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% Check for updates Landau band crossings typically stem from the intra-band evolution of

electronic states in magnetic fields and enhance the interaction effect in
their vicinity. Here in the extreme quantum limit of topological insulator
HfTe,, we report the observation of a topological Lifshitz transition from
inter-band Landau level crossings using magneto-infrared spectroscopy. By
tracking the Landau level transitions, we demonstrate that band inversion
drives the zeroth Landau bands to cross with each other after 4.5 T and forms
aone-dimensional Weyl mode with the fundamental gap persistently closed.
The unusual reduction of the zeroth Landau level transition activity suggests

atopological Lifshitz transition at 21 T, which shifts the Weyl mode close
tothe Fermilevel. As aresult, abroad and asymmetric absorption feature
emerges due to the Pauliblocking effect in one dimension, along with a
distinctive negative magneto-resistivity. Our results provide a strategy for
realizing one-dimensional Weyl quasiparticles in bulk crystals.

Inmagneticfields, electronsin crystals undergo cyclotron motionand
transform the energy bandsinto discrete Landau levels. The formation
of Landaulevels givesrise to various phenomenasuch as Shubnikov-de
Haas oscillations and integer and fractional quantum Hall effects, as
well as composite fermions'™. In two-dimensional (2D) systems like gra-
pheneand quantumwells, these Landau levels are non-dispersive. When
additional energy such as spinor valley splitting exceeds the cyclotron
energy, Landau levels meet with each other at critical magnetic fields,
and electroninteractionis enhanced asaresult*. This type of intra-band
Landau level crossing, which comes from the overlap of energy lev-
els without dispersion, has been widely investigated and serves as an
essential tool to modulate and analyse the Landau level spectrum®®, By
contrast, Landaulevelsin three-dimensional (3D) systems change into
Landaubands due to the dispersionalong the magnetic field direction.

Asthefield varies, the evolution of the cyclotron energy and band split-
ting potentially lead to the Landauband crossings existing only at dis-
cretemomentums. If oneis considering aninverted-band system such
asaweak topological insulator (TI), the spin splitting drives the lowest
(zeroth) Landau bands of the conduction and valence bands moving
towards each other and finally crossing above a critical magnetic field at
discrete momentums. Hereafter, the ‘inter-band Landau level crossing’
denotes the crossing between conduction and valence Landau levels
inmomentum space. Notably, suchinter-band Landau level crossings
persistently close the fundamental bandgap rather than the Landau
gapalone. The furtherincreased magnetic field only shifts the crossing
momentums but keeps the bandgap closed.

Onthe other hand, band crossingin momentum space generates
quasiparticles, which has drawn enormous researchinterest. The most
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Fig.1|Schematic plot of proposed magnetic-field-driven phase transitions.
Aweak 3D Tlat zero field with4 >0, M < 0 and M, > 0. The Landau quantization
ofthe Tl features both band inversion and full spin-polarization of the zeroth
Landau bands, denoted by red and blue lines, while the black and grey lines
denote the original energy bands and high-index Landau bands, respectively.
After reaching the quantum limit at B,, the Fermilevel (purple) crosses only the

1 2

zeroth Landau band. Characteristic band inversion leads to the crossing of the
zeroth Landau bands after the critical field of B,. With the Fermi level staying
high, the system still behaves as a trivial semimetal until the Lifshitz transition at
B,. Fermisurfaces experience a splitting, which is accompanied by a topological
transition where the zeroth Landau bands form an effective 1D and spin-polarized
band crossing near the Fermi energy (E;).

cited examples involve the Dirac equation, which can be simplified
into two massless Weyl equations’. By breaking either inversion or
time reversal symmetry and forming a band crossing, a Weyl fermion
has been theoretically proposed and experimentally realized™* ™.
This success offers a platform to study the chiral fermion and leads to
the discovery of a chiral anomaly and other unique electromagnetic
responses” . The discussed inter-band Landau level crossings from Tl
lead to the effective one-dimensional (1D) structure without geometry
confinement, as the magnetic field erases the in-plane dispersion. The
1D crossing mimics both the electronic structure and spin texture of the
Weyl nodes formed by the Blochband crossing, whichis defined as ‘1D
Weylmode’in the following. However, the effective Zeeman energy is
generally much smaller thanthe bandgap and the Fermi energy. Hence,
theinter-band Landaulevel crossings, as well as the corresponding 1D
Weyl mode in the quantum limit, remain largely unexplored.

