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Quantum materials governed by emergent topological fermions have become a
cornerstone of physics. Dirac fermions in graphene form the basis for moiré quantum
matter and Dirac fermions in magnetic topological insulators enabled the discovery
of the quantum anomalous Hall (QAH) effect'”. By contrast, there are few materials
whose electromagnetic response is dominated by emergent Weyl fermions* . Nearly
allknown Weyl materials are overwhelmingly metallic and are largely governed by
irrelevant, conventional electrons. Here we theoretically predict and experimentally
observe asemimetallic Weyl ferromagnet in van der Waals (Cr,Bi), Tes. In transport,
we find arecord bulk anomalous Hall angle of greater than 0.5 along with non-metallic
conductivity, aregime thatis strongly distinct from conventional ferromagnets.
Together with symmetry analysis, our data suggest a semimetallic Fermi surface
composed of two Weyl points, with a giant separation of more than 75% of the linear
dimension of the bulk Brillouin zone, and no other electronic states. Using state-of-
the-art crystal-synthesis techniques, we widely tune the electronic structure, allowing
us to annihilate the Weyl state and visualize a unique topological phase diagram
exhibiting broad Cherninsulating, Weyl semimetallic and magnetic semiconducting
regions. Our observation of asemimetallic Weyl ferromagnet offers an avenue
towards new correlated states and nonlinear phenomena, as well as zero-magnetic-
field Weyl spintronic and optical devices.

Semiconductors and semimetals are materialsin which electrons show
behaviour between that in insulators and metals. Although semicon-
ductors form the basis for modern electronics, and semimetals have
been at the frontier of quantum physics for two decades, surpris-
ingly, the interplay between these two fundamental phases of matter
remains little explored'>’. Here we report amagnetic Weyl semimetal
achieved by chemical engineering of a semiconductor. Our measure-
ments suggest that the quantum electronic structure of our material,
bismuth telluride doped with chromium, or (Cr,Bi),Te;, has a Fermi
surface composed entirely of Weyl points. This places our materialin
aunique limit of both vanishing carrier concentration and vanishing
energy gap. Only a few quantum materials are known in this extreme
semimetallic regime®. Typical semimetals have a gapless electronic
structure with a finite concentration of charge carriers. Established
Weyl materials are semimetals in this weaker sense, hosting substan-
tialirrelevant charge carriers that coexist with the Weyl fermions and
obscure their unique properties. Asaresult, investigations so far rely on
momentum-resolved spectroscopic probes or sophisticated analysis

of quantum oscillations*®°. Trivial, metallic electrons are intrinsic to
the TaAs family of inversion-breaking Weyl materials; the RhSi family
of topological chiral crystals; ferromagnetic Weyl kagome Co,Sn,S,;
and linked Weyl ring Co,MnGa (refs. 4-6,10). By contrast, a material
with only Weyl points at the Fermi level will exhibit electromagnetic
response dominated by Weyl physics. Such asemimetallic Weyl material
isof urgentinterestand expected to support new device functionality,
including topological transistors*", giant photovoltaic effects’, Weyl
spin-charge switches®, nonlinear terahertzcomponents'**, Majorana-
Fermi arcs'®, energy-harvesting thermoelectrics''® and topological
catalysts™. A Fermi surface of only Weyl points is further expected to
fail toscreen Coulomb repulsion, producing alogarithmically divergent
correction to Fermi velocities?®* and emergent Lorentz invariance
driven by interactions?.

To realize a semimetallic Weyl phase of matter, it is natural to start
from a semiconductor, without irrelevant metallic bands anywhere
intheBrillouin zone. Chemical substitution can then introduce ferro-
magnetism, breaking time-reversal symmetry and producing aZeeman
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Fig.1|Weyl transport semimetalin (Cr,Bi),Te;. a, Phase diagramfora
semiconductor with mass gap m and ferromagnetic exchange splitting/.
Thisdiagram can be viewed as the magnetic analogue to the Murakami phase
diagram for a Weyl semimetal®’. b, Bi,Te, is a topological insulator, withm <0,
J=0.Crdopingintroduces ferromagnetism and reduces the SOC, driving a
bandinversion and forming a semimetallic phase with two Weyl points.c, The
electronic structure of (Cr,Bi),Te; under ferromagnetic order, from ab initio
calculations. The Fermisurface shows two Weyl points, with separation
Akiyey=90%. d, Longitudinal, 622, and Hall, o>, sheet conductivity of
(Cr,Bi,Sb),Te;, composition A, with sample thickness £=100 nm. From
symmetry analysis (see main text), the Fermisurface iscomposed of two

