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Topological insulators have been predicted to exhibit a variety of interesting phenomena including
a quantized magnetoelectric response and novel spintronics effects due to spin textures on their
surfaces. However, experimental observation of these phenomena has proved difficult due to the finite
bulk carrier density which may overwhelm the intrinsic topological responses that are expressed at
the surface. Here, we demonstrate a novel ionic gel gating technique to tune the chemical potential
of BizSes thin films while simultaneously performing THz spectroscopy. We can tune the carrier
concentration by an order of magnitude and shift the Fermi energy, Er to as low as >~ 10 meV above
the Dirac point. At high bias voltage and magnetic field, we observe a quantized Faraday angle
consistent with the topological magnetoelectric effect that can be tuned by ionic gel gating through

a number of plateau states.

Three dimensional topological insulators (TIs) are
characterized in the ideal case by gapped insulating bulk
and gapless conducting surface states that have a Dirac-
like energy-momentum dispersion relation ﬂ—@] These
topological surface states (T'SSs) are expected to exhibit
novel topological phenomena including quantized trans-
port and manifest a quantized axion magnetoelectric ef-
fect HZHE] While sample growth has improved such that
quantized responses of T'SSs have been measured, rela-
tively large charge densities remains a pressing issue in
many systems ﬂQ, ﬂ, E] Therefore, there is a need for
sample growth independent method of reducing the bulk
conduction.

Magnetoelectrics are materials in which a polarization
can be created by an applied magnetic field or a magneti-
zation can be created by an applied electric field [13] and
have been topics of research for decades. We recently ob-
served the quantized topological magnetoelectric effect
(TME) in thin films of BiySes [9]. The TME rests on
a formulation where the electrodynamics of a TI is re-
garded as a bulk magnetoelectric and not as a surface
conductor per se. This can be seen in the following fash-
ion. When a field breaks the time reversal symmetry, the
TT surface states will become gapped and allow a surface
quantum Hall effect. For a pure Hall current, an applied
electric field in the g direction will induce a transverse
Hall surface current K,. As a surface current can be
written as bulk magnetization e.g. K = M x 7 (where 71
is a surface normal), an applied electric field will induce
a current that is equivalent to a bulk magnetization. For
an inversion symmetric TI, one can show that the surface
Hall conductance must be G, = (N + %)% and hence
the proportionality between the polarization and applied
magnetic field or the magnetization and applied electric

field is quantized in terms of universal constants of nature
[14] e.g. M, = (N + %)%Ey In this expression N corre-
sponds to the number of occupied gapped states (Landau
levels) on the surface due to finite surface electron den-
sity. In the TME formulation these can be seen as some
number of Chern insulator layers absorbed to the surface.
However the % arises purely from the bulk magnetoelec-
tric effect as any strictly two dimensional insulator must
have a quantum Hall conductance that is % times an
integer. Hence the surface states must not be seen as
a 2D system, but as a boundary of a three-dimensional
solid. This is the quantized response demonstrative of
TTs being a distinct state of matter.

The TME can be measured as quantized Faraday and
Kerr rotations when time-reversal symmetry is broken.
In the present work we demonstrate that we can tune
the surface state contribution to the TME. We do this
by developing a novel ionic gel gating technique through
which we can tune the Fermi level very close to the Dirac
point, while studying the magnetoelectric effects using
time domain THz spectroscopy (TDTS). Unlike more
conventional metallic gates, the ionic gel gating is effec-
tively transparent to THz radiation at low temperatures
and fully compatible with TDTS. As a function of mag-
netic field, we observe both semiclassical and quantized
transport regimes. The low field semiclassical cyclotron
resonances provide a way of quantifying the shift of the
chemical potential on the surface. For low carrier densi-
ties and at high enough magnetic fields, we observe a
quantized Faraday rotation consistent with the TME.
The TME can be tuned by applied electric field from
the ionic layer.

High quality BisSes thin films were prepared using
molecular beam epitaxy as described by Koirala et al.
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FIG. 1. (a) Schematic of the experimental setup to study

the TME of the topological surface states tuned by electric
field. P (fixed), Px(rotating), and Ps (fixed) are the wire grid
polarizers for measuring the 0 of the THz pulse. (b-c) Real
and imaginary parts of the conductance (G = G1 + iG2) for
15 QL BizSes3/MoOs film measured at different bias voltages.