Here we report evidence of atopological Lifshitz transition from
inter-band Landau level crossings in the topological insulator HfTes.
Duetothelow Fermienergy, Hf Tesreaches the quantumlimitinavery
low field of ~1.5 T. A series of Landau level resonances along with band
splitting behaviour are revealed by magneto-infrared spectroscopy.
By further ramping up the magnetic field, we observe a highly unusual
reductionof optical activity from zeroth Landau level transitionsin the
extreme quantum limit, which indicates the topological Lifshitz transi-
tionand the formation of a1D Weyl mode near the Fermilevel. The elec-
tromagnetic response of this induced Weyl mode is revealed by both
high-field optical and transport approaches, from which signatures of
1D Pauli blocking and negative magneto-resistivity are detected. The
field-induced origin manifests a Weyl mode with animmense density
of states (DOS) near the Fermilevel, in stark contrast with the vanishing
DOSinthe3D Weyl node.

Field-driven topological phase transitions and
the 1D Weyl mode

Considering a weak 3D Tl with an in-plane inverted gap, a series of
magnetic-field-driven phase transitions are proposed at critical fields of
B,, B, BasshowninFig. 1. Applying amagnetic field (B) first leads tothe
formation of 1D Landaubands, which are parabolically dispersed along
the field direction especially around the band edge at zero momen-
tum. Once reaching the quantum limit at B,, the Fermi level crosses
only with the zeroth Landau band. By increasing the magnetic fields,

band inversion drives the two zeroth Landau bands, moving towards
and eventually forming inter-band crossings at B,. At first, the Fermi
level remains higher than the Lifshitz transition energy, so the system
behaves asatrivial semimetal. Above B,, a Lifshitz transition takes place
accompanied by atopological phase transition with the Fermi surface
divided into two parts with opposite spin textures. Such topological
Lifshitz transitions originate from the dispersive Landau bands, and
aredifferent from those in the Bloch bands?. The non-zero topological
number of each phaseis denoted below the Fermi surfaceinFig.1. The
1D crossing analogue to the Weyl node formed by Bloch band crossing
persists at higher magnetic fields. The overall phase transitions and
main physics can be modelled by the ideal low-energy Hamiltonian®®

H(K) = hwpkTc0, — hvpyky T, 0g + Ap K, T,0x o
+ [A + M(k)zr + k;) + Mzkzzr] 7,09,

where k is the momentum, and 7 and o are the Pauli matrixes acting
on the orbital and spin degrees of freedom, respectively. iand g, are
reduced Planck's constant and the unit matrix, respectively. The sub-
scripts x, y, zcorrespond to the a, ¢, b crystal axis of the Hf Te;. Band
parametersinclude the energy gap 24, Fermi velocity vy and, in-plane
and out-of-plane band inversion parameters M and M,. The Fermi
velocity and band inversion parameters also actaslinear and parabolic
contributions of energy dispersion®. Influence from additional pertur-
bation terms®~*° such as spin-orbit coupling and inversion symmetry
breaking are further discussed in Supplementary Section IIl.

Material realization and anisotropic band
structure

Among various Tl candidates, we find that HfTe; meets the mate-
rial criteria to realize the above proposal. Similar to ZrTe,, Hf Tes is at
the boundary between weak Tl and strong TI***, with the electronic
structure and band topology sensitive to the b-axis lattice constant.
The access to the extreme quantum limit has led to various intriguing
phenomenain ZrTe; and HfTe; (refs. ***?). Photoemission and optical
experimentsreveal atemperature-dependent Fermileveland a TIphase
atlow temperature*®*. Figure 2a-d exhibits the quantum oscillations
from our transport measurement. Alarge positive magneto-resistivity is
observed with asmall Fermi vector kg, = 5.9 x 107 A, in agreement with
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Fig.2|Band structure and magneto-infrared spectroscopy in HfTe;.

a, Magneto-resistivity showing alarge ratio and quantum oscillation.

