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We report a direct observation of temperature-induced topological phase transition between the trivial
and topological insulator states in an HgTe quantum well. By using a gated Hall bar device, we measure and
represent Landau levels in fan charts at different temperatures, and we follow the temperature evolution
of a peculiar pair of “zero-mode” Landau levels, which split from the edge of electronlike and holelike
subbands. Their crossing at a critical magnetic field Bc is a characteristic of inverted band structure in the
quantum well. By measuring the temperature dependence of Bc, we directly extract the critical temperature
Tc at which the bulk band gap vanishes and the topological phase transition occurs. Above this critical
temperature, the opening of a trivial gap is clearly observed.
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The first two-dimensional (2D) systems in which
a topological insulator (TI) phase was predicted [1] and
then experimentally observed [2] were HgTe/CdxHg1−xTe
quantum wells (QWs) with an inverted band structure. The
inversion of an electronlike level E1 and a holelike levelH1
induces spin-polarized helical edge states [2–4]. When the
E1 and H1 levels cross, the band structure mimics a linear
dispersion of massless Dirac fermions [5] corresponding to
the phase transition between the normal band insulator (NI)
and TI states.
The QW thickness d was earlier employed as a tuning

parameter of these different quantum phases of matter. The
crossing of the energy bands arising when d equals a
critical value dc (dc ≃ 6.3 nm for x ¼ 0.7 and QWs grown
on a CdTe buffer [5]) was measured and identified as a key
signature for the topological phase transition [2,5].
However, in addition to the QW thickness, temperature
[6,7] and hydrostatic pressure [8] also induce the transition
between NI and TI phases across the critical gapless state.
The temperature effect on the band ordering in HgTe/
CdHgTe QWs is mainly caused by a strong temperature
dependence of the energy gap at the Γ point of the Brillouin
zone between the Γ6 and Γ8 bands in HgCdTe crystals [9].
Under a magnetic field, a significant way of discrimi-

nating the TI phase associated with the helical edge states
of the quantum spin Hall effect (QSHE), and the NI phase
presenting the chiral edge states of the ordinary quantum
Hall effect (QHE), is to probe the behavior of a particular

pair of Landau levels (LLs), called zero-mode LLs [5]. These
zero-mode LLs split with magnetic field from the E1 andH1
subbands and correspond to the lowest LL of the conduction
band and the highest LL of the valence band. In the TI phase,
these E1 and H1 subbands are inverted and intersect at the
sample boundaries to create the helical edge channels of the
QSHE. In this case, the corresponding zero-mode LLs cross
at a critical magnetic field Bc, above which the inverted band
ordering is transformed into the normal one [2].
In the NI phase, in which the E1 subband lies above the

H1 subband, the zero-mode LLs never cross. This can be
conditionally interpreted as negative values for Bc. Thus,
Bc ¼ 0 corresponds to a topological phase transition
between NI and TI phases. As it is for the band ordering,
a critical magnetic field also depends on temperature and
pressure, and therefore can be varied by tuning these
external parameters [8].
Recently, Wiedmann et al. [7], by analyzing magneto-

transport data at high and low temperatures, have exper-
imentally shown that the TI phase is destroyed at high
temperature. However, due to high values of the critical
temperature Tc (more than 200 K) corresponding to the
topological phase transition, the presence of a critical
gapless state was not directly observed. Another work
[10] has reported a temperature evolution of the band gap
observed by far-infrared LL spectroscopy. Although the
critical temperature was found to be 90 K, an inadequate
position of the Fermi level, combined with the inability to
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vary the carrier density in the samples, hindered a clear
observation of the topological phase transition.
In this work, we report on the first clear observation of

topological phase transition induced by temperature.
Accurate values of Bc and a temperature phase diagram
have been extracted from LL fan charts based on magneto-
transport measurements, as firstly performed by Büttner
et al. [5] for different QWwidths at 4.2 K. By following the
temperature dependence of Bc, we define a critical temper-
ature Tc, at which the gapless state arises. To describe our
experimental results, realistic band structure calculations,
based on the eight-band Kane Hamiltonian with temper-
ature-dependent parameters [8], have been performed.
The QW studied in this work was grown by molecular