Weyl points, sowe candirectly convertthe AHE into a Weyl point separation,
Akyey = 75% of the bulk Brillouin zone along k.. Inset, the chromium (Cr),

indium (In), bismuth (Bi) and antimony (Sb) dopants randomly occupy the cation

site of the Bi,Te, crystalstructure. e, Hall sheet conductivity o 2P for (Cr,Bi),Te,,

composition B, showing Akye, = 77%. Inset, temperature dependence of the AHE,

indicatinga Curie temperature 7. =150 K.

xy

Table 1| Weyl compositions

Composition Cr In Sb Bi Dkye,t
A 0.24 0 0.20 0.56 75%

B 0.30 0 0] 0.70 77%

C 0.13 0.02 0.57 0.28 15%

D 0.05 (0] 0.64 0.31 Chern
E 0.27 0.06 0.45 0.22 Trivial
calc. 0.33 0 0 0.67 90%
calc. 0.33 0 0.67 0 1%

Representative samples examined in the present work, all based on (Cr,Bi),Te,. The values are
written as (Cr,In,Bi,Sb,._,.,.,),Te,. A further 34 measured devices are marked in Fig. 3b. Weyl
point separation is given as % along k, of the Brillouin zone of the conventional unit cell.

splitting that can drive the formation of emergent Weyl fermions’. Using
asemiconductor with large spin-orbit coupling (SOC) may also give
wider access to the topological phase space (Fig. 1a). Although such
ascheme was at the core of early proposals for Weyl semimetals®>?,
these proposals have not yet been experimentally realized. Bi,Te; is a
topological semiconductor that has already been ferromagnetically
doped to produce a QAH state®. To produce Weyl fermions in Bi,Te,, it
isnecessary tointroduce aferromagnetic exchange splitting/, sending
the material from the topological insulating state towards a semime-
tallic Weyl state. It may also be beneficial to increase the mass gap m
by reducing the SOC. Notably, both can be achieved by chemically
substituting Cr into pristine Bi,Te, (Fig. 1b).

Weyl semimetalin (Cr,Bi),Te,

We synthesized films of Bi,Te; doped with Cr, with a further low level
of Sb co-dopingto achieve charge neutrality (composition A, Table1).
Note that this composition includes much higher Cr content than is
typically used to produce a QAH state and can only be achieved by
low-temperature non-equilibrium molecular beam epitaxy>*. Intrans-
port, we first examine the two-dimensional Hall sheet conductivity
04)(B) of such a (Cr,Bi,Sb),Te, film, of thickness 4 =100 nm (Fig. 1d).
We obtain the anomalous Hall effect (AHE) g2>; at T=2K by extrapo-
lating the high-magnetic-field 63’(B) back to zero field. We find
020 =24 €?/h, written in units of the conductance quantum e*/h =
3.9 x107° Q' (Extended Data Fig. 9). This result is unexpected because
topological insulators with ferromagnetism typically exhibit a QAH
generated by magnetically gapped Dirac cone surface states. In this
well-known scenario, 623 can never exceed 1 %/h. Our observation of
020:>1e?/h suggests that the observed Hall effect is instead driven
by bulk Berry curvature. Because Cr doped into Bi,Te; introduces fer-
romagnetism and reduces SOC, it naturally drives a transition from a
topological insulator to a Weyl semimetal®®*. To theoretically under-
stand this phase transition, we can consider a minimal k-p model for
Bi,Te, describing the electronic structure in the vicinity of the bulk
I point®***. In the presence of ferromagnetism, to linear orderin k, the
low-energy electronic structure is governed by

h(k)(Cr,Bi)zTeg, = UF(k : O)Tx +mt, +-Igz 1

in which k is the crystal momentum, o acts in spin space, Tacts in
orbital space, m sets the mass gap and J sets the ferromagnetic
exchange splitting. Suppose that the mass gap is positive far fromT,
atall other time-reversalinvariant momenta. Then, pristine Bi,Te; has
m<0,/=0,giving aband inversion at I, which produces a three-
dimensional Z, topological insulator. The case m > 0 would corre-
spond toatrivial insulator. Ferromagnetic (Cr,Bi),Te; is a Weyl semi-
metal whenever the exchange splitting / overwhelms the mass gap
m, with exactly two Weyl points along the k, axis at vk’ =/ - m>.
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Fig. 2| Tunability of asemimetallic Weyl state. Hall sheet conductivity 0 > as
afunction of film thickness A for (Cr,In,Bi,Sb),Te; in the Weyl phase (a, composition
C) and (Cr,Bi,Sb),Te;in the Cherninsulator phase (b, compositionD) at T=2K.
¢, Scaling ofthe AHE with h, showing sharply contrasting bulk scaling (composition
C) and surface scaling (composition D). Composition Eis atopologically trivial

