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Synthesis of a semimetallic Weyl ferromagnet 
with point Fermi surface

Ilya Belopolski1,12 ✉, Ryota Watanabe2,3,12, Yuki Sato1, Ryutaro Yoshimi1, Minoru Kawamura1, 
Soma Nagahama2,3, Yilin Zhao4, Sen Shao4, Yuanjun Jin4, Yoshihiro Kato2,3, 
Yoshihiro Okamura2,3, Xiao-Xiao Zhang1,5,6, Yukako Fujishiro1,7, Youtarou Takahashi1,2,3, 
Max Hirschberger1,2,3, Atsushi Tsukazaki8, Kei S. Takahashi1, Ching-Kai Chiu9, 
Guoqing Chang4, Masashi Kawasaki1,2,3, Naoto Nagaosa1,10 & Yoshinori Tokura1,2,3,11 ✉

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) effect1–3. By contrast, there are few materials 
whose electromagnetic response is dominated by emergent Weyl fermions4–6. Nearly 
all known Weyl materials are overwhelmingly metallic and are largely governed by 
irrelevant, conventional electrons. Here we theoretically predict and experimentally 
observe a semimetallic Weyl ferromagnet in van der Waals (Cr,Bi)2Te3. In transport,  
we find a record bulk anomalous Hall angle of greater than 0.5 along with non-metallic 
conductivity, a regime that is 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 Chern insulating, Weyl semimetallic and magnetic semiconducting 
regions. Our observation of a semimetallic 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 materials in 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 explored1–3,7. Here we report a magnetic 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)2Te3, has a Fermi 
surface composed entirely of Weyl points. This places our material in 
a unique limit of both vanishing carrier concentration and vanishing 
energy gap. Only a few quantum materials are known in this extreme 
semimetallic regime8. 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-
tial irrelevant charge carriers that coexist with the Weyl fermions and 
obscure their unique properties. As a result, investigations so far rely on 
momentum-resolved spectroscopic probes or sophisticated analysis 

of quantum oscillations4–6,9. Trivial, metallic electrons are intrinsic to 
the TaAs family of inversion-breaking Weyl materials; the RhSi family 
of topological chiral crystals; ferromagnetic Weyl kagome Co3Sn2S2; 
and linked Weyl ring Co2MnGa (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 a semimetallic Weyl material 
is of urgent interest and expected to support new device functionality, 
including topological transistors5,11, giant photovoltaic effects12, Weyl 
spin-charge switches13, nonlinear terahertz components14,15, Majorana–
Fermi arcs16, energy-harvesting thermoelectrics17,18 and topological 
catalysts19. A Fermi surface of only Weyl points is further expected to 
fail to screen Coulomb repulsion, producing a logarithmically divergent 
correction to Fermi velocities20–23 and emergent Lorentz invariance 
driven by interactions24.

To realize a semimetallic Weyl phase of matter, it is natural to start 
from a semiconductor, without irrelevant metallic bands anywhere 
in the Brillouin zone. Chemical substitution can then introduce ferro-
magnetism, breaking time-reversal symmetry and producing a Zeeman 
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splitting that can drive the formation of emergent Weyl fermions7. Using 
a semiconductor with large spin–orbit coupling (SOC) may also give 
wider access to the topological phase space (Fig. 1a). Although such 
a scheme was at the core of early proposals for Weyl semimetals25–32, 
these proposals have not yet been experimentally realized. Bi2Te3 is a 
topological semiconductor that has already been ferromagnetically 
doped to produce a QAH state3. To produce Weyl fermions in Bi2Te3, it 
is necessary to introduce a ferromagnetic exchange splitting J, 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 Bi2Te3 (Fig. 1b).