AR, resistivity variation; R, original resistivity without magnetic field. b, Fan
diagram exhibiting a small Fermi surface and quantum limit at B, = 1.5 T, indicated
by the grey dashed lines. ¢, Temperature (7)-dependent normalized oscillation
amplitude Ao,,(7T)/Ac,(0).d, The conclusive anisotropic band structure of Hf Tes
for setting model parameters. e, Relative magneto-transmittance spectra T/T,

at different magnetic fields. For clarification, curves are vertically stacked and
further coloured to red with 5 T intervals. The Landau level transitions (dips)
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systematically evolve with the magnetic fields. f, False-colour plot of the magneto-
absorbance A; = -In(T,/T,). The assignments of Landau level transitions are
labelled as T,. The black arrow points to the splitting features originating from

the zeroth Landau band edge touching at the critical field of B,. The orange arrows
present the optical activity variation due to the Lifshitz transition and resultant
formation of the Weyl mode near the Fermi level at the critical field of B,. The white
dashed box exhibits the optical features from the 1D Pauli blocking effect. g, The
schematic Landau band edge energy of Hf Te; under various magnetic field values.
The arrows exhibit the non-zeroth Landau level transitions.

previous reports*’. AR and R, denote the resitivity variation and original
resistivity without magnetic field. The fitted quantum limitin our sam-
pleisaround B,=1.5+ 0.1 T. Assuming an ellipsoid Fermi surface*’, we
canobtainthe cyclotron mass from the temperature-dependent oscilla-
tion amplitude, as m, = 0.016m,, m,=1.2m.and m.= 0.028m,, where m,
isthefree electronmass (details arein Supplementary Sectionsland II).
Small m,and m, values suggest quasi-linear in-plane dispersion, while
m,indicates a parabolic dispersion along k, (Fig.2d). Hence, we set the
Ur, term to be zero while M, remains finite for HfTe, (ref. *’). With posi-
tive 4, the in-plane band inversion of the Tl requires M < 0. As shown
later, the sign of M, determines the presence of inter-band Landau level
crossings and a Lifshitz transition. The a-c planeis treated asisotropic
because the cyclotron motion averages the in-plane response. The low
carrier concentration along with the special anisotropic dispersion and
band inversion serve as the prerequisites to observe the topological
Lifshitz transition within a magnetic field of 35 T.

High-field magneto-infrared spectrum

Theevolution of Landau bands is detected by magneto-infrared spec-
troscopy with optical transmittance T,/T, (Fig. 2e) measured at the
a-c plane of Hf Te; under magnetic fields applied along the b axis
(Faraday geometry). Here T;and T, are the transmittance measuredin
magnetic field Band zero field, respectively. A series of absorption
peaks develops and evolves with the magnetic fields as shown in the
relative magneto-absorbance A, = -In(T,/T,) (Fig. 2f). For those optical
transitions labelledas T, T,, T;..., the transition energy approximately

follows @ (\/n +1+ \/ﬁ)\/ﬁ with n=1, 2, 3..., which indicates a
Dirac-type band in HfTe.. Since the joint DOS diverges at the band edge,
wefocusonthek, =0 case at this stage and start from the optical tran-
sitions with the non-zeroth Landau band described by Eq. (2). The
Landaubandsarelabelledas L} withn=+0, %1, +2...and s = t1denoting
the Landauindex and spinindex, respectively. The zeroth (|n| = 0) Lan-
daubandsare fully spin-polarized, distinct fromall others. Band inver-
sionleadsto afield-dependent energy shift, which is most prominent
for the zeroth Landau bands. Figure 2g presents a schematic plot of
the Landauband edge energy E(k, = 0) versus B. The red and blue lines
in Figs. 2g and 3c denote spin-polarized Landau bands. The optical
transitions between Landau bands are restricted by a selection rule of
Aln| = t1for the ideal model. The photon energy for the T, transition
(L,~> L, and L .~ L,) follows Eq. (5) in the Methods, by which the
transitionindexis assigned accordingly. The extracted Fermi velocity
with v,.=4.58 x10° m s'is consistent with transport measurement.
The observed inter-Landau-level transitions give the same intercept
atzerofield, corresponding to a small bandgap of ~5 meV.