Crucially, Bi,Te; has no irrelevant electronic states near the Fermi
level elsewhere in the bulk Brillouin zone. As a result, if the system is
tuned to charge neutrality, the Fermi surface consists of only two Weyl
points. Furthermore, recall that the AHE in a Weyl semimetal is pro-
portional to the separation of the Weyl points in momentum space
oy = (Ak/2m)(e?/h) (ref.36).In our case, this implies that we can
extract the Weyl point separation directly from the measured Hall
conductivity, when the systemis tuned to charge neutrality. For com-
position A’ we find a separation of about 75% of the bulk Brillouin zone
inthe k, direction (Fig. 1d, right axis), larger than any Weyl material
studied so far.

Large Weyl point separation

To more deeply understand this large Weyl point separation, we per-
formed ab initio calculations of (Cr,Bi),Te;. We observe two Weyl
points at the Fermi level, with alarge separation of about 90% of the
Brillouinzone, broadly consistent with our experiment (Fig. 1c). Exam-
ining the measured longitudinal conductivity, we find a relatively
small value, 02~ 47 e2/h, giving a Hall angle, 0,,/0,, = 0.51, again
larger than any Weyl material studied so far. We can naturally under-
stand the giant bulk Hall angle given the simplicity of our system,
which shows the minimum number of Weyl points, with noirrelevant
electronic states at the Fermi level and chemical potential tuned to
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magnetic semiconductor (In,Cr,Bi,Sb),Te;, showing zero AHE (see Extended
DataFig.2). Abinitio calculation of (Cr,Sb),Te;, without magnetic order, showing
asemiconductingelectronicstructure (d) and under ferromagnetism, showing
two Weyl points with magnetic order, Aky,, = 11%, roughly inagreement with
Akyey = 15% measured for composition C (e).

charge neutrality. This transport data, theoretical analysis and ab
initio calculation together suggest the observation of a semimetallic
Weyl ferromagnet in (Cr,Sb,Bi), Te,. Despite numerous theoretical
proposals and experimental attempts over the course of more than
adecade, amagnetic Weyl semimetal has never before been produced
from a semiconductor®?¢*?° We can simplify the film composition
by using Cr alone to introduce ferromagnetism, suppress SOC and
bring the material towards charge neutrality. In (Cr,Bi),Te;, composi-
tion B, we again observe o,, > 1€*/h, with Weyl point separation of
approximately 77% (Fig. 1e). The large Cr level in our semimetallic
Weyl films further drives alarge Curie temperature 7. = 150 K (Fig. 1e,
inset) and enhanced coercive field, indicating a robust ferromagnetic
Weyl phase.

To more carefully demonstrate a semimetallic Weyl ferromagnet,
we examine the transport properties of our films as a function of
thickness. Here we also co-dope with alow level of indium, In, which
predominantly serves to reduce the SOC. This allows us to use alower
Crleveland consider two compositions that are chemically similar, but
with (In,Cr,Bi,Sb),Te,, composition C, targeting a semimetallic Weyl
state and a nearby (Cr,Bi,Sb),Te,, composition D, targeting a Chern
insulator (Table1). For both compositions, we maintain approximate
charge neutrality at a ratio Bi:Sb = 1:2. We observe that the series of
films in composition C exhibit a Hall sheet conductance that scales
linearly with the film thickness, indicating an AHE driven by bulk



Berry curvature (Fig. 2a,c). By contrast, the series in composition D
exhibits an AHE quantized to 1 e*/hregardless of the film thickness,
indicating that the Hall response is driven by the top and bottom
surfaces of the film (Fig. 2b). We can again extract the Weyl point
separation for our (In,Cr,Bi,Sb),Te; Weyl films, for which we observe
amodest Aky,, = 15% of the Brillouin zone, consistent with the lower
Crlevel and consequently weaker ferromagnetism. As an extra check,
we examine a more heavily In-doped composition E, which shows
no appreciable AHE, suggesting the absence of Berry curvature and
indicating a topologically trivial magnetic semiconductor (Extended
DataFig.2). We also perform ab initio calculations for Cr-substituted
Sb,Te,, which more closely captures the high Sb level of composition
C. We obtain Aky,, = 11% (Fig.1d,e and Extended Data Fig. 7), roughly
inagreement with transport. We further explore the Faraday rotation
of composition Cin terahertz spectroscopy, which is directly sensi-
tive to the bulk topological nature of the system® (Extended Data
Fig.5). We observe an optical response consistent with dc transport,
providing independent experimental evidence for a semimetallic
Weyl ferromagnet.

