-hand and right-hand
phonon polarization in external magnetic fields [4].

© 2022 American Physical Society
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Furthermore, a magnetic field can produce a Lorentz force
on the ions in the lattice, which induces morphic changes in
the crystal [17,18]. However, effects of strong magnetic
fields on these anharmonic phonons have not been
investigated.

In this Letter, we report results of polarization-dependent
terahertz time-domain spectroscopy (THz-TDS) studies of
single-crystalline PbTe films (1.6 ym thick) epitaxially
grown on (111) BaF, substrates in high magnetic fields.
The temperature dependence of the phonon conductivity
displayed a behavior consistent with quartic anharmonicity
that modifies the frequency and line shape. The optical
conductivity in intense magnetic fields up to 25 T revealed
unique magnetophononic effects—phononic magnetic cir-
cular dichroism (MCD), a phonon Zeeman splitting, and a
phonon diamagnetic shift. The observed Zeeman splitting
was three orders of magnitude larger than what has been
predicted for PbTe using density functional theory based on
harmonic phonons, indicating the importance of anharmo-
nicity in the observed magnetic field induced phenomena.

PbTe belongs to the space group Fm3m with O, point
group. The Pb and Te atoms form an arrangement of
interpenetrating face-centered cubic lattices [19]. Our
group theory analysis, performed using the Bilbao
Crystallographic server [20], indicates that the irreducible
representation of the optical mode is 7'y, which is infrared
active and triply degenerate without considering the TO-LO
splitting. Within harmonic first-principles calculations (see
Supplemental Material [21] for details), we estimate the
phonon frequencies to be =1.25 THz for the doubly
degenerate TO phonons and =3.32 THz for the LO
phonon. The anharmonic coupling with acoustic phonons
further changes this frequency [12]. An incident light beam
propagating in the [111] direction couples linearly to these
TO phonon modes, inducing ionic oscillations in a
perpendicular plane. Anharmonic interactions can modify
the details of this real-space picture, but we expect it to hold
to a good approximation [12]. Figure 1 schematically
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FIG. 1. Schematic of the PbTe crystal structure with real-space

TO lattice displacements (a) without and (b) with a magnetic field
applied perpendicular to the lattice plane. Blue (red) spheres
represent Te (Pb) ions.

shows the TO lattice displacement (a) without and (b) with
a magnetic field.

We performed experiments by combining high magnetic
fields and low temperatures with ultrashort laser pulses,
which required advanced instrumentation that has been
described previously [22]. We show a schematic of our
THz-TDS setup in Fig. 2(a) for transmission geometry
(top) in continuous (Oxford Spectromag not shown) and
pulsed (bottom) magnetic fields. In the first case, we used
the output from a Ti:sapphire regenerative amplifier (1 kHz,
150 fs, 775 nm, Clark-MXR, inc.) to generate THz
radiation via optical rectification in a ZnTe crystal, and
we probed it through electro-optic sampling in another
ZnTe crystal. The sample was placed in a 9 T super-
conducting magnet (Oxford Instruments). In the second
configuration, another Clark-MXR amplifier was used
to pump a LiNbOj crystal for single-shot detection of
THz radiation in magnetic fields up to 30 T (RAMBO
system) [23].

Figure 2 shows the (b) real and (c) imaginary parts
of the optical conductivity at different temperatures, which
were extracted from the measured transmittance using
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FIG. 2. (a) Schematic diagram for the THz time-domain
spectroscopy in a magnetic field in transmission geometry
(top) and RAMBO setup [23] (bottom). (b) Real and (c) imaginary
parts of the conductivity of PbTe as a function of temperature
without an applied magnetic field. (d) TO phonon frequency (top)
and linewidth (bottom) as a function of temperature from the
experiments (circles) and the model (solid line) as described in
the text.
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conventional THz-TDS methods [34]. Both the real and
imaginary parts of the conductivity indicate a strongly
temperature-dependent resonance, which can be attributed
to the TO phonon in PbTe. Figure 2(d) shows the frequency
[top] and linewidth [bottom] of this TO phonon as a
function of temperature obtained using Fano line shape
fits [3]. The black dots are from the experimental data.

