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Emergent optical plasmons at the surface of a doped three-dimensional topological insulator
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The conduction electrons in the topologically nontrivial surface states of three-dimensional topological
insulators have been actively exploited to exhibit emergent exotic properties and functionalities. The existence of
a trivial two-dimensional electron gas near the surface has also been widely established, stemming from surface
carrier doping of the topological insulators. Here we investigate theoretically the coupling between the electrons
in the topological surface states and two-dimensional electron gas, and reveal that the helical nature of the
former can be effectively shared with the latter through proximity effect. Next we examine the collective modes
of the combined system and predict an optical plasmon mode rooted in the enhanced interband transitions of the
nontrivial bands with the same helicity. The emergence of the interband transitions also introduce pronounced
variations in the Dirac plasmon mode of the topological surface states, characterized by its gapped feature. These
findings may find important applications in plasmonic and spintronic devices.
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I. INTRODUCTION TSSs and trivial states in the electron gas, both in the ground
state and plasmonic excitations.

In this paper, we present a comprehensive theoretical study
of the coupling between the TSSs and 2DEG, with intriguing
and inherently connected findings. We first reveal that, as a
fingerprint of the nontrivial topology, the helicity of the for-
mer is propagated into the latter through effective proximity
effect. Next we predict that the combined system harbors an
optical plasmon mode, which is attributed to the interband
transitions between the two types of surface states having the
same helicity, with dominant contributions from the inverted
region of the hybrid bands. We further show that the existence
of the interband transitions necessarily introduces pronounced
variations in the more commonly studied Dirac plasmon mode
associated with the TSSs, characterized by its gapped feature.
The existence and tunability of the plasmon modes can be
experimentally exploited and may find important applications
in plasmonic and spintronic devices based on topological in-
sulators.

Three-dimensional topological insulators possessing topo-
logical surface states (TSSs) with spin-momentum locking
have been well-established in recent studies [1-6]. Various
exotic aspects of the plasmonic excitations associated with
the TSSs have also been actively investigated. Compelling
examples include the predictions of a hybrid spin-plasmon [7]
and an optical plasmon mode [8], and experimental observa-
tions of the Dirac plasmon [9-11] and anomalous acoustic
plasmon modes [12], all at the surface or a thin film of
topological insulators. A very recent experimental study has
also reported the observation of multiple plasmon modes in
topological nodal-line semimetals [13]. These developments
have substantially enriched our knowledge of plasmonics in
quantum topological matters.

Beyond the TSSs, another widespread feature associated
with a three-dimensional topological insulator is the existence
of a two-dimensional electron gas (2DEG) near the surface,
originating from the unavoidable electron doping of both the
surface and the bulk [3,5,14]. The physical origin of such
an electron gas accumulation was identified much earlier,
commonly present at the charged surface, as manifested by
band bending near the surface [15-17]. When specified to SURFACE STATE AND TWO-DIMENSIONAL ELECTRON

the three-dimensional topological insulators, the 2DEG also GAS

exhibits Rashba-type spin splitting in its electronic states An illustration of the system is shown in Fig. 1(a), with

[18-22]. Given their close spatial vicinity, it is natural and  the 2DEG and the TSSs of the topological insulator shown in

conceptually intriguing to explore the coupling between the Figs. 1(b)-1(d), respectively. We first introduce the following
effective Hamiltonian to describe the TSS with a k-dependent
mass [2,8,23,24]:

II. HYBRIDIZATION BETWEEN TOPOLOGICAL

“These authors contributed equally to this work.
TCorresponding author: xgli @szu.edu.cn
Corresponding author: zhangzy @ustc.edu.cn

) . A ivpko
Hrss = Ak O’Z+UF(O' Xk)'Z— <—iUFk+ —Akz y (1)

