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Topological effects in edge states are clearly visible on short lengths only, thus largely impeding their
studies. On larger distances, one may be able to dynamically enhance topological signatures by exploiting
the high mobility of edge states with respect to bulk carriers. Our work on microwave spectroscopy
highlights the response of the edges which host very mobile carriers, while bulk carriers are drastically
slowed down in the gap. Though the edges are denser than expected, we establish that charge relaxation
occurs on short timescales and suggest that edge states can be addressed selectively on timescales over

which bulk carriers are frozen.

DOI: 10.1103/PhysRevLett.124.076802

Promising platforms have emerged to investigate the
physics of two-dimensional (2D) topological insulators,
which exhibit the quantum spin Hall (QSH) effect.
Prominently, HgTe quantum wells (QWs) have revealed
many transport signatures of the QSH effect [1-4], or a
fractional Josephson effect, a signature of topological
superconductivity [5,6], in HgTe-based Josephson junc-
tions. Another promising material system, InAs/GaSb
double QWs, also shows the quantized conductance that
accompanies topological edge state transport [7,8] while
several layered materials are currently under development,
such as bismuthene [9] or WTe, [10]. However, signatures
of topology are in transport at most visible on a few
microns despite the expected topological protection
[1,8,11]. A significant reason is the presence of bulk bands,
which naturally form puddles near the gap. Though these
states poorly conduct, they may introduce scattering of
the topological states [12,13]. The associated density of
states (DOS) is large, especially in HgTe QWs with indirect
band gap.

Topological signatures may be enhanced in dynamical
studies by exploiting the difference in transport or scatter-
ing timescales between topological and bulk carriers.
Recent efforts have demonstrated that dynamical
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experiments in the THz range [14] or using time-resolved
ARPES [15] allow the investigation and manipulation of
topological states despite bulk background -carriers.
Transposing this idea to transport, we propose microwave
drives to dynamically isolate quasiballistic topological edge
modes while bulk carriers have an evanescent contribution
since their diffusivity collapses in the gap. Besides, unlike
ARPES or THz studies, microwave measurements
can be operated in situ, in devices with top gates and/or
protective capping layers, relevant for emerging topological
electronics.

Here, we report on a systematic study of microwave
spectroscopy, performed at a temperature of 7 = 10 Kin a
cryogenic probe station, in the frequency range 10 MHz—
10 GHz, to investigate narrow HgTe QWSs. Microwave
signals enable simultaneous measurements of the capaci-
tive response, sensitive to the density of electronic states,
and of the resistive response, probing their ability to
conduct, as exemplified recently in three-dimensional
topological insulators [16-19]. Microwave capacitance
spectroscopy thus naturally evidences the resulting RC
charge relaxation times of each transport channel. We
combine this information with geometric scalings and gate
control of the electron density. In this Letter, we show that
the conduction and valence bands of the QW are ruled by a
single-mode dynamics, corresponding to bulk carriers in
good agreement with k - p band structure predictions. In
contrast, the microwave spectra confirm a striking two-
mode dynamics when the Fermi level approaches the gap.
From their dynamical transport properties, the two modes
can be ascribed to bulk and edge carriers. This ascription is

Published by the American Physical Society
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confirmed by geometric scalings [20]. We find that the
edges host very mobile carriers with fast dynamics, though
they are denser than theoretical prediction for helical edge
states. In contrast, bulk states have high resistance and
contribute an enormous DOS near the gap, resulting in a
slow dynamics. Consequently, the charge relaxation
frequencies associated to bulk and edge carriers differ by
more than 1 order of magnitude, thus paving the way for
more robust experiments in which topological edges can be
dynamically and selectively addressed, while bulk carriers
remain frozen.

