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We have utilized magneto-optical time-domain spectroscopy to investigate the low frequency optical response
of topological insulator Cuy,Bi,Se; and Bi,Se; films. With both field and frequency depedence, such exper-
iments give sufficient information to measure the mobility and carrier density of multiple conduction channels
simultaneously. We observe sharp cyclotron resonances (CRs) in both samples. The small amount of Cu substi-
tution into the Cug,Bi,Se; induces a true bulk insulator with only a single conduction channel with total sheet
carrier density ~ 4.9 x 10'?/cm? and mobility as large as 4000 cm?/V-s. This is consistent with pure topological
surface state (TSSs) conduction with a chemical potential ~150 meV above the Dirac point. Hence, a true topo-
logical insulator with an insulating bulk is realized. The CR broadens at high fields, an effect that we attribute
to an electron-phonon interaction. This assignment is supported by an extended Drude model analysis on the
zero field data. In contrast to Cugg,BiySes, two charge channels were observed in normal Bi,Se; films. We
demonstrate a method to distinguish between the dominant TSSs and trivial bulk/2DEG states. The dominant
channel exhibits a CR with a carrier density of ~ 2.0 x 10"*/cm? and mobility ~ 3200 cm?/V s, consistent with

TSSs with a chemical potential ~ 350meV above the Dirac point.

Topological insulators (TIs) are a newly discovered class
of materials characterized by an inverted band structure [[1H3]]
caused by strong spin-orbit coupling. In the ideal case, they
have an insulating bulk and only conduct via massless Dirac
topological surface states (TSSs). Spin-momentum locking
in their electronic structure makes TIs a promising platforms
for spintronics applications [4]. Progress in this field has been
hampered by the fact that all discovered T1Is to date are slightly
doped and have a conducting bulk. For instance, exotic p + ip
interface superconductivity between a bulk-insulating TT and
an s-wave superconductor was predicted to exist, but has been
not definitively confirmed due to residual bulk conduction [3].
Axion electrodynamics [6] and quantized Faraday rotation [7]
in units of the fine structure constant « (~ 0.4 °) also remains
unobserved. Moreover, a conducting bulk hinders the explo-
ration of interaction effects in the TSSs because screening is
strong at high carrier density. Tuning the chemical potential
towards the Dirac point and enhancing mobility was shown
to be very successful in probing many-body interactions in
graphene [§]]. Similar advancement is expected in TIs, but has
not yet been realized.

The band structure of BiSe; is one of the simplest of
the 3D TIs with only a single Dirac cone at the center of
the surface Brillouin zone. The possibility of high quality
stoichiometric growth by MBE [9, [10] and a large 300meV
gap makes room temperature applications plausible. Unfortu-
nately, Bi,Ses is known to have a conducting bulk due to de-
fects from the growth process. Suppression of the bulk carrier
density has been achieved by chemical doping methods [11-
14]. Nevertheless, these samples still have significant den-
sities of bulk carriers or impurity states that are pinned near
Er. Gating has also been used to deplete bulk carriers and
enhance mobility [[15][16]], but an external high voltage is not

convenient for device applications. Recently it was found that
~ 2% Cu doping suppressed the bulk carriers and a true insu-
lating state was realized in thin films [[17]. Here we investigate
these copper doped bulk insulating thin films and their con-
ducting surface states, outside of the superconducting regime
investigated in some previous works[17]].

Cyclotron resonance (CR) experiments are a powerful tool
to study Dirac fermions and probe many-body interaction
[18, [19]. CR is also one of the most accurate measures of
effective mass [20]]. In previous work, a large Kerr rotation in
bulk-conducting Bi;Se; films was claimed from CR of TSSs,
but no sharp resonance feature was observed [21]]. Cyclotron
resonance has been reported in In,Ses capped films [22]], but
large Indium diffusion from In,Ses to BiySe; [23] ruins the
simple non-TI/TT boundary at the interface, as the topological
phase transition occurs at low Indium concentrations (~ 6%)
[24].