Weyl semimetal in (Cr,Bi)2Te3

We synthesized films of Bi2Te3 doped with Cr, with a further low level 
of Sb co-doping to achieve charge neutrality (composition A, Table 1). 
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 epitaxy3,33. In trans-
port, we first examine the two-dimensional Hall sheet conductivity 
σ B( )xy

2D  of such a (Cr,Bi,Sb)2Te3 film, of thickness h = 100 nm (Fig. 1d). 
We obtain the anomalous Hall effect (AHE) σAHE

2D  at T = 2 K by extra po-
lating the high-magnetic-field σ B( )xy

2D  back to zero field. We find  
σ e h≈ 24 /AHE

2D 2 , written in units of the conductance quantum e2/h ≈  
3.9 × 10−5 Ω−1 (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, σAHE

2D  can never exceed 1 e2/h. Our observation of 
≫σ e h1 /AHE

2D 2  suggests that the observed Hall effect is instead driven 
by bulk Berry curvature. Because Cr doped into Bi2Te3 introduces fer-
romagnetism and reduces SOC, it naturally drives a transition from a 
topological insulator to a Weyl semimetal28,30. To theoretically under-
stand this phase transition, we can consider a minimal k⋅p model for 
Bi2Te3 describing the electronic structure in the vicinity of the bulk  
Γ point34,35. In the presence of ferromagnetism, to linear order in k, the 
low-energy electronic structure is governed by

h v σ τ mτ Jσ( ) = ( ⋅ ) + + (1)x z z(Cr,Bi) Te F2 3
k k

in which k is the crystal momentum, σ acts in spin space, τ acts in 
orbital space, m sets the mass gap and J sets the ferromagnetic 
exchange splitting. Suppose that the mass gap is positive far from Γ, 
at all other time-reversal invariant momenta. Then, pristine Bi2Te3 has 
m < 0, J = 0, giving a band inversion at Γ, which produces a three- 
dimensional 2Z  topological insulator. The case m > 0 would corre-
spond to a trivial insulator. Ferromagnetic (Cr,Bi)2Te3 is a Weyl semi-
metal whenever the exchange splitting J overwhelms the mass gap  
m, with exactly two Weyl points along the kz axis at v k J m= −zF

2 2 2 2.  
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Fig. 1 | Weyl transport semimetal in (Cr,Bi)2Te3. a, Phase diagram for a 
semiconductor with mass gap m and ferromagnetic exchange splitting J.  
This diagram can be viewed as the magnetic analogue to the Murakami phase 
diagram for a Weyl semimetal30. b, Bi2Te3 is a topological insulator, with m < 0,  
J = 0. Cr doping introduces ferromagnetism and reduces the SOC, driving a  
band inversion and forming a semimetallic phase with two Weyl points. c, The 
electronic structure of (Cr,Bi)2Te3 under ferromagnetic order, from ab initio 
calculations. The Fermi surface shows two Weyl points, with separation  
ΔkWeyl ≈ 90%. d, Longitudinal, σxx

2D, and Hall, σxy
2D, sheet conductivity of 

(Cr,Bi,Sb)2Te3, composition A, with sample thickness h = 100 nm. From 
symmetry analysis (see main text), the Fermi surface is composed of two  
Weyl points, so we can directly convert the AHE into a Weyl point separation, 
ΔkWeyl ≈ 75% of the bulk Brillouin zone along kz. Inset, the chromium (Cr),  
indium (In), bismuth (Bi) and antimony (Sb) dopants randomly occupy the cation 
site of the Bi2Te3 crystal structure. e, Hall sheet conductivity σxy

2D for (Cr,Bi)2Te3, 
composition B, showing ΔkWeyl ≈ 77%. Inset, temperature dependence of the AHE, 
indicating a Curie temperature TC ≈ 150 K.

Table 1 | Weyl compositions

Composition Cr In Sb Bi ΔkWeyl

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 11%

Representative samples examined in the present work, all based on (Cr,Bi)2Te3. The values are 
written as (CrxInyBizSb1−x−y−z)2Te3. A further 34 measured devices are marked in Fig. 3b. Weyl 
point separation is given as % along kz of the Brillouin zone of the conventional unit cell.
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Crucially, Bi2Te3 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 
σ k e h= (Δ /2π)( / )xy

3D 2  (ref. 36). In our case, this implies that we can 
extract the Weyl point separa tion directly from the measured Hall 
conductivity, when the system is tuned to charge neutrality. For com-
position A’ we find a separation of about 75% of the bulk Brillouin zone 
in the kz 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)2Te3. We observe two Weyl 
points at the Fermi level, with a large separation of about 90% of the 
Brillouin zone, broadly consistent with our experiment (Fig. 1c). Exam-
ining the measured longitudinal conductivity, we find a relatively 
small value, σ e h≈ 47 /xx

