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Importance of the semimetallic state for the quantum Hall effect in HfTe5
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At ambient pressure, HfTe5 is a material at the boundary between a weak and a strong topological phase,
which can be tuned by changes in its crystalline structure or by the application of high magnetic fields. It
exhibits a Lifshitz transition upon cooling, and three-dimensional (3D) quantum Hall effect (QHE) plateaus
can be observed at low temperatures. Here, we have investigated the electrical transport properties of HfTe5

under hydrostatic pressure up to 3 GPa. We find a pressure-induced crossover from a semimetallic phase at low
pressures to an insulating phase at about 1.5 GPa. Our data suggest the presence of a pressure-induced Lifshitz
transition at low temperatures within the insulating phase around 2 GPa. The quasi-3D QHE is confined to the
low-pressure region in the semimetallic phase. This reveals the importance of the semimetallic ground state
for the emergence of the QHE in HfTe5 and thus favors a scenario based on a low carrier density metal in the
quantum limit for the observed signatures of the quasiquantized 3D QHE.

DOI: 10.1103/PhysRevMaterials.8.L041202

The two-dimensional (2D) quantum Hall effect (QHE) oc-
curs due to the tuning of the Fermi level through Landau levels
created by the application of high magnetic fields in 2D ma-
terials, resulting in a quantized Hall conductivity with values
of νe2/h, where ν is the filling factor, e is the electron charge,
and h is Planck’s constant. Along with these plateaus in the
Hall conductivity, the longitudinal resistivity vanishes due to
conduction without scattering at the edges of the material.
Remarkably, the bulk remains insulating because this effect
occurs when the Fermi energy is in the gap between different
Landau levels. This effect was first observed in 1980 by von
Klitzing et al. [1] and its discovery led to the application of
topological concepts to solid-state physics [2].

Materials with nontrivial topology in momentum space
or real space have great potential for applications in many
fields, from catalysis and solar cells to spintronics and even
high-energy physics [3]. In particular, topological insulators
possess an insulating bulk and a metallic surface due to
the presence of metallic surface states similar to the state
responsible for the QHE. These materials can be classified
as weak topological insulators (WTIs) or strong topological
insulators (STIs), depending on whether the surface states are
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present only on the side surfaces of the material or on all
surfaces [4,5].

The 2D QHE has been extensively studied and found in
graphene, for example [6,7]. However, its three-dimensional
(3D) counterpart was proposed theoretically in 1987 [8], but
it is still difficult to realize and observe experimentally. One
way to achieve a 3D QHE analog state is to stack 2D quan-
tum Hall layers in a highly anisotropic environment [9–11].
However, this leads to physics similar to that observed in the
2D QHE and is referred to as quasi-2D QHE. This effect has
been observed in Bechgaard salts [12,13], η − Mo4O11 [14],
graphite [15–17], Bi2Se3 [18], EuMnBi2 [19], and BaMnSb2

[20,21].
Recently, the 3D QHE has been observed in the transition

metal pentatellurides ZrTe5 and HfTe5 [22–25]. Both ma-
terials crystallize in an orthorhombic Cmcm structure with
TMTe5 (TM = transition metal) layers stacked along the b
axis [26,27]. The ground states of these compounds depend
strongly on the volume of the unit cell [28,29], which can be
influenced by the growth conditions of the crystals. They can
be considered as Dirac semimetals closely related to an STI
or WTI phase [11,24,25]. Moreover, upon cooling, a Lifshitz
transition can be observed in both, which is a change in the
Fermi surface topology [30], changing the dominant carrier
type from holes to electrons and driving the materials into
a semiconductor phase and back to a semimetallic phase at
low temperatures [31,32]. The origin of the QHE is still under
debate. Previous reports found that the quantized Hall effect is
caused by Fermi surface instabilities such as a charge density
wave (CDW) [22,23,33]. On the other hand, several reports
claim that quasiquantized Hall plateaus and longitudinal re-
sistivity minima exist in the quantum limit of 3D metals with

2475-9953/2024/8(4)/L041202(6) L041202-1 Published by the American Physical Society

https://orcid.org/0000-0003-4744-3397
https://orcid.org/0000-0001-7211-3635
https://orcid.org/0000-0002-2539-6684
https://orcid.org/0000-0002-5383-8160
https://orcid.org/0000-0002-2212-4173
https://orcid.org/0000-0001-6272-2162
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.8.L041202&domain=pdf&date_stamp=2024-04-29
https://doi.org/10.1103/PhysRevMaterials.8.L041202
https://creativecommons.org/licenses/by/4.0/


M. M. PIVA et al. PHYSICAL REVIEW MATERIALS 8, L041202 (2024)

low carrier density and closed Fermi surfaces [11,25]. The
main difference between these two scenarios is the need for a
gapped ground state (in the first scenario) or a metallic ground
state (in the second scenario).