In the present work, we used magneto-optical time-domain
terahertz spectroscopy with ‘fast rotator’ technique [25]] to ob-
serve sharp cyclotron resonances in both Cug;BiSes; and
pure BiySe; thin films. We demonstrate that Cug,Bi,Ses
can be described by a single Drude component with total
carrier density nyp ~ 4.9 X 10'2/cm?. This Drude contri-
bution is consistent with pure surface state transport with an
Er ~ 150 meV above the Dirac point(70meV below the con-
duction band), which makes Cug »BiySes a true topological
insulator. This can be compared to Bi;Se; where we found
two channel conduction. Consistent with our previous work
[211124], we determine that the large Faraday rotation (rotation
of transmitted linearly polarized light) in this material is in-
duced by a dominant high mobility channel with sheet carrier
density nyp ~ 2.0 X 10'3/cm?, which is consistent with TSSs
with an Er ~ 350meV. However, a subdominant low-mobility



a b (5
é ) ®s0 © .10
= 2541 3.0 -
"3; i~ 64QL Cug o,Bi,Ses 5?K 254 64QL Cug,Bi,Se; 5K
2 20 5 27 3 - .
o g 104 . h % 2.0+ %
8 157 & ool - d¢ "o 1.54 i
S 0.2 1.0 i = =
5 10 Frequency (THz) °® & = 1.0 o
3 (2, 640L Bi;Se; O 64QL Cug g BipSe; of o - or T @
R i 06 9% —
§ 57 T, 054 a1 ar 5T — e 0T to 7T
= 6T — 7T J with 0.25T step
& 0- T T T T 0.0 T T T T T T -0.10+ T T T v T T
0.5 1.0 15 2.0 0.4 0.8 1.2 0.4 0.8 1.2 1.6
@ Frequency (THz) © Frequency (THz) Frequency (THz)
e . ®
0.05 1.4 0.107 " " Field dependent
1.2 fc=(0.1978 + 0.0009)B scattering rate
/ ' m*~0.14mg 0.054 - Zero-field
0.001 > = 1.0 2 2 . scattering rate
I — Nyp~4.9*10" /cm [ O 6 O 6" Data
_E T 0.8 % 0.00 ;- A
S -0.05- 6 Camme) g
= o EC~220meV\ ~ -0.051
G 0.4 E~150meV X >
@ -0.107 < A -0.101
0T to 7T 0.2 '
ith 0.25T ste - j S
-0.15 T T T le T 'S E 00 T T T T T T T -0.15- T v T v T v T
0.4 0.8 1.2 1.6 0o 1 2 4 5 6 7 0.4 0.8 1.2 1.6

Frequency (THz)

Field (T)

Frequency (THz)

FIG. 1: (Color online) (a) Real sheet conductance of 64QL Cug ,Bi,Se; and Bi,Se; films at SK. Inset is the Drude conductance G of 64QL
Cug2Bi,Se; after subtracting the phonon and €., contributions. (b) Field dependent conductance of 64QL Cug;Bi,Ses; film at SK. Arrows
are guides to the eye for cyclotron resonances. (c) Real and (d) Imaginary part of complex Faraday rotation data for 64QL Cuyg,Bi,Se; films
at different fields at SK. (e) Cyclotron frequency versus field. The inset is a cartoon indicating Er = 150meV, 70mev below conduction band
minimum. (f) Complex Faraday angle with fit at 7T. Solid curves are fits with variable scattering rate as a function of field. Dashed curves are
fit using the zero-field scattering rate. Arrows are guides for cycltron frequencies to the eye.

second Drude term is also required to fit the data. This sub-
dominant term, which likely derives from trivial states (bulk
and/or 2DEGQG) is featureless in the Faraday rotation and only
gives a small flat background.

In Fig. [T(a), we show the zero field THz range conductance
of a 64QL Cug,Bi,Se; film, as compared to 64QL Bi,Ses.
The Cu substituted sample’s spectra are characterized by a re-
duced total spectral weight and slightly lower scattering rate
than the pure BiySe;. The spectra can be well fit by a Drude-
Lorentz model with a Drude term describing free electron-
like motion, a Drude-Lorentz term modeling the photon and a
lattice polarizability €, term that originates from absorptions
outside the spectral range.

