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We report magnetotransport studies on a gated strained HgTe device. This material is a three-
dimensional topological insulator and exclusively shows surface-state transport. Remarkably, the Landau-
level dispersion and the accuracy of the Hall quantization remain unchanged over a wide density range
(3 x 10" em™ < n < 2 x 10'> cm™2). These observations imply that even at large carrier densities, the
transport is surface-state dominated, where bulk transport would have been expected to coexist already.
Moreover, the density dependence of the Dirac-type quantum Hall effect allows us to identify the
contributions from the individual surfaces. A k- p model can describe the experiments but only when
assuming a steep band bending across the regions where the topological surface states are contained. This
steep potential originates from the specific screening properties of Dirac systems and causes the gate
voltage to influence the position of the Dirac points rather than that of the Fermi level.
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I. INTRODUCTION

The discovery of two- (2D) [1-5] and three-dimensional
(3D) topological insulators [6,7] has generated strong
activity in the condensed-matter community. A main
difficulty concerning 3D topological insulators is the
intrinsic doping, which does not allow us to selectively
access the surface states in a transport experiment.
Although Bi,Se; and Bi,Te; are at the focus of current
research, their transport properties are dominated by
parallel bulk conductance due to intrinsic bulk doping in
these systems. Alternatively, thick (Z40-nm) layers of
HgTe, which have extremely low background doping, also
become topological insulators when epitaxially grown
under coherent strain [6,8]. While unstrained HgTe is a
semimetal, which is charge neutral when the Fermi energy
is at the touching point between the light- and heavy-hole
I'g bands, a band gap of around 20 meV opens at the I" point
when the material is grown epitaxially on a CdTe substrate,
which has a lattice constant that is 0.3% larger than that
of HgTe.

We have recently shown [8] that such a strained HgTe
layer exhibits a quantized Hall conductance, providing
evidence that the topological surface state dominates the
transport in such structures. Here, we report on experiments
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on new devices where the density is controlled by an
external gate voltage. Since top and bottom surfaces are
differently affected by the top gate, gating allows us to
obtain the same densities on both surfaces where the only-
odd quantum Hall plateaus expected from a Dirac band
structure are clearly resolved. Much more strikingly, we
find that the quantum Hall response is totally dominated by
the Dirac-like surface states for a very wide range of gate
voltages (and thus carrier densities), much larger than
expected for a small band-gap material like strained
HgTe. The absence of any notable bulk conductance has
obvious and very positive implications for studying super-
conducting and magnetic proximity effects in strained
HgTe. We tentatively explain our observations as resulting
from the unusual screening characteristics of a Dirac band
structure [9,10], which strongly modifies the band bending
across the heterostructure. Using a six-band & - p descrip-
tion with an appropriately adapted potential, we find that
the band bending allows us to keep the chemical potential
in the band gap for all experimentally accessible gate
voltages, mainly by shifting the Dirac points of the surface
states.

II. EXPERIMENT

The experimental results are obtained on a 70-nm-thick
HgTe layer that is grown fully strained on a CdTe [001]
substrate. The sample is structured into a standard Hall bar
geometry of 200-um width and a distance of 600 ym
between neighboring Hall contacts. The entire sample is
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covered by a multilayer insulator consisting of 11 alter-
nating 10-nm-thick SiO, and SizN, layers. A 10-nm
(100-nm) Ti (Au) electrode stack is deposited on top of
the insulator. A gate voltage V, between typically +5 V
and —5 V can be applied to control the carrier density in the
HgTe layer. Figure 3(a) shows a micrograph of the sample.
Magnetotransport measurements in fields up to 16 T have
been done in a dilution refrigerator system at base temper-
ature of approximately 20 mK. For gate voltages between
—1 V and +5 V, the sample exhibits n-type conductance.
In this regime, we observe clear quantum Hall plateaus and
corresponding Shubnikov—de Haas oscillations. For gate
voltages below —1 V, the Hall slope changes sign, indicat-
ing the onset of p-type conductance. In this gate-voltage
region, we can no longer observe clear quantum Hall
plateaus for this sample, presumably due to a reduced
mobility of the charge carriers.