Topological phase diagram

We can more deeply explore the Weyl state through the chiral anomaly,
which gives rise to a negative longitudinal magnetoresistance under
parallel electric and magnetic fields**. We measure the longitudi-
nal resistivity under in-plane magnetic field B, as a function of the
angle O between the applied current/and B, for films with varying Cr
and In levels (Fig. 3a). We find that the Chern insulator composition
D exhibits amaximum in theresistivity under /||B, whichis the typical
magnetoresistance anisotropy observed in conventional magnets, as
well as topologicalinsulators®. We observe a similar behaviour in com-
position E, targeting atopologically trivial magnetic semiconducting
state. By contrast, the Weyl composition C exhibits a suppression of
the resistivity under parallel /and B, suggesting a contribution from
the chiral anomaly. Note that the typical mobilities we achieve here
are comparable with those of Na,Bi, in which current jetting gives only
asmall correction to the negative magnetoresistance*’. To further
explore the chiralanomaly, we make use of (In,Cr) doping to precisely
vary the ferromagnetism and SOC throughout the topological phase
diagram, across alibrary of 37 films (including A, C, D and E; Fig. 3b).
Atlow (In,Cr), corresponding to a Cherninsulator, and at high (In,Cr),
corresponding to a trivial magnetic semiconductor, we observe a
conventional, positive magnetoresistance anisotropy (colour map
in Fig. 3b obtained from Ap,,(6 = 0°) measured at each black dot). At
intermediate Cr levels, we consistently observe a negative magneto-
resistance anisotropy, suggesting a chiralanomaly driven by the Weyl
phase.

To gain further insight into our composition map, we consider
the topological phase diagram of our system. Our low-energy effec-
tive theory, equation (1), reveals Weyl semimetal phases separating
Chern and trivial insulator phases as afunction of Jand m. The phase
boundariesare at/=+m (blacklines, Fig. 3c). Torelate our colour map
of the chiral anomaly to our theoretical phase diagram, again recall
that Cr doping both introduces ferromagnetism and reduces SOC,
whereas In doping only reduces SOC. We can therefore convert the
(In, Cr) axes to (magnetism, SOC) axes by means of a linear coordi-
nate transformation, in a way that associates the positive and nega-
tive magnetoresistance regions with the topological phases. Under a
reasonable linear coordinate transformation, we find that the nega-
tive magnetoresistance region coincides well with the Weyl phase,
whereas the positive regions coincide well with the Chern insulator
and magnetic semiconductor phases (Fig. 3¢c). To better understand
this correspondence, we numerically calculate the Chern number for a
lattice model of our Weyl semimetal (see Methods and Supplementary
Figs.1and 2). Aswevary/and m, we numerically observe a plateau at
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Fig.3|Experimental visualization of the topological phase diagram.
a,Angle dependence of the magnetoresistance, Ap,,(0) = p,.(0) - p,.(6 =90°),
showing negative angular magnetoresistance for the semimetallic Weyl phase
(composition C) and positive angular magnetoresistance for the topological
(composition D) and trivial (composition E) insulating phases. Inset,
measurement geometry. b, Systematic composition dependence of the angular
magnetoresistance across 37 films (black dots), h =20 nm, with varying Inand
Crcontent. The colour mapisobtained from the measured Ap,. (6 = 0°) ateach
black dot, revealing large regions with negative (blue) and positive (red) angular
magnetoresistance. ¢, The original Murakami phase diagram considersa
Weylsemimetal driven by inversion breaking®. The magnetic analogue to the
Murakamidiagram has ferromagnetic exchange splitting/, breaking time-
reversal symmetry. Coordinate transformation of the colour map inb from (In,Cr)
compositionaxesto (m,/) axes. Note that In predominantly suppresses the SOC,
increasing m from negative to positive, and Crintroduces ferromagnetismand
suppresses SOC, increasing both/and m. d, Numerical calculation of the Chern
number for afinite-size lattice model, exhibiting Cherninsulator C=1, semimetallic
Weyl C>1and magnetic semiconductor C= 0 phases (see Methods). a.u.,
arbitrary units.

