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1 | INTRODUCTION

A phonon is a collective vibration of atoms in a crystal.
In terms of a space group, chirality is the structural
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Abstract

Recently, phonons with chirality (chiral phonons) have attracted significant
attention. Chiral phonons exhibit angular and pseudoangular momenta. In cir-
cularly polarized Raman spectroscopy, the peak split of the I'; mode is detect-
able along the principal axis of the chiral crystal in the backscattering
configuration. In addition, peak splitting occurs when the pseudoangular
momenta of the incident and scattered circularly polarized light are reversed.
Until now, chiral phonons in binary crystals have been observed, whereas
those in unary crystals have not been observed. Here, we observe chiral pho-
nons in a chiral unary crystal Te. The pseudoangular momentum of the pho-
non is obtained in Te by an ab initio calculation. From this calculation, we
verified the conservation law of pseudoangular momentum in Raman scatter-
ing. From this conservation law, we determined the handedness of the chiral
crystals. We also evaluated the true chirality of the phonons using a measure
with symmetry similar to that of an electric toroidal monopole.
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property wherein the object is different from its mirror
image, and it plays a crucial role in optical physics.
Optical activity is a well-known phenomenon derived
from the chirality of a material. However, not only
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physical objects such as crystals and molecules have
chirality but also dynamic motions such as phonons.'
Recently, a chiral phonon with pseudoangular (PAM)**
and angular momenta (AM)*°® was proposed® and
observed.” The PAM of the phonon takes a quantized
value originating from a phase change of a wave func-
tion acquired by a discrete rotation operation® and is
essential for conservation laws in light scattering®® and
transport physics.’® The AM of a phonon has a continu-
ous value calculated by the atomic circular motion and
has been reported in binary crystals such as a-HgS"'
and ABi (A =K, Rb, Cs),"* whereas that in unary crystals
has not been reported.

Single-crystal Te is a unary chiral crystal. It has enan-
tiomer structures with right-handed (RH) (P3;21) and
left-handed helices (LH) (P3,21),"*'* which are denoted
as R- and L-Te, respectively. From a macroscopic per-
spective, it exhibits various physical properties, such as a
current-induced magnetization,'*” electrical magneto-
chiral anisotropy,'® sequential structural phase transi-
tions under pressure,'” ! and optical activity.*>** From a
microscopic perspective, it has characteristic electron and
phonon band structures. Chiral atomic structure induces
the linear band splitting>***> and radial spin texture.®
The phonon band of Te is calculated using various
methods.'®***”"* The phonons of Te are measured by
Raman spectroscopy>*>* and infrared reflective spectros-
copy.”® However, the PAM and AM of the phonons in Te
have not been identified experimentally.

Here, we measured the phonons in Te using circularly
polarized Raman spectroscopy and calculated the PAM
and AM of the phonons using ABINIT (ab initio calcula-
tion package) result. We also demonstrated that the con-
servation law of the PAM of the phonon determines the
handedness of the chiral crystal and that the AM of the
phonons in the chiral unary crystals becomes nonzero.

2 | MATERIAL AND METHOD

2.1 | Material

We measured two samples of Te with c-axis-oriented sur-
faces. Sample 1 was synthesized using the Bridgman
method. Te powder of 5N was sealed in an evacuated quartz
tube and cooled from 630°C at a rate of 0.4 mm/h. Sample
2 was purchased from MaTecK and had a purity of 6 N.

2.2 | Raman spectroscopy

We measured the phonons in Te samples using circularly
polarized Raman spectroscopy at room temperature (RT).
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FIGURE 1
Raman spectroscopy. The green and red arrows indicate incident

Backscattering geometry of circularly polarized

and scattered light, respectively. The blue circular arrows indicate
circular polarization, which is represented by R (right-handed) and
L (left-handed). The wavelength of the incident light is A = 785nm

Our setup for the polarization of the incident and scat-
tered light is shown in Figure 1.

We calculated the Raman selection rule based on the
polarization of light and the Raman tensor. The structure
of Te belongs to the point group 32, and the Raman ten-
sors are given as follows*:

Ii:| - a y3(x): | - —c d |, T5()

b - d

—c —d

—c - . . (1)
—d

Here, the polarization of light is expressed by the Jones
vector (1,i)/+/2 for right-handed (R) and (1, —i)//2 for
left-handed circular polarizations (L).