2D 2 , giving a Hall angle, σAHE/σxx ≈ 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 no irrelevant 
electronic states at the Fermi level and chemical potential tuned to 

charge neutrality. This transport data, theoretical analysis and ab 
initio calculation together suggest the observation of a semimetallic 
Weyl ferromagnet in (Cr,Sb,Bi)2Te3. Despite numerous theoretical 
proposals and experimental attempts over the course of more than 
a decade, a magnetic Weyl semimetal has never before been produced 
from a semiconductor25,26,28,29. 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)2Te3, composi-
tion B, we again observe σxy ≫ 1 e2/h, with Weyl point separation of 
approximately 77% (Fig. 1e). The large Cr level in our semimetallic 
Weyl films further drives a large Curie temperature TC ≈ 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 a low level of indium, In, which 
predominantly serves to reduce the SOC. This allows us to use a lower 
Cr level and consider two compositions that are chemically similar, but 
with (In,Cr,Bi,Sb)2Te3, composition C, targeting a semimetallic Weyl 
state and a nearby (Cr,Bi,Sb)2Te3, composition D, targeting a Chern 
insulator (Table 1). 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 
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a function of film thickness h for (Cr,In,Bi,Sb)2Te3 in the Weyl phase (a, composition 
C) and (Cr,Bi,Sb)2Te3 in the Chern insulator phase (b, composition D) at T = 2 K. 
c, Scaling of the AHE with h, showing sharply contrasting bulk scaling (composition 
C) and surface scaling (composition D). Composition E is a topologically trivial 

magnetic semiconductor (In,Cr,Bi,Sb)2Te3, showing zero AHE (see Extended 
Data Fig. 2). Ab initio calculation of (Cr,Sb)2Te3, without magnetic order, showing 
a semiconducting electronic structure (d) and under ferromagnetism, showing 
two Weyl points with magnetic order, ΔkWeyl ≈ 11%, roughly in agreement with 
ΔkWeyl ≈ 15% measured for composition C (e).
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Berry curvature (Fig. 2a,c). By contrast, the series in composition D 
exhibits an AHE quantized to ±1 e2/h regardless 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)2Te3 Weyl films, for which we observe 
a modest ΔkWeyl ≈ 15% of the Brillouin zone, consistent with the lower 
Cr level 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 
Data Fig. 2). We also perform ab initio calculations for Cr-substituted 
Sb2Te3, which more closely captures the high Sb level of composition 
C. We obtain ΔkWeyl ≈ 11% (Fig. 1d,e and Extended Data Fig. 7), roughly 
in agreement with transport. We further explore the Faraday rotation 
of composition C in terahertz spectroscopy, which is directly sensi-
tive to the bulk topological nature of the system37 (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 fields27,38. We measure the longitudi-
nal resistivity under in-plane magnetic field B, as a function of the 
angle θ between the applied current I and B, for films with varying Cr 
and In levels (Fig. 3a). We find that the Chern insulator composition 
D exhibits a maximum in the resistivity under I∥B, which is the typical 
magnetoresistance anisotropy observed in conventional magnets, as 
well as topological insulators39. We observe a similar behaviour in com-
position E, targeting a topologically trivial magnetic semiconducting 
state. By contrast, the Weyl composition C exhibits a suppression of 
the resistivity under parallel I and B, suggesting a contribution from 
the chiral anomaly. Note that the typical mobilities we achieve here 
are comparable with those of Na3Bi, in which current jetting gives only 
a small correction to the negative magnetoresistance40. To further 
explore the chiral anomaly, we make use of (In,Cr) doping to precisely 
vary the ferromagnetism and SOC throughout the topological phase 
diagram, across a library of 37 films (including A, C, D and E; Fig. 3b). 
At low (In,Cr), corresponding to a Chern insulator, 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 Δρxx(θ = 0°) measured at each black dot). At 
intermediate Cr levels, we consistently observe a negative magneto-
resistance anisotropy, suggesting a chiral anomaly 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 a function of J and m. The phase 
boundaries are at J = ±m (black lines, Fig. 3c). To relate 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. 3c). To better understand 
this correspondence, we numerically calculate the Chern number for a 
lattice model of our Weyl semimetal (see Methods and Supplementary 
Figs. 1 and 2). As we vary J and m, we numerically observe a plateau at 

C = 0 for the trivial magnetic semiconductor region; a C = 1 plateau 
for the Chern insulator; 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 symmetry30. Our systematic measurements 
further allow us to experimentally visualize this canonical magnetic 
topological phase diagram for the first time.