C=0for the trivial magnetic semiconductor region; a C=1plateau
for the Cherninsulator; and bulk scaling of C for the Weyl semimetal
(Fig. 3d). These regions are also consistent with the experimental
bulk scaling of the AHE for Weyl composition C, surface scaling of the
QAH in composition D and absence of AHE in semiconductor com-
position E (Fig. 2c). Taken together, our results show that we access
broad regions of the semimetallic Weyl, Chern insulator and magnetic
semiconductor phase space. Our phase diagram deepens our fun-
damental understanding of these topological phases but has so far
been theoretically overlooked. It can be viewed as analogous to the
inversion-breaking phase diagram proposed by Murakami but instead
with broken time-reversal symmetry°. Our systematic measurements
further allow us to experimentally visualize this canonical magnetic
topological phase diagram for the first time.

Large Hall angle, 6,y/0,,

A decade of exploration of Weyl physics in quantum matter has led
to the discovery of numerous materials with unusual properties* .
However, far from being semimetallic, nearly all of these materials are
dominated by conventional metallic response (Fig. 4a). Our systematic
transport measurements and chemical composition dependence,
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characteristic ofatransportsemimetal (purple, =100 nm). Our (Cr,Bi),Te,
platform further exhibits anomalous Hall angle up to g, /0., = 0.51 (b) and
Weyl point separation up to 75% of the Brillouin zone, substantially larger than all
existing Weyl materials (c). d, Map of 0, versus o, for several ferromagnets**,
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scattering mechanisms*. Inthe present case, (Cr,Bi),Te; shows intrinsic AHE
butlies outside the typical intrinsic regime, owing to the Weyl point Fermi
surface, with enhanced anomalous Hall angle. Data points for Aand B obtained
fromFig.1d,e, T=2K.

combined with ab initio calculations and analytical theory, show that
(Cr,Bi),Te, offers a semimetallic Weyl quantum material. In strong
contrast to existing Weyl materials, this platformis based on a semicon-
ductor and exhibits a Weyl point Fermi surface. Examining p,(T), we
directly observe aninsulating behaviour above the Curie temperature,
T> T, suggestive of a semiconductor, followed by a decrease in the
resistivity at 7 < T as the ferromagnetism drives a Weyl state (Fig. 4a
and Extended Data Figs. 6,8). We further observe a giant Hall angle
tan@, = 0,4/0, = 0.51 at our optimal composition, more than double
existing Weyl materials, again suggesting a semimetallic Fermi sur-
face (Fig. 4b). We also find an exceptionally large separation of Weyl
points, suggesting that (Cr,Bi),Te, offers a robust and highly tunable
semimetallic Weyl platform (Fig. 4c). Last, we consider (Cr,Bi),Te;in the
context of the unified scaling relations governing o, and o, (ref. 41).
Materials typically fall into one of three regimes: a high-conductivity
skew scattering regime; alow-conductivity localized hopping regime;
and anintermediate regime governed by Berry curvature, with g, = 10*
to10° Q' cm™ (Fig. 4d). Although o, in (Cr,Bi),Te, is produced by
Berry curvature, the low o, drives the system outside the conven-
tional regime of the intrinsic AHE, with g,, ~ 10? Q' cm™. This unique
behaviourisagainadirect consequence of electromagnetic response
dominated by Weyl fermions, rather than conventional accumulation
of Berry curvaturein the electronic structure. The synthesis of a semi-
metallic Weyl quantum material, with a Fermi surface consisting only
of Weyl points, offers unprecedented opportunities to incorporate
emergent Weyl fermionsinto device architectures. Such asemimetal-
lic system also offers opportunities to investigate breakdown of the
Fermiliquid picture and renormalization of Fermi velocities®® %, arising
fromtheinterplay of emergent Weyl fermions and electron-electron
interactions.
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Methods

Equivalence to the Burkov-Balents theory

Togive another perspective on (Cr,Bi),Te,, we consider the well-known
Burkov-Balents multilayer, which offers the simplest theoretical recipe
for amagnetic Weyl semimetal, but remains unrealized so far®®, This
model consists of layers of a topological insulator similar to Bi, Te,,
layers of a trivial insulator and ferromagnetism. The multilayer hosts
astack of coupled two-dimensional Dirac cones, which hybridize with
one another to produce an emergent three-dimensional electronic
structure hosting a single pair of Weyl points (Extended Data Fig. 1).
The Hamiltonianis