ﬂﬂ] Tonic liquid gating is one of the most effective ways
to apply a high electric field to tune the Fermi level
ﬂﬁ, %] Additionally, the method has the particular
advantage for the present case that the conducting elec-
trodes are out of the THz beam path. Moreover, at low
temperatures a thin ionic liquid layer is largely transpar-
ent at THz frequencies. The high polarizability of the
ionic liquid ensures a uniform electric field at the sur-
face as shown in Fig. 1 of the supplementary information
(SI). However, liquid gates cannot be used in vertical op-
tical setups. The liquid gates can also have nonuniform
thicknesses (droplet) and variable shape upon tempera-
ture cycling thereby variable optical properties. This ren-
ders typical liquid gating approaches incompatible with
TDTS spectroscopy. To overcome these problems, we
have developed a novel method to prepare an ionic gel
that can be spin coated on the TT film and allowed to
dry. The ionic liquid is dissolved in a co-polymer that en-
sures mechanical stability without impeding the capacity
to apply large E-fields. To apply a gate bias, films were
patterned by photolithography and wet etching in diluted
aqua regia solution, HNO3 /HCL/H5O (1:3:2). Each pat-
terned film consists of a circular region which is used for
THz transmission spectroscopy and the surrounding re-
gion which is used as a gate electrode. See Fig. [I and
the SI for further details of the configuration. The bias
was applied at 280 K and then cooled down, effectively
freezing in the applied electric field.

TDTS allows the measurement of both components of
the optical conductance over a range of approximately

0.1 - 2.5 THz and and also the sample induced Farday
and Kerr rotation of THz radiation with high precision

]. We measured the complex conductance of BizSes
thin films at different bias voltages. In Fig. [ (b-c) we
show the real and imaginary part of the conductance of a
15 quintuple layer (QL, 1 QL ~ 1 nm) BisSes film capped
with a 20 nm thick amorphous MoOg; layer, measured
at 5 K with different applied voltages. MoO3 has been
previously shown to reduce the charge density of BisSes
films due to its charge accepting properties ﬂﬁ: @] Here
presumably it does that and it also protects the BisSes
sample against chemical reaction with the ionic gel that
we found occurs without it at even moderate voltages
(See SI). Although the protective layer slightly reduces
the electric field strength, it also allows us to increase the
bias voltage to higher values and provides better control.

At zero voltage, the conductance is almost unchanged
as compared to the bare film without any ionic gel E, éﬂ]
It is characterized by a low frequency Drude peak and a
prominent phonon ~1.95 THz. As shown in Fig. [ (b-
¢), for applied positive bias, Vpias = +2.0 V, the conduc-
tance of the sample is reduced to a very low value which
indicates carrier depletion, whereas for a negative bias of
-2.0 V, we observed an almost 50 fold increase of conduc-
tance. The sample in this configuration shows a strong
Drude peak at low frequency, whereas the phonon con-
tribution gets screened by strong Drude response. This
is consistent with our interpretation that a negative bias
voltage moves the chemical potential upwards into the
conduction band, thereby increasing the conductance.

We can fit these conductance curves with a three com-
ponent Drude-Lorentz model (see details in the SI) and
obtain excellent fits (solid lines in Fig. [ (b-c)) to the
data. According to the spectral weight sum rule (see SI)
the Drude spectral weight is related to the carrier density

n2D62

m*eg
a two dimensional carrier density of nop ~ 7.8 x 10'2
cm~? corresponding to the Fermi energy, Ep ~213 meV
above the Dirac point at zero bias voltage. Here m™* is the
effective mass of the TSS fermions that is given by Fﬁ}kFF ,
which can be estimated by the TSS dispersion relation
Ey = Akp + Bk% (with quadratic corrections) where A
and B are parameters estimated from ARPES ﬂﬂ] and
given in [22]. With changing Viias to +2.0 V, nop is de-
pleted to 2.1 x 10! cm~2 and an Ep ~24 meV above the
Dirac point. With applied —2.0V the large increase in
conductance is consistent with a chemical potential shift
that is more than enough to put it in the conduction
band [19] and hence a simple one band model cannot be

used to estimate the carrier density.

via wf,Dd = Using this formula, one can estimate

After establishing the basic systematics of the ionic
gel technique, we now apply it to study in detail the
magneto-optics of a similar 8 QL BisSez sample with 20
nm thick MoOg capping layer. Fig. 2l shows a sequence
of real and imaginary part of 8 measured using polariza-
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FIG. 2. Real and imaginary parts of the Faraday angle (0r) of a 8 QL BizSe3/MoO3 sample measured at different bias voltages
(VBias) and magnetic fields. The solid gray lines represent the real part of the 0r expected from Eq. Bl assuming a certain

number of filled Landau levels.

tion modulated TDTS technique [19, 23] and a number
of different regimes have been observed depending on ap-
plied magnetic fields and bias voltages.

