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Signatureofpressure-induced topological
phase transition in ZrTe5

Check for updates

Zoltán Kovács-Krausz 1,2, Dániel Nagy3, Albin Márffy1,2, Bogdan Karpiak4, Zoltán Tajkov 5,6,
László Oroszlány3,7, János Koltai 8, Péter Nemes-Incze5, Saroj P. Dash 4, Péter Makk1,9 ,
Szabolcs Csonka1,2 & Endre Tóvári 1,9

The layered vanderWaalsmaterial ZrTe5 is knownasacandidate topological insulator (TI), however its
topological phase and the relationwith other properties suchas anapparentDirac semimetallic state is
still a subject of debate. We employ a semiclassical multicarrier transport (MCT) model to analyze the
magnetotransport of ZrTe5 nanodevices at hydrostatic pressures up to 2 GPa. The temperature
dependence of theMCT results between 10 and 300 K is assessed in the context of thermal activation,
and we obtain the positions of conduction and valence band edges in the vicinity of the chemical
potential. We find evidence of the closing and re-opening of the band gap with increasing pressure,
which is consistent with a phase transition fromweak to strong TI. Thismatches expectations from ab
initio band structure calculations, as well as previous observations that CVT-grown ZrTe5 is a weak TI
in ambient conditions.

In certain materials, the spin-orbit interaction, through a process of band
inversion, leads to a topological insulator (TI) phase1,2. Themost remarkable
consequence of this phase is that despite being gapped in the bulk, any
boundary between a TI and a trivial (non-topological) insulator features
gapless edge or surface states. These topological edge states are of interest in
the area of quantum computation3. In a two-dimensional (2D) case, this
phase is also called a quantum spinHall insulator. Initially, its existence had
been proposed4,5 and then successfully demonstrated in HgTe/CdTe
quantum wells6,7. In addition, 3D TIs have also been discovered, initially
with Bi2Se3 and Bi2Te3 at the forefront

8,9. Thesematerials feature 2D surface
states that have a chiral spin texture, where any orientation of the
momentum uniquely determines the spin polarization, also called spin-
momentum locking (SML)10–12. These chiral surface states are of interest for
spintronics, since the SML mechanism can be taken advantage of, for
example in heterostructures, to generate spin polarization and pass it into a
spin transport medium such as graphene, or to electrically detect the pre-
sence of spin currents in the medium13–15.

Zirconium pentatelluride (ZrTe5) is a 2D layered material16 and fea-
tures an anomalous resistivity peak at a sample-dependent temperature
Tp

17,18. This peak has been elucidated by angle-resolved photoemission

spectroscopy (ARPES)19,20 to be caused by a shift of the chemical potential
across the small band gapwith temperature, while the predominant carriers
change from holes to electrons as the temperature is reduced. In samples
grown by chemical vapor transport (CVT), Tp is typically in the 120–160 K
range21–23, allowing for study of both electron and hole transport properties
based on temperature. The shift of the chemical potential and the values of
Tp have also been confirmed using ab initio calculations when including
doping24, which can be caused by Te vacancies as seen in CVT-grown
samples22.

ZrTe5 is a candidate TI25, with the monolayer expected to form a
quantum spinHall insulator. Themultilayer structure could be in aweak TI
(WTI) or strong TI (STI) state, depending on theZ2 invariant

2,10. TheWTI
case has surface states present only on certain boundaries, essentially acting
like a stack of 2DTIs, while the STI case has topologically protected surface
states on all boundaries, forming a genuinely 3DTI, as depicted in Fig. 1b, d,
respectively. However, whether ZrTe5 forms a WTI or STI is under
debate25–28. Certain experimental evidence suggests an STI phase29–31.
However, most experiments have found CVT-grown ZrTe5 to be a WTI
with a smaller band gap19,27,32, including observations using ARPES33 and
scanning tunneling microscopy34,35.
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Theoretical band structure calculations generally predict a STI phase
for ZrTe5 and show the presence of several distinct band edges near the
Fermi level19,25,26, supporting a multicarrier approach in the analysis of
transport behavior. While the nonlinear Hall resistivity of ZrTe5 has also
been attributed to the anomalous Hall effect36–38, recent gating experiments
on thin flakes39 further support the multiband origin of the transport fea-
tures. In addition, a few works consider the material a Dirac or Weyl
semimetal instead40–43. The theoretical predictions and experimental
observations generally agree that ZrTe5 lies close to a WTI-STI phase
transitionboundary (yellow line inFig. 1a),withonly a small bandgap in the
Dirac-like bands, potentially allowing for observation of relativistic beha-
vior. In addition, the band structure is highly sensitive to small changes in
lattice constants44. The goal of this work was to investigate whether this
property could be exploited, by application of pressure, to drive thematerial
through this phase transition.

