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A flurry of Weyl materials
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FIG. 1: The crystal structure and an overview of the electronic structure of TaAs. a,

Boby-centred tetragonal structure of TaAs, shown as stacked TaAs layers. An electric polarization

is induced due to dimples in the TaAs lattice. The arrangement of Ta atoms for each layer (Ta1 to

Ta4) is illustrated in the bottom-right panel. b, X-ray di↵raction measurements showing the lattice

parameters matching well with the space group of I41md. c, ARPES core level spectrum showing

clear Ta 4f and As 3d core level peaks. d, The Fermi surface of the (001) cleaving plane of TaAs,

showing Fermi arcs near the X̄ point, near the Ȳ point, near the midpoint of the X̄ point and the

�̄ point and near the midpoint of the Ȳ point and the �̄ point. e, An ab initio band structure

calculation of the surface states on the (001) surface of TaAs, in agreement with our experimental

data.

TaAs ARPES

Figure - Xu et al. arXiv ’15 (Hasan group)
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Plan

Goal: Experimental probe of surface topology and 
bulk chiral anomaly physics  

Quantum oscillations in a magnetic field 
1. Semiclassical description - ACP, Kimchi, Vishwanath Nat Comm ‘14 
2. Experimental data (Cd3As2) -  

                                      P. Moll, et al. (Analytis group) arXiv:1505.02817

9

Ta!

As!

Γ"

Y!

X!

M!
X!Γ"

M!

ARPES Weyl semimetal (001) surf." Theory (001) surf. "

1.0"
"
"
"

0.5"
"
"
"

0.0"

k x
 (Å

-1
)!

1.5" 1.0" 0.5"
ky (Å-1)!

0.0" -0.5" -1.0"

2"
"
"
"

1"
"
"
"

0"

In
te

ns
ity

 a
.u

.)"

50      40      30      20     10       0"

As"
3d"

Ta"
4f"

Ta"
4p"

20     30     40      50     60    70    80"

A! B! C!

D!

2θ (deg)" EB (eV)!

In
te

ns
ity

 a
.u

.)"

FIG. 1: The crystal structure and an overview of the electronic structure of TaAs. a,

Boby-centred tetragonal structure of TaAs, shown as stacked TaAs layers. An electric polarization

is induced due to dimples in the TaAs lattice. The arrangement of Ta atoms for each layer (Ta1 to

Ta4) is illustrated in the bottom-right panel. b, X-ray di↵raction measurements showing the lattice

parameters matching well with the space group of I41md. c, ARPES core level spectrum showing

clear Ta 4f and As 3d core level peaks. d, The Fermi surface of the (001) cleaving plane of TaAs,
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1. Theory - Oscillations from 
Weyl surface arcs

ACP, I Kimchi, A. Vishwanath Nat. Comm ’14

(Berkeley -> MIT)



Reminder - Quantum Oscillations in a Field

the world’s most powerful continuous-field magnet, the 
45 T hybrid magnet, which works via a combination of 
superconducting and resistive technologies (see Fig. 1). 
 
By limiting the duration of the energising current, pulsed 
magnets grant access to much higher fields, regularly 
achieving up to 70 T, but only for a short space of time,  
typically of the order of milliseconds. Laboratories in 
Dresden [4], Los Alamos [5], Oxford [6] and 
Toulouse [7], among others, specialise in magnets of this 
type with the pulsed currents usually being delivered by 
high voltage capacitor banks. The world-record for a non-
destructive magnet is just over 100 T achieved earlier this 
year in Los Alamos using a large generator-driven, multi-
shot magnet [5]. 
 
Ultra-high fields are not generated for their own sake; 
cutting-edge condensed matter and materials physics 
experiments are performed year round in the facilities 
mentioned above, often combining high fields with 
cryogenic temperatures and applied hydrostatic pressures. 
Magnetometry, heat capacity, thermal and electronic 
transport, magneto-optics, magnetic resonance and 
acoustics are just some of the techniques employed to 
characterize the properties of new and novel materials in 
high fields. As mentioned above the perturbation caused 
by the field can also be used to adjust the balance of 
electronic interactions. In this way one can: induce new 
magnetic phases in quantum magnets [8]; close energy 
gaps in semiconducting nanostructures [9]; enhance 
quantum fluctuations by tuning phase transitions towards 
zero temperature [10]; and drive up bulk resistivity to 
better observe the conductive properties of topologically 
protected surface states [11]; to name just a few recent 
examples. Another illustration of why ultra-high fields are 
required comes courtesy of the high-temperature 
superconductors. Despite the technological and theoretical 
significance of these systems, a full understanding of the 
mechanisms behind this type of superconductivity 
remains elusive and much current research activity is 
directed to the problem and high fields are proving 
indispensible. 
 