At low magnetic fields and/or low bias voltages, one is
in a regime of semi-classical transport. A cyclotron res-
onance feature consistent with reasonably strong damp-
ing appears in the imaginary (dissipative) part of the
Faraday rotation which then generally moves to higher
frequencies with higher magnetic field. One can see (
e.g. red curves) that at a fixed magnetic field, Re[fF]
decreases with increasing bias voltage which is consistent
with decreasing carrier density. In this low bias voltage
and magnetic field range, 0 is frequency and magnetic
field dependent and the thin film’s magneto-optical re-
sponse can be describe by the semi-classical Drude cy-
clotron resonance model. At low fields, we fit the Fara-
day angle to the semi-classical Drude expressions in the
presence of a magnetic field (see SI for details). Figs.
(a-d) show representative fittings for the real and imag-
inary parts of the Faraday angle. Through these fits we
can extract the Drude plasma frequency (w,p) and the
cyclotron frequency (w.). In Fig. Ble) we plot w,. as a
function of B for different applied voltages.

In the semiclassical transport regime the cyclotron res-
onant frequency w, is given by eB/m* with the cyclotron

mass given by the expression m* = ;Lw gg where A is the
momentum-space area enclosed by the cyclotron orbit.
For the lowest fields and/or high Er, the cyclotron fre-
quency, can be fit to the usual semiclassical expression

hkF where the Fermi ve-

1001ty, vp = 3.2 x 10° m/s. However for even moderate
fields at low carrier density the linear dispersion of the
surface state starts to play a role. A notable curvature in

we vs. magnetic field, which is characteristic of massless
Dirac fermions in the semiclassical transport regime is
observed. Then, the cyclotron frequency crosses over to
a dependence that can be estimated by the difference in
energy between the uppermost filled level and the next
unoccupied Landau level i.e. by fw, = Eny+1—FEN. Here,
En = sign(N)vpv/2ehBy/N stands for the energy of the
Nth Landau level. By substituting Er for Ey, one gets
a relation for the cyclotron resonance frequency, which is

hwe = \/(2ehv%)B + E% — Ep (1)

We fit the measured cyclotron frequency, w./27 as a
function of B using Eqlwith Fr as a fitting parameter,
in the regime of low magnetic fields, where the quan-
tized response (discussed below) is not noticeable. The
resultant values for Er are shown in green in Fig. B (f).
These estimates for Er can be compared to estimates of
the Fermi energy from the Drude spectral weight (o wz D)
at each bias voltage (see SI). One can see that there is
an excellent agreement between these two estimates of
the Fermi energy (Fig. Bl (f)) calculated independently.
Note that the estimates from the spectral weight can be
made either with the full fitted dispersion or with a linear
approximation near the Dirac point, but that the differ-
ences are negligible.

These measurements show that the Fermi energy can
be reduced dramatically with applied bias voltage, VBiqs,
to as low as 10 meV above the Dirac point which is un-
precedented. With a finite bias the ionic gel polarizes to
form effectively two capacitors in series, each with spac-
ing of the order of the molecular diameter d with areas
equal to the area exposed to the ionic gel. The effective



O ImBley
= Re[fltheo
= Im[Belrneo

8¢ [milliradian]

8 [milliradian]

(5.0V,4.0T)

in 1 O

04 06 08 1.0 1.2 1404 06 08 1.0 1.2 1.4

Freq [THz] Freq [THz]

* I I Fromlmc vs B' I

80 T O Linear e
— ©  Quadratic correction

% 601 & E Guide to the eye

3
-% 40} u : i
“ 20} by £ .
(f) ¥
Oh 1 1 1 I A
0 1 2 3 4 5
B [T] Viguas [Volt]