Application of hydrostatic pressure is an emerging tool of interest in
the study of 2Dmaterials and heterostructures, with practical experimental
methods currently in development45,46. The interlayer spacing is an
important parameter, expected to tune properties of layered materials47,48

(including ZrTe5
25,26) and heterostructures49,50. Recently this tunability has

been experimentally demonstrated in examples such as superconductivity
in superlattices45, band structure tuning of twisted bilayer graphene51,52,
enhancement of spin-orbit proximity effects53,54 and topological ormagnetic
ordering transitions55–57.

Although a few studies have been performed on bulk ZrTe5 with
application of pressure or strain23,37,58,59 (including regarding its phase
transition27), experiments on thin nanodevices, where surface contributions
are more evident in transport measurements, have not been performed
before. The joint experimental and theoretical approach of this work is able
to better reveal the signatures of this topological phase transition in ZrTe5
nanoflakes.

Theoretical calculations and multicarrier model
First, in order to assess the topological phase of ZrTe5 as a function of
changes to lattice constants, and to help interpret the experimental results,
we have performed ab initio band structure calculations, employing density
functional theory (DFT). For the detailed methodology, consult Supple-
mentary Note 8. The size of the direct gap at the Γ point, ΔΓ, is plotted as a
function of in-plane and out-of-plane strain in Fig. 1a. The phase transition,
where ΔΓ = 0, is found along the yellow dash-dotted line. The topological
phase of the system is found to be in aWTI phase above this line and an STI
phase below it. The relaxed lattice constants area = 2.002Å,b = 7.204Å and

c = 13.876Å44, representing the zero strainpositionon the strainmap.These
parameters fall within 1.1% of those obtained fromX-ray diffraction16. This
discrepancy may be related to the presence of Te vacancies in CVT-grown
ZrTe5

22. It is important to note that the DFT-based band structure obtained
using the relaxed constants does not accurately represent the experimental
ZrTe5 results onCVT-grown crystals, instead predicting a largerΔΓ (around
80meV), and, most notably, resulting in a STI rather than WTI phase.
According to ref. 60, the experimentally estimated ZrTe5 bands are better
representedby theDFTresults at the black square inFig. 1a,which is close to
the phase transition boundary and consistent with the experimental results
of refs. 19,27,32–35 suggesting a WTI phase.

A visual representation of the vicinity of the Γ point for theWTI phase
is shown on the lower part of Fig. 1b, having a trivial gap without band
inversion for the 3D band structure. In this state, the edge states of theWTI
phase run along the edges of the individual ZrTe5 layers, essentially each of
them forming a 2D topological insulator, as is shown in the upper part of
panel (b). Because this position is close to the gapless phase transition point,
application of pressure is expected to compress the lattice and move the
system through the phase transition and into an STI phase. The exact
compression path is hard to predict, but the expectation from hydrostatic
compression would be a movement from upper right to lower left of Fig. 1a
(arrows). For visualization, two example paths are chosen, labeled as 1 (2)
showing an isotropic (vdW-only) compression process leading to an end
position depicted as the red (green) square, respectively. Under the com-
pression process, at a particular pressure value pt, the material would reach
the transitionpoint depicted in Fig. 1c, where the gapbetween theDirac-like
bands closes.Note that theoverall band structureoftenhas zero indirect gap,
even away from the phase transition point, due to the multiple side bands
being close to the chemical potential. For this reason, it is important to be
able to assess the direct gap ΔΓ related to the topological phase transition.
Further increasing the pressurewouldmove thematerial into the STI phase,
represented in Fig. 1d. Here, a band gap opens up again, but in this case the
spin-orbit interaction leads to band inversion, highlighted by the coloring
near the band edges. Gapless surface states will be found crossing this gap at
every boundary (surface) of the crystal. Therefore, an experimental obser-
vation of ΔΓ closing and reopening can be considered as a signature of the
topological phase transition.