Large Hall angle, σAHE/σxx

A decade of exploration of Weyl physics in quantum matter has led 
to the discovery of numerous materials with unusual properties4–6,27. 
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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combined with ab initio calculations and analytical theory, show that 
(Cr,Bi)2Te3 offers a semimetallic Weyl quantum material. In strong 
contrast to existing Weyl materials, this platform is based on a semicon-
ductor and exhibits a Weyl point Fermi surface. Examining ρxx(T), we 
directly observe an insulating behaviour above the Curie temperature, 
T > TC, suggestive of a semiconductor, followed by a decrease in the 
resistivity at T < TC as the ferromagnetism drives a Weyl state (Fig. 4a 
and Extended Data Figs. 6,8). We further observe a giant Hall angle 
tanθH = σAHE/σxx = 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)2Te3 offers a robust and highly tunable 
semimetallic Weyl platform (Fig. 4c). Last, we consider (Cr,Bi)2Te3 in the 
context of the unified scaling relations governing σAHE and σxx (ref. 41). 
Materials typically fall into one of three regimes: a high-conductivity 
skew scattering regime; a low-conductivity localized hopping regime; 
and an intermediate regime governed by Berry curvature, with σxx ≈ 104 
to 106 Ω−1 cm−1 (Fig. 4d). Although σAHE in (Cr,Bi)2Te3 is produced by 
Berry curvature, the low σxx drives the system outside the conven-
tional regime of the intrinsic AHE, with σxx ≈ 102 Ω−1 cm−1. This unique 
behaviour is again a direct consequence of electromagnetic response 
dominated by Weyl fermions, rather than conventional accumulation 
of Berry curvature in 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 fermions into device architectures. Such a semimetal-
lic system also offers opportunities to investigate breakdown of the 
Fermi liquid picture and renormalization of Fermi velocities20–23, arising 
from the interplay of emergent Weyl fermions and electron–electron 
interactions.
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Fig. 4 | Large Weyl point separation and large anomalous Hall angle. a, The 
conventionally best-established Weyl materials exhibit metallic resistivity 
ρx x(T) owing to irrelevant, conventional electrons in the electronic structure 
(grey). For our semimetallic Weyl system, ρx x(T) is substantially enhanced, 
characteristic of a transport semimetal (purple, h = 100 nm). Our (Cr,Bi)2Te3 
platform further exhibits anomalous Hall angle up to σAHE/σx x = 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 σAHE versus σx x for several ferromagnets42,43, 
illustrating the typical regimes of the localized hopping, intrinsic and skew 
scattering mechanisms41. In the present case, (Cr,Bi)2Te3 shows intrinsic AHE 
but lies outside the typical intrinsic regime, owing to the Weyl point Fermi 
surface, with enhanced anomalous Hall angle. Data points for A and B obtained 
from Fig. 1d,e, T = 2 K.
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Methods

Equivalence to the Burkov–Balents theory
To give another perspective on (Cr,Bi)2Te3, we consider the well-known 
Burkov–Balents multilayer, which offers the simplest theoretical recipe 
for a magnetic Weyl semimetal, but remains unrealized so far28. This 
model consists of layers of a topological insulator similar to Bi2Te3, 
layers of a trivial insulator and ferromagnetism. The multilayer hosts 
a stack 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 Hamiltonian is