Figure 1(a) shows the Hall resistance for various gate
voltages, while Fig. 1(b) depicts the corresponding
Shubnikov—de Haas oscillations. The carrier density
extracted from the Hall data varies from n~2.0 x
102 em™ at V,=+5V to nx35x10"cm™ at
V,=—1V. The zero-field mobility reaches u =~
30000 cm?/V's at V, =1 V. The lowest trace (dark blue)
corresponds to a gate voltage of +5 V. Pronounced quantum
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FIG. 1. Three-dimensional representation of (a) Hall resistance
and (b) longitudinal magnetoresistance of a 70-nm-thick fully
strained HgTe layer as a function of applied gate voltage V. Data
are taken at a nominal temperature of 20 mK.

Hall plateaus are still visible at this—for two-dimensional
electron systems (2DESs)—high density, reaching an i = 5
plateau at 16 T. For high magnetic fields, all odd and even
plateaus are visible, whereas at lower fields, we observe
mainly odd plateaus. Lowering the gate voltage increases the
slope of the Hall curves (as expected for an n-type conducting
system), and we can observe plateaus from lower filling
factors. At 0-V gate voltage (upper orange curve), we start to
approach the i = 1 plateau at 16 T. For clarity, separate Hall
and longitudinal resistance curves for Vg =—1, —0.5, and
0 V are shown in Figs. 2(a), 2(b), and 2(c), respectively. The
plateau sequence at Vg =0 V[Fig.2(c)]isi =2,3,5,7, ....
This sequence results from a difference in carrier density of
the surface state at the top and bottom interfaces [8]; at low
magnetic fields, only odd filling factors can be observed,
revealing the Dirac-like nature of the surface states. For higher
fields, we still observe an i = 2 plateau, due to the difference
in densities of the two surfaces. However, by further lowering
the gate voltage to —0.5 V [Fig. 2(b)], one observes that the
i = 2 plateau and the corresponding minimum in the longi-
tudinal resistance are suppressed. The odd sequenced Hall
plateaus at lower magnetic fields remain unchanged. For
V,=—1V,thei = 2 plateau vanishes completely and one
observes an entirely odd integer quantum Hall sequence, a
typical signature of a Dirac system. Apparently, at this gate
voltage, the top and bottom surfaces have the same carrier
density.

The longitudinal magnetoresistance  traces  of
Fig. 1(b)—some of which are plotted in more detail in
Figs. 2(a)-2(c)—provide additional information on the
properties of the surface states. One notes, especially for
V, = —0.5and 0V, that the high-field Shubnikov—de Haas
oscillations display an alternating width. The straightfor-
ward interpretation is that they result from two different
2DESs with a different mobility. One expects a lower
mobility for the carriers near the gate oxide, where rough-
ness and ionized dopants will enhance the carrier-scattering
rate, than for carriers that are further removed from the
surface. The observation thus implies that the top and
bottom surface states behave as more or less independent
carrier systems; the mobilities should be equal for strongly
coupled systems.

Figure 2(d) demonstrates that the longitudinal magneto-
resistance can be well modeled as resulting from the
combined density of states of two single-cone Dirac
systems with different densities, as discussed in Ref. [8].
(Fits of similar quality have been obtained for all other gate
voltages of Fig. 1.) We note that the presence of two
independent 2DESs invalidates the relation i = (nh)/(eB)
generally used to describe the magnetic field dependence
of a Landau-level sequence for a conventional single 2DES.
This effect is especially important for low densities where
the broadening is stronger due to reduced screening.

The Dirac character of the surface states is also evident
from Fig. 3(d), where we plot the Landau-level index
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FIG. 2. More detailed plots of the data of Fig. 1 for V, = (a) —1.0
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V, (b) 0.5V, and (c) 0 V. (d) Shown is how the 0-V Shubnikov-de

Haas data can be fitted using the density of states (DOS) calculated using a simple two-density Dirac model.