For experimental investigation under pressure, nanoflakes of ZrTe5
have been obtained by mechanical exfoliation to a SiO2 substrate. Pre-
dominantly, flakes in the 50–150 nm thickness range have been studied, but
measurements have also been performed on flakes thinner than 50 nm to
study thicknessdependence.TheZrTe5 crystals favorably cleave into regular
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Fig. 1 | Pressure-induced topological phase transition in ZrTe5. a DFT-based
strain map of ZrTe5 showing the direct gap ΔΓ as a function of lattice strain. The
yellow dash-dotted line is the position where gapless Dirac bands are formed. The
topological phase above and below this line is WTI and STI, respectively. Starting
from theWTI phase in the black square, application of pressure (arrows) could lead
to aWTI-to-STI phase transition, with two potential endpoints shown: an isotropic
compression path (1, red square) and a compression in the vdW direction only (2,
green square). b ZrTe5 in a WTI phase corresponding to the black square in (a). A

representativemodel of the bands along Γ-Y is depicted below, showing a trivial gap.
The individual ZrTe5 layers are 2D TIs, forming distinct edge states (red contours)
around the edges of the crystal. c At a certain pressure, the material reaches the
transition point (yellow line as guide to the eye in (a)), and the gap closes.
d Increasing the pressure, the STI phase is reached. The spin-orbit interaction leads
to band inversion, and a gap opens up once again, forming a 3D TI that features
surface states on each of the surfaces.
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rectangular single crystals of several μmdimensions, where the longer edge
of the exfoliated crystals is parallel to the crystallographic a-axis42,61. This
allowed for easy establishment of Hall-bar measurement geometries on the
flakes by depositingCr/Aumetallic contacts. Anovelmethod formeasuring
nanodevices-on-chip under hydrostatic pressure was employed46, in a
piston-cylinder pressure cell thatfits into the variable temperature insert of a
liquid helium cyrostat with superconductingmagnet (with fields up to 8 T),
allowing for a full range (1.5–300 K) of temperature-dependent magneto-
transport measurements at pressures up to 2 GPa.

A multicarrier transport (MCT) approach was used to analyze the
magnetotransport measurements and obtain band structure details under
pressure. We have obtained the sheet conductivity data σxx and σxy from
longitudinal andHall resistanceRxx andRxymeasured in an out-of-planeBz
magnetic field. Following ref. 60, the obtained sheet conductivity data was
fitted using theMCTmodel, using signed conductivity σi andmobility μi as
the fitting parameters for the i-th carrier. The procedure was performed at
each temperature by fitting the following equations simultaneously using
the same σi and μi parameters:

σxyðBÞ ¼
XNC

i¼1

σ iμiB
1þ μ2i B

2 ; σxxðBÞ ¼
XNC

i¼1

jσ ij
1þ μ2i B

2 : ð1Þ

Each fit is performed several times using randomized starting para-
meters, to ensure the robustness of the results. The required number of
carriers (NC) to adequately fit the conductivity curves was found to vary
with temperature between3 and 5, with the highest number being necessary
near the anomalous resistivity peak Tp, where the chemical potential is
crossing the small band gap. The fitting is demonstrated at several tem-
peratures in SupplementaryNote2.The electronorholenatureof a carrier is
fixed throughout the temperature range, i.e., σi cannot change sign. Thus,
the obtained fitting results exhibit a realistic freeze-out behavior expected
from the shifting chemical potential in ZrTe5, aswill be demonstrated below
in relation toFig. 4c, e.As shown in ref. 60, oneof the carriers (by convention
i = 1) is an edge-confined carrier. This can be envisioned as a diffusive 2D
surface state running only along the vertical sides of the ZrTe5 crystal. This
surface state is parallel to the applied Bz and is thus unaffected by it. In the
MCT model this is implemented by setting its σ1 to a finite value while
having μ1 = 0, resulting in a constant, field-independent contribution to σxx,
and zero σxy. This edge carrier is necessary to obtain smooth and realistic
temperature trends for the densities and mobilities of all carriers. For all
carriers other than this edge carrier, the σi = niqiμi relation applies, where ni
is the 2D density of the i-th carrier and qi = ± e is its charge. Dividing the 2D
carrier densityni with crystal thickness results in the 3Dcarrier densityn3D,i.