III. FERMI SURFING – LOOKING INSIDE METALS 
AND SUPERCONDUCTORS  

A key measurement for understanding a conductive 
system is a measurement of its Fermi surface - the 
boundary in momentum space between full and empty 
electronic energy states. Although this may seem an 
abstract concept, it is an extremely useful tool for 
predicting or explaining the material’s magnetic, 
electronic, optical and thermal properties as well as 
certain structural instabilities. In a solid metallic system 
the conduction electrons’ crystal momentum is quantized 
into discrete states and, because of the Pauli exclusion 
principle, only one electron can occupy each one. This 
leads to the existence of a conceptual three-dimensional 
boundary in the ground state of the material that separates 
filled from empty electronic energy levels. In order to 
make an electron do something, such as carry a current in 
a particular direction, one needs to give it a little kick, i.e. 
shift it from one energy state to another. Herein lies the 
importance of the Fermi surface: in general only those 
electrons in the proximity of the boundary can make the 
hop to a nearby empty state, those far below are 
completely surrounded by full states and so are stuck with 
nowhere to go. This means that pretty much all the 

physical properties of a metal depend crucially on the 
density of the states, both full and empty, that lie close to 
the Fermi surface. The precise topology of the Fermi 
surface is dictated by the symmetry of the crystal structure 
as well as the number of electrons present in the material. 
As an example, the Fermi surface of copper is shown in 
the left-hand side of Fig. 2. This represents the repeating 
unit of the material’s electronic structure in the same way 
that the unit cell is the repeating entity of crystal structure. 
A knowledge of their Fermi surfaces can be used to 
explain why the electronic properties of the elements vary 
as one move across the periodic table, not to mention 
what happens when one starts to construct 
compounds [12].  

 
Measuring the Fermi surface is thus of great interest to 
materials scientists. Angle-resolved photoemission 
spectroscopy is a commonly used surface technique, but 
by far the best established method for mapping out the 
Fermi surface in the bulk of a material is to cool the 
material to liquid helium temperatures, apply a magnetic 
field and measure the resulting magnetic quantum 
oscillations. The applied field drives the charge carriers 
into orbital motion leading to another quantization, this 
time of the angular momentum, on top of that already 
imposed on the linear momentum by the crystal structure. 
At certain values of the magnetic field – periodically 
spaced in !!! – the demands of the two quantization 
conditions converge at the Fermi surface, at which point 
there is a peak in the density of available energy states 
there. The result is that all those properties of the material 
that depend on this density-of-states oscillate as a function 
of the field. This effect, known as magnetic quantum 
oscillations, is observed typically in resistivity or 
magnetization, but can also be seen in heat capacity, 
sound velocity, elastic constants, among others. The 
ability of the magnetic field to affect so many of the 
physical properties of the material is a powerful 
demonstration of how the electrons and electronic 
interactions have a hand in almost every aspect of a 
metallic system.  
 
In 1952 Lars Onsager predicted that each frequency of 
quantum oscillation is proportional to an extremal cross-
sectional area of the Fermi surface in the direction 
perpendicular to the applied magnetic field. This result is 
illustrated in right-hand side of Fig. 2, which shows the 
quantum oscillations observed in the resistivity of copper 
as a function of applied field pointing along the [111] 
crystallographic direction. Two distinct frequencies are 

 

Fig. 2. Left: Fermi surface of copper [13]. Right: 
Copper quantum oscillations measured in torque 
magnetometry as a function of magnetic field applied 
along the [111] direction [14]. 
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Quantized Magnetic orbits => Periodic-in-1/B modulation of DOS 
• 1/B Frequency ~ k-space area 

Observable in:  
• Magnetization (de Haas van Alphen) 
• Conductivity (Shubnikov de Haas) 
• Tunneling density of states (Landau level spectroscopy) 
• etc…
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Some remarks

• Closed magnetic orbit around non-local Fermi surface 

• Real space trajectory encloses no flux  

• Occurs at all energies where there is a Chiral bulk LL
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Experimental signature of topological surface-bulk connection 
• Characteristic thickness dependence 