Samples.—Our samples are based on HgTe/HgCdTe
QWs grown by molecular beam epitaxy on CdTe substrates
[see Fig. 1(a)]. The thickness ¢ of the QWs varies between 5
and 11 nm. The protective HgCdTe capping layer has a
typical thickness of 15 nm. In these QWs, the band structure
consists of light electrons in the conduction band and heavier
holes in the valence band. A topological phase transition
occurs for the critical thickness 7, ~ 6.4 nm. For ¢t > ¢, an
inverted band ordering enforces the appearance of topo-
logically protected QSH edge states in the gap of the QWs
[21]. For t < t.., the band ordering is normal and no edge
states occur; the sample is topologically trivial. The QWs are
first characterized using standard Hall-bar measurements,
yielding a mobility around 2 x 10° cm? V™! s~! (measured
atadensity 3 x 10'" cm~2 in the conduction band). Multiple
QWs have been investigated and have given similar results.
This Letter focuses on several devices realized on one layer,
with a thickness of 8 nm and a predicted gap around 8 meV
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HgTe 02 s N
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Port 1 VNA
VNA g Hod
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FIG. 1. Experimental techniques: (a) schematic side view
of the device, showing the layers of the HgTe/HgCdTe hetero-
structure, the gate, and the contact. (b) Artist view of the device,
embedded in a coplanar waveguide. (c) High-frequency meas-
urement setup, based on a vector network analyzer (VNA), the
ports of which are connected to source and gate. Two bias
tees enable to apply the dc gate voltage V, controlling the
electron density. (d) Model of the capacitor as a distributed RC
line, with a contact resistance R,., a line resistance R, and a line
capacitance C,.

[see Fig. 2(a)]. Additional data obtained on other topological
and trivial (noninverted) samples are reported in the
Supplemental Material [20]. The devices comprise square
capacitors of side L = 3,5, 10,20 um, embedded in gold
coplanar waveguides [Figs. 1(a) and 1(b)]. The capacitor
mesa is defined via a wet-etching technique [11] that
preserves the high crystalline quality and the high mobility
of the epilayer. The contacts and gate are patterned via
optical lithography. The gold gate electrode is evaporated on
top of a 7-nm-thick HfO, insulating layer, grown by low-
temperature atomic layer deposition [11]. An ohmic contact
is deposited by Au evaporation.

Admittance measurements.—The capacitors are mea-
sured in a cryogenic rf probe station at a temperature 7 =
10 K using a vector network analyzer over three decades
of frequency 10 MHz < f < 10 GHz. Standard in situ
calibration techniques enable to de-embed the response
of the circuitry from the admittance Y (w) of interest, with
o = 2z f. Earlier works [18,19,22] have demonstrated that
the capacitors can be described (assuming translation
invariance along the transverse direction) by a distributed
RC line of length L, with line capacitance C, and resistance
R, such as the one depicted in Fig. 1(d). At the lowest
order in frequency, the device is equivalent to a capacitor
C, = C,L, with the admittance given by Y(w) = iwC,. The
total capacitance C, is the series addition of the geometric
capacitance C, and the quantum capacitance C,, which
accounts for the increase of the Fermi energy and reads
¢, = e’p, where p is the DOS (for weakly interacting
systems in the limit of zero temperature). The geometric
capacitance C,, is extracted at high densities in the valence
band for which C; ~ C, (see [18,20,22]). Since the QW is
never depleted even in the gap, the geometry remains that
of a plate capacitor. We thus calculate C, assuming a
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FIG. 2. Quantum capacitance of HgTe quantum wells: (a) en-
ergy bands as function of momentum k,, as calculated for
different values of transverse momentum k,. (b) Quantum
capacitance ¢, (per unit area) as function of energy u (for a size
of L = 10 ym). The gray line corresponds to the computed value
of ¢, given the k - p band structure shown in panel (a), the red
dots and line to experimental data.
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constant C, and compute the chemical potential [23] u =
JVe{1-[C(V)/C,]}dV to allow for comparison with
predictions obtained from k - p band structure calculations
24,25]]. The origin of the chemical potential is fixed to the
maximum of the sample sheet resistance [20].

Quantum capacitance.—Figure 2 shows experimental
data of the (areal) quantum capacitance c,(u) = C,(u)/L?
and k-p predictions. The capacitance is low in the
conduction band (¢, <20 mFm™2 for x4 > 0) and incre-
ases quasi-linearly with p, as expected for two-dimensional
bands with quasilinear band dispersion. The agreement
with k - p calculations is excellent in this regime, provided
the value of C, is fine-tuned (within +2%). In this
regime, the quantum capacitance is given by [18] ¢, =
e’u/n(hvg)?], with the Fermi velocity vp~1x10°ms™.
In the valence band (1 < 0), we observe that ¢, is very high
(¢qg > 40 mF m~2) as the valence band has a high mass. ¢y
is however difficult to extract with high precision in this
range, due to the finite value of the geometric capacitance
(here ¢, =3.91 mF m~2 & 2%). In between these two regi-
mes, a minimum is observed in the data ¢, ~ 10 mF m2. It
indicates the gap of the QW, where QSH edge states should
be observed. A modeling as merely one-dimensional edge

[26,27]. On a L = 10 um device, it corresponds to a very
low areal contribution ¢, < 0.1 mF m~2, much smaller than
the observed minimum. This residual contribution in the gap
is thus unlikely to originate solely from the edge states, but
more likely from disorder in the bulk bands. The smearing
is much larger than the temperature (k7 < 1 meV) or any
broadening induced by the probe signal, and may be
attributed to inhomogeneous bulk bands, charge puddles
due to disorder, thickness fluctuations [28], or electrostatics.
As a consequence of the extremely large DOS of the valence
band, the minimum of ¢, is surprisingly upshifted in energy
with respect to the theoretically predicted gap (here typically
around g = 10 meV).