Since in ZrTe5 the chemical potential crosses the band gap with tem-
perature, the obtained n3D,i(T) data of the individual carriers can be used to

fit a model band edge corresponding to the carrier, which has the form:

n3D;iðTÞ ¼
Z

ε
gðε; Ei;m

�
i Þf ðε;T; riÞdε; ð2Þ

where g is the density of states (DOS) of a band having the band edge energy
Ei and effective massm�

i , assuming a 3D isotropic and quadratic band near
the band edge. f is the Fermi function with a temperature-dependent
chemical potential, which is shifted with a rate ri = 0.25meVK−1 with
temperature (from ref. 19). We note that, similarly to ref. 60, for the two
high-mobility carriers (which we attribute to the ZrTe5 bands near Γ) we
have used a 3DDirac DOS for the fitting, with the Fermi velocity vF,i taking
the place ofm�

i . Most importantly, this method allows for the extraction of
the direct gap at Γ from the magnetotransport data, by subtracting the
obtained band edge energies of the conduction and valence bands
represented by these two carriers.

Experimental results and discussion
Transport measurements on ZrTe5 nanoflakes, including application of
pressure, were successfully performed on six devices in the 50–150 nm
thickness range, all of which behaved consistently. Here we discuss the
results on two example devices; data on the others is shown in Supple-
mentary Note 1. The measurement setup is shown in Fig. 2a, where the
ZrTe5 crystallographic a-axis is oriented horizontally on the image. A bias
current was applied and simultaneous longitudinal and transverse mea-
surementswere taken. The temperature dependence ofRxx, the longitudinal
resistance of device S1 (~155 nm thick), is plotted at different pressures in
Fig. 2b. The characteristic resistivity peak of ZrTe5 is observed to change
with pressure, with both the resistance magnitude Rp and its temperature
position Tp changing non-monotonically, first showing a decrease and then
a subsequent increase with application of pressure. In Fig. 2c the extracted
Rp pressure dependence is shown as green squares. Though temperature
dependent measurements can only be performed at a static pressure, which
is set at room temperature (RT), the RT sample resistance can be measured
dynamically during pressure application or release. The RT pressure
dependence of sample S6 (see magnetotransport data in Supplementary
Fig. 1) is plotted as the orange datapoints in Fig. 2c, and follows the Rp
pressure dependence trend of sample S1 (green squares) well. This RT
pressure dependence of Rxx is robust and reproducible across all samples,
with a distinguishable minimum around 0.7 GPa.

Our observation of a minimum in Rp with increasing pressure is
consistent with that of the bulk CVT-grown sample in ref. 23 (see their Fig.
2c). In comparison, ref. 59 on a similarly grownbulk sample does not feature
a Rp minimum, although the first shown non-zero pressure is 0.8 GPa,
above our observed Rxx minimum at 0.7 GPa. Meanwhile, ref. 37 measured
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Fig. 2 | Transport measurements on ZrTe5 under pressure. a Optical image of a
ZrTe5 nanodevice (sample S2, 101 nm thick) on SiO2 substrate with metallic con-
tacts. The scale bar is 5 μm. The Hall-bar-like measurement setup enables simul-
taneous measurement of Rxx and Rxy for magnetotransport. b Temperature
dependence of Rxx of sample S1 at various pressures, showing a non-monotonic

dependence of the resistivity peak magnitude Rp and its position Tp. c Sample
resistance measured in a different sample (S6) at room temperature (RT) during
dynamic pressure application and release (orange and red circles). The pressure
dependence of Rp extracted from (b), shown as green squares, correlates with that of
Rxx measured at RT.
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flux-grown ZrTe5 under pressure, with a Tp close to 2 K, making the results
not directly comparable. Higher pressure studies were performed in ref. 58
using a diamond anvil cell. Their results in the 0–2 GPa pressure range (see
their Fig. 1a) show an overall reduction of the peak resistanceRp, in contrast
with our measurements and those of refs. 23,59 which show an overall
increase.