beam epitaxy (MBE) on a [013]-oriented semi-insulating
GaAs substrate with a relaxed CdTe buffer [11]. The HgTe
QWof 6.5 nmwidthwas embedded in 40 nmCd0.65Hg0.35Te
barriers (critical thickness dc ¼ 6.2 nm; see also Fig. 4). A
40 nmCdTe cap layer was deposited on top of the structures.
The barriers from both sides of the QW were selectively
doped with indium, resulting in a 2D electron concentration
of a few 1011 cm−2 at low temperatures. After MBE growth,
100 nm SiO2 and 200 nm Si3N4 dielectric layers were
deposited on top of the structure by a plasmochemical
method. The gated Hall bar has a total length of 650 μm
and a total width of 50 μm.Magnetotransport measurements
have been performed in a variable temperature insert with a
base temperature T ¼ 1.7 K equipped with a superconduct-
ing coil. All the measurements have been donewith a current
of 1 nA, to avoid heating.
Figures 1(a) and 1(b) present Hall resistance and

Shubnikov–de Haas (SdH) oscillations at 1.7 K. The
Hall resistance shows pronounced plateaus at both even
and odd multiples of h/e2. The Hall conductivity as a
function of the gate voltage VG at 1.7 K and a magnetic
field of 2.4 T, as well as its derivative ∂σxy/∂VG, are both
shown in Fig. 1(c). Each peak corresponds to the crossings
of the Fermi level with the given LL. This method allows
for a visualization of LLs from E1 and H1 subbands and
clear reconstruction of their behavior in magnetic fields.

Figure 2(a) provides a temperature evolution of E1 and
H1 subbands at zero quasimomentum, and Figs. 2(b)–2(d)
show the corresponding LL fan charts at three different
temperatures, evidencing the position of the zero-mode
LLs. The upper zero-mode LL level split from the con-
duction band has a pure heavy-hole character, and its
energy decreases with B. By contrast, the second zero-
mode LL starting from the valence band has an electron
component [2], and its energy increases with B.
At T ≃ 1.7 K, the E1 subband is well below the H1

subband, and the two corresponding zero-mode LLs cross
at a positive magnetic field value Bc ≃ 1.6 T. This positive
Bc characterizes the TI phase. By increasing the temper-
ature, the width of the TI gap decreases, yielding a Bc that
decreases. At a critical temperature Tc ¼ 27 K, the zero-
mode LLs intersect at Bc ≃ 0 T, which means that the
subbands E1 and H1 have the same energy, and therefore
the topological gap closes. At Tc, the system hosts single-
valley massless Dirac fermions [5]. Above Tc, the crossing
of the zero-mode LLs can be extrapolated to a negative
value of magnetic field.
To demonstrate experimentally a temperature-driven

phase transition in our samples, we reconstruct the LL
fan chart by means of magnetotransport, measured in a
wide range of gate voltages at temperatures from 1.7 K up
to 40 K. As mentioned above, the derivative of the Hall
conductivity has its maximum values when the Fermi level
crosses one of the LLs. Therefore, plotting ∂σxy/∂VG for
each magnetic field value makes it possible to visualize the
LL fan chart [5]. This allows for accurate extraction of the
critical magnetic field Bc, at which the zero-mode LLs
cross. Since Bc is related to the changing of band ordering,
the measurement of LL fan charts performed by tuning the
temperature is an efficient tool to probe a temperature-
induced phase transition between NI and TI phases.

FIG. 1. (a) Hall resistance Rxy and (b) SdH oscillations,
Rxx ¼ R28;34, at 1.7 K at zero gate voltage. The insert schemati-
cally shows a picture of the Hall bar. (c) Hall conductivity σxy and
its derivative ∂σxy/∂VG as a function of gate voltage at 1.7 K and
a magnetic field of 2.4 T. FIG. 2. (a) Evolution of E1 and H1 subbands (at k ¼ 0) and

band structure in the sample with temperature. Blue and red
shading indicate contributions from electronlike and holelike
states, respectively, at a given quasimomentum k point. (b)–(d)
LL fan chart at different temperatures: (b) 1.7 K (TI phase),
(c) 27 K (critical gapless state), and (d) 40 K (NI phase). A pair of
zero-mode LLs is presented by red curves.
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The color maps in Figs. 3(a)–3(d) were obtained by
plotting the derivative ∂σxy/∂VG as a function of B at
different temperatures. The two zero-mode LLs are
observed separately above B ≃ 1.5 T. They seem to emerge
from the resistance maximum at Vg ¼ −1.7 V, B ¼ 0 T.
The ∂σxy/∂VG trace of the zero-mode LL, originating
from the H1 subband, obviously broadens and fades out
at large T, probably due to a strong temperature depend-
ence of mobility caused by the large effective mass of
holes. It becomes hardly distinguishable above 20 K.
However, the zero-mode LLs also coincide with σxy ¼
�e2/2h and ρxx ≃ h/e2 [from the semicircle relation
σ2xx þ ðσxy ∓ 1/2Þ2 ¼ 1/4; see Ref. [12]].
In Figs. 3(a)–3(d), the white curves correspond to

