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Plasmons, the collective excitations of electrons in the bulk or at the surface, play an important role in the
properties of materials, and have generated the field of “plasmonics.” We report the observation of a highly
unusual acoustic plasmon mode on the surface of a three-dimensional topological insulator (TI) Bi,Ses,
using momentum resolved inelastic electron scattering. In sharp contrast to ordinary plasmon modes, this
mode exhibits almost linear dispersion into the second Brillouin zone and remains prominent with
remarkably weak damping not seen in any other systems. This behavior must be associated with the
inherent robustness of the electrons in the TI surface state, so that not only the surface Dirac states but also
their collective excitations are topologically protected. On the other hand, this mode has much smaller
energy dispersion than expected from a continuous media excitation picture, which can be attributed to the

strong coupling with surface phonons.

DOI: 10.1103/PhysRevLett.119.136805

A plasmon is a quantum of collective oscillations of
charge density due to the restoring force arising from the
long-range Coulomb interactions in a solid, predicted in
1951 by Pines and Bohm [1]. The concept was extended to
surfaces and interfaces in the form of surface plasmons by
Ritchie in 1957 [2]. The properties of plasmons have been
studied for over 60 years and have spawned the field of
plasmonics and many technological applications. A semi-
nal feature of any plasmon mode, which is important for
applications, is its lifetime. In ordinary materials plasmons
usually appear in only small momentum ranges, because
they can interact with the single-particle excitations
(so-called Landau damping) [3,4] when the plasmon energy
and momentum overlap the electron-hole pair continuum
(EHPC). Even for a plasmon with energy and momentum
outside the EHPC there are other damping channels [5,6],
such as impurity scattering that increases with increasing
momentum. This is true for all plasmon modes, originating
from either electron gases in a parabolic band or Dirac
massless electrons in a linear band. One example is the two-
dimensional (2D) plasmon mode from Dirac electrons in
graphene [7], which shows strong damping and diminishes
before merging into the EHPC at a small momentum
compared to the Brillouin zone (BZ) boundary. In contrast,
we demonstrate that an anomalous acoustic surface plas-
mon mode from the Dirac electrons on the surface of a
prototypical three-dimensional (3D) topological insulator
Bi,Se; exists even in the second BZ with unusually weak
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damping and narrow spectral linewidth, which likely relates
to the spin-momentum locking feature of the TI surface
states. This mode has significantly lower energy than that
within the continuous medium excitation picture, indicat-
ing the existence of a bosonic coupling. Probably, the mode
is dressed by a surface phonon due to strong electron-lattice
interactions.

In the case of the Dirac states [8—10] at the surface of
topological insulators (TIs) the unconventional spin textures
protect the Dirac electrons against scattering from any
nonmagnetic impurity [11-13], resulting in a long lifetime
for electrons in Dirac states. A relevant question is whether
the bosonic collective modes from the electrons in these
protected states, such as plasmons, have longer lifetimes
than those from topologically trivial metallic states [14]. It
has been proposed that the spin texture of Dirac electrons on
a 3D TI surface may generate an undamped spin density
wave, which can coherently couple to the charge density
oscillations (i.e., plasmon) and gives rise to the so-called
spin-plasmon mode [15]. At the present time the existing
experimental results for plasmon modes on TI surfaces are
rather controversial [16-19] and none of them provides
direct evidence for the long lifetime characteristic of bosonic
collective modes.

The single crystalline samples used here were Bi,Se;
[20]. The properties of the samples have been characterized
by both transport and spectroscopic measurements [21].
The in situ cleaved (0001) surface is terminated with a
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Experimental results of Bi,Se; (0001). (a) LEED pattern of Bi,Se; (0001) surface with incident energy of 80 eV at room

temperature. The red dashed line is the first BZ of Bi,Se; (0001), and the red dots show the high-symmetry points. (b) The band
structure along the M — I — M direction measured by ARPES at 35 K, which shows the coexistence of the bulk conducting band and the
V-shaped surface Dirac state. (c) 2D energy-momentum mapping of HREELS along the T — K direction with incident energy of 60 eV
and (d) along the ' — M direction with incident energy of 110 eV. Four collective modes with energy loss features are labeled by a, OP,
7, and £, respectively. The gray dashed lines are provided to guide to eye. The corresponding negative energy loss features are antistocks
peaks of @, OP modes, respectively, which are labeled by o', OP'. (¢) EDCs at T, K, and M with the corresponding energy loss peaks
labeled. (f) and (g) The second derivative image of (c) and (d), respectively, with elastic background removed.