Interestingly, the TO phonon’s linewidth temperature
dependence is well fitted by the model for a harmonic
optical phonon decaying into two acoustical phonons
with finite momentum, as derived in Ref. [24] [blue line
in Fig. 2(d) [bottom]]. Further experiments with improved
frequency resolution could shed light on the contribution of
the anharmonicity to the intrinsic linewidth (which could
arise from the optical phonon interacting with the electron
continuum or acoustic phonons) and its temperature
dependence.

The TO phonon softens as the temperature decreases [see
Fig. 2(d)[top] ]. This sublinear temperature dependence has
been understood by strong anharmonic coupling between
TO phonons and LA phonons with first principles calcu-
lations beyond the harmonic approximation [12,35]. In this
Letter, we take a group theory approach, which comple-
ments the first-principles studies in the literature and
provides a unified perspective of the magnetic field effect,
as we will discuss later. Since the phonons under inves-
tigation are infrared active (odd under inversion), the
simplest, lowest-order anharmonic Hamiltonian one can
construct to model our THz spectroscopy measurements is

H = Hy, + Z*XE,, (1)

where H,;, is the phonon Hamiltonian including a quartic
anharmonic term [25], E|, is the incident THz electric field,
X is the infrared (TO) phonon real-space coordinate, and
Z* = Z*(H) is the phonon Born effective charge, which
can depend on the applied magnetic field H, depending on
the symmetries of the system. The phonon Hamiltonian can
be written as [25]

2

Hon :§—m+%kxz +%/1X4, (2)
where £ is the spring constant, m is the effective mass, P is
the momentum, and A is the anharmonic strength. We
calculated the complex conductivity o(w) for this model, as
detailed in the Supplemental Material [21]. In the harmonic
limit (4 — 0), the model predicts no frequency temperature
dependence. For finite A, the phonon frequency increases
as the temperature increases. In particular, in the strong
anharmonicity regime, 1> k, where 1 = hA/m’w] and
k =k/me}, and for a constant lifetime, theory and
experimental data are in good agreement, as shown in
Fig. 2(d). For a model with a temperature-dependent
phonon lifetime the general conclusion remains valid,

although some details hinge on the assumptions for the
lifetime, as discussed in the Supplemental Material [21].

In the presence of magnetic fields, we measured trans-
mittance T, and T, with the detection polarizer along the
x and y directions, respectively, while the input polarizer
was set in the x direction. The transmittance was then
converted to a circular basis as Tp; = T, £ iT,,, which
was in turn converted into the conductivity in the circular
basis [36]. Figure 3(a) shows the real part of the conduc-
tivity in the circular basis for O T (dashed lines) and 9 T
(colored lines) at different temperatures. The conductivity
in the circular basis is depicted using positive and nega-
tive frequencies as the response to right-hand (R) and
left-hand (L) polarized light, respectively.

At high temperatures, the 0 T and 9 T data overlap, while
at low temperatures, the TO phonon response in a magnetic
field is different from that with no magnetic field.
Moreover, the response to right-hand and left-hand polar-
ized light varies, which indicates MCD of the TO phonon.
We plot MCD = (6 — 0, )/(og + o) for different tem-
peratures in Fig. 3(b). We used the area under the phonon
peak for o ;. Figure 3(c) shows the RH and LH TO
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FIG. 3. (a) Optical conductivity at O T (dashed line) and 9 T

(colored lines) for left-handed (LH) and right-handed (RH)
phonons. (b) Magnetic circular dichroism at 9 T as a function
of temperature. The dashed line is a guide to the eye. (c) Magnetic
field induced frequency shift of the TO phonon at 50 K. The
dashed lines are fits to the data using Eq. (6).

075901-3



PHYSICAL REVIEW LETTERS 128, 075901 (2022)

phonon frequency as a function of applied magnetic field,
together with fits (dashed lines), as described below.