In order to employ theMCTmethod and obtain band structure details
under pressure, magnetotransport measurements were performed. Figure 3
shows a subset of the measurements in the 1.5–300 K range on device S2
(~98 nm thick) at pressures of approximately 0, 1 and 2 GPa respectively.
Since the pressure medium freezes in the studied temperature range, the
pressure decreases by roughly 0.1 GPabetween300and1.5 Kwhenhaving a
RT starting pressure above 1 GPa62. Therefore we consider 0.1 GPa as the
uncertainty value. The Rxx and Rxy data have been symmetrized and anti-
symmetrized, respectively. The 0 GPa dataset features the typical complex
magnetotransport behavior of CVT-grown ZrTe5

22,60,63,64, with S-like shapes
in Rxy originating from the the multiple carriers involved in transport. The
gradual transition from valence to conduction band with decreasing tem-
perature can be seen in the sign reversal of the predominant slope of Rxy.
There is a noticeable effect with increasing pressure, which can be described
as an apparent “flattening" and simplification of both Rxx and Rxy curves at
most temperatures. For example, the yellow Rxy curves (close to Tp) in Fig.
3d–f initially have a slope reversal at lowfield, but this vanishes at 2 GPa and
the slope is negative throughout. A notable change in the low temperature
(blue) Rxy curves is that their hyperbolic-tangent-like shape at 0 GPa
becomes almost completely linear at a pressure of 2 GPa. In addition, the
weakening of Shubnikov-de Haas oscillations with increasing pressure can
be observed in Rxx in Fig. 3a–c (dark blue T = 1.5 K curves). Overall, the Rxx
curves at most temperatures, but especially near Tp, feature a prominent
symmetric dip at low pressure (panel (a)), and become closer to a parabolic-
or V-shape under high pressure (panel (c)).

Following the methodology outlined in Sec. “Theoretical calculations
and multicarrier mode”, the magnetotransport curves from Fig. 3 can be
fitted with the MCT model Eqs. (1). The effects of pressure on the MCT
fitting are demonstrated in detail in Supplementary Note 3. For a few
selected temperatures, the fitted curve (the σxx(xy) of the fit result) has been
transformed back intoRxx(xy) and plotted as black dotted lines in Fig. 3. The
results of thefitting along the full temperature range are shown inFig. 4. The
signed carrierdensity (n3D,i) trendswith temperature areplotted for the low-
mobility (i = 2, 3, panel (c)) and high-mobility (i = 4, 5, panel (e)) carriers.
The corresponding mobilities (μi) are plotted below, in Fig. 4d, f, respec-
tively. It can be seen that each panel features an electron type (i = 2, 4, with
n3D < 0) and a hole type (i = 3, 5, with n3D > 0) carrier, with the dominant
carrier type changingnearTp, in amanner consistentwith the expectationof
freeze-out due to the shift of the chemical potentialwith temperature. This is
most easily visible inpanel (e) corresponding to thehigh-mobilityDirac-like

bands near Γ. A notable pressure dependence can be seen in this high-
mobility pair. For the hole type carrier (i = 5), visible at higher temperatures,
we observe a decrease of its n3D amplitude with pressure. Meanwhile, the
electron carrier (i = 4), which becomes relevant at lower temperatures,
shows the opposite, an increase in the density with pressure.Note that at the
lowest temperatures, where Landau level physics and phase coherence
effects become relevant, the results of the MCT fitting should not be con-
sidered accurate. The σ1 contribution of the edge-confined carrier is shown
in Fig. 4b, exhibiting a notable decrease with increasing pressure. This
carrier has no associated mobility value.