FIG. 3. (a-d) Complex Faraday rotation and fits (as described
in the SI) for a 8 QL BizSes/MoOg3 sample for different bias
voltage. (e) Cyclotron frequency vs B at different bias volt-
age, Veias = (0,0.5,1.0,1.5,2.0,5.0) V. Fits are using Eq.
[ with the Fermi energy as a free parameter. (f) The Fermi
energy as a function of applied voltage, calculated using both
the fits from Eq. [ for the cyclotron frequency as well as
from the estimated spectral weight from fitting of complex
0r data using both quadratic and linear parametrization to
the dispersion.

chemical potential change of the TT surface states can
be accounted for by an additional quantum capacitance
in series with the two geometric capacitances. The total
applied voltage is

Qd Qd Q
6OesAel 6063145711156 eQD(EF)

(2)

VBias =

where A¢; and Agqee are the surface areas of the electrode
and gated area of the TT films and D(EF) is the density of
states at the (voltage dependent) Fermi energy. The final
term in this expression arises from the quantum capaci-
tance and is the chemical potential change due to applied
bias Vpias. One can see that only a small fraction of the
applied voltage is available to change the potential of the
TT layer.

We now concentrate on our Faraday angle data at high
magnetic fields. In Fig. Rb-d), we can see that at high
magnetic fields, the Faraday angle at low frequency de-
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FIG. 4. (Color online) (a) Real part of Faraday rotation (0r)
at high magnetic field, B > 5.57". The grey lines are theoreti-
cally predicted values assuming particular filling factors of the
surface states. (b) Average value of Re [fr] over frequency
range spanning from 0.2 to 0.8 THz at 6.5 T at different values
of the bias voltage (VBias)-

viates from the smooth cyclotron resonance form and
becomes frequency and magnetic field independent. At
these fields, the cyclotron resonance has been pushed to
higher frequencies, beyond the measured spectral range
leaving behind a quantized response. We replot the quan-
tized data in Fig. Ha). As shown previously [d] the
Faraday angle in the quantized regime can be expressed
as

20
ng +1

Re[0r] ~ (Nb + % + Ny + %) (3)

Here ng is the refractive index of the sapphire sub-
strate (ns = 3.09) and « is the fine structure constant,
a ~ 1/137.04. The 1/2 terms arise from the predicted
half-quantized contribution to the quantum Hall effects
of the top and bottom surfaces. The grey lines in Fig.
M (a) and (b) are the theoretically predicted values for
the quantized Faraday angle from Eq. [B] assuming par-
ticular integer values of the Landau level filling factors,
Niotar = Np+ Np. This quantized behavior is that identi-
fied earlier as due to the quantized axion magnetoelectric
response of a TT or alternatively a quantized Hall conduc-
tance of the TI surfaces [d]. In Fig. E (b) we plot the
average Faraday angle over a frequency range of 0.2 to 0.8
THz as function of bias voltage at 6.5 T magnetic field
and a number of distinct plateaus are observed. Consis-
tent with the overall behavior of the Faraday angle with
field, the Faraday angle gets smaller with higher bias volt-
ages, reflecting smaller filling factors for lower densities.
Generally speaking, at each electric field bias we only
see quantized responses at the highest applied magnetic
fields (5.5 - 6.5 T); the laboratory magnetic field is not
large enough to make a transition to the next quantized
plateau.

In this work, we have shown that ionic gel gating can
be used to suppresses the bulk carrier density such that
the sample enters in the quantized response regime. Us-
ing our technique, we can tune the carrier concentration



by an order of magnitude and shift the Fermi energy, Ep
to as low as ~ 10 meV above the Dirac point. At high
bias voltages and magnetic fields, we observe a quantized
Faraday angles consistent with the topological magneto-
electric effect. It can be tuned by ionic gel gating through
a number of plateau states. As discussed above, in Refs.
9, [14] and earlier in Refs. [5,[7], in a system that has in-
version in the bulk (as does BisSes) the magnetoelectric

response can be changed by integer multiples of %, with-
out changing anything necessarily about the bulk TME.
Physically this corresponds to adsorbing some integer
number of Chern insulators (N, and N;) on the surface
or equivalently filling Landau levels of the surface states
as expressed in Eq. In our experiment this manifests
as the quantization of the Faraday effect as in shown in
Fig. [ (b) which demonstrates that at high fields, the
Faraday rotations are quantized in discrete units. These
discrete units correspond to the fact that at high fields,
surfaces layers can change their Hall conductances only
by an amount equal to integer multiples of %
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