One way to distinguish between these two scenarios is
to study the evolution of the QHE as the material ground
state is tuned from metal to insulator. Electronic band struc-
ture calculations revealed that the activation energy of HfTe5

increases upon compression [28], suggesting that it may be
possible to tune this material from its Dirac semimetallic state
at ambient pressure to an insulating state under compression.
In contrast, previous electrical resistivity measurements under
pressure have found a metallic state with increasing pres-
sure [21,34]. A possible explanation could be nonhydrostatic
pressure conditions, since the previous pressure experiments
were performed with either no [34] or a solid [21] pressure-
transmitting medium. This possibility is further supported by
recent measurements under uniaxial stress and calculations
which found that a metallic ground state is favored for uni-
axial compressive stress [35,36], i.e., nonhydrostatic pressure
conditions.

In this Letter we focus on the effects of hydrostatic pressure
on the electronic properties of HfTe5. We show that HfTe5

can be tuned from its Dirac semimetallic state at ambient
pressure to a gapped ground state under hydrostatic com-
pression. We find the signature of the quasiquantized 3D
QHE only at low pressures in the semimetallic region of the
temperature-pressure phase diagram. In addition, we find a
change in the type of dominant charge carriers at low tem-
peratures and high pressures, indicating that HfTe5 exhibits
another pressure-induced Lifshitz transition. Our results em-
phasize the importance of hydrostatic conditions in pressure
experiments and pinpoint the origin of the 3D QHE in HfTe5

as a feature present in the quantum limit of metals with low
carrier density and closed Fermi surfaces.

Single crystals of HfTe5 were grown by chemical va-
por transport method. Stoichiometric amounts of Hf and Te
were sealed in a quartz ampoule with iodine and placed in
a two-zone furnace for over a month. Electrical resistivity
measurements were performed with a four-probe configura-
tion as shown in the inset of Fig. 1(a) using a commercial
physical properties measurement system (Quantum Design)
along with an AC resistance bridge (Linear Research). Pres-
sures up to 2.9 GPa were generated utilizing a self-clamped
piston-cylinder-type pressure cell. Silicon oil served as the
pressure transmitting medium in order to avoid nonhydrostatic
pressure conditions in the investigated pressure range [37] and
lead was the pressure gauge.

Figure 1(a) presents the temperature dependence of the
longitudinal resistivity (ρxx) at selected pressures. At 0.1 GPa,
close to ambient pressure, a large peak centered around 70 K
is observed upon cooling due to the presence of a temperature-
induced Lifshitz transition, in agreement with previous reports
[23,24,32,38]. The chemical potential of HfTe5 is strongly
temperature dependent. At room temperature the dominant
carriers are holelike; upon cooling the system becomes a
semiconductor and then a semimetal again, but with dominant
electronlike charge carriers below the Lifshitz transition [32].

Application of external pressure first shifts the position of
the peak (Tp) to higher temperatures, reaching a maximum of

FIG. 1. (a) Longitudinal resistivity (ρxx) as a function of temper-
ature at various pressures. The inset presents a schematic drawing
of the sample used in the experiments. (b) Activation energy (�) as
a function of temperature at selected pressures. The inset shows a
detailed view of the low-temperature region.

79 K at 0.6 GPa; further increasing pressure suppresses Tp

down to 47 K at 2.9 GPa [see Fig. 2(a)], in good agreement
with previous reports [21,38] and similar to observations in
the sister compound ZrTe5 [39]. However, the strongest ef-
fect of pressure is seen in the longitudinal resistivity at low
temperatures [see Fig. 1(a)]. The metallic behavior below
Tp first becomes weaker with increasing pressure, and above
1.5 GPa ρxx(T ) starts to increase exponentially toward low
temperatures, indicating the opening of a gap below ≈ 30 K
that has not been reported before, possibly due to nonhydro-
static pressure conditions in the previous experiments. We will
return to this latter point below. Note that around 15 K ρxx(T )
tends to saturate toward low temperatures, and a temperature
T ∗ can be defined as an inflection point in ρxx(T ). It is al-
most pressure independent up to 2.9 GPa. The origin of this
behavior is still unknown and could be related to one of the
following scenarios: a conduction dominated by topological
surface states [35], or the presence of impurity bands [40]
or a side conduction band, both of which can contribute to
electronic transport [32].