For optical transitions withenergy lower than T, in Fig. 2f, they are
readily seentoarise from the zeroth Landau bands. Here we name these
three transitions T,, T, T, with increasing energy and refer to them
together as T,. As the Fermi level drops below the band edge of L,; at
B,=1.5T, only the zeroth Landau bands are occupied so that the
strength of the T, transition is much higher than T,, as shown in
Fig.3a(i). When furtherincreasing the magneticfield, L jand L* come
closer due to band inversion and eventually touch at the critical field
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Fig. 3| Optical activity of Landau level transitions and field-driven phase
transitions. a, Relative magneto-absorbance spectra at different magnetic
field regimes: after reaching the deep quantum limit at B, < B < B, showing T,
as the most prominent transition with only the zeroth Landau band occupied
(i); after the touching of the zeroth Landau band edge at B, < B < B,, showing the
split T,and T,indicating the crossing of the zeroth Landau bands (ii); and after
the Lifshitz transition at B > B,, showing the intensity reduction of T, in contrast
with the continuous intensity boost of T;and T, suggesting the emergence of
a1D Weyl mode near the Fermi level (iii). The fitted peak position in iv confirms
the splitting behaviour, which agrees with the model (grey solid lines) and
gives B, = 4.5 T (red dashed line). Grey dashed line denotes that T, is not active
below B,. The normalized Pauli-blocking-induced spectral weight SW; of T,,
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and its first derivative in v prove the reduction of T,and give B, = 21 T.b, Landau
bands and Fermi level variation with magnetic field in small gap insulators
with different topologies. In general cases, the Femi level does not cross any
Landau band extrema after the quantum limit. An exception is presented in
the weak Tl where the Fermi level (in purple) crosses L_,, which explains the
unusual reduction of T, and the 1D Weyl mode. ¢, Landau band extrema energy
versus magnetic field, focusing on the T, transition. The activity of the optical
transition is plotted by arrows with and without red crosses. T, in yellow
experiences activity reduction through B, while T,, experiences the opposite.
d, Model prediction of the real part of the magneto-optical conductivity
spectrum based on the fitting parameters, which reproduce the experimental
features of inter-Landau-level transitions.

B,. This touching results in the splitting of T, and Tz as shown by
Fig. 3a(ii),(iv) and the black arrow in Fig. 2f. The presence of small
spin-orbit coupling mixes the spin of the Landau band®*?**5, which
enables thespin-flipped T,and T, transitionat B > Band also explains
the absence of T, splitting at B < B, as summarizedin Table 1. To extract
the B, value, we perform a multi-peak Lorentz fitting on the
magneto-absorbance spectrumand extract the peak position of T,and
TsasshowninFig.3a(iv). The splitting featureis confirmed and agrees

with the model given by the solid lines. The intersecting magnetic field
gives B, = 4.5 T. Details of T, transitions including the intensity distribu-
tion, field-dependent spin mixing and multi-peak Lorentz fitting are
giveninSupplementary Sectionsllland XI. The energy of the intra-band
transition L7, — L7, is close to that of the inter-band transition
L*, — L*, after the system reaches the quantum limit, and therefore
they merge in T,. Previous studies** have discussed a picture of Lan-
daulevels with band edge touchingin ZrTe,using astrong TImodel or
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Table 1| Optical transition activity at different field-driven phases

IYIagnetic Ta To Ta Tp Ta* Tp* T, T.

e Pomly  Wh=lfy L=l U=l D=l L=l Ly=th =l
0-8, x x x x x x x x

By-B, x x v x v x » £

B,-B, v x v x v x x

B, x x v v x x v v

assuming a fixed Fermi energy. Their model gives a distinct k, disper-
sion variation and Fermi level variation, as discussed below.