Edge and bulk dynamics.—For higher frequencies,
dissipative and propagative effects set in. As depicted in
Fig. 1(d), dissipation results from the access resistance R,
and the finite sheet resistance R = RL of the HgTe. For
frequencies exceeding the charge relaxation frequency
1/27RC, of the device, typically 1 GHz for L = 10 ym,
the capacitors host evanescent waves [18,22,29], driven
by the resistance of the HgTe film. Assuming translation
invariance along the transverse axis, the admittance of the
capacitor reads [20]

states yields a quantum capacitance per unit length of Y(w) = ! (1)
— . R 9
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FIG. 3.
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High-frequency admittance: admittance Y as function of frequency f for different energies y (indicated in each panel; see also

Fig. 2) for L =5 um. Panels (a),(b) correspond to the valence band, (f) to the conduction band, and show a good agreement with a
single-mode model (plain gray line). The other panels (c)—(e) correspond to the transition from valence to conduction bands. They are
only well fitted by the two-mode model (plain gray line), while single-mode models fail (dashed gray line). The vertical dotted lines
indicate the values of the charge relaxation frequencies f,p and f/p.
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where R, describes the lumped contact resistance, while the
tanh term describes the evanescent waves in the capacitor,
with k = \/iRC,w.

The fits obtained with this simple model are in excellent
agreement in a wide range of energies corresponding to the
valence and conduction bands [as illustrated in Figs. 3(a)
and 3(f)] (see also the Supplemental Material [20] for linear
scale and Nyquist plots) and confirm the validity of the
model. In particular, the crossover between the low-
frequency and evanescent regime is highlighted by a clear
maximum in Im[Y (@)]. The fit yields the value of the HgTe
sheet resistance R and of the contact resistance R.. R, is
found to be relatively independent of V, in the validity
range of the model, with R, = 0.3—4 kQ depending on the
device. However, we observe strong discrepancies arising
near the gap between this simple one-carrier model and
the data as illustrated in Figs. 3(c)-3(e). In particular, the
admittance Y exhibits two successive low-frequency
regimes (dc—-0.1 GHz and 0.1-2 GHz). We attribute these
features to the presence of two independent types of
charge carriers, a priori ascribed to the bulk (2D) and
edge (1D carriers), with different charge relaxation times.
Consequently, we model the system using two parallel
distinct distributed RC circuits such that Y () = Y'P(w) +
Y?P (@) where Y'P/2P are both given by Eq. (1). We obtain
an excellent agreement between model and data over three
decades of frequency [Figs. 3(c)-3(e)] and the two low-
frequency regimes are fully captured. The results are shown
in Fig. 4(a). The largest contribution ¢2® is attributed to the
two-dimensional bulk states and is observed to follow the
k - p predictions. The second contribution appears close to

the gap and is consequently attributed to edge carriers c¢P

7
The above attribution of c;D/ D is validated by a separate

study of the length dependence of ¢, [20], which confirms

the values of céD/ 2D, their variations with g, and more

importantly their one- or two-dimensional characters. The
one-dimensional component can only be detected in
inverted (topological) heterostructures; it is thus likely a
signature of the topological edge states. However, ¢,° ~
10 nFm~! remains 20-50 larger than that of a bare helical
edge state, suggesting two plausible scenarios. First, in line
with the large quantum capacitances which have been
measured for quantum Hall edge states [30,31], our results
could be attributed to edge reconstruction and formation of
compressible stripes under the action of electrostatics and
electron-electron interactions [32-34]. In a second more
likely scenario, our observations could originate from the
presence of residual charge puddles near the edges, to
which the edge states could couple. These puddles result
from disorder, especially when the gap of the QW is small,
and may be enhanced on the edges by electrostatics as the
topological edge states themselves may screen the action of
the gate. Regardless of the microscopic details, a (spin-

degenerate) subband, could contribute up to 5 nF m !,

so that typically 1-2 puddle states would reside in the
vicinity of the topological edge states, introducing some
scattering [12] in the edge states.