To gain further insight into the electronic structure of
HfTe5, we investigated the evolution of the activation energy
(�) as a function of temperature and pressure. The gap energy
is usually obtained as the linear slope of an Arrhenius plot
ln(ρxx ) = ln(ρ0) + �/T . However, in HfTe5 the activation
energy shows a strong evolution as a function of temperature
[32], so it is more appropriate to analyze the temperature
derivative of the Arrhenius plot ln(ρxx ) = ln(ρ0) + �(T )/T ,
which yields �(T ), as shown in Fig. 1(b). At low pressures
we observe only the opening of a gap in the high-temperature
region (T � 50 K) and metallic behavior below 50 K, but at
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FIG. 2. (a) Temperature-pressure phase diagram of HfTe5.
(b) Maximum values of the high-temperature gap (�HT) (left axis)
and low-temperature gap (�LT) (right axis) as a function of pressure.
(c) Cross-sectional area of the Fermi surface (SFZ ) as a function
of pressure. The inset presents a Landau fan diagram at selected
pressures. (d) Calculated ρcal.

xy,plat. and measured Hall resistivity ρ
exp.

xy,plat.

at the last plateau of the QHE. (e) Carrier density (n) and mobility
(μ) as a function of pressure. The jump in n(p) is accompanied by a
change in carrier type from electronlike to holelike.

1.5 GPa and above we find the opening of a second gap, or the
reopening of the high-temperature gap, at low temperatures
(T � 50 K). We will refer to the maximum size of the high-
temperature gap as �HT and the low-temperature gap as �LT.

At 0.1 GPa near ambient pressure, the high-temperature
gap opens at 200 K and reaches a maximum size of �HT =
35 meV at around 120 K, in agreement with previous reports
[32]. With increasing pressure, �HT increases to 61 meV at
1.1 GPa [see Fig. 2(b)], in agreement with electronic band
calculations upon unit cell compression [28] and with an
early study of the electrical resistivity HfTe5 under pressure
[38]. Above 1.2 GPa �HT decreases with further increasing
pressure, but the gap opens already at higher temperatures
and beyond 1.5 GPa already above room temperature. Fur-
thermore, around 1.5 GPa the temperature dependence of
the resistivity also indicates a gap at low temperatures, �LT

reaching a value of 2.8 meV at about 25 K at 1.5 GPa. By
increasing the pressure �LT increases strongly to 4.4 meV at
2.4 GPa and then decreases again to 2.9 meV at 2.9 GPa [see
Fig. 2(b)].

A possible scenario for the existence of two different gaps
in the high-temperature and low-temperature range is the oc-
currence of a topological phase transition from a WTI to a
STI. This transition leads to the closing and reopening of the
gap and it was theoretically proposed for HfTe5 [41] upon
cooling, but has not yet been observed experimentally [32].
Similar topological transitions in HfTe5 have been observed
as a function of uniaxial strain [35] or magnetic fields [42].
Therefore, it is quite feasible that the application of external
pressure tunes the Fermi energy of HfTe5 to a level at which a
topological phase transition can be induced by cooling.

We note that other reports have found metallic behavior
with increasing applied pressure. In these experiments, a solid
transmitting medium [21] or even no transmitting medium
[34] was used, both of which are expected to induce a large
pressure gradient in the sample chamber. These conditions
show similarities to uniaxial stress experiments which favored
a metallic state [35,36] and therefore the contrasting results
of the aforementioned reports compared to our Letter are not
surprising. This demonstrates the importance of hydrostatic
pressure conditions for measurements on HfTe5 crystals.

At ambient pressure, the magnetoresistance (MR)
ρxx (H )−ρxx (0)

ρxx (0) of the investigated HfTe5 sample shows an
extremely high value of 1650% at 9 T, indicating the high
quality of the crystal [see the Supplemental Material (SM)
for details [43]]. At small magnetic fields ρxx(H ) shows the
well-known quantum oscillations (QOs) and the quantum
limit is reached at 1.4 T [see Fig. 3(a)]. The application
of external pressure suppresses the oscillations and the
magnitude of the MR. At 1.5 GPa and above, where a second
gap opens at low temperatures, no QOs are visible in ρxx(H )
[see Fig. 3(c)]. In addition, at low temperatures we find a
change from electronlike charge carriers to holelike charge
carriers in the Hall resistivity ρxy around 2.2 GPa (see the SM
[43]). This suggests the possibility of a pressure-induced
Lifshitz transition. Since previous experiments were
performed under less homogeneous pressure conditions
than in our experiment, it may be sensitive to the pressure
homogeneity. We note that our x-ray powder diffraction
data do not show any structural phase transition at room

L041202-3



M. M. PIVA et al. PHYSICAL REVIEW MATERIALS 8, L041202 (2024)

FIG. 3. Longitudinal (ρxx) and Hall resistivity (ρxy) as a function
of magnetic field at 1.8 K and at (a) 0.1, (b) 0.8, and (c) 1.5 GPa.
The magnetic field was applied parallel to the b axis in both mea-
surements. The arrows mark the last plateau.

temperature (see the SM [43]). In the following, we discuss
the pressure evolution of the quasiquantized 3D QHE and its
relationship to the pressure-induced changes in the electronic
properties.