2469-9950/2022/105(20)/205408(6) 205408-1 ©2022 American Physical Society


https://orcid.org/0000-0003-1957-3880
https://orcid.org/0000-0002-8304-1451
https://orcid.org/0000-0003-3196-2563
https://orcid.org/0000-0001-9979-053X
https://orcid.org/0000-0001-5844-3558
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.205408&domain=pdf&date_stamp=2022-05-05
https://doi.org/10.1103/PhysRevB.105.205408

WEI, LIU, CUI, LI, AND ZHANG

PHYSICAL REVIEW B 105, 205408 (2022)

0.0 0.0
@ (o) (©)
ZDEC . ol N=0.89*10"cm™ S o
3D Topological Insulator ; ''''''''''''''' M :‘-:
02t/ Al 0.2
2DEG ——2DEG
Bulk Edge
03 20 40 50 000 005 010 015
. i - z [nm] k, [A™]
(@ 0L\ i// Ol s
) = ! /?/ \\\ \
-0.2 5 [ !
) = o I/ X | ! |
e NS
0.4 010 NI
0.1 ‘ Q‘i 0.1 0.1 0 0.1
ky [A7] ky [A7Y]

FIG. 1. (a) Schematic of the coexisting TSS and 2DEG at
the surface of a heavily electron-doped 3D topological insulator.
(b) One-electron potential V, in the accumulation layer at the given
surface density specified. (c) Calculated dispersions of the spin-
degenerate 2DEG states (dashed and red lines). (d) The decoupled
(dashed) and coupled (solid) dispersions of the TSS and 2DEG states.
(e) In-plane spin texture of the coupled bands cross the Fermi surface
as shown in (d).

where A is the mass term, v is the effective velocity, Z is the
unit vector along the normal direction of the 2D plane, o is the
Pauli matrix, and ki = ky = iky are the 2D wave vectors. In
Fig. 1(d), the massive Dirac cone marked by the dashed black
lines is the TSS from Eq. (1) by setting A = 35 eV x A2 and
vr = 2.3 eV x A, which fits well the experimentally observed
TSS of Bi,Sej in the absence of the 2DEG (see Fig. S2 in the
Supplemental Material (SM) [25]). The system Bi,Ses is used
as a prototypical example in the present paper, and the Dirac
point is below the Fermi level due to the electron doping of
the system [14].

Next, the 2DEG states are obtained self-consistently
by solving the combined Poisson’s and Schrodinger equa-
tions [16,17], a widely established approach invoked recently
in studying surface electronic properties of the topological
insulator [14] (see more details in the SM [25]). In Fig. 1(b),
we show the effective one-electron potential V, that confines
the conduction band states into a number of discrete levels,
and the corresponding spin-degenerate 2DEG states are illus-
trated in Fig. 1(c). By specifying the surface charge density at
N = 0.89 x 10'*cm™2 [25], we have only one state (the red
line) below the conduction band minimum (CBM) associated
with electron doping of the bulk. The other 2DEG states (grey
dashed line) with higher energies above the CBM will pene-
trate deeper into the bulk [16,17] and will be readily screened
by or hybrid with the carriers in the bulk. Therefore, we
will concentrate on the lowest 2DEG state that, in principle,
can dominantly couple with the TSS. Considerations of more
2DEG states will be presented later.

So far, the TSS and 2DEG states are introduced indepen-
dently without coupling, as indicted by the black dashed lines
in Fig. 1(d). When their coupling is switched on, we have the

following interacting Hamiltonian:

Hrss — ptss
H.¢ =
eff ( VI*O.O

Vioo ) @

H>peg

where urss is the chemical potential of the TSS, V) is the
coupling strength between the TSS and 2DEG state, oy is the
2 x 2 identity matrix, and Hypgg represents the lowest-lying
2DEG state in Fig. 1(c). In Fig. 1(d), the solid lines are the
coupled states from Eq. (2) and several intriguing features can
be observed as follows. Here we have chosen V; = 100 meV,
which yields band splittings comparable to the experimental
observations [18-22], and urss is set to be 450 meV.