We note that the position of the Fermi level is vital to determine
the optical activity of the transitions beyond the quantum limit for
HfTes. In 2D systems, the Landau levels are non-dispersive so that the
Fermi level ultimately stays exactly at the lowest level of occupied
bands.However, for 3D systems, the dispersion along the field direction
of the Landau bands may shift the Fermi level away from the Landau
band energy at k,= 0. In a 3D trivial insulator, the Fermi level always
stays higher than L,, but gradually converges to its band extrema due
to the increasing DOS with magnetic fields (Fig. 3b, left panel). For a
strong TI, the Fermi level first decreases with magnetic field followed
by an upturn (Fig. 3b, middle panel), since the system becomes fully
gapped again after the band edge touching. As for a weak 3D TI, the
Fermilevel continues to drop after the band edge touching due to the
persistent gap closure (Fig.3b, right panel). The dispersion of zeroth
Landau bands along k, can be directly obtained from the proposed
Hamiltonian Ej (k;) = —s(A + M/E) + Mk} (More details in the
Methods). The effect of the Fermi level shifting with fields has been
mostly overlooked in previous studies of the ZrTe; or Hf Te; Landau
level spectrum. Below, we will show that Landau level transitions in
HfTe;can be explained well by this picture.

Generally speaking, the optical transition activity of T, persists
beyond the quantum limit, and the intensity grows with fields, since
the Fermi level no longer crosses any Landau band edge. However, as
indicated by thebottom orange arrow in Fig. 2f, T, becomes weakened
and gradually disappears above B, = 21 T, while all other T, transitions
getenhanced. Figure 3a(ii), (iii),(v) also clearly indicates the reduction
of T,. This striking phenomenon contrasts the traditional argument
and suggests that the Fermi level further crosses L* jaround B,. Above
B,, the emptying of L* forbids all transitions initializing from L*
(Fig. 3c), and hence T, vanishes accordingly. By contrast, T;and T,
persistabove B,. Figure 3c shows the assigned transitions for T;and T,
The subscript numbers '1' and '2' denote the optical transition with
opposite circular polarization. T and Ty, are intra-band transitions
after B;, while T;* and Tj,* are inter-band transitions. While T (solid
dark green) maintains the optical activity through B,, T, (dashed dark
green) becomes active, resulting in the increased overall intensity of
Tsabove B,. By comparison, T,* (solid light green) experiences similar
variation as T, but is at the same energy as T;. Considering the spin
conservation nature and the overlapping of Ty, ,and Ty*, Tsshows the
highestintensity among the T, transitions. The remaining T, transition
naturally comes with the highest energy of the transition L7, — L¥,.
With a similar argument, while T,, remains active through B,, the T,
transition is expected to appear only after B,, where the increased
intensity and broadening of T, are observed (the upper orange arrow
inFig. 2f). Due to the level broadening effect from disorder and finite
temperature, the discussed optical activity variation will not change
abruptly but will gradually fade away. To quantitatively analyse the
optical activity variation of T, we perform the multi-peak Lorentz fit-
ting to extract the Pauli-blocking-induced normalized spectral weight
(SW) variation as showninFig. 3a(v) (fitting details and model predic-
tions are presented in Supplementary Sections llland XI). The SW;; of
T,is expected to decrease most steeply around B,. Therefore, the

extreme point of its first derivative gives the critical field B,= 21 T.
Meanwhile, the fitted peak width is found to increase with magnetic
field, indicating the presence of impurity scattering***°.