Practical consideration - Disorder  
• Need L < MFP (can be 100’s of nm, e.g. Cd3As2)

Fermi Arc Quantum Oscillations - Remarks
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Related Measurement - Cyclotron resonance

• Cyclotron frequency 
saturates at B ~ 1/L 

• Polarization dependence 

• Anomalous skin-depth effect 
=> surface sensitivity
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2. Experiment - Cd3As2 
magnetotransport

P. Moll, N.L. Nair, T. Helm, A.C. Potter, I. Kimchi, A. Vishwanath, J. Analytis arXiv:1505.02817

(Berkeley -> MPI)



SdH Oscillations in Cd3As2 Microstructures
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Surface and Bulk Oscillations

3

FIG. 2. Angle dependence - a) Angle dependence of the
quantum oscillation spectrum measured in the 150nm device.
As the field is rotated away from the perpendicular config-
uration (0�), the surface frequency FS increases and shrinks
in amplitude, while the bulk frequency, FB , is virtually un-
a↵ected. b) Polar plot of the detected angle dependence for
both the bulk FB and the surface frequency FS . FB is al-
most isotropic in agreement with previous quantum oscillation
studies(16), while FS increases as the field is rotated towards
a parallel configuration. It follows a (cos ✓)�1-dependence
which is mapped onto a straight, o↵-center line in a polar
plot. This is characteristic for orbital motion determined by
the perpendicular field component and clearly establishes FS
as a surface frequency. c) The temperature dependence of
the quantum oscillation amplitudes for both surface and bulk
oscillations is well-described by the Lifshitz-Kosevich formal-
ism. The e↵ective mass can be extracted as a fitting parame-
ter and a bulk mass of 0.044me is obtained, in good agreement
to previously reported values for the bulk(23). The surface
frequency FS appears slightly heavier (0.05me).

An extrinsic, non-topological origin of the surface
states is unlikely: band-bending due to Ga ion implanta-
tion in the fabrication would involve substantial surface
disorder, which would destroy coherent quantum oscilla-
tions. Moreover, a non-topological surface state would
exhibit either spin degeneracy or spin-orbit splitting, re-

sulting in two sets of surface oscillation frequencies –
which is not observed. Lastly, by analyzing the temper-
ature dependence of the oscillation amplitudes accord-
ing to the Lifshitz-Kosevich formalism, the e↵ective cy-
clotron mass m⇤ of each orbit can be extracted[28]. We
find an e↵ective mass of 0.044me for the bulk, similar to
previously reported measurements on bulk crystals[24].
The surface state state oscillations exhibit a similar mass
of 0.050me, suggesting that it originates from the bulk
Cd3As2 bands, rather than from some extrinsic source
(see Fig. 2c). The experimental results are quantitatively
consistent with the predictions for the Weyl orbit, as we
will present in the following.
The value of the observed surface frequency provides

the first evidence for Weyl orbits. The trajectory of the
Weyl orbit consists of both chiral bulk and Fermi arc
surface states. The quantum oscillation frequency FS can
be estimated from the time spent in each of them[26]:,
yielding:

FS =
EF k0
e⇡vF

⇡ 56T (1)

The length of the surface Fermi arc in reciprocal space
may be approximated as k0 ⇡ 0.8nm�1 using the k-space
separation of the Dirac points determined by Ref. 17.
The bulk quantum oscillation frequency and e↵ective
mass provide direct access to the Fermi energy EF =
192meV and the Fermi velocity vF = 8.8 105m/s of the
microstructured crystal shown in Fig. 1 (See supplement
for an analysis of the quantum oscillations). The result-
ing theoretical estimate of FS ⇡ 56T is in good quanti-
tative agreement with the measured FS = 61.5T.
A key distinction of between the Weyl orbit and triv-

ial or TI-like surface trajectories is that it the former in-
volves both bulk and surface states and includes a path
through the sample bulk connecting both opposite sur-
faces. In particular, this orbit can only contribute to co-
herent quantum oscillations in samples thinner than the
bulk mean free path. Trivial and TI-like surface states,
on the other hand, would exists on each surface regard-
less of the thickness of the bulk separating them. Thus,
to distinguish these possibilities, we now turn to a sys-
tematic analysis of the e↵ect of sample thickness.
A bulk mean-free-path longer than or comparable to