Se layer and its p(1x 1) structure is characterized by
low energy electron diffraction (LEED), shown in Fig. 1(a).
The band structure is confirmed by the mapping of both
the linearly dispersed topological Dirac surface states
and parabolic bulk conducting band partly below the
Fermi energy [Fig. 1(b)], using in situ angle-resolved
photoemission spectroscopy (ARPES). The plasmons
and other collective excitations, such as phonons, were
measured with a newly developed high resolution electron
energy loss spectroscopy (HREELS) system with the
capability of two-dimensional (2D) energy and momentum
mapping [25]. The HREELS measurements were
performed along two high symmetry directions I' — M
and ' — K, as illustrated in the BZ shown in Fig. 1(a).
Figures 1(c) and 1(d) show the HREELS 2D mapping of
Bi,Se; (0001) along two high symmetry directions where
several energy loss peaks are labeled by a, OP, y, and ¢.
Figure 1(e) displays the energy distribution curves (EDCs)
atT, K, and M, respectively. The OP mode around 20 meV
is almost dispersionless and assigned to an optical phonon
of Bi,Se;, which corresponds to the A%g mode at I point in

the Raman measurements [26] and is consistent with
previous HREELS results [18]. The y and { modes, around
55 and 72 meV without significant dispersions, are the
conventional surface and bulk plasmon modes, respectively,
originating from bulk conducting electrons [21]. These two
modes, which have been observed but assigned to a single
mode in Ref. [18], show strong damping and disappear at
large q.

Distinct from the y and { modes, the energy of @ mode is
strongly ¢ dependent. As shown in Figs. 1(f) and 1(g) for
both the energy-gain and loss sides, this @ mode starts with
zero energy at I, disperses almost linearly along both the
I' — K and T’ — M directions. Even entering into the second
BZ, this mode maintains the same linear dispersion without
reflecting the lattice periodicity. This clearly indicates that
the observed @ mode is not an acoustic phonon, since the
dispersion of an acoustic phonon must have the symmetry
of the lattice. The observed dispersion of the @ mode is the
signature of plasmons.

To clarify the origin of the @ mode, we performed
HREELS measurements on Mn-doped Bi,Se; (with 10%
Mn doping). Itis well known that Mn substitutes for Bi upon
doping in the crystal structure [27-29]. Mn doping changes
the properties of both electronic bands and collective
excitations of the system. Especially, such magnetic doping
breaks the time reversal symmetry so that the Dirac surface
band opens a gap. Heavy doping such as around 10% used
here completely demolishes the Dirac surface band, as
shown from the ARPES data in the inset of Fig. 2(a), which
is consistent with previously reported results [30]. Changes
of the plasmons and phonons can also be seen in our results.
Figure 2(a) shows the 2D HREELS energy-momentum
mapping along the I" — M direction, while Fig. 2(b) displays
the EDCs at the T" point and M point. Compared with the
HREELS results of Bi,Se; [Fig. 1], the conventional surface
and bulk plasmon modes y and ¢ exhibit the same dispersion
behaviors, but their energies increase from 55 to 94 meVand
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FIG. 2. Experimental results of Mn-doped Bi,Se; (0001). (a)
2D energy-momentum mapping of HREELS measurements
along the T'— M direction with the incident energy of 110 eV
at room temperature. Four collective modes with energy loss
features are labeled by AP, OP, y, and { mode, respectively. The
gray dashed lines are provided to guide to eye. The corresponding
negative energy loss features are antistocks peaks of AP, OP
modes, respectively, which are labeled by AP/, OP’. The inset is
the band structure along the M — " — M direction measured by
ARPES at 35 K, which shows that the V-shaped surface Dirac
state disappears because of magnetic doping. (b) EDCs at T" and
M with corresponding energy loss peaks labeled. (c) The second
derivative image of (a).

from 72 to 139 meV, respectively, owing to the increased
bulk carrier density. This is evidenced by ARPES—the
Fermi level is 0.15 eV above the conduction band minimum
for Bi,Se; [Fig. 1(b)], and 0.26 eV for Mn-doped Bi,Se;
[the inset of Fig. 2(a)]. While changes of the optical
phonon (OP mode) caused by the Mn doping are mild,
only showing slight linewidth broadening (~0.7 meV) and
energy shift (~1 meV).

However, the most intriguing change are the character-
istics of the low-energy feature on the Mn-doped Bi,Se;
(denoted as AP for acoustic phonon). It is fundamentally
different from the originally observed a plasmon mode for
Bi,Se;, although they are similar in energy and dispersion
in the low ¢ range. As clearly shown in Fig. 2(c), the energy
of AP is symmetric with respect to the BZ, which is a
signature of phonons. To summarize the difference, the
dispersions of the @ mode on Bi,Se; and the AP mode on
Mn-doped Bi,Se; are plotted in Fig. 3(a). On the surface of
Bi,Se;, where the topological surface states are present, the
a plasmon mode appears, while the AP mode is suppressed.
In contrast, on the surface of Mn-doped Bi,Se; without the
topological surface states, the @ mode disappears and only
the AP mode is present. Therefore, the @ mode must
originate from the topological surface states of Bi,Se;. In
addition, from the measured dispersion curve of the AP

mode [the pink curve in Fig. 3(a)], we extracted the sound
velocity v, = 1610 90 m/s by a linear fit of the data
points for small g. Notice that for acoustic phonons it is only
possible to obtain the transverse acoustic (TA) mode in
HREELS measurements due to the restriction of the selec-
tion rules. Thus the AP mode is a TA mode with a transverse
sound velocity of ~1610 £ 90 m/s, which is very close to
the reported value (1700 m/s) of Bi,Se; [31,32].