Fittingof then3D,i data usingEq. (2) results in the bandedge energiesEi,
wheremost importantly thedifferenceof the twohigh-mobility bands (i = 4,
5) can be used to get an estimate for ΔΓ. The final extracted band edge
energies of the obtained bands at 0 GPa, relative to the chemical potential at
300 K, are represented in Fig. 4a. The darker, thin colored lines show the
band edges attributed to each carrier, and the thicker, lighter colors repre-
sent the error of the fit. Note that for the i = 2 carrier there are two solid
bands drawn, because, according to the fitting procedure, this band shifts
faster with temperature than the others. Therefore, the upper red band
shows its starting position at 300 K while the lower band shows its final
position at low temperature. This result is similar to theARPESresults of ref.
19, showing an electron pocket along the A1-T high symmetry line shifting
at a higher rate with temperature. The dashed red bands represent the error
of the shift rate, marking theminima andmaxima of the final band position
at 1.5 K. The other bands in our results shift at a rate of 0.25meVK−1

(according to ref. 19), which is already represented by the EF shift in Fig. 4a.
Apart from an offset (which could be explained by n-doping), the obtained
band edges are in good agreement with theDFT-based band structure from
the black square position in Fig. 1a, see also Fig. 5c.

The pressure dependence of the gapped structure at Γ is represented in
Fig. 5a, showing the band edges attributed to the i = 4 and i = 5 carriers. The
extracted gap size ΔΓ, and its error, are shown in the plot of Fig. 5b as blue
squares. The pressure evolution of the gap shows a decrease and subsequent
increase, as would be expected frompassing aWTI-to-STI phase transition.
The tendency of the resistivity with pressure (measured at RT) is shown as
the orange dashed line on the same plot, with a notable minimum. We
suspect that thisminimum, alongwith a similarminimum inRp and overall
temperature-dependent resistivity (see Fig. 2), is consistent with the topo-
logical phase transition. In ref. 27 a similar resistivity minimum was
observed while applying uniaxial strain to bulk ZrTe5 and is attributed to a
WTI-STI transition. The gapless state would therefore correspond to the
position of this minimum, while opening a gap on either side of the phase
transitionwould lead to an increase in resistivity. This is expected evenmore
so at temperatures above Tp, where the chemical potential is still in the
valence band, and transport contributions due to thermal excitations across
the gap are relevant. This would explain the observed non-monotonic

Fig. 3 |Magnetotransportmeasurements onZrTe5
under pressure. a–c Rxx trends at select tempera-
tures on both sides of Tp (~152 K) for sample S2 at
~0, 1, and 2 GPa pressures, respectively (pressure
increases from left to right). d–f Rxy trends of the
same device at these pressures. For temperatures
T = 115, 155, and 195 K, the resistances corre-
sponding to the fitting results of theMCTmodel are
overlayed on the experimental curves as black
dotted lines.
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pressure dependence. To verify the evolution of the gap size with pressure
using the DFT-based calculations, we have extracted the gap size along the
isotropic pressure path from Fig. 1a, plotted in red. The x-axis of the DFT-
based compression path (note the upper x-axis of Fig. 5b) has been scaled to
the pressure axis such that the gapless position is at the resistivityminimum
of the devices. It can be observed that the DFT-based gap size matches the
experimentally obtained data reasonably well on both sides of the expected
phase transition. A comparison of the isotropic (1) and vdW-only (2)
compression paths fromFig. 1a can be found in SupplementaryNote 7. The
result suggests that the exact choice of compression path makes little
difference.

The DFT-based band structures corresponding to the 0, 1, and 2GPa
pressures are shown in Fig. 5c–e, while the Brillouin zone of ZrTe5 and the
relevant high-symmetry points are shown in panel (f). The band structure
starts inWTI phase at 0 GPa but is already in STI phase at 1 GPa. From the
RT resistivity dependence, the transition is expected at pt ≈ 0.7 GPa corre-
sponding to an isotropic compression of around 0.2%. The gap opens fur-
therwith the increase to 2 GPa, where the shape of the inverted bands at Γ is
better visible. Importantly, the band edges defining the gap at 2 GPa are at a
lower energy than at 0 GPa,which can also be seen in the experimental band

edge results of Fig. 5a: despite the 0 and 2GPa gaps being of approximately
similar size, both band edges have moved to a lower position. Finally, one
may note the presence of electron sidebands along the A1-T line, (to which
we attribute the i = 2 carrier in the MCT model), which extend to lower
energies than the valence band edge,meaning that the entire band structure
is gapless.

