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Using polarization-resolved resonant Raman spectroscopy, we explore collective spin excitations
of the chiral surface states in a three dimensional topological insulator, BioSes. We observe a sharp
peak at 150meV in the pseudovector Az symmetry channel of the Raman spectra. By comparing
the data with calculations, we identify this peak as the transverse collective spin mode of surface
Dirac fermions. This mode, unlike a Dirac plasmon or a surface plasmon in the charge sector of
excitations, is analogous to a spin wave in a partially polarized Fermi liquid, with spin-orbit coupling

playing the role of an effective magnetic field.

Magnets and partially spin-polarized Fermi liquids
support collective spin excitations (spin waves), in which
all electron spins respond coherently to external fields,
and the “glue” that locks the phases of precessing spins
is provided by the exchange interaction. In nonmag-
netic materials where inversion symmetry is broken but
time-reversal invariance remains intact, strong spin-orbit
coupling (SOC) may play the role of an effective mag-
netic field, which locks electron spins and momenta into
textures. This phenomenon is encountered in three-
dimensional (3D) topological insulators (TIs), which har-
bor topologically protected surface states [1-5]. These
states have been a focus of intense studies, both from
the fundamental point-of-view [6-12] and for potential
applications in spintronics devices [13-20]. However, the
many-body interactions leading to collective effects in
TIs remain largely unexplored. An essential aspect of
this physics is an interplay between the Coulomb inter-
action and SOC, which is expected to give rise to a new
type of collective spin excitations — chiral spin waves [21—
26]. In the long wavelength (¢ = 0) limit, these modes
are completely decoupled from the charge channel and
thus distinet from spin-plasmons [27, 28], Dirac plasmons
[29, 30], and surface plasmons in TTs [30, 31].

In this Letter, we employ polarization-resolved reso-
nant Raman spectroscopy, a technique of choice for prob-
ing the collective charge [32, 33], spin [34-37] and orbital
excitations [38], to study collective spin excitations of
the chiral surface states in BisSez. To enhance the sig-
nal from the surface states, we tune the energy of in-
coming photons in resonance with a transition between
two sets of chiral surface states: near the Fermi energy
and about 1.8eV above it [Fig. 1(a)] [39]. We observe
a long-lived excitation at 150 meV in the pseudovector
symmetry channel of the Raman spectra, which is most
pronounced at low temperatures but persists up to room
temperature. By comparing the data with calculations,
we identify this excitation as the transverse collective chi-
ral spin mode supported by spin-polarized surface Dirac
fermions. Such collective modes — first predicted for non-

topological systems [21-26, 36] but hitherto unobserved
— are “peeled oftf” from the continuum of particle-hole
excitations by the exchange interaction.
Chiral surface states in a 3D TT are described by the
Hamiltonian [40]:
2

H(k) = 2m*60+v1&-k, (1)

where m* is the effective mass, & = (61,62,63) are
the Pauli matrices, ¢ is the 2x2 unit matrix, and
k = (l{:w—kx,’;—vlv[ki + k3]) with ky = k, + ik,. The
z component of k describes hexagonal warping of the
surface states away from the Dirac point [40]. The spec-
trum of Eq. (1) consists of hexagonally warped electron-
and hole-like Dirac cones of opposite chirality. A light-
induced excitation from the occupied state in the hole
cone to an empty state in the electron cone is accompa-
nied by a spin-flip of the quasi-particle [Fig. 1(b)]. Such
direct transitions form a continuum which starts at the
threshold energy w_ [Fig. 1(c)] [41, 42].

Due to the Pauli exclusion principle, two electrons in
the triplet state avoid each other, thus reducing the en-
ergy of the Coulomb repulsion. Therefore, the repulsive
Coulomb interaction between electrons translates into an
attractive exchange interaction between their spins, lead-
ing to bound states below the continuum of spin-flip exci-
tation, i.e., chiral spin modes. In general, there are three
such modes [red curves in Fig. 1(c)], which correspond
to linearly polarized oscillations of the magnetic moment
in the absence of the external magnetic field [23-25]. At
g = 0, there is a doubly degenerate mode with an in-
plane magnetic moment and a transverse mode with an
out-of-plane moment, with energies w, | and w; i, re-
spectively. Because the chiral-spin modes are below the
continuum, they are expected to remain long-lived even
at elevated temperatures [45]. These modes are in essence
(zero-field) spin waves that can be measured by resonant
Raman scattering because they couple to the electromag-
netic field through antisymmetric Raman tensors [25].
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FIG. 1. (a) The band structure of BizSe3 around the Brillouin zone center, reconstructed from ARPES results in Refs. [39, 43].