the sample thickness is an essential prerequisite for co-
herence of the Weyl orbits. This can be directly observed
in the low-field transverse magnetoresistance for in-plane
fields (Fig 3a). At very low fields, a peak in the magne-
toresistance with a broad maximum followed by a strong
negative magnetoresistance is observed before eventually
the bulk magnetoresistance is recovered at high fields.
This enhancement of scattering in ultra-pure systems is a
semi-classical e↵ect arising from the di↵use scattering of
otherwise ballistic electrons at the boundaries of strongly
confined microstructures[29]. It is well-studied in ultra-
pure hydrodynamic systems, such as the viscous flow
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An extrinsic, non-topological origin of the surface
states is unlikely: band-bending due to Ga ion implanta-
tion in the fabrication would involve substantial surface
disorder, which would destroy coherent quantum oscilla-
tions. Moreover, a non-topological surface state would
exhibit either spin degeneracy or spin-orbit splitting, re-

sulting in two sets of surface oscillation frequencies –
which is not observed. Lastly, by analyzing the temper-
ature dependence of the oscillation amplitudes accord-
ing to the Lifshitz-Kosevich formalism, the e↵ective cy-
clotron mass m⇤ of each orbit can be extracted[28]. We
find an e↵ective mass of 0.044me for the bulk, similar to
previously reported measurements on bulk crystals[24].
The surface state state oscillations exhibit a similar mass
of 0.050me, suggesting that it originates from the bulk
Cd3As2 bands, rather than from some extrinsic source
(see Fig. 2c). The experimental results are quantitatively
consistent with the predictions for the Weyl orbit, as we
will present in the following.
The value of the observed surface frequency provides

the first evidence for Weyl orbits. The trajectory of the
Weyl orbit consists of both chiral bulk and Fermi arc
surface states. The quantum oscillation frequency FS can
be estimated from the time spent in each of them[26]:,
yielding:

FS =
EF k0
e⇡vF

⇡ 56T (1)

The length of the surface Fermi arc in reciprocal space
may be approximated as k0 ⇡ 0.8nm�1 using the k-space
separation of the Dirac points determined by Ref. 17.
The bulk quantum oscillation frequency and e↵ective
mass provide direct access to the Fermi energy EF =
192meV and the Fermi velocity vF = 8.8 105m/s of the
microstructured crystal shown in Fig. 1 (See supplement
for an analysis of the quantum oscillations). The result-
ing theoretical estimate of FS ⇡ 56T is in good quanti-
tative agreement with the measured FS = 61.5T.
A key distinction of between the Weyl orbit and triv-

ial or TI-like surface trajectories is that it the former in-
volves both bulk and surface states and includes a path
through the sample bulk connecting both opposite sur-
faces. In particular, this orbit can only contribute to co-
herent quantum oscillations in samples thinner than the
bulk mean free path. Trivial and TI-like surface states,
on the other hand, would exists on each surface regard-
less of the thickness of the bulk separating them. Thus,
to distinguish these possibilities, we now turn to a sys-
tematic analysis of the e↵ect of sample thickness.
A bulk mean-free-path longer than or comparable to

the sample thickness is an essential prerequisite for co-
herence of the Weyl orbits. This can be directly observed
in the low-field transverse magnetoresistance for in-plane
fields (Fig 3a). At very low fields, a peak in the magne-
toresistance with a broad maximum followed by a strong
negative magnetoresistance is observed before eventually
the bulk magnetoresistance is recovered at high fields.
This enhancement of scattering in ultra-pure systems is a
semi-classical e↵ect arising from the di↵use scattering of
otherwise ballistic electrons at the boundaries of strongly
confined microstructures[29]. It is well-studied in ultra-
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What is the source of the surface signal?



Surface States of Dirac Semimetals
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Surface States of Dirac Semimetals
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Possible Surface States: 

1. Arcs (Weyl-like) 

2. Helical (TI-like) 

3. Conventional (non-topological)
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Thickness Dependence

4

FIG. 3. Thickness dependence - a) A magnetoresistance
maximum was observed in all studied samples for fields ap-
plied parallel to the surface. This peak arises from the semi-
classical Knudsen e↵ect observed in microstructured conduc-
tors when the cyclotron radius becomes comparable to the
sample dimensions. The observation of this e↵ect is direct
experimental evidence that the microstructure thickness is
comparable to the bulk mean-free-path, a prerequisite for the
quantum coherent formation of the Weyl-orbit. b) Relative
amplitude of the surface oscillations compared to the bulk os-
cillations, for fields perpendicular to the surface at 2K. The
surface oscillations are unobservable for devices thicker than
3µm, and their relative weight grows with thinning of the
samples. The quantum oscillation spectrum of the thinnest
device is dominated by the surface oscillation FS. The ampli-
tude suppression is well described by an exponential decay.