inferred from the low-field data of Fig. 1 versus inverse
magnetic field, utilizing the degeneracy at the Landau-level
crossings in this field region. In the infinite magnetic field
limit, this type of plot yields the Berry phase resulting from
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the band structure. Remarkably, the figure shows that for all
gate voltages, the observed cutoff is consistent with an
index number of about —1/2. The unusual cutoff at —1/2
means that the transport is carried by states that have
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FIG. 3. (a) Micrograph of the sample used in the experiments. (b) Landau-fan plot summarizing the data of Fig. 1. The open circles are
the field and gate-voltage positions where the Landau levels cross the Fermi energy; the red and blue lines indicate the two separate
Landau fans connecting the observed Fermi-level crossings. The numbers give the quantum Hall plateau i that can be observed in this
part of the diagram. (c) The accuracy of the Hall quantization for various plateaus and gate voltages (the drawn lines indicate perfect
quantization). (d) The Landau-level index at various gate voltages as a function of inverse magnetic field. The high-field cutoff gives the

Berry phase induced by the Dirac band structure.
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predominantly Dirac character. From our observations,
we conclude that the transport is completely dominated
by the surface states even at carrier densities above
102 cm™2. Additionally, we find that the accuracy of
the quantum Hall quantization, while not perfect, is
independent of gate voltage over the whole range studied.
Figure 3(c) shows this behavior in more detail. This
observation again implies that the surface transport is
not perturbed and bulk transport can be neglected over
the complete gate-voltage range.

Further means to substantiate that we almost exclusively
observe transport through both the top and bottom surface
states comes from Fig. 3(b), where we plot (open circles)
the magnetic field positions where the Landau levels cross
the Fermi level [as obtained from a numerical derivative
of the experimental Hall data of Fig. 1(a)] versus gate
voltage. Obviously, the data points are well described
assuming two separate Landau fans, indicated by the red
and blue lines, which emerge from two separate intercepts
with the B = 0 axis. This clearly demonstrates that the
transport occurs simultaneously through two 2DESs, with,
in general, different densities. The obtained fan charts
contain more information on the character of these 2DESs.
For example, the two fans exhibit nearly equidistant
spacing at a fixed magnetic field. This statement holds
for all magnetic fields, also for very low ones where one
might expect deviations due to an unresolved Zeeman
splitting. We conclude that the data show no indication of
an additional spin splitting. Both fans represent a single
spin species, as expected for the Dirac surface states of a
topological insulator. Furthermore, by labeling the plots at
high magnetic field with the observed quantum Hall index
number, we can reconstruct the Landau-level crossings and
filling factors at lower magnetic fields and for all gate
voltages. For V, = —1 V, we recover the sequence of odd
filling factors discussed above, which is evidence of the
Dirac character of the 2DESs. Moreover, we find that the
slopes of the various Landau-level dispersions scale with
filling factor, meaning that our identification of the fan
chart is reasonable. Finally, for the same Landau index, the
two fans exhibit a different slope, which is readily
interpreted in terms of the gating efficiency. While for
the red fan a small change in V/, leads to a strong change of
the related carrier density, the blue fan is much less
affected. All of these observations indicate that we indeed
observe the quantum Hall effect of two separate Dirac
surfaces, one close to the control gate (top surface) and one
at a larger distance (bottom surface). Further, from the
slopes of the two fans in Fig. 3(b), one can estimate that the
density of the bottom surface state varies about half as
much (a factor of 0.56, to be precise) with gate voltage as
that of the top surface state.

This latter point is remarkable, since simple electro-
statics indicates [11] that the gate voltage should almost
exclusively influence the top 2DES, as is experimentally

demonstrated in studies on double 2DESs by Eisenstein
and co-workers [12]. The model of Ref. [11] actually allows
for similar compressibilities for both layers (as has been
pointed out in Ref. [13]), but for our device (where the
density change of the top and bottom surfaces differs by a
factor around 0.5), this would imply a lower limit for the
HgTe dielectric constant of ¢ = 400, very far removed from
the literature value ¢ = 21 [14]. We will show below that
the observed behavior can be explained by the presence of
steep potentials across the structure, resulting from the
unusual screening by a Dirac metal.