Hgg=Y [W(-0)k, + 0.k )T,6;+J0,6;+ tT,6;~ ut,6; 1, ~ U6, 1 Iclc; Q)
ij

Here the first term captures the two-dimensional Dirac cone living
ateachinterface within the stack, trepresents the hopping amplitude
across the topological insulator layer and u represents the hopping
amplitude across the trivial insulator layer. / sets the ferromagnetic
exchange splitting, so that/> 0 corresponds to upward magnetization
and/ < 0 corresponds to downward magnetization. There are two bands
arising from the Dirac cone and two Dirac cones per unit cell, giving
afour-band model. For convenience, we define t and u with opposite
signs. Summation over k,, k,and the lattice basisisimplied. In momen-
tum space, we have

Hyp= Y clh(K)cy,
z o 3)
h(K) = ve(~0,k, + 0,k)T, +Jo, + (te*=" — ue *)7, + h.c.

inwhich aisthethickness of the topological layer and bis the thickness
ofthe triviallayer. Thisisequivalent to equation (9) inref. 28. Expanding
around the I point, k,=0, we obtain

h(K)gp = Ve(—0yk, + 0,k)) T, + Jo, + (t - u) T, — k(ta + ub)t, 4)

Thislow-energy effective theory captures all of the electronic states
near the Fermilevel and can be viewed as governing the transport and
low-frequency optical response of the system. Despite considerable
interest, ithas been challengingto realize the Burkov-Balents proposal
directly®***, At the same time, it is intriguing to note that (Cr,Bi),Te,
isalso based on Bi,Te;and similarly shows asingle pair of Weyl points.
Thissuggestsacloserelationship to the Burkov-Balents model. Indeed,
bulk Bi,Te, itself can be viewed as a stack of coupled two-dimensional
Dirac cones with ¢ <u. In fact, h(K) ¢, gi), e, (€quation (1)) and h(K)gs
(equation (4)) are equivalent up to a unitary transformation and
describe the same physics. Specifically, (k) ¢, gi), e, and A(K)gs can
berelated by

-1 -1 0 O
1|1-i i 0O

h(K)g = Uh(K) ¢, pi,re,U, - U= Zlo 0 1 1 &)
0 0 -i i

Under this transformation, mt, < (t — u)t, and vek,0,1, < —k(ta +
ub)t,. Intuitively, if the topological insulator layers are very thin, the
system should essentially become a ferromagnetic trivial insulator.
In this regime, the hopping across the topological layer dominates,
t>u,sot-u>0andwe see that the mass gap is trivial. By contrast,
if the trivial insulator layers are very thin, the system is essentially a
ferromagnetic topological insulator. This corresponds to u > ¢, so
t—-u<0and the mass gap is topological. We have shown that the two
models are equivalent and homogeneously doped (Cr,Bi),Te, can be

viewed as realizing the experimentally challenging Burkov-Balents
proposal.

Sample synthesis

(Cr,Bi),Te;, (Cr,Bi,Sb),Te; and (Cr,In,Bi,Sb),Te, films were synthesized
by molecular beam epitaxy (MBE) in asystem equipped with standard
Knudsen cells and maintained at a base pressure of 107 Pa. Films were
deposited on epi-ready semi-insulating InP(111)A substrates that were
chemically etched by 10% H,SO,, as well as BaF,(111). Substrates were
maintained during film synthesis at a growth temperature of 200 °C.
The nominal composition of films was determined by beam equivalent
pressures of Cr, In, Bi, Sb and Te fluxes, calibrated before film growth.
Thebeam pressure of Te was set at aratio of 40:1 relative to the cation
elements, to suppress Te vacancies. X-ray diffraction patterns showed
pronounced Laue fringes, no Cr,Te;impurity peaks and sharp rocking
curves, suggestive of high crystalline quality despite the comparatively
high Cr dopinglevel (Supplementary Figs. 3 and 4). The typical growth
rate was 1 nm per 4 min, as determined by low-angle Laue fringes. To
prevent deterioration in atmosphere, films were capped by 3 nm of
AlO, using atomiclayer deposition at room temperature immediately
after being removed from the MBE system. The actual Cr level was
later calibrated through inductively coupled plasma mass spectros-
copy (ICP-MS) and found to be higher than the nominal level fixed by
beam equivalent pressure Xicp.us = 5.7 X Xpominal (EXtended Data Fig. 4).
Hall bar devices of typical size 100 pm x 100 pm were fabricated using
standard ultraviolet photolithography with Arion milling. Electrodes
were deposited by electron beam evaporation of Ti (5 nm) followed
by Au (45 nm).