2 S}
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Here I'’s are scattering rates, w,’s are plasma frequencies,
and d is the film thickness. The spectral weight (wf,) is pro-
portional to the integrated area of each feature in the real part
of the conductance. It gives the ratio of carrier density to an
effective transport mass. Considering the TSS dispersion up
to quadratic corrections, the spectral weight can be expressed
in terms of kg [24]], where A and B are TSS dispersion param-
eters.
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Lower spectral weight means lower carrier density and
smaller effective mass (see supplementary information(SI) ).
From Drude-Lorentz fits, we find a)ﬁ,d and obtain Er ~ 150
meV, m* ~0.14m, and a total sheet carrier density n,p ~5.0
x10'%/cm?.

Above, we could estimate carrier density and mass by the
zero field spectra alone because both can be expressed as a
function of kr. Below we determine the mass in a model
free fashion through cyclotron resonance experiments. The
signature of CR is a peak in the real part of the conductance
(IJb)), an inflection point in real part of Faraday rotation (I]c))
and a dip in the imaginary part of Faraday rotation (Ifd)),
which shifts with magnetic field. Its full width at half max-
imum (FWHM) is the scattering rate. We use the fast ro-
tato technique to measure the polarization states with reso-
lution 0.5mrad [25] (See SI for experimental details). Field
dependent complex Faraday rotation data are shown in Fig.
[[[c)(d). One can see that an edge feature around an inflec-
tion point in the real part and a dip in the imaginary part shifts
to higher frequency with increasing field, which is consistent
with cyclotron resonance. We fit the data by a Drude-Lorentz
model accounting for the field dependence for the Drude term
and constraining the parameters of the phonon and the high-
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FIG. 2: (Color online) (a) Real conductance of 100QL Bi,Se; comparing single and two component Drude fits. Inset enlarges the low
frequency part. (b) Field dependent conductance SK. (c) Real and (d) Imaginary part of complex Faraday rotation data at different fields at SK.
(e) Cyclotron resonance frequency versus field. The inset is a cartoon indicating Er = 350 meV Dirac point. (f) Complex Faraday rotation
data with fit at 7T. The solid curve is the two Drude fit. Dashed curve is one Drude fit.

frequency terms by values extracted from zero-field conduc-
tance. Conductance in a magnetic field is described by the
expression.
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Here the + sign signifies the response to right/left-hand cir-
cularly polarized light, respectively, and w, is the cyclotron
frequency to be defined below. The transmission can be an-
alyzed according the thin film transmission equation [26] for
each polarization handedness separately. The Faraday rotation
can be then expressed as tan(6r) = —i(¢, —t-)/(t+ + t-) where
t. is the transmission for right/left-hand circularly polarized
light. Note that the Faraday equation is a complex quantity
because in addition to rotations, phase shifts that are different
for right/left hand polarized light can be accumulated. The
imaginary part is related to the ellipticity [25].

The fits to this model for the Faraday rotation are shown
for a representative field of 7T in Fig. f) (see SI for fits to
all fields). In this plot the dashed curves are fits with fixed
spectral weight and scattering rate ~ 0.4THz (obtained from
the zero-field conductance fit). One can see that although the
gross features of the spectra are reproduced, using the parame-
ters of the zero field spectra in their entirety fails to reproduce
certain aspects of the Faraday rotation, including its maxi-
mum. A much better fit (solid line) can be reached by letting
the scattering rate vary with field, while keeping the other pa-
rameters fixed. The origin of this field dependent scattering

G. = —iguwd

rate will be addressed below. The fits allow us to extract the
cyclotron frequency as a function of field; it is exhibited by the
raw spectra as the minimum in the imaginary part of the Fara-
day rotation. A linear fitting w. = eB/m* = 2nf, gives an ef-
fective mass of 0.14m,. By using the relation wéd = % and
spectral weightobtained from fitting Faraday rotation, we can
extract a total sheet carrier density nyp = 4.9+0.1x 10'2/cm?.
These numbers are in excellent agreement with the ones we
measured at zero field, but were determined without appeal-
ing to the band structure. Note that the cyclotron resonance is
primarily sensitive to high mobility channels, because in order
to observe a well resolved CR f. > I'. DC transport arrives at
similar conclusions. The Hall effect is linear in field (showing
single channel tranport), and both it and Shubinikov-de Haas
oscillations give nop ~ 5 x 10'2/cm?, [17]. By combining
these four measurements, we can conclude that Cug o, BirSe;
has an insulating bulk with decoupled TSSs, an Er ~150 meV
above the Dirac point and for the sample highlighted here high
mobility u = e/2aT pm* ~ 4000cm?/V- s. The features were
robust to sample aging as the samples maintain an Er ~ 150
meV and high mobility after sitting in air for eight months
(see SI).