The low-energy Dirac cones of surface states (SS1) are described by Eq. (1) with parameters m* =~ 0.066 erlAd, v & 2.4eVA,
and vy &~ 25eVA? [44]. The upper and lower Dirac cones of opposite chirality are shown in red and blue, whereas the bulk
bands are shown in gray. A pair of unoccupied surface Dirac cones (SS2) resides about 1.8eV above SS1 [39]. The arrows
illustrate a resonant Raman process stimulated by an incoming photon with energy €);,, in which an electron is promoted from
the lower to the upper Dirac cone of SS1, through resonant scattering via the intermediate states, SS2. The energy difference
between the excited and ground state defines the Raman shift, w. (b) Enlarged view of SS1 around Er with arrows showing
the spin textures, where w_ is the threshold energy for direct transitions between occupied states in the lower Dirac cone and
available states of the upper cone. (c) Schematic dispersions of the particle-hole continua in the spin (red) and charge (blue)
channels, Dirac plasmon [27, 29, 30] (blue line), and chiral spin modes [23] (red lines). The w, 1 mode is observed in this work.

BisSes is an archetypical 3D TI, with a rhombohe-
dral crystal structure with D3, group symmetry (R3m)
in the bulk. The crystal is composed of quintuple lay-
ers weakly bonded by van der Waals force, allowing easy
cleavage of optically flat ab surfaces with the symmorphic
P6mm wallpaper group symmetry (2D point group Cg,)
[46, 47]). BisSes has a relatively simple band structure
near the I'-point [Fig. 1], with a pair of topologically pro-
tected surface Dirac cones, labeled SS1, and another pair
at about 1.8eV above SS1, labeled by SS2 [Fig. 1(a)].
As-grown BisSes is usually electron-doped due to nat-
urally formed Se vacancies [48]. In this study, we use
well-characterized samples with low concentration of im-
purities and crystalline defects [49]. All the bulk phonon
modes in this crystal are sharp with no signatures of any
impurity modes, and all the surface phonon modes are
clearly observed [50]. The Fermi energy (Er) was deter-
mined by scanning tunneling spectroscopy to be about
150 meV above the Dirac point of SS1 [Fig. 1(b)] [49].

The polarized Raman spectra were acquired in a quasi-
backscattering geometry from the ab surface of BisSes
single crystals grown by modified Bridgman method [44].
We use 521, 647, 676 and 752 nm lines of a Kr laser for
excitation, where the spot size is roughly 50 x 50 um?,
and the power is about 10mW. The scattered light is
analyzed by a custom triple-grating spectrometer.

In Fig. 2, we show spectra of secondary emission for
four scattering geometries employing both linear and
circular polarizations, as defined in the Supplementary
[44]. Of the four excitations, the 521 nm (2.38 eV) one is

the farthest from near-resonant transition between SS1
and SS2, while the 676 nm (1.83eV) one is the closest.
The spectra contain contributions from electronic Raman
scattering and exciton photoluminescence. The latter is
present for all polarizations and can be subtracted from
the spectra [44]. The signal below 50 meV is dominated
by phonon modes which are discussed elsewhere [50].