Transport measurements

Theelectrical resistance was measured using a Quantum Design Phys-
ical Property Measurement System (PPMS) at temperatures of 2-300 K
under magnetic fields up to 9 T and an excitation current of 10 pA. For
compositions A and B, abare film was measured, with Hall bars defined
by gold wires fixed by Ag epoxy at distances of several millimetres. All
other compositions were measured using lithographically patterned
Hallbarswith Wand L of typical size 100 um. Theresistivity was extracted
by scaling the resistance by the sample dimensions, prD =R, W/L,
Py =R and 0°® was obtained by inverting the p* tensor. See Extended
Data Fig. 3 for the resistivity measurements used to plot Fig. 1d,e. The
three-dimensional bulk resistivity and conductivity were calculated
using the film thickness h, p = p*hand o = 6®/h. The Weyl point separa-
tionwas extracted fromthe three-dimensional conductivity as described
in the main text, which gives Ak, in units of A%, The size of the bulk
Brillouinzonein k, is 21/c, in which cis the lattice constant of (Cr,Bi),Te,.
The Weyl point separation was then obtained as a percentage of 21/c,
sothat100% corresponds to the Weyl points meeting up at the bound-
ary of the bulk Brillouin zone. Equivalently, the Weyl point separation
is defined so that 100% corresponds to the phase transition into a
three-dimensional QAH state, in which all k,-k, slices of the bulk Brillouin
zone host a Chern number C=1(Supplementary Fig. 6).

Density functional theory
Calculations were performed within the density functional theory
(DFT)*¢ framework with the projector augmented wave basis, using
the Vienna Ab initio Simulation Package*’. The Perdew-Burke-
Ernzerhof-type generalized gradient approximation*® was used to
describe the exchange-correlation energy. A plane-wave cut-off of
300 eVwasusedandal2 x 12 x 6 k-mesh was chosen to sample the bulk
Brillouin zone. The total energies were converged to 107 eV. SOC was
taken into account self-consistently to treat relativistic effects. See
Extended Data Table 1for crystal structures.

For calculations under disorder, we start from a supercell of Sb,Te,
thatis four quintuple layers thick. We consider eight different doping
configurations for (Cry,5Sbgs,5),Te;, in which the Cratoms are placed



atdifferent lattice sites (Supplementary Fig. 5). All doping configura-
tions individually preserve inversion symmetry. The lattice constants
and atomic positions of each configuration are fully relaxed, with total
force convergingto-0.01eV A\, For electronic structure calculations, a
plane-wave cut-off of 300 eV was used and a3 x 6 x 3 k-mesh was chosen
to sample the bulk Brillouin zone. The total energies were converged
to 1076 eV. The resulting on-site potentials were averaged out. See the
Supplementary Information for the structures of the eight dopant
configurations.

Numerical calculations under disorder

We describe an approach to numerically compute Chern numbersin
topological phases, both with and without magnetic disorder, focusing
particularly on Weyl semimetals. From the low-energy effective theory
equation (1), we specialize to a lattice model*

(K actice = Vglsin(k ,a)o, + sin(kya)ay +sin(k,a)o,lt,

(6)

+Aglm+3-cos(k,a) - cos(kya) —cos(k,a)lt,+Jo,

To fit the energy spectrum from the DFT calculations (Fig. 1c), we
use the values of the parameters v; =40 meV and A, =-32.1meV.In
the absence of magnetization (/= 0), increasing the mass gap mleads
to a phase transition at m = 0 from a topological insulator to a trivial
insulator.

We simplify the problem by considering a cubic lattice of thickness
L,=30 unit cells. To distinguish different topological phases, we first
calculate the Chern number in momentum space k = (k,, k,) (ref. 50)

I S
€= )y, TPWID, PR, 0, PRI, o

inwhich P(k) represents the projector matrix onto the occupied states
ofthelattice Hamiltonian. When magnetizationisintroduced and mass
mvaries, the pristine phases splitinto a Chern insulator, a Weyl semi-
metal, and a trivial insulator. These phases are indicated by different
values of the Chern number, as shownin Fig. 3.

We now introduce disordered magnetization/ =/, +/'(r),in which/,
indicates the average magnetization. To reduce computational load,
we consider magnetic disorder J'(r)o,t, that exhibits random normal
distributions only in thexand zdirections while remaining homogene-
ousintheydirection. With this magnetic disorder, the lattice Hamilto-
nianinx-zreal space canberewritteninthe second quantizationform

Aaicelky) = Y. {CTTAo(m+3 - cosk,a)aqr,
r

+vgsink,ao,t, + (J, + 8,)0,51C,

(8)
1 .