Recently, Cheng et al. [3] observed a large effective
phonon magnetic moment in a Dirac semimetal and
explained it in terms of resonant electron-phonon coupling
that occurs when the phonon frequency coincides with the
free-carrier cyclotron resonance. In our case, the high
magnetic field moves the free-carrier cyclotron frequency
completely out of our frequency range, and thus, this
mechanism is irrelevant. The magnetic phonon moment in
the present Letter, instead, comes from phonon anharmo-
nicity and morphic effects due to high magnetic fields, as
explained below. Usually, phonons do not present signifi-
cant magnetic field dependence, but in ionic crystals, the
presence of a magnetic field can induce changes in the
effective charge, leading to circular dichroism [18]. For an
infrared-active (TO) phonon, the Hamiltonian in the pres-
ence of a magnetic field can, in general, be written in the
circular basis as

H="Hy + ZpsEpQs + ihpsnEpQsH y, (3)

where Z}g, P, S = {xg,x;.z} is the Born effective charge
in a circular basis with the z axis (assumed to be the THz
probe pulse propagation axis) aligned along the crystallo-
graphic [111] direction. Here, xp, x; are defined on a plane
perpendicular to the z axis. Ep is the applied electric field,
Hy is the applied magnetic field, and Qg represents the
phonon mode coordinate in the circular basis. The nonzero
terms of the tensor hpgy P, S, N = {xg,x;, z} are dictated
by symmetry constraints. The details of the derivation are
presented in the Supplemental Material [21].

For a magnetic field in the z direction, and E, =0
(parallel to the crystallographic [111] direction), we have

H=Hp+(Z"+hH,)EgQ; + (Z* — hH_)E Qg.  (4)

This result implies that a left-handed electric field will
excite a right-handed phonon (composed of a superposition
of the degenerate 7', modes) with amplitude Z* — hH,. On
the other hand, a right-handed electric field will excite a
left-handed phonon mode with amplitude Z* + hH . This
effect is observed in the data [see Fig. 3(a) and 3(b)] as a
difference in the peak heights as a function of magnetic
field for LH and RH conductivity. Nevertheless, the model
does not contain any explicit temperature dependence for
the MCD, as seen in Fig. 3(b), where a continuous increase
occurs in the studied temperature range. It is possible that
the electric field-phonon coupling constant has a temper-
ature dependence, which is beyond our theory, Eq. (4).
In addition to the difference in absorption between left-
circularly and right-circularly polarized light, a strong
magnetic field can induce changes in the phonon frequency.
For phonons with symmetry 7'y, in the cubic point group O,
group theory indicates that magnetic fields can modify their

frequencies to linear [26] and quadratic order [17]. The
mechanism, as introduced in Ref. [17], can be summarized as
follows. The interactions between the atoms in a crystal lead
to a finite energy potential, which determines the frequency
of harmonic phonons. The presence of a magnetic field can
induce additional symmetry-allowed terms, which, in turn,
modify the phonon frequency. For PbTe, with point group O},
and triple-degenerate T, phonons, the frequencies are
renormalized to

K, K,
Q|(H,) = o, _2—600HZ +2—on%’

K K
QZ(HZ) = Wy +2—w10Hz +2—0ng7

K,
93(Hz)za)0+2—on§. (5)

We relate Q; (H ) and Q,(H_) with the TO phonons.

In Fig. 3(c), the data clearly displays the predicted
quadratic magnetic field dependence in the frequencies
of the RH and LH TO phonons. To highlight the Zeeman
splitting (x H,) and diamagnetic shift (x H %), we combine
the first two equations of (5) to write the energies of the two
branches as

E, (Hz) = Ey + g*uppoH; + Udiaﬂ(z)H?v (6)

where E; is the TO phonon energy at zero magnetic field,
g is the effective g factor, up is the Bohr magneton,  is
the vacuum permeability, and oy;, is the diamagnetic shift
coefficient. The two parameters in Eq. (6), g* and oy;,, are
related to the coefficients K; and K, in Egs. (5) as ¢* =
K 1/ (2oopops) and o4, = Ko/ (20040). We used Eq. (6)
to fit the data in Fig. 3(c), as shown by dashed lines, to
obtain ¢g* = (4.3 £0.6) x 1072 and oy, = (1.9 £0.2) x
10* meV/T?, corresponding to K; = (34+0.3) x
1077 THZ?>/T and K, = (2.3 £ 0.2) x 10® THz?/T?. The
value of g* we obtained (~4 x 1072) is 3 orders of
magnitude larger than the value (~6 x 1073) predicted
by using density functional theory in Ref. [2] assuming
harmonic phonons. This disagreement indicates that anhar-
monicity is behind the observed large Zeeman splitting.