2.3 | Abinitio calculation

We calculated phonon dispersion in Te using density
functional perturbation theory (DFPT)*' in the ABINIT
package.***> We used a projector augmented wave
method**** as the pseudopotential and generalized gradi-
ent approximation to the exchange-correlation potential
in the Perdew-Burke-Ernzerhof form. Spin-orbit cou-
pling was not considered in this study. The parameters of
the DFPT calculation were a 15 Ha energy cutoff and 8 x
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8 x 6 grids. We used the lattice parameters of Te available
in the Materials Project46: a=b=4.512A, ¢=5.960 A,
a=p=90°, y=120° (Persson*’).

3 | RESULT

3.1 | Raman spectroscopy
In our condition, the incident and backscattered
light, denoted as plane waves ¢/kiz=@9) and
ell-kz=ost) respectively, are parallel to the c axis of the Te
crystal. Thus, we detect a phonon with the wavenumber
k parallel to the c axis. From the conservation law of the
wavenumber, the phonon obtains a small but finite wave-
number k in Raman scattering. The wavenumber is esti-
mated as
k=ks+ki~2kj=4zn/A=7.5x10°rad/cm, (2)
where k; and kg are the wavenumbers of the incident and
scattered light, respectively, and absolute value of refrac-
tive index n =4.69 (Ciesielski et al.**). This wavenumber

k was 1.4% that of A point in the Brillouin zone (BZ). The
Raman active phonon modes consist of I'; + 2T; (F(;) and
r?) at T point.** We performed linearly polarized
Raman spectroscopy to assign peaks to irreducible repre-
sentations and listed the frequency of the phonons in
Torrie** and Pine and Dresselhaus® (Table 1). Raman
tensor calculation indicated the dependence of the polari-
zation configuration.

We also performed circularly polarized Raman spec-
troscopy and measured each peak of the split I'; mode in
RL (R-incident and L-scattered) and LR (L-incident and
R-scattered) configurations (Figure 1). The phonon fre-
quencies and their polarization dependencies for Samples
1 and 2 are shown in Figures 2 and 3, respectively. Two
I'; mode peaks split, and the phonon frequency of RL
peaks was higher than that of LR peaks in Sample 1. The
two I'; mode peaks split, and the phonon frequency of
the LR peaks was higher than that of the RL peaks in
Sample 2. The frequency differences between the RL and
LR peaks of Samples 1 and 2 and those in Pine and Dres-
selhaus® are listed in Table 2. Such splitting has also
been observed in Raman spectroscopy in a-quartz,®>"
Te,* and a-HgS."

TABLE 1 Stokes Raman shift in Sample 1 of Te (cm™ ")
Mode Sample 1 (RT, 785 nm) Torrie>* (RT, 514.5 nm) Pine and Dresselhaus® (295 K, 514.5 nm)
F<31) 93 91 92
I 121 120 120
F<2) 141 140 141
3
Note: The peak position is measured by linearly polarized Raman scattering spectoroscopy.
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FIGURE 2

Raman spectra of Sample 1 Te. (A,B) Anti-Stokes and (C,D) Stokes Raman spectra of the (A,C) F(;) and (B,D) ng> modes in

the RL (blue line) and LR (red line) configurations and the I'; doublet splittings (dashed vertical lines) in (A)-(D)
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FIGURE 3

Raman spectra of Sample 2 Te. (A,B) Anti-Stokes and (C,D) Stokes Raman spectra of the (A,C) 1“(31) and (B,D) ng> modes in

the RL (blue line) and LR (red line) configurations and the I'; doublet splittings (dashed vertical lines) in (A)-(D)

TABLE 2
Samples 1 and 2 Te (cm ™)

I'; mode splitting in Peak

-93 0.8
93 0.7
—141 0.2
141 0.2

3.2 | Abinitio calculation and the AM
analysis of the phonon

We calculated the phonon dispersion of R- and L-Te
(Figure 4A,E, respectively ), which is consistent with pre-
vious ab initio calculations.'®**** The phonon frequen-
cies at the I" point of the ab initio calculation matched
those of Raman spectroscopy within 10cm~!. The AM
and PAM of the phonons were assigned to the phonon
dispersion curves (Figures 4 and 5), respectively, and
they were consistent with Chen et al.'