First, the spin-degenerate 2DEG state now exhibits the
Rashba-type splitting due to its coupling with the TSS, as
experimentally observed at the surfaces of inherently or inten-
tionally doped 3D topological insulators [18-22]. The detailed
in-plane spin textures for the three bands 1-3 crossing the
Fermi level are further displayed in Fig. 1(e). Intriguingly, the
robust helical nature of the TSS (band 3) persists and further
propagates into the spin-split 2DEG states (bands 1 and 2)
through effective proximity coupling, qualitatively explaining
existing experimental observations [18,21]. Furthermore, be-
yond the in-plane spin textures, the behavior of the out-plane
spin component (o) in the TSS is also shared by the 2DEG
states. In Figs. S3 of the SM, we show the three projected spin
components of the electrons in bands 1-3 of Fig. 1(d), along
the black dashed line in Fig. 1(e). In all three bands, only
those states near £ = 0 (namely, the Dirac point) have pure
in-plane spin components (o = 1), and the o, components
gradually develop as the momentum increases, again qualita-
tively consistent with existing experiments [4,21]. We further
analytically derive that o = o at k = vg/A, which coincides
with the numerical results in Figs. S3.

Second, the hybrid bands now open a gap at the crossing
points, accompanied by a band inversion between the TSS and
2DEQG state [bands 1 and 3 in Fig. 1(d)]. Importantly, such
a band inversion can substantially enhance the overlapping
integral of the interband transitions and facilitate the creation
of the electron-hole (e-h) pairs accordingly. As a consequence,
the system can harbor the formation of plasmon modes associ-
ated with the e-h pairs, particularly when the e-h pairs interact
coherently [8,26]. It is also worth pointing out that the band
inversion only takes place between bands 1 and 3 with the
same helicity (helicity selection rule), as shown in Fig. 1(d),
a point to be further justified from the overlapping integrals
in Fig. 3(b). Therefore, owing to their degenerate helicity,
the interband plasmon excitations are always accompanied
by a transverse spin mode known as a hybrid spin-plasmon
mode [7]. We note that such hybrid spin-plasmon modes could
also emerge at the surfaces or interfaces with strong Rashba
spin-orbital coupling induced by spatial inversion symmetry
breaking [27,28]. Furthermore, it should be very intriguing
to investigate whether the spin-plasmon mode also possesses
definitive helicity, an objective to be explored in future
studies.

When the Fermi level is far away from the Dirac point,
the nonlinear term in the effective model for the surface state
becomes significant, as represented by the warping effect [29].
In this case, the Hamiltonian describing the TSS can be gen-
eralized to H (k) = Eo(k) + vi(kco, — kyoy) + A/Z(ki +i3).
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FIG. 2. (a) Energy contours of the topological surface state with
the inclusion of the warping effect. (b) The corresponding in-plane
spin texture of the topological surface state, with the arrow length
representing the relative magnitude of the spin. Here, the electron
effective mass m* is given by the bare electron mass, « = 0, and
A =100eV x A3,

The corresponding constant energy contours of the TSS and
its in-plane spin texture are given in Fig. 2, using typical
system parameters as given in the caption. Here we note that,
first, inclusion of the warping effect still preserves the in-plane
spin-momentum locking nature of the TSS, even though it
alters the magnitudes of the in-plane spin component along
the warping direction. Second, the helicity selection rule is
rooted in the band inversion between the 2DEG and TSS.
With the inclusion of the warping effect, the dispersion of the
TSS becomes steeper but the band inversion is still present.
Therefore, the warping effect will not compromise the helicity
selection rule either. Finally, the plasmon dispersion is ex-
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FIG. 3. (a) Calculated S(q, w) considering only the intraband
transitions in Fig. 1(d), with the shaded region representing the
formed intraband e-h continuums. « is set to be 2 throughout this
paper. (b) The interband overlapping integrals F»; and Fi; at g =
0.01 A='. (¢) Calculated S(g, w) considering all the transition chan-
nels in Fig. 1(d). (d) Extracted peaks at each q in (c¢) (filled circles),
together with the intraband plasmon mode (dashed line) and e-h
continuums.

pected to become anisotropic in systems with strong warping
effects.