The diamagnetic shift increases the energies of both
Zeeman-split branches with increasing magnetic field. In
Fig. 3(c), this contribution appears to be relevant for fields
above 9 T when the lower-energy branch reverses its
decreasing trend. To the best of our knowledge, this is
the first observation of a phononic diamagnetic shift. It has
been shown in InSb that the scattering between acoustic
phonons can be tuned by a magnetic field control of the
anharmonicity, arising from phonon-induced diamagnetism
[37]. Such an effect could be extremely important for
applications as it indicates that magnetic fields can affect
the thermal conductivity.
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In conclusion, we observed circularly polarized phonons
in PbTe in magnetic fields. The frequency of these TO
phonons exhibited strong anharmonicity in optical conduc-
tivity spectra as a function of temperature. Magnetic circular
dichroism on the order of 30% was obtained at 9 T and below
50 K. We observed a Zeeman splitting as well as a
diamagnetic shift in the phonon frequency as a function of
magnetic field up to 25 T. The magnitude of the Zeeman
splitting (linear in magnetic field) can be expressed as a g
factor, whose measured value was larger than that previously
calculated in the harmonic phonon regime by three orders of
magnitude, indicating the importance of anharmonicity. We
note that a recent theory suggests that a large phonon
magnetic moment can arise from the electronic adiabatic
response to the ionic circular motion and, in general, can
include topological contributions [38]. On the other hand, the
diamagnetic term only becomes important for fields above
9T. The results were modeled within group theory in terms of
morphic effects and a symmetry-based Hamiltonian. Thus,
these results suggest a novel scheme of controlling soft
phonons in an ionic lattice using an external magnetic field.

This research was primarily supported by the National
Science Foundation through the Center for Dynamics and
Control of Materials: an NSF MRSEC under Cooperative
Agreement No. DMR-1720595. F. G. G. H. acknowledges
financial support from the Brasil@Rice Collaborative
Grant, the Sdo Paulo Research Foundation (FAPESP)
Grants No. 2015/16191-5 and No. 2018/06142-5, and
Grant No. 307737/2020-9 of the National Council
for Scientific and Technological Development (CNPq).
M. R-V. was supported by the LANL LDRD Program
and by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences, Materials Sciences and Engineering
Division, Condensed Matter Theory Program. G.A.F.
acknowledges additional support from Grants No. NSF
DMR-1949701 and No. NSF DMR-2114825. J.T. and
I. K. acknowledge the support from the Japan Society for
the Promotion of Science (JSPS) (KAKENHI Grant
No. 20H05662).

“These authors contributed equally to this work.
"baydin@rice.edu
?felixggh@if.usp.br
Ykono@rice.edu

[1] D. M. Juraschek, M. Fechner, A.V. Balatsky, and N. A.
Spaldin, Phys. Rev. Mater. 1, 014401 (2017).

[2] D. M. Juraschek and N. A. Spaldin, Phys. Rev. Mater. 3,
064405 (2019).

[3] B. Cheng, T. Schumann, Y. Wang, X. Zhang, D. Barbalas, S.
Stemmer, and N. P. Armitage, Nano Lett. 20, 5991 (2020).

[4] G. Schaack, J. Phys. C 9, L.297 (1976).

[5] C. W.Li, O. Hellman, J. Ma, A. F. May, H. B. Cao, X. Chen,
A.D. Christianson, G. Ehlers, D. J. Singh, B. C. Sales, and
O. Delaire, Phys. Rev. Lett. 112, 175501 (2014).