Films of Cuy,Bi>Se; can be contrasted with films of pure
Bi,Ses, which is known to have the surface chemical potential
pinned at the bottom of the bulk conduction band [10} 27, [28]].
In previous work we have shown that despite residual bulk
conduction, TSSs dominate the transport in these MBE films
[10, 21) 24]. We can use our magneto-optical THz spec-
troscopy to determine exactly the size of the subdominant bulk



conduction. In Fig. Eka), we show zero field conductance
spectra from a typical 100QL Bi,Ses film. It has higher spec-
tral weight than Cug ,Bi,Ses, consistent with a higher charge
density. Similarly, in Fig[2|c) the plateau-like Faraday rota-
tion at 7 Tesla at low frequencies is as large as ~0.25 radians
(~ 14°) while the value for Cug;BiySe; sample is ~0.07 ra-
dians (~ 4°). Cug2BiySes is a significant step towards quan-
tized Faraday rotation.

In Figs. 2[b)-(d), for Bi,Ses, the peak in the real conduc-
tance, an edge around the inflection point in the real Faraday
rotation and the dip in the imaginary Faraday rotation are ex-
hibited at lower frequencies than in Cug,Bi,Se; at the same
field, which indicates BiySes has a heavier CR mass. In Fig.
Eke), the linear fit of f. vs. B gives an effective mass ~0.20m,.
We believe that this cyclotron resonance derives from TSSs, as
this mass is inconsistent with the previous reported bulk effec-
tive mass 0.12m, for the carrier density range 4x10'7/cm? to
4x10"/cm? [29]. Moreover, the 2DEG present on some sam-
ples from band bending has an effective mass around 0.1 1m,-
0.12m, [30]. Note that this value is very different than that
derived in our previous work [21l]. The reason for this dis-
crepancy is discussed at length in the SI.

One can see from Fig. [2(f) that fits of the Faraday rotation
using only a single Drude term are reasonably good. As be-

fore we use the spectral weight ( wf,d = %) to extract a
total sheet carrier density npp ~ 1.9+0.1x 10'3/cm?. If using
Eq. 2 with the TSS dispersion, from spectral weight we find
kp ~ 0.11/0%‘1, Er ~ 350 meV, nyp ~ 2.0 x 10"3/cm? and
m* ~0.20m,, which self-consistently assigns this high mobil-
ity channel (u ~ 3200cm?/Vs) to TSSs. Considering that the
characteristic penetration depth (~ 7vg/A) of the TSS wave-
functions is of order 1 nm [24]], ~7 ° rotation per surface is a
giant rotation per unit length.

The fits to the Faraday rotation with a single Drude param-
eter are excellent, but significant discrepancies arise if we use
the parameters determined by these fits to fit the conductance
data. In Fig. [2fa), one can see that this single Drude com-
ponent fit significantly underestimates the conductance by a
roughly constant amount over the entire spectral range. As an
Er of ~ 350 meV corresponds to a chemical potential in the
bottom of the conduction band, it is reasonable to ascribe this
difference to a subdominant low mobility conduction channel
coming from bulk or non-topological 2DEG. Adding this sec-
ond term with a large scattering rate (I' > 4THz) improves
the conductance fit dramatically. Although the Faraday rota-
tion is reasonably insensitive to such a low mobility channel,
adding this term does improve the Faraday fits somewhat. Es-
sentially, the second channel manifests itself as a small flat
background in the Faraday rotation. For this reason we are
not able to extract the effective mass of the low mobility chan-
nel. If literature values for the bulk or 2DEG mass are used,
this channel has carrier density 75 ~ 8.0 x 1012 /cm? and low
mobility p < 300cm?/Vs. The ratio orsss/T o = 90% con-
firms that TSSs dominate transport as observed in previous
THz measurements [21), 24]]. This contrast further confirms

Cug p2Bi;Ses has a single TSS conduction channel.
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FIG. 3: (Color online) (a) Scattering rate as a function of cyclotron
frequency (red). Renomalized scattering rate by mass through ex-
tended Drude analysis (green). (b) Renormalized mass as a function
of frequency. The error bars express the uncertainty in w,,.