III. EMERGENT OPTICAL PLASMON MODE

Now we shift our focus to the detailed characterizations
of the plasmon modes, especially the existence of the optical
plasmon mode. Under the random phase approximation, the
plasmon excitations can be obtained from the dielectric func-
tion &(q, w) as [30]

e(q, w) =1 =V,Il(g, ), 3

where V, = 2 e?/kq is the 2D Coulomb interaction, « is the
effective dielectric constant. The noninteracting polarization
function I1(g, w) is expressed as [8]

d*k  n(Ew) — nEritq)
I(q, = —Fyy .
@) Z[ QY o+ Ek — Eripg +in | O

L
4
Here, [(I") labels the band indexes, 7 is the Fermi distribution
function, 7 is an infinitesimal introducing the damping, and
& represents the band dispersion. Fj; (k, k 4 ¢) has the form
of

Frt, k+q) = |k, 1|l', k + q)1, (5)

where |/, k) is the periodic part of the Bloch wave function.
The plasmon excitations are defined by £(¢q, @) = 0 and usu-
ally manifested by the peaks in the energy-loss function as

S(q, w) = Im|:— ! ] (6)
e(q, )

which can be directly detected experimentally.

We first examine the plasmon excitations originating from
the intraband transitions by setting [ =/’ in Eq. (4). The
results are shown in Fig. 3(a), displaying the three plasmon
modes from the TSS, 2DEG, and their combined contri-
butions, respectively, with each mode obeying the generic
acoustic plasmon dispersion in 2D electron systems [31,32].
Here we note that, when compared to the commonly studied
Dirac plasmon mode purely tied to the TSS, the resultant
acoustic plasmon mode is energetically pushed higher in the
presence of the 2DEG [33].

Now we turn to the interband transitions by first looking at
the interband overlapping integrals Fj; at a quantitative level.
In ordinary systems, F; is negligibly small from the interband
channels in the long-wavelength limit, as demanded by the
orthogonality of the eigenstates. Here, in Fig. 3(b), we contrast
F>3 and Fy3 in the momentum space, displaying dramatically
enhanced interband transitions in the latter within the gap
opening region of the inverted bands [see Fig. 1(d)]. Another
subtle point to emphasize is that the interband transitions are
enhanced only between bands 1 and 3 with the same helicity.

Next we investigate the collective nature of the e-h pairs
associated with the interband channels by letting the band
indexes [ and !’ in Eq. (4) run over all the hybrid bands
in Fig. 1(d). The calculated loss function S(q, w) is shown
in Fig. 3(c), which exhibits two striking features. First, the
acoustic plasmon mode is broken into two segments, labeled
by P; and P;. To elucidate this effect more clearly, we plot in
Fig. 3(d) all the locations of the peaked spectra extracted from
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FIG. 4. Momentum distribution curves of the real (blue) and
imaginary (red) parts of €(q, w) and the loss function S(q, w) (black)
along cuts 1-4 (dashed lines) indicated in Fig. 3(c).

Fig. 3(c), revealing that the gap opening in the acoustic plas-
mon mode is primarily due to its coupling with the e-h pairs
of the interband transitions. Second, and most significantly,
an optical plasmon mode (P,) emerges at higher frequencies,
which originates from the enhanced interband transitions be-
tween the inverted bands 1 and 3 with the same helicity. The
helicity selection rule of the optical plasmon excitation is in
essence rooted in the fact that the originally trivial 2DEG has
inherited the nontrivial topology from the TSS.