∑ (2)H v σ k σ k τ δ Jσ δ tτ δ uτ δ uτ δ c c= [ (− + ) + + − − ]
i j

y x x y z ij z ij x ij i j i j i jBB
,

F + , +1 − , −1
†

Here the first term captures the two-dimensional Dirac cone living 
at each interface within the stack, t represents the hopping amplitude 
across the topological insulator layer and u represents the hopping 
amplitude across the trivial insulator layer. J sets the ferromagnetic 
exchange splitting, so that J > 0 corresponds to upward magnetization 
and J < 0 corresponds to downward magnetization. There are two bands 
arising from the Dirac cone and two Dirac cones per unit cell, giving 
a four-band model. For convenience, we define t and u with opposite 
signs. Summation over kx, ky and the lattice basis is implied. In momen-
tum space, we have

∑H c h c

h v σ k σ k τ Jσ t u τ

= ( ) ,

( ) = (− + ) + + ( e − e ) + h.c.
(3)k

k k

y x x y z z
k a k b

BB
†

F
i −i

+
z z

k

k

in which a is the thickness of the topological layer and b is the thickness 
of the trivial layer. This is equivalent to equation (9) in ref. 28. Expanding  
around the Γ point, kz = 0, we obtain

kh v σ k σ k τ Jσ t u τ k ta ub τ( ) = (− + ) + + ( − ) − ( + ) (4)y x x y z z x z yBB F

This low-energy effective theory captures all of the electronic states 
near the Fermi level and can be viewed as governing the transport and 
low-frequency optical response of the system. Despite considerable 
interest, it has been challenging to realize the Burkov–Balents proposal 
directly29,44,45. At the same time, it is intriguing to note that (Cr,Bi)2Te3 
is also based on Bi2Te3 and similarly shows a single pair of Weyl points. 
This suggests a close relationship to the Burkov–Balents model. Indeed, 
bulk Bi2Te3 itself can be viewed as a stack of coupled two-dimensional 
Dirac cones with t < u. In fact, h( )(Cr,Bi) Te2 3

k  (equation (1)) and h(k)BB 
(equation (4)) are equivalent up to a unitary transformation and 
describe the same physics. Specifically, h( )(Cr,Bi) Te2 3

k  and h(k)BB can  
be related by

k kh U h U U i i

i i

( ) = ( ) , =
1
2

−1 −1 0 0
− 0 0
0 0 1 1
0 0 −

(5)BB
†

(Cr,Bi) Te2 3

















Under this transformation, mτz ↔ (t − u)τx and vFkzσzτx ↔ −kz(ta +  
ub)τy. 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, so t − u > 0 and we 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 ≫ t, so 
t − u < 0 and the mass gap is topological. We have shown that the two 
models are equivalent and homogeneously doped (Cr,Bi)2Te3 can be 

viewed as realizing the experimentally challenging Burkov–Balents  
proposal.

Sample synthesis
(Cr,Bi)2Te3, (Cr,Bi,Sb)2Te3 and (Cr,In,Bi,Sb)2Te3 films were synthesized 
by molecular beam epitaxy (MBE) in a system equipped with standard 
Knudsen cells and maintained at a base pressure of 10−7 Pa. Films were 
deposited on epi-ready semi-insulating InP(111)A substrates that were 
chemically etched by 10% H2SO4, as well as BaF2(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. 
The beam pressure of Te was set at a ratio of 40:1 relative to the cation 
elements, to suppress Te vacancies. X-ray diffraction patterns showed 
pronounced Laue fringes, no Cr2Te3 impurity peaks and sharp rocking 
curves, suggestive of high crystalline quality despite the comparatively 
high Cr doping level (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 
AlOx using atomic layer 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-MS ≈ 5.7 × xnominal (Extended Data Fig. 4). 
Hall bar devices of typical size 100 μm × 100 μm were fabricated using 
standard ultraviolet photolithography with Ar ion milling. Electrodes 
were deposited by electron beam evaporation of Ti (5 nm) followed 
by Au (45 nm).