To get more information about the changes in the Fermi
surface, we analyze the QO (see the SM for details [43]).
The frequency of the oscillations BFz was extracted from the
slope of the Landau fan diagrams, as shown in the inset of
Fig. 2(c). At 0.1 GPa the extracted frequency of 1.2 T is in
good agreement with previous reports [23,24,42], the appli-
cation of external pressure enhances the oscillation frequency
to 2.7 T at 1.2 GPa. At higher pressures, the data no longer
show QO. The cross-sectional area of the Fermi surface SFz =
BFz × ( 2πe

h̄ ), where h̄ is the reduced Planck constant, first
remains constant with increasing pressure before it starts to
increase above 0.5 GPa. The dependence of the Fermi surface
area on pressure is depicted in Fig. 2(c).

Looking more closely at the low-field region, evidence for
the 3D integer QHE in HfTe5 can be seen in Fig. 3(a). Plateaus
in the Hall resistivity ρxy occur at the same fields as the
minima in the longitudinal resistivity ρxx. The experimental
ρxy of the last plateau is close to ρcal.

xy,plat. = h
2e2 λFz, where h

is Planck’s constant, e is the electron charge, and λFz is the
Fermi wavelength along the z direction. However, the longi-
tudinal resistivity does not vanish completely as it should for
a fully quantized 3D QHE. With increasing pressure the fea-
tures in ρxy become less pronounced. The plateaus in ρxy can
only be identified in the metallic regime, which is indicated
by the temperature dependence of the resistivity ρxx [see, e.g.,
Figs. 3(a) and 3(b)]. At 1.5 GPa, the temperature dependence
of the resistivity shown in Fig. 1(a) indicates the opening of a
low-temperature gap, i.e., an insulating behavior, and no signs
of a 3D QHE are visible in ρxx(H ) and ρxy(H ) [Fig. 3(c)].

Two possible scenarios are currently being discussed to
explain a quasi-3D QHE in HfTe5. The first considers the
material as a stack of 2D layers that generate a Fermi surface
instability, such as a CDW, which opens a gap giving rise
to a quantization of the quantum Hall effect proportional to
the Fermi wavelength along the z direction λFz [22,23]. The
finite longitudinal resistivity ρxx is then explained by carriers
from other Fermi surface pockets contributing to the electrical
transport [23]. The second scenario achieves a quantization by
considering a bulk 3D metallic material, rather than a stack of
2D layers, with a closed Fermi surface and low carrier density
[11,25]. When the system enters the quantum limit, the only
allowed dispersion is parallel to the applied magnetic field,
resulting in metallic Landau bands that give rise to the finite
longitudinal resistivity. In both cases, the value of ρxy at the
last plateau is given by h

2e2 λFz [11].
At low pressures, the Hall resistivity at the last plateau

agrees quite well with the prediction in both scenarios ρxy =
h

2e2 λFz. But at 0.8 GPa the calculated value starts to be-
come larger than the experimental one [see Fig. 3(d)]. In
this pressure range, HfTe5 shows no fundamental changes in
its electronic properties at low temperature. It continues to
exhibit metallic behavior with low carrier density. We do not
find any additional QO frequencies that could indicate abrupt
changes in the Fermi surface. Moreover, the cross-sectional
area of the Fermi surface SFZ increases monotonically with
pressure; i.e., we can assume that the closed 3D anisotropic
Fermi pocket identified at ambient pressure, which is a pre-
requisite for the model assuming a bulk 3D metal [24], does
not change significantly in this pressure range. The character-
istic changes in the low-temperature behavior occur at higher
pressures. The low-temperature gap opens only above 1.5 GPa
and a change in the dominant type of charge carrier takes place
above 2 GPa. It is therefore surprising that ρ

exp.

xy,plat. deviates
from ρcal.

xy,plat.. The amplitude of the QO is strongly suppressed
with pressure, which is caused by the strong decrease of the
charge carrier mobility [see Fig. 3(e)]. However, the increased
uncertainty in determining the position of the last plateau does
not explain the observed discrepancy. Our results support the
scenario that the quasi-3D QHE in HfTe5 originates from a
bulk 3D metallic material with a closed Fermi surface and low
carrier density, and make a scenario based on a stack of 2D
layers generating a Fermi surface instability less likely.

In conclusion, we have demonstrated that the signatures of
the quasiquantized 3D QHE in pressurized HfTe5 are confined
to the semimetallic state. This supports a scenario based on a
bulk 3D metal with low carrier density in the quantum limit
instead of a scenario based on stacked 2D layers and Fermi
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surface instabilities for the origin of the quasiquantized 3D
QHE in HfTe5. Furthermore, we find a change from electron-
like to holelike carriers at low temperatures around 2.2 GPa,
pointing to the existence of a pressure-induced Lifshitz
transition.

Data that underpin the findings of this Letter are available
at Edmond—the open research data repository of the Max
Planck Society [44].
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