Our measurement technique is primarily sensitive to
capacitances. Consequently, though the contact and sheet
resistances can easily be separated in the single-carrier
model, they can only be determined with an accuracy of
50% in the two-carrier model. We observe nonetheless that,
near the gap, the total 2D resistance R?P > 40 kQ is much
larger than the total 1D resistance R}P ~ 10-15 kQ. In an
ideal QSH regime, the geometry resembles that of a
mesoscopic capacitor [35-37], and R!P should be domi-
nated by a contact resistance, between Ry /4 (coherent
regime) and Rg/2 (incoherent regime) [38,39], where
Ri = (h/e?) is the resistance quantum. Though no quan-
tized resistance plateau is observed in our samples, the
extracted values of R!P tend to validate the topological
origin of the 1D contribution. Higher resistance (SRy)
are observed in some devices, probably due to the presence
of scattering as the perimeters of the sample are large
(~15 pum here). This observation justifies a posteriori the
description of the edge carriers as a mixed contact and
line resistances.

Charge relaxation frequencies.—This broadband analy-
sis also yields the charge relaxation frequencies given by

_ 1D/2D ~1D/2D P
fipjep = 1/27R, C, as plotted in Fig. 4(b). In the
conduction and valence bands, where the single-mode
picture holds, we observe that the (bulk) electrons have
a high response frequency (f,p ~ 0.7-0.8 GHz). However,
this charge relaxation frequency decreases drastically
when the Fermi level approaches the gap and reaches
fop ~0.1 GHz. In the same energy range, the edge
electrons appear very mobile, with f;p~0.9 GHz. The
dynamics thus clearly highlights the presence of mobile
edge carriers near the gap in an energy range where bulk
carriers are much slower. At high frequency, bulk transport

is evanescent over a length &,p ~L+/(2fp/f) < L,
whereas edge currents penetrate over a larger distance
(6,p < 61p ~ L). The analysis also confirms that topologi-
cal carriers coexist with the conduction band over a
significant range of energies (~40 meV, indicated by the
shaded area in Fig. 4), in line with theoretical predictions
[40] and observations [5,41].

The edge and bulk signals are thus clearly distinguished
in the microwave spectra, via the charge relaxation fre-
quency, while they are intertwined in measurements
of the resistance or quantum capacitance at low frequency.
Beyond this mere identification, the large difference
between fip and f,p (about a decade) also has strong
implications: it demonstrates that a careful (and geometry-
dependent) choice of the drive frequency fop << f
would allow for addressing dynamically the edge states
on timescales over which the bulk states are frozen.
Near the bottom of the conduction (x ~ 0 meV), exciting
on one end of the device of length L at frequency
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FIG. 4. Quantum capacitances and charge relaxation frequen-
cies: (a) on the left axis, for L = 5 pum, the quantum capacitance
¢2P attributed to the 2D bulk carriers is shown as a blue line as a
function of energy p, together with the prediction of the k - p
calculations (solid gray line). The 1D contribution ¢P is plotted
as a red line on the right axis. (b) The relaxation frequencies f,p
and fp are plotted as function of energy y, as blue and red lines,
respectively.

f=2fip~20f,p would for example result in an
increase of the ratio of topological and bulk signals at
the other end of the device by a significant factor

e—L/(SlD/e—L/lszD = eV U72fw)=\/(f/2f1p) ~ 9

Summary and outlook.—As a conclusion, our measure-
ments bring up new information on the transport of
topological edge states. While the bulk is mostly insulating
in the gap, its DOS remains rather large. Nonetheless, the
edge response can be isolated in high-frequency admit-
tance. They are rather dense, suggesting that the topological
edge states are surrounded by additional states contributing
to the DOS and to scattering, but not to transport. Their
nature remains to be clarified in further studies. Importantly,
charge relaxation frequencies for bulk and edge states differ
typically by a decade. Consequently, microwaves (typically
in the GHz range) could be utilized to selectively address
topological edge transport irrespective of the presence of
bulk states. Enhanced topological signatures on larger
scales could for example reveal Luttinger liquid physics
[39,42-45] or dynamical spin and charge transport [46—48].

Finally, we argue that the method is applicable to other
topological phases (3D topological insulators or Weyl
semimetals) where topological transport often competes
with numerous less mobile trivial modes.

The data sets generated and/or analyzed during the
current study are available from the corresponding author
on reasonable request.
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