[6] M. Jiang et al., Nat. Commun. 7, 12991 (2016).

[7] S. Ju, T. Shiga, L. Feng, and J. Shiomi, Phys. Rev. B 97,
184305 (2018).

[8] Y. Xia, V. 1. Hegde, K. Pal, X. Hua, D. Gaines, S. Patel, J.
He, M. Aykol, and C. Wolverton, Phys. Rev. X 10, 041029
(2020).

[9] O. Delaire, J. Ma, K. Marty, A. F. May, M. A. McGuire,
M.-H. Du, D.J. Singh, A. Podlesnyak, G. Ehlers, M. D.
Lumsden, and B. C. Sales, Nat. Mater. 10, 614 (2011).

[10] Y. Xia, Appl. Phys. Lett. 113, 073901 (2018).

[11] Y. Lu, T. Sun, and D.-B. Zhang, Phys. Rev. B 97, 174304
(2018).

[12] G. A. S. Ribeiro, L. Paulatto, R. Bianco, 1. Errea, F. Mauri,
and M. Calandra, Phys. Rev. B 97, 014306 (2018).

[13] P. Chudzinski, Phys. Rev. Research 2, 012048(R) (2020).

[14] K. A. U. Holm, N. Roth, C. M. Zeuthen, K. Tolborg, A. A.
Feidenhans’l, and B. B. Iversen, Phys. Rev. B 102, 024112
(2020).

[15] R. D’Souza, J. Cao, J. D. Querales-Flores, S. Fahy, and I.
Savi¢, Phys. Rev. B 102, 115204 (2020).

[16] H. Burkhard, G. Bauer, and A. Lopez-Otero, J. Opt. Soc.
Am. 67, 943 (1977).

[17] E. Anastassakis and E. Burstein, J. Phys. Chem. Solids 32,
563 (1971).

[18] E. Anastassakis, E. Burstein, A. Maradudin, and R.
Minnick, J. Phys. Chem. Solids 33, 1091 (1972).

[19] S.-Y. Xu et al., Nat. Commun. 3, 1192 (2012).

[20] E. Kroumova, M. Aroyo, J. Perez-Mato, A. Kirov, C.
Capillas, S. Ivantchev, and H. Wondratschek, Phase Transit.
76, 155 (2003).

[21] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.128.075901 for details
of the conductivity calculations, morphic effect group
theory calculations, experimental methods, and additional
figures, which includes Refs. [3,17,20,22-33].

[22] A. Baydin, T. Makihara, N. M. Peraca, and J. Kono, Front.
Optoelectron. 14, 110 (2021).

[23] G.T. Noe, I. Katayama, F. Katsutani, J.J. Allred, J. A.
Horowitz, D. M. Sullivan, Q. Zhang, F. Sekiguchi, G.L.
Woods, M. C. Hoftfmann, H. Nojiri, J. Takeda, and J. Kono,
Opt. Express 24, 30328 (2016).

[24] P. G. Klemens, Phys. Rev. 148, 845 (1966).

[25] H. Matsumoto, T. Mori, K. Iwamoto, S. Goshima, S.
Kushibiki, and N. Toyota, Phys. Rev. B 79, 214306 (2009).

[26] Disordered Solids, Optical Properties, edited by G. Horton
and A. Maradudin, Dynamical Properties of Solids Vol. 4
(North-Holland Publishing Company, Amsterdam, 1980).

[27] P. Giannozzi et al., J. Phys. Condens. Matter 29, 465901
(2017).

[28] P. Giannozzi et al., J. Phys. Condens. Matter 21, 395502
(2009).

[29] P. Giannozzi, O. Baseggio, P. Bonf, D. Brunato, R. Car, L.
Carnimeo, C. Cavazzoni, S. de Gironcoli, P. Delugas, F.
Ferrari Ruffino, A. Ferretti, N. Marzari, I. Timrov, A. Urru,
and S. Baroni, J. Chem. Phys. 152, 154105 (2020).

[30] D.R. Hamann, Phys. Rev. B 88, 085117 (2013).