These observations suggest that the as-grown HfTe; is indeed a
weak 3D Tl. The experimental data can be fitted well by the k - p model
with the band parameters given in Supplementary Section IV. To fur-
ther verify the consistency between the experimental results and our
model, we reproduce the magneto-optical conductivity spectrumwith
fitting parameters as shownin Fig. 3d. The observed spectrum is well
reproduced, asis the overall topological phase transitions throughout
the magnetic field range. The optical activity of the T, transition is sum-
marizedin Table 1. We also discuss the discrepancy between ZrTe;and
HfTesin Supplementary Section V.

After the topological Lifshitz transition at B,, two spin-polarized
Landau bands cross near the Fermi level, analogue to the 3D Weyl
node formed by Bloch band crossing. Under high magnetic fields,
the low-energy excitation resembles effective 1D Weyl quasiparticles
because the Landau bands disperse only along k,. Moreover, the Fermi
velocity of the obtained 1D Weyl mode can be tuned from 5 x10*ms™
atB,=21Tto7 x10* ms™!atthe highest experimental field of 35 T. The
theoretically allowed Fermi velocity is expected toreach~-2x10°ms™*
before annihilating the Weyl points at the boundary of the Brillouin
zone around ~-300 T (estimation details are given in Supplementary
Sections Vland VIII).

Optical and transport response of 1D Weyl mode
Thefield-induced 1D Weyl mode also features a high DOS near the Fermi
level. We first compare this mode with the conventional 3D Weyl node
in Fig. 4a. By tuning the Fermi level through doping, the DOS near the
Fermilevel vanishes at the 3D Weyl node position (Fig. 4a(i)). In Hf Te;,
the DOS of each Landau band increases with the magnetic field. As
aresult, higher magnetic fields push the Fermi energy towards the
crossing pointand increase the nearby DOS, which eventually diverges
around the charge neutral point, as shown in Fig. 4a(ii).

The 1D feature of the Weyl node also gives rise to distinct elec-
tromagnetic responses compared to the one in other dimensions.
For systems with linear dispersion, it is well-known that the real part
of the optical conductivity follows o, = w*?, where d is dimension
(Fig. 4a(iii),(iv)). The Pauli blocking effect resembles the onset of this
behaviour attwice the Fermi energy. The frequency-dependence of g,
hasbeen fully verified in 2D and 3D massless systems such as graphene
and Cd,As, (refs. **%). For a 3D Weyl node at finite temperature and
scattering conditions, the Pauliblocking effect only mildly changes the
conductivity spectrum (blue dashed line in Fig. 4a(iii)). Inthe 1D case,
however, the divergence of optical conductivity yields a peak feature,
whichis exactly the case of Hf Te;under a magnetic field (blue dashed
line in Fig. 4a(iv)). From 1D Pauli blocking under finite temperature
and scattering conditions (Fig. 4b), one can predict (1) apeak in optical
conductivity with ahigh-energy tail, (2) that peak height increases with
the fields due to the higher DOS of the Landau bands, (3) a compara-
tively stable frequency with magnetic fields and (4) the appearance of
apeak feature after B,. Apart from the discussed spin mixing effectin
HfTes, the transition between the two zeroth Landau levels is allowed
by the orbit mixing effect (Supplementary Section Ill contains the
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Fig. 4 | Signature of 1D Pauli blocking and chiral anomaly. a, Comparison
between 3D Weyl cone and field-induced 1D Weyl mode. The upper, middle and
lower panels denote the comparison of band structure, the DOS near the Fermi
level, and the optical conductivity with Pauli blocking, respectively. The field-
induced nature of the 1D Weyl mode results in a high DOS near the Fermi level,
contrasting the vanishing DOS in the 3D Weyl node. The relationship g, < 0* 2 (d
denotes the dimension) is expected for the linear band, therefore predicting a
peak feature ina1D system. CNP, charge neutral point. b,c, Schematic plots of
1D Pauliblocking and a 1D chiral anomaly as an optical and electrical (transport)

response of the 1D Weyl mode, respectively. d, The optical conductivity at
different magnetic fields. The plot shows the appearance of T, after B, with
ahigh-energy tail, increasing oscillator strength and frequency stability,
consistent with 1D Pauli blocking. The inset shows a schematic spectrum for

the Pauli blocking peak near the Landau level transition. e, Magneto-resistivity
measurement. The upper panel presents the traditional in-plane Hall bar
geometry. The lower panel presents the measurement with both £ and B parallel
to the 1D Weyl mode direction, therefore including the out-of-plane conductivity
contribution after B,.