III. MODELING

In order to substantiate our interpretation of the data in
Figs. 1-3, we set up a calculation along the lines of the
six-band k- p theory of references [15,16] omitting the
split-off band which is energetically well separated from
other bands. In our calculations, we consider only the
70-nm strained HgTe layer and we assume hard-wall
boundary conditions in the growth direction. We have
verified that for our system, hard-wall boundary conditions
do not give spurious solutions by comparison with infinite-
mass boundary conditions [17]. Because of the remarkable
gating behavior observed in Fig. 3(d), we do not attempt to
obtain a self-consistent Hartree potential, as is usually done
in modeling quantum wells. In fact, a self-consistent k - p
calculation using the methods of Ref. [15] only yields a
Fermi energy within the band gap for V, < 0.5 V, in clear
disagreement with the experiment. Instead, we have phe-
nomenologically searched for an effective potential that
keeps the electrochemical potential in the band gap for all
gate voltages, gives an equal density for both 2DESs at
V,=—1V (e, the potential is symmetric at this gate
voltage), and depletes both 2DESs in a similar manner as in
Fig. 3(d). The resulting potential is shown in Fig. 4(d). The
shape of this potential can tentatively be understood as
arising from the electrostatic decoupling of surface and
bulk states resulting from different dielectric constants in
these regions. For the bulk, we have e¢ =21, as is
appropriate for HgTe [14], and the potential in the region
of the surface states would result from a much smaller
effective dielectric constant around e = 3. Interestingly,
e = 3 resembles the value predicted [9] and observed [10]
for graphene, where the Dirac band structure causes
unusual screening behavior. Evidently, due to the interplay
of bulk and metallic states, topological insulators are more
complicated than graphene. To confirm our suggestion that
Dirac screening is responsible for the remarkable band
bending in our devices, further microscopic modeling
of the structure using the random phase approximation
outlined in Ref. [9] is needed.

We further simplify the model by neglecting charge
transfer between the top and bottom surfaces (e.g., through
the side surfaces). Finally, we assume that the Dirac points
are located in the valence band, at positions around
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FIG. 4. Band structure calculated within a six-band k - p model at two different gate voltages (a) V, = —1 V (n = 3.5 x 10" cm™?)
and(b)V, =5V (n=20x 10'> cm2). Labeled by TSS (blue lines) and BSS (red lines), the dispersions of the top and bottom surface
states are depicted. (c) The evolution of the probability density of the top (blue lines) and the bottom (red lines) surface states at the
Fermi level Er. The related effective electrostatic potentials are shown in (d).

30-50 meV below the band edge (for V, = 0 V), consis-
tent with our previous angular resolved photoelectron
spectroscopy (ARPES) and THz spectroscopy data
[8,18] as well as with the atomic tight-binding calculations
of Ref. [19]. Within this model, we find that the Fermi
energy resides in the band gap for all applied gate voltages,
in agreement with our experiments. Additional charge on
the gates results mainly in a shift of the position of the Dirac
points of the surface states, while the location of the Fermi
level is hardly affected. As an example, Figs. 4(a) and 4(b),
respectively, show the calculated band-structure results for
Vg — —1 V, where both surface states have the same
densities, and for V, =5V, the highest applied gate
voltage in the experiment. The symmetric potential
imposed in Fig. 4(a) clearly results in degenerate surface
states, yielding the odd integer quantum Hall sequence
observed experimentally. For V, =35V, the Fermi level
has hardly changed and is still in the gap; however, the
surface states are no longer degenerate and differ strongly
in density. Note that because of hybridization with the
valence-band states, the position of the Dirac points is not
directly obvious from the dispersion plots. The location of
the charge carriers in the HgTe layer can be inferred from
Fig. 4(c), where the probability densities of the two surface-
state wave functions (at the Fermi level) are plotted for

two different electron densities, again corresponding to
Vo=—=1Vand V,=5V.

IV. CONCLUSION

We investigated the effect of gating on a 3D topological
insulator system and demonstrated its extraordinary screen-
ing properties. We obtained detailed information about the
individual surface states by the analysis of the n-type
quantum Hall effect. We found that for the entire range of
gate voltages, only the Dirac surface states are visible in
transport due to to their remarkable screening properties.
These findings make strained HgTe an ideal playground for
investigating magnetic and superconducting [20] proximity
effects on the topological surface state.
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