[31] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.
77, 3865 (1996).

[32] J.P. Perdew, A. Ruzsinszky, G.I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou, and K. Burke,
Phys. Rev. Lett. 100, 136406 (2008).

075901-5


https://doi.org/10.1103/PhysRevMaterials.1.014401
https://doi.org/10.1103/PhysRevMaterials.3.064405
https://doi.org/10.1103/PhysRevMaterials.3.064405
https://doi.org/10.1021/acs.nanolett.0c01983
https://doi.org/10.1088/0022-3719/9/11/009
https://doi.org/10.1103/PhysRevLett.112.175501
https://doi.org/10.1038/ncomms12291
https://doi.org/10.1103/PhysRevB.97.184305
https://doi.org/10.1103/PhysRevB.97.184305
https://doi.org/10.1103/PhysRevX.10.041029
https://doi.org/10.1103/PhysRevX.10.041029
https://doi.org/10.1038/nmat3035
https://doi.org/10.1063/1.5040887
https://doi.org/10.1103/PhysRevB.97.174304
https://doi.org/10.1103/PhysRevB.97.174304
https://doi.org/10.1103/PhysRevB.97.014306
https://doi.org/10.1103/PhysRevResearch.2.012048
https://doi.org/10.1103/PhysRevB.102.024112
https://doi.org/10.1103/PhysRevB.102.024112
https://doi.org/10.1103/PhysRevB.102.115204
https://doi.org/10.1364/JOSA.67.000943
https://doi.org/10.1364/JOSA.67.000943
https://doi.org/10.1016/0022-3697(71)90005-9
https://doi.org/10.1016/0022-3697(71)90005-9
https://doi.org/10.1016/S0022-3697(72)80269-5
https://doi.org/10.1038/ncomms2191
https://doi.org/10.1080/0141159031000076110
https://doi.org/10.1080/0141159031000076110
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
http://link.aps.org/supplemental/10.1103/PhysRevLett.128.075901
https://doi.org/10.1007/s12200-020-1101-4
https://doi.org/10.1007/s12200-020-1101-4
https://doi.org/10.1364/OE.24.030328
https://doi.org/10.1103/PhysRev.148.845
https://doi.org/10.1103/PhysRevB.79.214306
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1063/5.0005082
https://doi.org/10.1103/PhysRevB.88.085117
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.100.136406

PHYSICAL REVIEW LETTERS 128, 075901 (2022)

[33] T. Makihara, K. Hayashida, G. T. Noe II, X. Li, N. Marquez [36] B. Cheng, P. Taylor, P. Folkes, C. Rong, and N. P. Armitage,

Peraca, X. Ma, Z. Jin, W. Ren, G. Ma, I. Katayama, J. Phys. Rev. Lett. 122, 097401 (2019).

Takeda, H. Nojiri, D. Turchinovich, S. Cao, M. Bamba, and [37] H. Jin, O. D. Restrepo, N. Antolin, S. R. Boona, W. Wind],

J. Kono, Nat. Commun. 12, 3115 (2021). R.C. Myers, and J.P. Heremans, Nat. Mater. 14, 601
[34] J. Neu and C.A. Schmuttenmaer, J. Appl. Phys. 124, (2015).

231101 (2018). [38] Y. Ren, C. Xiao, D. Saparov, and Q. Niu, Phys. Rev. Lett.
[35] P.T. Jochym, J. Lazewski, and W. Szuszkiewicz, Sci. Rep. 127, 186403 (2021).

10, 19783 (2020).

075901-6


https://doi.org/10.1038/s41467-021-23159-z
https://doi.org/10.1063/1.5047659
https://doi.org/10.1063/1.5047659
https://doi.org/10.1038/s41598-020-76454-y
https://doi.org/10.1038/s41598-020-76454-y
https://doi.org/10.1103/PhysRevLett.122.097401
https://doi.org/10.1038/nmat4247
https://doi.org/10.1038/nmat4247
https://doi.org/10.1103/PhysRevLett.127.186403
https://doi.org/10.1103/PhysRevLett.127.186403