σxy ¼ ðnþ 1/2Þe2/h, where n is an integer. They are clearly
defined up to 40 K and underline the LL positions, in
agreement with the ∂σxy/∂VG maxima. The estimated
positions of the two zero-mode LLs do not follow the
lines of constant filling factor, which implies that LLs
overlap. Numerical simulations [13], performed by taking
into account a LL-broadening Γ ≃ 4 meV provide evidence
that Bc can be estimated from the linear extrapolation of the
LL position in the NI gap, toward lower magnetic fields.
The linear interpolations of the two curves σxy ¼ �e2/2h
for B > 2.2 T are marked by the red dotted lines. At
T ¼ 1.7 K, these lines cross at a finite magnetic field
and give an estimate Bc ≈ 1.5 T. As T increases, the
crossing goes to lower magnetic fields, and it finally

vanishes at T ≃ 27 K. The crossing of the zero-mode
LLs at zero magnetic field gives a direct indication of a
critical gapless state [5], revealing a topological phase
transition at T ≃ 27 K. At higher temperatures [T ¼ 40 K;
see Fig. 3(d)], the crossing of the zero-mode LLs can be
extrapolated to a negative value of magnetic field, evi-
dencing a NI phase with trivial band ordering.
To check the last point, we also plot the longitudinal

resistivity in color-coded graphs as a function of B and VG
at temperatures up to 40 K; see the bottom panels in Fig. 3.
The whole set of LLs is not seen here as in the top panels,
but the traces of both zero-mode LLs are clearly visible at
the edges of the main ρxx peak. The red dotted lines
correspond to the linear fitting of the isolines of ρxx ¼ h/e2

in the field range of B ¼ 2.2–6 T. The crossing of the
fitting lines in lower fields gives another estimate of Bc.
Figure 4 provides a comparison of experimental and

theoretical values of the critical magnetic field. Details
of theoretical calculations can be found elsewhere [8].
Additional analysis based on a simplified Dirac-like
Hamiltonian shows that the temperature evolution of Bc
is caused by the temperature dependence of the band gap in
our sample (see Fig. 2), while the temperature effect on the
dispersion of the zero-mode LLs is negligibly small [13].
Two sets of experimental values have been obtained from
the analysis of experimental data presented in the top and
bottom panels of Fig. 3. For each set, the experimental
precision for Bc is the (1σ) standard deviation given by the
ρxx and σxy estimates. It is seen that experimental values of
Bc from different sets reproduce quantitatively the same
temperature dependence of the critical magnetic field and

FIG. 3. (a)–(d) Color map of ∂σxy/∂VG as a function of both
magnetic field and gate voltage, at (a) 1.7 K, (b) 20 K, (c) 27 K,
and (d) 40 K. The white solid curves correspond to σxy ¼
ðnþ 1/2Þe2/h. In the NI state (B > 2.2 T), the isolines of σxy ¼
�e2/2h are linearly fitted by the red dotted lines giving the values
of Bc. (e)–(h) The false-color maps show the longitudinal
resistivity at the same temperatures as in the respective top
panels. The white curves correspond to the isolines of ρxx ¼ h/e2.
The red dotted lines are the linear fits of these curves in the field
range of B ¼ 2.2–6 T. The crossing point of the two red lines
gives another estimate for Bc.