+ E[C,tw?(wFoxrx -Ay0,1,)C,

+C

' os(IUp0, T, — A OT,) C,+h.c.]}

Numerically, we consider periodic boundaries in the x and y direc-
tions and an open boundary in the zdirection. Owing to the large size
of the Hamiltonian matrix, the systemsizeis chosentobe L, x L, x L, =
34 x 36 x 30. To obtain the Chern number, we diagonalize the Hamil-
tonian I:I]attice(ky) to obtain the projector matrix P(k,) for the occupied
states. The Chern number equation (7) in the presence of disorder in
thex direction can be rewritten™ as

-1 R d )
c_J"BZy tri X PO XePUe), - PUk) |y /2 )

inwhich the operator X, = e?™/x for the real space. We take the stand-
ard deviation of the strength of the disorder to be approximately
0(J) =10 meV, based on experiments®. For each fixed J,and m, we run
ten different disorder realizations with the same (/) and average the
results.

Data availability

All data relevant to the conclusions of this study are available from
Zenodo™®.
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Extended DataFig.1|Burkov-Balents proposal without amultilayer.a, The  ferromagnetism m (ref. 28).b, The resulting electronic structure shows a
original theoretical model considers astack of alternating layers of topological ~ semimetallic Weyl phase with two Weyl points along k, (cyanand green dots).
and trivialinsulators hosting two-dimensional Dirac cones (red cones) ateach ¢, We circumvent the complicated multilayer structure and realize the same
interface. These interface states hybridize with one another withamplitude ¢ electronicstructure as the Burkov-Balents proposalin homogeneously doped
across the topological layer and u across the trivial layer; thereis also thin films of (Cr,Bi),Te;.
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Extended DataFig. 3 |Resistivity of compositions A and B. Measured p,.(B) and p,,(B) for (Cr,Bi,Sb),Te; and (Cr,Bi),Te;, used to calculate the conductivity o(B) in

Fig.1d,e.
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synthesis. We observe x = 5.7 X X, ominal-
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Extended DataFig. 5| Optical conductivity. Frequency-dependent Hall
conductivityintheterahertz range for a Weyl film, composition C of thickness
h=160 nm. Thelow-frequency R[o,,] is approximately constant and consistent
withdctransport (square points).
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several dopantdisorder configurations. The resulting on-site potentials were
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feature around T.. The metallicdownturn provides an extrasignature of the
emergence of asemimetallic Weyl state. b, 0,,(T) for the same films, obtained
fromtheresistivity.
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Extended Data Table 1| Crystal structures used for ab initio calculations

Crystal Lattice Atomic coordinates (fractional)
(A, deg.)
Atom X y z
Cr2Sb,Teg a = 4.3039 Cr1 0.00000 0.00000 0.39580
P3m1 b = 4.3039 Cr2 0.00000 0.00000 0.60420
c=31.7773 Sb1 0.66667 0.33333 0.72913
a =B =90° Sb2 0.66667 0.33333 0.72913
v = 120° Sb3 0.33333 0.66667 0.27087
Sb4 0.33333 0.66667 0.06246
Tet 0.00000 0.00000 0.21745
Te2 0.00000 0.00000 0.78255
Te3 0.66667 0.33333 0.55079
Ted 0.33333 0.66667 0.44921
Te5 0.66667 0.33333 0.33333
Te6 0.33333 0.66667 0.66667
Te7 0.33333 0.66667 0.88412
Te8 0.66667 0.33333 0.11588
Te9 0.00000 0.00000 0.00000
CryBisTeg a = 4.43676 Cr1 0.00000 0.00000 0.60124
P3m1 b = 4.43676 Cr2 0.00000 0.00000 0.39876
c = 31.31840 Bi1 0.33333 0.66667 0.26791
a =B =90° Bi2 0.33333 0.66667 0.06542
~ = 120° Bi3 0.66667 0.33333 0.93458
Bi4 0.66667 0.33333 0.73209
Tet 0.00000 0.00000 0.00000
Te2 0.00000 0.00000 0.21308
Te3 0.66667 0.33333 0.12026
Ted 0.66667 0.33333 0.33333
Te5 0.66667 0.33333 0.54641
Te6 0.33333 0.66667 0.45359
Te7 0.33333 0.66667 0.66667
Te8 0.33333 0.66667 0.87974

Te9 0.00000 0.00000 0.78692

Lattice unit cells and atomic coordinates of (Cr,Sb),Te; and (Cr,Bi),Te,.
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