Transport measurements
The electrical 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 μA. For 
compositions A and B, a bare 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 
Hall bars with W and L of typical size 100 μm. The resistivity was extracted 
by scaling the resistance by the sample dimensions, ρ R W L= /xx xx

2D ,  
ρyx = Ryx and σ2D was obtained by inverting the ρ2D 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, ρ = ρ2Dh and σ = σ2D/h. The Weyl point separa-
tion was extracted from the three-dimensional conductivity as described 
in the main text, which gives ΔkWeyl in units of Å−1. The size of the bulk 
Brillouin zone in kz is 2π/c, in which c is the lattice constant of (Cr,Bi)2Te3. 
The Weyl point separation was then obtained as a percentage of 2π/c, 
so that 100% 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 kx–ky 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)46 framework with the projector augmented wave basis, using 
the Vienna Ab initio Simulation Package47. The Perdew–Burke–
Ernzerhof-type generalized gradient approximation48 was used to 
describe the exchange-correlation energy. A plane-wave cut-off of 
300 eV was used and a 12 × 12 × 6 k-mesh was chosen to sample the bulk 
Brillouin zone. The total energies were converged to 10−6 eV. SOC was 
taken into account self-consistently to treat relativistic effects. See 
Extended Data Table 1 for crystal structures.

For calculations under disorder, we start from a supercell of Sb2Te3 
that is four quintuple layers thick. We consider eight different doping 
configurations for (Cr0.125Sb0.875)2Te3, in which the Cr atoms are placed 



at different 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 converging to −0.01 eV Å−1. For electronic structure calculations, a 
plane-wave cut-off of 300 eV was used and a 3 × 6 × 3 k-mesh was chosen 
to sample the bulk Brillouin zone. The total energies were converged 
to 10−6 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 numbers in 
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 model49

(6)
h v k a σ k a σ k a σ τ

A m k a k a k a τ Jσ

( ) = [sin( ) + sin( ) + sin( ) ]

+ [ + 3 − cos( ) − cos( ) − cos( )] +
x x y y z z x

x y z z z

lattice F

0

k

To fit the energy spectrum from the DFT calculations (Fig. 1c), we 
use the values of the parameters vF = 40 meV and A0 = −32.1 meV. In 
the absence of magnetization ( J = 0), increasing the mass gap m leads 
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 
Lz = 30 unit cells. To distinguish different topological phases, we first 
calculate the Chern number in momentum space k = (kx, ky) (ref. 50)

∫C P k P k P k d k=
1

2π
tr{ ( )[∂ ( ), ∂ ( )]} , (7)k k

BZ

2
x y

̂ ̂ ̂

in which P(k) represents the projector matrix onto the occupied states 
of the lattice Hamiltonian. When magnetization is introduced and mass 
m varies, the pristine phases split into a Chern insulator, a Weyl semi-
metal, and a trivial insulator. These phases are indicated by different 
values of the Chern number, as shown in Fig. 3.

We now introduce disordered magnetization J = J0 + J′(r), in which J0 
indicates the average magnetization. To reduce computational load, 
we consider magnetic disorder J′(r)σzτ0 that exhibits random normal 
distributions only in the x and z directions while remaining homogene-
ous in the y direction. With this magnetic disorder, the lattice Hamilto-
nian in x–z real space can be rewritten in the second quantization form

{

}

∑H k C A m k a σ τ

v k aσ τ J δJ σ τ C

C v σ τ A σ τ C

C v σ τ A σ τ C

( ) = [ ( + 3 − cos )

+ sin + ( + ) ]

+
1
2

[ (i − )

+ (i − ) +h.c.]

(8)

y
r

r y z

y y x r z r

r ax x x z r

r az z x z r

lattice
†

0 0

F 0 0

+
†

F 0 0

+
†

F 0 0

̂

̂

̂

Numerically, we consider periodic boundaries in the x and y direc-
tions and an open boundary in the z direction. Owing to the large size 
of the Hamiltonian matrix, the system size is chosen to be Lx × Ly × Lz =  
34 × 36 × 30. To obtain the Chern number, we diagonalize the Hamil-
tonian H k( )ylattice

̂  to obtain the projector matrix P(ky) for the occupied 
states. The Chern number equation (7) in the presence of disorder in 
the x direction can be rewritten51 as

 

 



















̂ ̂∫C X P k X P k
k

P k dk= tr ( ) ( ),
∂

∂
( ) /2πi, (9)y y

y
y y

BZ
e
−1

e
y

in which the operator X = e X L
e

2πi / x̂ ̂
 for the real space. We take the stand-

ard deviation of the strength of the disorder to be approximately 
σ( J) = 10 meV, based on experiments52. For each fixed J0 and m, we run 
ten different disorder realizations with the same σ( J) and average the 
results.