of 3He through capillaries (Knudsen-e↵ect) or in high
quality, geometrically confined conductors (Ghurzi-flow)
such as semiconductor-heterostructures and clean metal
whiskers [30]. The resistance maximum at the Knudsen
peak occurs at maximal boundary scattering of the bent
electron trajectories, i.e. at 2rc = L up to a small numer-
ical factor[31], where rc =

~kF
eB is the cyclotron radius. As

a result, the position of the maximum is expected to shift
to higher fields as the sample thickness is decreased, as
is observed in the Cd3As2 microstructures (Fig 3a). The
Knudsen e↵ect is a direct consequence of ballistic electron
motion between the opposite surfaces and thus directly
evidences that the thickness of the studied microstruc-
tures is comparable to the bulk mean free path.

At high fields above the Knudsen regime, the frequency
spectrum of the quantum oscillations shows a strong
thickness dependence (Fig 3b). No trace of the sur-
face frequency FS has been observed in devices thicker
than 3µm, in agreement with its absence in previous bulk
quantum oscillation measurements. As the sample thick-
ness is reduced, its relative weight compared to the bulk
frequency strongly increases, and devices thinner than
500nm are dominated by the surface oscillation. The in-
crease in the various studied samples follows an exponen-
tial behavior, with decay length d = 625nm. This value
should be compared to the bulk mean free path estimated
from transport as ` = vF ⌧ = vFm⇤

ne2⇢0
⇡ 1.0µm where ⇢0 =

55µ⌦cm is the zero-field resistivity of the microstructure

measured at 2K, n = 2k3
F

3⇡2 ⇡ 2.5 1018cm�3 is the bulk car-
rier density estimated for the two-fold degenerate spher-
ical Fermi surface and kF = m⇤vF

~ ⇡ 3.3 108m�1 is the
Fermi momentum extracted from the Shubnikov-deHaas
oscillations. This estimate of the mean free path is in
good quantitative agreement with the observation of the
Knudsen flow maximum. As the closed Weyl orbit con-
tains two path segments traversing the bulk, each at op-
posite chirality, the e↵ective bulk path length is twice the
device thickness L. The agreement between 2d ⇡ 1.25µm
and ` ⇡ 1.0µm is remarkable, and suggests that the ob-
served orbit involves path segments traversing the bulk.
In any other kind of surface state, it is expected that the
mean free path on the surface should be substantially
di↵erent from the bulk, yet the observed coincidence of
these scales is a natural consequence of the Weyl orbit
combining surface and bulk path segments (Fig 1).

The phase of the Shubnikov-de Haas oscillations can
help distinguish between trivial and Dirac states, because
they di↵er by ⇡ due their di↵erent Berry’s phase. In the
present case, we observe deviations from ideal periodic-
ity of the oscillations in inverse magnetic field, appearing
as a continuously drifting phase with increasing field, as
shown in Fig. 4. Similar deviations have been observed
due to g-factor band splitting in strongly spin-orbit cou-
pled materials[32], but the absence of spin-splitting in
the SdH data suggests this is not the origin in our ma-
terials. However, PKV predicted that there should ap-
pear non-adiabatic corrections to Weyl orbit oscillations
due to field-induced tunneling between Fermi arc states
and bulk states, occuring as the orbiting quasiparticles
approach the Weyl node. A single Weyl orbit will en-
counter four such tunneling processes, leading to a phase
deviation that is in quantitative agreement with what we
observe (Fig. 4, and Supplementary Information). This
phase drift is peculiar to Weyl orbits, suggesting that
they are indeed the origin of our observed oscillations.

The FIB fabrication technique involves the irradiation
of the sample with 60keV Ga2+ ions, and the surfaces
are known to be amorphous and to contain Ga impuri-
ties. Therefore, despite the quantitative agreement with

(B Parallel to surface only)
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counter four such tunneling processes, leading to a phase
deviation that is in quantitative agreement with what we
observe (Fig. 4, and Supplementary Information). This
phase drift is peculiar to Weyl orbits, suggesting that
they are indeed the origin of our observed oscillations.