To further substantiate that the hybrid plasmon modes are
well-defined and long living, we show in Fig. 4 the momentum
dependence of the real and imaginary parts of the dielectric
function ¢(g, @) and the loss function S(gq, @) along the four
dashed lines marked in Fig. 3(c). We observe that the acoustic
and optical plasmon modes both emerge at Re[e(g, )] = 0,
with negligibly small Im[e(q, w)]. Furthermore, the gap open-
ing in the acoustic plasmon mode can be better understood
by combining Figs. 3(d) and 4. Physically, the number of e-h
pairs is proportional to the intensity of Im[e(q, w)] [26], which
also determines the Landau damping rate of the plasmons.
In Fig. 4(c), the Im[e(q, )] shows a small peak near the
lower boundary of the interband e-h continuum [see also in
Fig. 3(d)]. As a consequence, the acoustic plasmon mode
decays more quickly in this region, thereby opening a gap as
shown in Figs. 3(c) and 3(d). It is worth noting that, given
the magnitudes of the plasmon modes obtained in the present
paper, the temperature effect is negligible on the plasmon
dispersions as long as the temperature is not much higher than
room temperature.

Now that the existence of this plasmon mode has been
established, we can explore its other characteristics and in
particular tunability in physically realistic conditions. First,
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FIG. 5. (a), (b) The loss functions S(q, @) at the different dop-
ing levels marked as Ef; and Ep, in Fig. 1(d). (c), (d) Momentum
distribution curves along cuts 1 and 2 in (a) and (b), respectively.

we stress that its emergence with substantial spectral weight
is ensured only when the band inversion takes place near the
Fermi level. To illustrate this point, we can shift the Fermi
level of the system to be away from the band inversion region
by doping, indicated by the marked Fermi levels (Eg; and Ep,)
in Fig. 1(d). The corresponding plasmon modes are shown in
Figs. 5(a) and 5(b), revealing that the optical plasmon mode
weakens in Fig. 5(a) and disappears in Fig. 5(b). In particular,
peak P is contributed by uncorrelated e-h pairs rather than
a true plasmon mode, as reflected in Fig. 5(d) by nonzero
Re[e(q, w)] and strong damping in Im[e(g, w)]. Second, there
exists a subtle conservation law in the total spectral weight of
the plasmon modes, as shown in Fig. S(6) by the integrated
S(q, w) over w at each g from Figs. 3(c) and S4(c), respec-
tively. The underlying physics is that, generically, electrons
in the occupied states can only participate in either the intra-
or inter-band transitions even in the hybridized case, but not
both.

IV. DISCUSSION AND CONCLUSION

Before closing, we propose two opposite tuning ap-
proaches to further explore the characteristics of the optical
plasmon mode. One is to completely deplete the 2DEG
through surface hole doping [4], which should be accom-
panied by the disappearance of the optical plasmon mode.
The other is to increase the density of 2DEG, so more than
one spin-degenerate states will drop below the CBM and be
coupled with the TSS. As illustrated in Fig. S5 of the SM,
both sets of the spin-degenerate states can contribute to the
optical plasmon mode within the helicity selection rule, with
higher frequency and overall enhanced spectral weight [see
Fig. S(6)]. This latter regime is more experimentally reach-
able, as indicated in several recent studies [18-22].
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In conclusion, we have presented a comprehensive theo-
retical study of the coupling between the TSS and 2DEG at
the surface of topological insulators, with multiple intriguing
findings. We first revealed that the helicity of the former
can be effectively shared with the latter through proximity
effect. Next we predicted that the combined system can har-
bor an optical plasmon mode, which is solely attributed to
the interband transitions between the two types of surface
states with the same helicity, and the dominant contribution
is drawn from the band inverted region. The allowance of the
interband transitions necessarily also introduces pronounced
variations in the Dirac plasmon mode, characterized by a
gapped feature. The existence and tunability of this optical
plasmon mode can be experimentally exploited for applica-

tions in plasmonic and spintronic devices based on topological
insulators.
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