The z component of the AM of the phonon mi; an of
branch j at wavevector k is defined as*

mean(K,j) = (€(k.)) Mee(k,j) ) (3)

where €(Kk,j) is the eigenvector of the dynamical matrix

0—-io0
Me=|i 0 0| Incn, (4
0 00

~—

Sample 1 (RT, 785 nm)

Sample 2 (RT, 785 nm)  Ref.* (90 K, 514.5 nm)

0.8 -
0.8 0.6
0.3 -
0.3 0.3

where the basis of the 3 x 3 matrices is represented by
the orthogonal bases (uy,u,,u;), n is the number of atoms
in a unit cell, and I, is a unit matrix of n x n.

The PAM of the phonon mpay of branch j at wave-
vector k in Cs invariant material is defined as®

{C5]0}u(k) = exp [—iz—;mmm]u(k), (5)

where {C;|0} indicates C; rotation around the c
axis with no translation and wu(k) is the phonon
displacement at wavenumber k. However, the symmetry
operation of Te involves helical rotation. For
example, R-Te is {C3|1/3} invariant, where {C3|1/3}
indicates C; rotation around the c axis and ¢/3 transla-
tion along the c axis. Therefore, the spin PAM of phonon
miav(RH, k) of branch j at wavenumber k in R-Te is
defined as'"*

{Cslc/3}u(RH, k)

= exp [—i (%ﬂm;AM(RH,k) +1%>} uREL). O

25U8017 SUOWILIOD BAIERID [0l dde aU) A PaULRAOB 8.2 SIILE O 95N J0 S9INJ 10y AReId]1 BUIIUO AB]IA O (SUONIPLOO-PUE-SULBYWI00" A3 | 1M ARe.q)1[Bu|uo//Sdy) SUONIPUOD PUe S 1 841 39S *[£202/50/TT] U ARiq118ulIuO A8]1M ‘Ueder aUeIGR0D) AQ 1YSEZ 1IU0/Z00T OT/10p/LICD"AB| W A RIGIRUIIUO//SCYIY WOA Papeo|umoq 9 '§Z0Z ‘X9E902ST



ISHITO Er AL.

2L wiLE Y-

(A) L-Te (E) R-Te

FIGURE 4 Left column (A) The

140 M 140 M phonon dispersion curve in the L-Te.
120 F 120 F i
100 F 100 E (B-D) The x,y,z components of AM in
80 RS R the L-Te, respectively. The red, blue, and
ig r gg ¥ green lines indicate the positive,
20l 20[ negative, and zero AM, respectively.
0 0 Right column (E) The phonon
r A H K r M T A K r M . ) g
(B) (F) dispersion curve in the R-Te. (F-H) The
140 [ 140L X,y,z components of AM in the R-Te,
—~ 120F 120 F respectively
S 100 100 F
g 80 < 80
T~ 60f 60
& 4of 40F
c
o 20 20
= 0
g A H K r M A K r M
—_
L (C) (G)
140 F 140 f
120 F 120 F
100 f 100 F
80 |< 80 |
60 60 I
a0} 40}
h 20 + 20
0 0
r A H K r M T A K r M
(D) H)
140 / 140 F
120 F 120 F
100 £ 100 /
80 [ 80 &=
60 60 I
a0} . a0} —
- 20f 20+
n 0 0
r A H K r M T A K r M

-_—
o
o
T
o
1
T
o
1

Frequency (cm™)
[0}
o
—
+
N 1 ._\ " "
— —
|
1 —

-11 | +1]
60 |- 0] [ 07
40 | 1 21
20 | L 1]
Oll' A I' A

FIGURE 5 (A,B) The spin PAM mj,,, in the L- and R-Te,
respectively. The red dashed line is the point excited by Raman
spectroscopy using a 785 nm laser

Similarly, the spin PAM of the phonon
mj o (LH,K) of branch j at wavenumber k in L-Te is
defined as'"*

{Cs]2¢/3}u(LH,k)

2 2k-c
= exp {—i <{m§AM(LH,k) +

(7)

)} u(LH,k).

Figure 4 shows that there are nonzero AM parts in
the phonon dispersion of Te. From Figures 4 and 35,
double-degenerated I'; phonons split along I'" to A points.
Moreover, the signs of may and mj,,, along the I' to A
point reversed, and their absolute values were invariant
after changing the handedness of Te.