The spectrum for the non-resonant 521 nm (2.38€V)
excitation shows no sharp peaks but a broad feature [44].
This is in stark contrast to the spectra of other three
excitations, where a sharp peak around 150 meV is ob-
served in the XY and RR geometries. The peak is the
strongest for the 676 nm (1.83eV) excitation, which is in
near-resonance with the transition between SS1 and SS2,
thus confirming the surface origin of the observed signal.
In order to better understand the origin of the 150 meV
peak, we subtract the photoluminescence contributions
and then utilize the symmetry properties of the Raman
tensors to separate the measured spectra into the FEj,
A; and As symmetry channels of Cg, point group [44].
In Fig. 3, we plot the temperature dependence of Ra-
man response R(w,T) in three symmetry channels. It
is clearly seen that the 150 meV peak is associated with
the A, symmetry channel. The continuum broadens and
becomes invisible above 150 K, but the peak is still well-
defined even at 7' = 300 K.

The basis functions of the As representation of Cg,
transform as the z component of the angular momentum,
which is a pseudovector [51, 52]. This suggests that the
observed peak in the A channel corresponds to a spin
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FIG. 2. The intensities of secondary emission are measured

in circular and linear (with respect to crystallographic axes)
scattering polarization geometries, as shown pictorially next
to the figure legend in panel (d) and also defined in Supple-
mentary [44], at 24 K with (a) 521 nm (2.38eV), (b) 647nm
(1.92eV), (c) 676 nm (1.83eV) and (d) 752nm (1.65eV) ex-
citations. The vertical solid gray line indicates the sharp
150 meV peak, most pronounced for the incident photon en-
ergy of 1.83eV, which is the closest to the energy difference
between SS1 and SS2 [Fig. 1(a)]. The dotted black line in
(a) is a guide to the eye showing the energy threshold for
the surface-to-bulk excitations [44]. The hatched areas in (b)
and (c) are Lorentzian fits to the excitonic photoluminescence
peaks.

mode [marked by w1 in Fig. 1(c)] with an out-of-plane
magnetic moment (also a pseudovector).

To quantify the assignment of the 150 meV peak to the
out-of-plane chiral spin mode, we calculate the Raman
response of surface chiral states. We are interested in
spin-flip resonant Raman processes between states near
the Fermi level in SS1 and the states in SS2. Two reso-
nance transitions are possible: an electron from the lower
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FIG. 3. Temperature dependence of the symmetry-separated
Raman response R(w,T’) in the (a) Ez, (b) A1 and (c) A2
symmetry channels, measured with the near-resonant 676 nm
(1.83eV) excitation. The photoluminescence background was
subtracted from the raw data [44]. The gray solid line locates
the position of the sharp peak which is present only in the
Az channel. (d) Calculated R(w,T) in the A channel with
the dimensionless interaction coupling constant u ~ 0.6 and
impurity broadening of I' = 8 meV was extracted form the
data and used in the calculation. The lines are shifted ver-
tically for clarity. Inset: Zoom-in of the calculated R(w,T)
without vertical shift, showing the spin-flip continuum with a
threshold energy of 260 meV.

cone of SS1 can be transferred into either the lower or
upper cones of SS2 and come back to the upper cone of
SS1, producing a particle-hole pair. The diagrams for
the corresponding Raman vertex and scattering cross-
section are shown in Figs. 4 (a) and (b), correspondingly.
Since the shift in the photon energy =~ 150 meV is much
smaller than energy difference between the Dirac points
E, ~ 1.8¢eV, the resonant part of the Raman vertex can
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FIG. 4. (a) Raman vertex for resonant transitions from the
lower cone in SS1 to the upper (left) and lower (right) cones
in SS2. (b) The scattering cross-section dressed with vertex
corrections to account for many-body effects.

be written as

v(k) = (€s - Puil,) (€1 - Piy1,)

By, (k) — By (k) — Q'
(2)

where [ 5 and u; 2 refer to the lower and upper cones of

SS1 (SS2), pap is the matrix element of a dipole transi-

tion between states a and b, and ey g are the polarizations

of incident and scattered photons, correspondingly. Fur-

thermore, E, = Eg:l)(k) and E,,;, = E,; + EEE)(k),
(1)