quantitative verification) fromtheinversion symmetry breaking at low
temperatures®. The complete selection rules including Aln| =0 and
As =12, and the quantitative derivation are given in Supplementary
Table1and Supplementary Section I1l. In the experiment, we observe
anewly formed set of peaks T,, with aprominent high-energy tailabove
B,,asshowninFig.2fand denoted by the black arrow in Fig. 4d, whose
peak height increases with the fields. The presence of T,, near B, sug-
geststherelation with theinduced 1D Weyl mode (henceitisnamedT,),
but the low frequency distinguishes T,, from the T, transition. The
typical features of T, fit well with the 1D Pauli blocking behaviours
discussed above.

For a1D Weyl fermion, the chiral anomaly takes a simple form of
d(mp, )/dt = +eE/h where nlY) denotes the number of right-handed
and left-handed 1D Weyl fermions (Fig.4c). Here £, h, e are the external
electricfield, Planck’s constant and elementary charge, respectively.
The chiralanomaly essentially describes a1D conductivity channel. To
verify the influence of the topological Lifshitz transition on the electri-
cal properties of Hf Te;, we measure the electrical resistivity along the
a and b axes at pulsed magnetic fields. With magnetic field applied
along the b axis, longitudinal voltage V,, and V,, are measured with
current/along aand b axes, respectively. As showninFig. 4e, longitu-
dinal resistivity along a axis R,, exhibits prominent linear behaviour
before saturating at high fields, which may result from the impurity
scattering characterized by the screened Coulomb potential (Sup-
plementary Section X contains more discussion)***°. By contrast,

longitudinal resistivity along b axis R,,experiences aclear drop around
20 T, which is reminiscent of the chiral-anomaly-induced negative
magneto-resistivity in 3D Weyl semimetals. The critical field for nega-
tive R, is close to the field of the topological Lifshitz transition
(B,=21T).Above thisfield, the 1D chiralanomaly givesrise to the b-axis
conductive channel with chiral current proportional to E. Recall
thatthe magneticfieldincreasesthe Landau band DOS near the Fermi
level (Fig.4a(ii)), resultingin a chiral current proportional to the mag-
netic fields. Consequently, field-induced 1D quasiparticles in Hf Te;
present a chiral anomaly with an E - B-like characteristic similar to the
3D counterpart, which explains the anomalous decrease of R,, above
B,compared withR,,.

In contrast with symmetry-protected topological phases such as
3D Dirac and Weyl semimetals, the 1D Weyl mode in Hf Te; is not sym-
metry protected. Based on our magneto-infrared spectroscopy results,
the gap size should be extremely small, such as afew millielectronvolts,
with negligible influence in our experimental regime. The formation
of the 1D Weyl mode is essentially much more difficult in a strong TI
(M <0,M,<0).Without spin—-orbit coupling, applying quantum limit
magnetic fields in a strong Tl leads to the cross of the zeroth Landau
bandsbefore B;and agap opening after that. Therefore, dropping the
Fermi level through L_, before B, and realizing the 1D Weyl mode near
the Fermilevel are notaccessible, asshowninFig. 3b. Hf Te, in our case,
featuresin-plane band inversion (M < 0) but an out-of-plane trivial gap
(M,>0) asaweak TI. The phase transition at B, changes the in-plane gap
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to be trivial but, most importantly, turns the out-of-plane direction
intoabandinversionstate, which guarantees a Weyl mode after B,. The
observed Landau band Lifshitz transition can be further detected by
other spectroscopic techniques such as scanning tunnelling micros-
copy under high magnetic field, which could further verify the 1D Weyl
mode and explore the electromagnetic response in real space.