We also characterized the true chirality of the
phonons quantitatively by evaluating a pseudoscalar
quantity similar to that of the electric toroidal monopole,
Go.>>>* To this end, we introduced the structure factors,
Fo(K) =s1 =52, f, (k) = (51 +52 = 253) /V/3,f (k) = (2/V/6) (51 + 52+ 53),
where s;=sin(k-#;) with the nearest-neighbor bonds,
m = (3a/2,v/3¢a/2,¢/3),m, = (~3¢a/2,V/3¢a/2,¢/3),n5= (0, —v/3(a,c/3)
((~0.274). Note that f(k)=(f,.f,.f,) transforms
like a polar vector and is proportional to (ki,ky,k;)
in the limit of k— 0. Then, the true chirality of the
phonons is evaluated by the dimensionless quantities
defined as
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o=z 2 (maulls) S0 mo k). ()

Gu =$;j{3mz,AM (.)f(K) ©)
~mau(ky) () (o (k,)) (10)

where w(k,j) is the phonon frequency of branch j and
the summation is taken over all branches and the BZ. N
is the number of lattice sites, and n(w)=1/(e"/*sT —1)
is the Bose-Einstein distribution function at the
temperature T. The chiralization and the handedness of
the phonons are characterized by the magnitude and the
sign of Gy, while G, characterizes the anisotropy of
true chirality between the longitudinal and perpendicular
directions to the helical axis. Go~1x 10" and —1 x 107!
for L-Te and R-Te at 300K, respectively, and G, ~
3x107! and -3x10"! for L-Te and R-Te at
300K, respectively. The positive G,/G, indicates the
importance of the longitudinal contributions. The signs
of Gy and G, are opposite with each other for a pair of
enantiomers of Te.

4 | DISCUSSION

The Raman selection rule is determined using a Raman
tensor derived from the crystal point group.*’ Consider-
ing the Raman tensor provides a selection rule for the
phonon at the I" point

Flmode:IRR:ILL:IRL:ILR:I:I:O:O, (11)
Fgmode:IRR:ILL:IRL:ILR:O:O:I:L (12)

where the incident and scattered light are parallel to the
c axis. Theoretically, in the RL and LR configurations,
peaks of the I'; mode are absent. However, in our experi-
ment, we observed the I'; mode. There are two possible
reasons for this. First, the incident light was not parallel
to the c axis. Because we used an objective lens to focus
plane wave light on the sample, part of the incident light
was tilted. Second, the surfaces of the samples were not suf-
ficiently smooth. Some parts of the surface were tilted from
the c-axis-oriented surface because of the rough surface.

We verified the spin PAM conservation law'" for the
Raman scattering process as follows:

0i — 05 = £mj ) (mod3), (13)

" Chiraliy BRI

where o6; and o represent the spin PAM of the incident
and scattered photons, respectively. Furthermore, plus
and minus correspond to the Stokes and anti-Stokes pro-
cesses, respectively, on the right-hand side of
Equation (13) (Tatsumi et al.”), respectively. The R-
photon and L-photon have spin PAM 6=+1 and —1,
respectively.”* Through the Raman scattering process,
the phonon obtains the spin PAM from the change in the
spin PAM of photons. In the RL configuration, a change
in the spin PAM of photons +1—(—1)=—1(mod3) is
transferred to phonons. However, in the LR configura-
tion, a change in the spin PAM of photons —1—(+1) =
+1(mod3) is transferred to phonons. In circularly polar-
ized Raman spectroscopy of Sample 1, a higher peak
of the split I'; mode is observed in the RL configuration
and corresponds to myp,y = —1. Indeed, in R-Te, the
phonon of the split I'; mode with a higher frequency
has m}, =—1 whereas in L-Te, the phonon of the
split I'; mode with a higher frequency has mj},,,=+1.
Therefore, we presumed that Samples 1 and 2 were R-
and L-Te, respectively. Generally, because the lack of
all mirror and inversion symmetries induces I'; mode
splitting, chiral materials exhibit I'; mode splitting.>*> A
combination of I'; mode splitting in chiral materials and
spin PAM assignment enables us to determine the hand-
edness of other chiral materials, such as a-quartz and
a-HgS."!

5 | CONCLUSION

Circularly polarized Raman spectroscopy provided pho-
non frequencies of I'; and I'; modes in unary chiral crys-
tal Te. The splitting of the I'; mode was reversed in the
RL and LR configurations. These results can be explained
by the spin PAM conservation law through the Raman
scattering process. This process determines the handed-
ness of chiral crystals. Moreover, we showed that the
PAM, AM, and G, of a phonon in a chiral unary crystal
Te are nonzero. This indicates that the phonons in Te
have true chirality. The conversion of AM has been
extended to the spin polarization of electrons in various
chiral materials.>
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