FIG. 4. Theoretical (solid curve) and experimental (open
symbols) values of the critical magnetic field Bc as a function
of temperature. The values marked by the red symbols are
obtained from the data set in the top panels of Fig. 3. The blue
symbols mark the values of Bc extracted from ρxx. The sparse
and white regions correspond to the inverted and trivial
band ordering, respectively. The inset shows Tc as a function
of d in (013) HgTe/Cd0.65Hg0.35Te QWs grown on a CdTe
buffer. The open symbol represents the experimental value
measured in our sample.
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are in good agreement with the theoretical values at all
the temperatures. The critical magnetic field vanishes at
Tc ≃ 27 K, which corresponds to the formation of gapless
states, in which the system mimics massless Dirac fermions
[5]. We formally extend our comparison toward negative
values of Bc, which correspond to the formation of the NI
state. Note that the error in the determination of Bc from
σxy ¼ �e2/2h increases with temperature due to broad-
ening of the trace of the zero-mode LL, originating from the
H1 subband as it is discussed above. Thus, our results
shown in Fig. 4 are eloquent proof of the temperature-
induced topological transition in HgTe QWs.
We note that the size of the Hall bar in our sample largely

exceeds the typical spin relaxation length (∼1 μm) [20].
An additional four probes’ resistance measurements
(see Sec. E in the Supplemental Material [13]) provide
evidence that although the edge states exist at B < Bc
[21,22], they do not contribute significantly to the con-
ductivity of our sample.
Finally, we discuss the role of spin-orbital corrections

resulting from bulk inversion asymmetry (BIA) [23] of zinc-
blend crystals and interface inversion asymmetry (IIA) [24]
on the behavior of zero-mode LLs. Both reasons induce the
anticrossing of zero-mode LLs in the vicinity of Bc. So far,
the fingerprint of such anticrossing was observed only by
far-infrared LL spectroscopy [10,25–27] focused on LL
transitions involving the zero-mode LLs.
We note that spin-orbital corrections resulting from

structure inversion asymmetry (SIA) of the QW profile
do not lead to anticrossing behavior of zero-mode LLs.
Moreover, since we do not observe any beatings of SdH
oscillations induced by SIA at the gate voltages presented
in Fig. 3, we conclude that SIA-induced corrections are
small in our sample. The latter is also confirmed by good
agreement between our experimental data and calculations
performed for the symmetrical QW profile.
The linear dependence of energies of the zero-mode LLs

and their experimental traces on magnetic field far from Bc
enables us to recalculate the anticrossing gap Δ measured
in magneto-optics [25–27] into the values of gate voltage
expected in our sample. For instance, by using a theoretical
band gap of 7 meVat 1.7 K and B ¼ 3 T (see Fig. 2) and its
experimental value ΔVG ≃ 0.7 V represented in the scale
of Vg [see Fig. 3(e)], we find that the experimental values of
Δ ≃ 4–5 meV transform into 0.4–0.5 V, which should be
observed for our sample. As is seen from Fig. 3, the width
of experimental traces of zero-mode LLs in the vicinity of
Bc, which may be interpreted as a manifestation of the LL
anticrossing, is significantly lower than the mentioned
values. The latter is also consistent with previous magneto-
transport results [2,5].
As discussed in Ref. [28], a possible explanation of the

large anticrossing gap in the vicinity of Bc measured by far-
infrared LL spectroscopy can be based on electron-electron
interaction effects. The latter may largely influence close

energies of LL transitions [29–31] as we deal with strongly
nonparabolic 2D systems for which Kohn’s theorem [32]
does not hold.
On the other hand, both BIA and IIA induce a spin

splitting of both electronlike and holelike states at nonzero
k in the symmetrical QWs. If the spin splitting is strong
enough, it results in the beatings arising in SdH oscillations.
However, these beatings have never been observed in
symmetrical HgTe QWs at low electron concentration.
This is also consistent with the small strength of BIA and
IIA terms, evaluated for our sample.
Finally, the presence of BIA and IIA terms induces the

optical transitions between two branches of helical edge
states [33]. If both terms are small, only spin-dependent
transitions between edge and bulk states are allowed [34].
Very recent accurate measurements of a circular photo-
galvanic current in HgTe QWs [35] have revealed the
optical transitions between the edge and bulk states only.
The latter also indicates the small effects of BIA and IIA
terms in HgTe QWs.
In conclusion, we have directly observed a temperature-

induced topological transition between NI and TI phases.
By plotting experimental LL fan charts at different temper-
atures, we have accurately extracted values of critical
magnetic field at different temperatures. Following the
experimental phase diagram, we have determined a critical
temperature Tc ≃ 27 K, at which Bc vanishes. Our exper-
imental results are in good agreement with realistic band
structure and LL calculations based on the eight-band Kane
Hamiltonian with temperature-dependent parameters.
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