Finally, we have also investigatedmagnetotransport in devices thinner
than 50 nm, in the range where transport properties start to vary sig-
nificantly with thickness. Here we shortly discuss our conclusions, while the
detailed results are presented in Supplementary Note 4. In general, the
thinner samples exhibit hole-dominated transport throughout the tem-
perature range, as noted before in existing literature61,64–66. This suggests that
the chemical potential is shifted well inside the valence band at 300 K,
hindering the transition to electron transport as temperature decreases. The
MCTmodel and bandfitting confirms this, as the band edge of the hole type
carriers is situated at higher energies for thinner samples, with amonotonic
thickness dependence (see Supplementary Note 5). We have successfully
investigated the pressure response of a 22 nm thick crystal (presented in
SupplementaryNote 6). Theminimum in itsRxx(p) dependence atRT is still
clearly visible, at a slightlyhigherpressure than seen in thicker devices, closer

Fig. 4 | Multicarrier fitting results. a Visual
representation of the bandfitting results of the 0 GPa
dataset of sample S2. The k-axis is not to scale, only
the band edge energies are used. Bands i = 2, 3 are
parabolic while i = 4, 5 are Dirac bands representing
the highermobility carrier pair. The size of the direct
gap ΔΓ can be extracted from the latter. b The σ1
contribution of the edge carrier (i = 1) decreases
with pressure. c, d Carrier density n3D,i (signed) and
mobility μi data, respectively, of the two low-
mobility carriers (i = 2, 3). The y-axis of (c) also gives
the scale of the corresponding sheet density n2D,i,
which isn3D,i multiplied by the device thickness. The
evolution with pressure is shown, where higher
pressures are represented by darker colors. e, f The
same data for the two high-mobility Dirac-like car-
riers (i = 4, 5).
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Fig. 5 | Band fitting results and evolution of direct
gap ΔΓ with pressure. a The position of the band
edges at 300 K, obtained from the carrier fitting
results on sample S2. The error is represented by the
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can be extracted as the band edge difference of the
two high-mobility (blue) bands. b The plotted value
and error of ΔΓ with pressure (blue squares). The
dynamic response of the sample resistance with
pressure, measured at RT, is plotted as an orange
dashed line. The red solid line represents the evo-
lution of ΔΓ, extracted from DFT calculations, along
an isotropic compression path (upper x-axis). It has
been scaled to the (lower) pressure axis by matching
the curve minimum (ΔΓ = 0) to the minimum of the
Rxx measurement. c–e Calculated band structures
corresponding to the 0, 1, and 2 GPa pressures,
respectively, along the isotropic compression path
(red DFT (1) curve in (b)). Their positions on the
path are marked in (b) as a red square, circle and
diamond, respectively. The green band edges cor-
respond to the i = 3 carrier of the MCT model.
f Brillouin Zone of ZrTe5, with high-symmetry
points that have been used for the x-axis of (c–e).
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to 1 GPa. Therefore, it is expected that crystals of this thickness would still
undergo a phase transition, although the fitting of Eq. (2) is no longer viable
and cannot reveal the gap size due to the increased distance of the chemical
potential from the band edges. Improved gating techniques, such as ionic
liquid gating, employed on thin ZrTe5, could be an avenue of further
investigation. Shifting the chemical potential and restoring the electron-hole
carrier change behavior with temperature to such devices would allow for
better assessment of the thickness dependence of the band edges near
the gap.

In summary, we have used a recently developed pressure cell mea-
surement setup to investigate the pressure response of ZrTe5 nanodevices in
magnetotransport. The MCT model is suitable for extracting the charge
carrier parameters from measurements under pressure. The band fitting
analysis using the temperature dependence of carrier density indicates the
closing and subsequent reopening of the direct gap at the Γ point with
pressure. This is consistent with expectations from a WTI-to-STI phase
transition. In addition, a reduction with pressure of aBz-independent carrier
contribution σ1 to the conductance is observed. This could be a further
indicationof thephase transition. Sucha contribution couldbecaused inpart
by the edge states running along the ZrTe5 layers, while increased back-
scattering under pressure might decrease σ1. In thinner devices, the band
fitting analysis is able to show the gradual shift of the chemical potential into
the valence band as the thickness is reduced, explaining the lack of electron-
dominanted transport in thin ZrTe5 samples at low temperatures.