where e}’ (k) = k?/2m* + v,k are the eigenergies of

(eS i pu1u2) (el ) pu2l1)
Euz (k) - Ell (k) - Qr

+

1,01

Eq. (1), and ef) (k) are the eigenenergies of a similar
Hamiltonian for SS2. The scattering cross-section con-
tains |y(k)|?, integrated over k > kr. However, if trig-
onal warping is neglected, the denominators of the first
(second) terms in Eq. (2) become E; + (ve £ v1)k — Qp,
where vy 2 are the velocities of Dirac fermions in SS1 and
SS2. A characteristic feature of BiySes is that the lower
cones of SS1 and SS2 are almost perfectly nested: a fit
to the ARPES data in Ref. [39, 43] gives v; = 2.4eVA
and vy = 2.0eVA . Therefore, the second (hole-to-hole)
term in « is essentially dispersionless, and the corre-
sponding transition probability is enhanced by a factor
of ~ 1/(E, — Q)% whereas the first (hole-to-electron)
term is small [53]. This explains why only one resonance
is observed in the experiment.

Since the initial and final states of the Raman vertex
form a 2 x 2 space, 4 can be expanded over a complete set
of Pauli matrices as 4 = c6g+s-6. In the XY scattering
geometry, which contains the As symmetry channel of
Cesy group, s = e; X eg = e, and thus 4 « 6,. The
Raman response function can then be written as

R(w,T) < X2.(w,T)/(Eg — QL)?, 3)

where Xgﬁ is the imaginary part of the o™ component
of the spin susceptibility tensor. The many-body inter-
actions are accounted for within the Random Phase Ap-
proximation (RPA) with a Hubbard-like interaction (U)
in the spin channel [25]:

-1
Lw,T) = —Il(w, T) (1 + gﬁ(w,T)> (4)

where f[(w, T') is obtained by analytic continuation of

Map(iws) =T /k Tr [&aék(iem +z‘wn)&5ék(iem)] .

€m

Here, [, = f(ng’)“z, Gillien) = ey — H(k) + Ep +
isgn(en,)'/2, ﬁ(k) is given by Eq. (1), and I" is impurity
broadening [54]. x..(w,T) has a continuum of spin-flip
excitations and a pole which corresponds to the trans-
verse collective mode. A simple result for the frequency
of this mode can be obtained if one neglects hexago-
nal warping and considers the weak-coupling limit. In
this case, ws 1 = 2FEp[l —2exp(—4/u)], where u =
UEF/2nhv? < 1 is the dimensionless coupling constant.

For a more general case, which includes the realistic
band structure and finite temperature, the Raman re-
sponse has to be evaluated numerically. The results of
this calculation are shown in Fig. 3(d). With the band
structure parameters obtained from ARPES measure-
ments [43], the only two fitting parameters are the ex-
change coupling constant, fixed at u ~ 0.6 to reproduce
the mode frequency at 15K, and the impurity scattering
rate chosen as I' = 8 meV. Comparison of the measured
and computed spectra [Fig. 3(c¢) and (d), correspond-
ingly] shows that the model describes well not only the
overall shape of the signal but also its evolution with tem-
perature [44]. In particular, the theory reproduces the
observed decrease in the peak position with increasing
temperature, which can be ascribed to thermal smearing
of the continuum boundary. For the well characterized
samples studied here, the threshold of the spin-flip con-
tinuum is expected at w_ ~ 260 meV [44]. However, the
onset of this continuum is difficult to observe because its
spectral weight is transferred into the collective mode.
In the inset of Fig. 3(d), we show a zoom into the com-
puted crossover region between the collective mode and
the continuum. A quantitative agreement between the
theory and experiment gives us confidence in that the
observed 150 meV sharp peak in the As symmetry chan-
nel is indeed a transverse chiral spin mode.

In conclusion, our results provide strong evidence for
a new collective mode — the transverse chiral spin wave
— in a time-reversal invariant system, a 3D TI. Strong
spin-orbit coupling plays the role of a very high effective
magnetic field, which protects the long-lived spin exci-
tation. Such a robust collective spin mode may have
potential applications in spintronics [55, 56], magnon-
ics [57-59], optoelectronics [60] and quantum computing
[61-63]. Moreover, the present results demonstrate an
efficient way of probing the dynamical response of Dirac
fermions and their collective modes through optical mea-
surement. The methods we use here pave a new route for
discriminating bulk excitations from the surface modes
and for exploring collective properties of chiral fermions.
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