Having identified the transport channels in these films and
their relevant parameters, we can look in more detail at the
magnetic field dependence of the scattering rates. As shown in
Fig the scattering rate in Cug pBirSes has an increase with
field (or cyclotron frequency), displaying a maximum near a
cyclotron frequency of 0.9THz +0.1 THz. As discussed in the
SI, we can exclude magnetic field induced spin- or orbital-
based electronic mechanisms for this broadening[31]. Be-
cause it is the only relevant energy scale in this range, we
believe the effect is due to a coupling of electrons to phonons.
Similar CR broadening has been observed in GalnAs quantum
wells and graphene around phonons [32| [33]. One generally
expects that the a CR will become broader at energies above
the relevant phonons because new scattering channels become
available.

An extended Drude model (EDM) analysis of zero field
data supports the inference that the broadening is due to cou-
pling to a low energy mode like a phonon. Such analysis al-
lows one to quantify subtle deviations from pure Drude be-
havior (e.g. Lorentzian form) as shown in Figﬂka) inset in the
form of frequency dependent masses and scattering rates. In
such analysis one inverts the data (where Gp is Drude intra-



band contribution to the conductance) via Egs. (4)

1 wf,d 1 m* wf,d 1
= Rl o= @)

An EDM analysis of the zero field conductance data shows
a frequency dependent scattering (I'p(w) = 2—}”) and an
electron-phonon coupling constant (A(w) = % —1). As shown
in Fig[3(b), low frequency limit of 1 ~0.9 + 0.2 roughly agree
with previous experiments 4 ~ 0.43 [34] and calculation A
~ 0.86 [35]]. Since the mass renormalization effects here are
reasonably small, we approximate the bare plasma frequency
with the plasma frequency extracted from zero-field conduc-
tance and CR fits.

From the EDM parameters we can define a fully renormal-
ized scattering rate I';(w) = I'p(1 + A(w)) which will be the
width of the conductance spectral features. I*(w) includes
the renormalization effects of the lifetime as well as the mass.
Plotting this quantity in Fig[3[a), we find the general trend
and energy scales of the scattering rate from the EDM are the
same as the width of the cyclotron resonance. The data from
the extended model is a sharper version of the cyclotron reso-
nance, which is expected because the cyclotron resonance fit
is assuming a frequency independent scattering rate.

The correspondence between these two analyses shows
that the magnetic field does not have a major effect on the
cyclotron resonance broadening, and we propose electron-
phonon coupling as cause of these effects. In the present case
the energy scale of the saturation (0.9 THz) is close to scale
of the previously observed Kohn anomaly of surface the 8
phonon, 0.75 THz at 2kp [36] [37]. The energy scale also
matches closely to the scale of the maximum acoustic phonon
energy that can can couple to cross Fermi surface scattering
c; X2kp/2m ~ 0.6 THz (where ¢; ~ 2900m/s is longitudinal
phonon velocity) [38]. We should also point out a low-energy
E1, phonon also exists at ~1.17THz (bulk value) and may also
be relevant here. Unfortunately, it is difficult to distinguish
these possibilities [36, [39] 40] without momentum resolved
probes.

In conclusion, we have observed THz range cyclotron res-
onances from TSSs in Cug,Bi,Se; and Bi,Se; MBE films.
In Cup,BiySes, only a single high-mobility channel is nec-
essary to fit the conductance and Faraday rotations, which is
consistent with a pure TSS channel. We find that Cug ¢, Bi,Ses
is a true bulk-insulating topological insulator. It is stable in air
for 8 months by the protection of a Se capping layer. In pure
Bi,Ses, the high mobility TSSs dominate the Faraday rota-
tions, but a second low mobility channel is needed to fit the
zero field complex conductance. We also observe an anoma-
lous broadening effect at higher fields in the cyclotron reso-
nance that - supported by an extended Drude model analysis -
we ascribe to coupling of electrons to phonons. The develop-
ment of the true topological insulator Cug 0, BiSes is a signif-
icant move towards the observation of the predicted quantized
Faraday rotation and many-body interactions in these systems.
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