The experimental results under pressure can be compared favorably
with expectations from band structure calculations along lattice compres-
sion paths. This joint theoretical and experimental approach suggests the
existence of a phase transition driven by hydrostatic pressure fromWTI to
STI phase in particular. According to the observed evolution of the gap at Γ
with pressure, in conjunction with the strain-dependent phase diagram, in
case of isotropic compression the phase transition corresponds to only an
about 0.2% change in lattice parameters, while for a compression purely in
the vdW stacking direction 0.9% is required. This is consistent with our
finding of a robust resistivity minimum at room temperature, at approxi-
mately 0.7 GPa, which has been previously attributed to a topological phase
transition related to the gap at the Γ point27. Such a phase transition would
offer further experimental support for the observation that our CVT-grown
ZrTe5 is in a WTI phase at ambient pressure, because hydrostatic com-
pression can only be expected to drive the phase transition in one direction.

Methods
Density functional theory
The optimized geometry and electronic properties of the crystal were
obtained by the SIESTA implementation of DFT67–70. SIESTA employs
norm-conserving pseudopotentials to account for the core electrons and
linear combination of atomic orbitals to construct the valence states. The
generalized gradient approximation of the exchange and the correlation
functional was used with Perdew-Burke-Ernzerhof parametrisation71 and
the pseudopotentials optimized by Rivero et al.72 with a double-ζ polarized
basis set and a realspace grid definedwith an equivalent energy cutoff of 350
Ry for the relaxation phase and 900 Ry for the single-point calculations. The
Brillouin zone integration was sampled by a 30 × 30 × 18 Monkhorst-Pack
k-grid for both the relaxation and the single-point calculations.73. The
geometry optimizations were performed until the forces were smaller than
0.1 eVnm−1.

Sample fabrication
Macroscopic ZrTe5 crystals grown by the CVTmethodwere obtained from
HQGraphene.We obtained nanoflakes of ZrTe5 bymechanical exfoliation
to a SiO2 substrate, using semiconductor processing tape ELP BT-150P-LC
produced by Nitto. The thickness of the nanoflakes was verified using
atomic force microscopy. Contacts in Hall bar configuration, with larger
current bias contacts along the crystallographic a-axis, were formed using
electron beam lithography, with a Cr adhesion layer of 10 nm followed by a
main Au layer of 80–110 nm. To prepare a cleaner contact surface between

ZrTe5 and the metal, an Ar ion beam milling step was performed imme-
diately before deposition. Large area (approx. 100 × 100 μm) contact pads
were prepared on the substrate to facilitate wire bonding.

Transport measurements
Measurement of the nanodevices underhydrostatic pressurewasperformed
in a piston-cylinder pressure cell with an inner diameter of 6.5mm, using
Daphne 7373 oil as the pressure medium. The contacts of the devices were
wire bonded to a PCB that had been built into the plug of the pressure cell,
with electrical feed-through wires going through the plug and out of the
sample holder. For further details see ref. 46.

Application of pressure (up to 2 GPa) was performed at room tem-
perature, before inserting the pressure cell into the transport measurement
setup. A Cryomagnetics, Inc liquid helium cryostat with superconducting
magnet (up to a field of 8 T in the out-of-plane orientation) was used for the
magnetotransport measurements. The setup featured a variable tempera-
ture insert, into which the pressure cell could fit, in order to achieve tem-
perature stabilization from 1.5 to 300 K. For the current biasing and voltage
readout, low frequency AC measurement techniques were employed using
SR830 lock-in amplifiers by Stanford Research Systems.

Data availability
Extended data of the DFT calculations, and an interactive way to browse
them, are available online at tajkov.ek-cer.hu/zrte5phasediagram/. Further
data that support the findings of this study are available from the corre-
sponding author upon request.
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