Data availability
All data relevant to the conclusions of this study are available from 
Zenodo53.
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Extended Data Fig. 1 | Burkov–Balents proposal without a multilayer. a, The 
original theoretical model considers a stack of alternating layers of topological 
and trivial insulators hosting two-dimensional Dirac cones (red cones) at each 
interface. These interface states hybridize with one another with amplitude t 
across the topological layer and u across the trivial layer; there is also 

ferromagnetism m (ref. 28). b, The resulting electronic structure shows a 
semimetallic Weyl phase with two Weyl points along kz (cyan and green dots).  
c, We circumvent the complicated multilayer structure and realize the same 
electronic structure as the Burkov–Balents proposal in homogeneously doped 
thin films of (Cr,Bi)2Te3.



Extended Data Fig. 2 | Systematics on the magnetic semiconductor. AHE of 
composition E, a trivial magnetic semiconductor. The film shows negligible 
AHE ≪ 1 e2/h for all thicknesses.
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Extended Data Fig. 3 | Resistivity of compositions A and B. Measured ρx x(B) and ρyx(B) for (Cr,Bi,Sb)2Te3 and (Cr,Bi)2Te3, used to calculate the conductivity σ(B) in 
Fig. 1d,e.



Extended Data Fig. 4 | Measured Cr composition. Chromium content x for a 
series of (Cr,Bi,Sb)2Te3 films measured by ICP-MS, plotted against the nominal 
chromium content xnominal determined by beam flux pressure during film 
synthesis. We observe x ≈ 5.7 × xnominal.
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Extended Data Fig. 5 | Optical conductivity. Frequency-dependent Hall 
conductivity in the terahertz range for a Weyl film, composition C of thickness 
h = 160 nm. The low-frequency ℜ[σxy] is approximately constant and consistent 
with dc transport (square points).



Extended Data Fig. 6 | Temperature dependence and angular 
magnetoresistance. a, Temperature dependence of the angular 
magnetoresistance at xCr = 0.13 and xIn = 0 (included in Fig. 3b, between 

compositions C and D). b, The change in sign of the angular magnetoresistance 
suggests that, as the magnetization M develops on cooling, the system shows a 
transition from a Chern insulator to a semimetallic Weyl phase.
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Extended Data Fig. 7 | Wide-range electronic structure of Cr0.25Sb1.75Te3 
under Cr disorder. The electronic structure was calculated for an Sb2Te3 
supercell with one of eight Sb atoms replaced by Cr dopant atoms, under 
several dopant disorder configurations. The resulting on-site potentials were 

averaged out. The disordered electronic structure reveals a single pair of Weyl 
points along Γ–Z, with Weyl point separation Δkz = 48%, and no other bands at 
the Fermi level.



Extended Data Fig. 8 | Distinguishing topological phases through ρx x(T ) 
and σx x(T ). a, Temperature dependence of the resistivity for a Chern insulating 
composition, similar to composition D (blue); semimetallic Weyl composition 
C (purple); and magnetic semiconductor at higher indium doping, z = 0.12 
(orange). The Curie temperature for the Chern insulating composition is 
TC ≈ 55 K, obtained from the onset of the Hall resistivity (light blue). Composition 

C shows a similar TC. Notably, the Weyl composition C shows a marked metallic 
downturn in ρx x(T) below TC, whereas the Chern insulator film shows no notable 
feature around TC. The metallic downturn provides an extra signature of the 
emergence of a semimetallic Weyl state. b, σx x(T) for the same films, obtained 
from the resistivity.
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Extended Data Fig. 9 | AHE. Magnetization M(B) and Hall resistivity ρyx(B) for composition A. We see that ρyx(B) is approximately proportional to M(B), suggesting 
that the observed Hall resistivity mainly consists of an AHE54.



Extended Data Table 1 | Crystal structures used for ab initio calculations

Lattice unit cells and atomic coordinates of (Cr,Sb)2Te3 and (Cr,Bi)2Te3.
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