Conclusion

Insummary, we report the magneto-infrared spectroscopic evidence
of afield-induced topological Lifshitz transition and 1D Weyl mode
in HfTes. In magnetic fields, band inversion results in the inter-band
Landau level crossings accompanied by the persistent closure of the
bandgap. With the Fermilevel further dropping with fields, the reduc-
tioninoptical transitionsindicates the presence of atopological Lifshitz
transition and a 1D Weyl mode near the Fermi level. The observed 1D
Pauli blocking behaviour and negative magneto-resistivity agree well
withthe electromagnetic response of the 1D Weyl fermions. The overall
magneto-infrared features and field-driven phase transitions can be
quantitatively explained by the Tl k - p model. The realization of a 1D
Weylmode frominter-band Landau levels establishes a unified strategy
of topological phase engineering.

Online content
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Methods

Material choice and crystal preparation

HfTe, is chosen to achieve the proposed 1D Weyl mode due to its low
Fermienergy, accessible quantum limit and location at the strong/weak
TIphase boundary® 2. The Hf Te; single crystals were prepared by the
standard chemical vapour transport method. Stoichiometric mixtures
of Hf and Te powder were sealed in an evacuated quartz tube. lodine
was added as the transport agent. The tube was placed in a two-zone
furnace withahotend temperature settingat 770 Kand atemperature
gradient of 100 K. After reaching the designed temperature, the condi-
tion was held for two weeks. Needle-like single crystals were obtained
after cooling to room temperature.

Magneto-infrared measurement

Magneto-infrared spectroscopy was performed using a
Fourier-transforminfrared (FTIR) spectrometer (Bruker IFS-66) with
a35 Tresistive magnet at the National High Magnetic Field Laboratory,
Tallahassee. The collimated infrared beam from the spectrometer was
propagating inside an evacuated beamline and focused at the top of
the probe withadiamond window. Then the infrared beam was guided
through abrasslight pipe to the sample space, whichwas cooled toliq-
uid heliumtemperature by asmall amount of helium exchange gas. The
thin HfTe; flakes with a thickness of tens of micrometres were mechani-
cally exfoliated from the bulk HfTe; single crystals. After mounting
them on the transmission sample holder, a d.c. magnetic field was
applied alongthe crystallographic b axisin the Faraday geometry. The
infrared beam went through the sample and then was detected by a
4.2 Kcompositesiliconbolometer located just ashort distance below.
The single transmission spectra were collected with an acquisition
time of about 3 min.

Magneto-transport measurement

Low-field magneto-transport measurements were carried out usinga
superconducting magnet with astandard lock-in technique. High-field
magneto-transport measurements were performed in a pulsed magnet
ofuptoSOT.

Thek - pmodel of Hf Te;

The ideal Hamiltonian of HfTes is given by Eq. (1); when applying a
magnetic field B along the z axis, the energy of the Landau bands in
the Tlare as follows:

2 2
E, (k; = 0) = —s% +0£\/(A +2% |n|) ¥ 2";* Inl,n=+1L+2,+3...,
B B

2
B

B (k= 0)=—s(a+ ). 6)
By (k) =-s(a+ ;l’) +MAZ, @)

where ¢ = \[Ug,Ur, and n, a=+1 and s = t1 denote the Landau index,
carrier type index and spin index, respectively; I; = \/h/eBis the mag-
neticlength. The optical transitions between Landau levelsin the ideal
case generally follow selectionrules of A|n| = +1. Therefore, the optical
transitions occur fromboth L ,~> L,,;and L ,,;, > L,, where L, denotes
the nth Landaulevel. The optical transitions at k, = O require a photon
energy of

2 N
®(n,B) = \/[A+2%4(|n| +1)] +2%”§(\n| +1)

2
M n20}
+\/<A + 2[—é|n|) + ZTB|n|.

©)

Detailed discussions including the Zeeman effect®’, disorder®*’
and other perturbation terms are provided in Supplementary Sections
Illand X.

Data availability
Source data are provided with this paper. All other supporting dataare
available from the corresponding authors uponreasonable request.
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