The most striking behavior of the a mode is its slow
attenuation in a large momentum range, which is in sharp
contrast to the topologically trivial plasmon modes (i.e., y
and ¢ modes). As shown in Figs. 3(c) and 3(d), the { mode’s
intensity drops drastically by more than 2 orders of magni-
tude when dispersing into the corresponding EHPC at
0.016 A~" and diminishes beyond 0.08 A~!, and its line-
width increases correspondingly. Other plasmon modes
generated by topologically trivial surface states, e.g., the
2D plasmon on the surface of Si(111)-(v/3 x v/3)-Ag [22]
or the acoustic plasmon on the surface of Be (0001) [34]
show similar damping behavior. This is also true for the
plasmon mode originated from Dirac electrons without
topological protection, as is the case in graphene [7,35].
However, the @ mode exhibits a small decrease in intensity
when dispersing across the EHPC (0.00005 A~! < ¢ <
0208 A™') and remains observable far beyond.
Furthermore, its linewidth is almost momentum indepen-
dent [Fig. 3(d)]. In contrast to the AP mode, which clearly
shows multiple-scattering matrix effects [21], the slow
attenuation characteristics of the @ mode are intrinsic,
independent of the incident electron energy. Moreover,
the intensity of the AP mode at room temperature
(300 K) is obviously higher than that at low temperature
(35 K), while the intensity of the @ mode is almost temper-
ature independent, strengthening the conclusion that the o
mode observed in Bi,Se; is not a simple phonon [21]. To
understand why the @ mode has an unusually long lifetime
without fatal damping within the EHPC region, we should
note that the Landau-type damping channels into the spin-
unrestricted bulk band could be suppressed due to the spin-
momentum locking restriction. Beyond the EHPC, the
topological protection against any nonmagnetic impurity
scattering also keeps the a mode from significant damping.

Another prominent characteristic of the  mode is its linear
dispersion behavior in a large momentum range up to2 A",
independent of the periodicity of the lattice. However, the
dispersion slope of the @ mode (i.e., the velocity of the mode)
is well over an order of magnitude smaller than that
calculated from the continuous medium excitation picture
[15,33,36]. This is also in sharp contrast to the case of the 2D
plasmon mode from the Dirac electrons in graphene [7],
where the dispersion is larger than theoretical calculations.

A possible interpretation of such anomalously small
energy dispersion of the @ mode is a coupling with other
collective excitations, which results in a severe self-energy
renormalization. Since its energy is close to that of the
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Characteristics of the a plasmon mode. (a) The dispersions of the @ mode, OP mode of Bi,Ses, and the AP mode of Mn-doped

Bi,Se;. The dispersions of theoretically predicted Dirac plasmon and spin-plasmon are calculated by simply extrapolating the
momentum range of the equations in Refs. [33] and [15], and plotted as black and green dashed lines, respectively. The shaded zones
label the EHPC of massless Dirac electrons and normal bulk conducting electrons. (b) The enlarged EHPC of massless Dirac electrons in
an extended energy range. (c) The normalized intensity and (d) FWHM of the @ mode of Bi,Se; with different incident energies. The
shaded zones illustrate the EHPC of Dirac surface electrons and normal bulk conducting electrons, respectively. The normalized
intensity and FWHM of the bulk plasmon ({ mode) of Bi,Se; are also plotted for comparison.

surface phonons, the @ mode is likely to interact strongly
with this excitation. This can be qualitatively understood by
considering a plasmon dressed by a phonon mode due to
strong electron-lattice interaction [37]. As a result, the

plasmon frequency shouldbe o, = [®,;/\/€;(®, )], where
@, is the bare or undressed frequency, and ¢;(®, ¢) the ionic
effective dielectric function [38]. In a 2D electron liquid
picture with short-range interactions [15,36], the bare
plasmon was theoretically predicted to have acoustic
dispersion (for g <k, the Fermi wave vector), o, * vpq,
where v is the Fermi velocity. But these theories are based
on random phase approximation so that they can only obtain
the dispersions for small ¢, and neglect possible electron-
lattice interactions. In Bi,Se;, a considerable number of
studies [39—44] have shown both theoretically and exper-
imentally that the surface Dirac states interact strongly with
surface phonons, although the specific values of the electron
phonon coupling constant and the interaction mechanism
are still under debate [45]. With strong electron-lattice
interaction,e;(w, q)  (Q/w;)* > 1, where  represents
the interaction strength and w; the phonon energy. Then
the plasmon dispersion becomes w, = (w;/2)vpq, so it
remains acoustic, but its slope (velocity) can be strongly
reduced by electron-lattice interaction. Indeed, as shown in
Figs. 1(f) and 1(g) as well as Fig. 3, the dispersion of the o
mode is slightly anisotropic, e.g., the energy at g = 1.2 A~
is 9.6 meV along the I'— M direction as compared to
8.5 meValong the I" — K direction. This indicates the effects
of lattice symmetry, which manifests the topological

protection of the observed collective mode. However,
whether or not the @ mode couples with a spin density
wave remains unclear. Our observations demonstrate both
the surface Dirac states and their collective excitations are
topologically protected on the 3D TI, though more quanti-
tative studies are needed.
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