The FIB fabrication technique involves the irradiation
of the sample with 60keV Ga2+ ions, and the surfaces
are known to be amorphous and to contain Ga impuri-
ties. Therefore, despite the quantitative agreement with
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FIG. 3. Thickness dependence - a) A magnetoresistance
maximum was observed in all studied samples for fields ap-
plied parallel to the surface. This peak arises from the semi-
classical Knudsen e↵ect observed in microstructured conduc-
tors when the cyclotron radius becomes comparable to the
sample dimensions. The observation of this e↵ect is direct
experimental evidence that the microstructure thickness is
comparable to the bulk mean-free-path, a prerequisite for the
quantum coherent formation of the Weyl-orbit. b) Relative
amplitude of the surface oscillations compared to the bulk os-
cillations, for fields perpendicular to the surface at 2K. The
surface oscillations are unobservable for devices thicker than
3µm, and their relative weight grows with thinning of the
samples. The quantum oscillation spectrum of the thinnest
device is dominated by the surface oscillation FS. The ampli-
tude suppression is well described by an exponential decay.

of 3He through capillaries (Knudsen-e↵ect) or in high
quality, geometrically confined conductors (Ghurzi-flow)
such as semiconductor-heterostructures and clean metal
whiskers [30]. The resistance maximum at the Knudsen
peak occurs at maximal boundary scattering of the bent
electron trajectories, i.e. at 2rc = L up to a small numer-
ical factor[31], where rc =

~kF
eB is the cyclotron radius. As

a result, the position of the maximum is expected to shift
to higher fields as the sample thickness is decreased, as
is observed in the Cd3As2 microstructures (Fig 3a). The
Knudsen e↵ect is a direct consequence of ballistic electron
motion between the opposite surfaces and thus directly
evidences that the thickness of the studied microstruc-
tures is comparable to the bulk mean free path.

At high fields above the Knudsen regime, the frequency
spectrum of the quantum oscillations shows a strong
thickness dependence (Fig 3b). No trace of the sur-
face frequency FS has been observed in devices thicker
than 3µm, in agreement with its absence in previous bulk
quantum oscillation measurements. As the sample thick-
ness is reduced, its relative weight compared to the bulk
frequency strongly increases, and devices thinner than
500nm are dominated by the surface oscillation. The in-
crease in the various studied samples follows an exponen-
tial behavior, with decay length d = 625nm. This value
should be compared to the bulk mean free path estimated
from transport as ` = vF ⌧ = vFm⇤

ne2⇢0
⇡ 1.0µm where ⇢0 =

55µ⌦cm is the zero-field resistivity of the microstructure

measured at 2K, n = 2k3
F

3⇡2 ⇡ 2.5 1018cm�3 is the bulk car-
rier density estimated for the two-fold degenerate spher-
ical Fermi surface and kF = m⇤vF

~ ⇡ 3.3 108m�1 is the
Fermi momentum extracted from the Shubnikov-deHaas
oscillations. This estimate of the mean free path is in
good quantitative agreement with the observation of the
Knudsen flow maximum. As the closed Weyl orbit con-
tains two path segments traversing the bulk, each at op-
posite chirality, the e↵ective bulk path length is twice the
device thickness L. The agreement between 2d ⇡ 1.25µm
and ` ⇡ 1.0µm is remarkable, and suggests that the ob-
served orbit involves path segments traversing the bulk.
In any other kind of surface state, it is expected that the
mean free path on the surface should be substantially
di↵erent from the bulk, yet the observed coincidence of
these scales is a natural consequence of the Weyl orbit
combining surface and bulk path segments (Fig 1).

The phase of the Shubnikov-de Haas oscillations can
help distinguish between trivial and Dirac states, because
they di↵er by ⇡ due their di↵erent Berry’s phase. In the
present case, we observe deviations from ideal periodic-
ity of the oscillations in inverse magnetic field, appearing
as a continuously drifting phase with increasing field, as
shown in Fig. 4. Similar deviations have been observed
due to g-factor band splitting in strongly spin-orbit cou-
pled materials[32], but the absence of spin-splitting in
the SdH data suggests this is not the origin in our ma-
terials. However, PKV predicted that there should ap-
pear non-adiabatic corrections to Weyl orbit oscillations
due to field-induced tunneling between Fermi arc states
and bulk states, occuring as the orbiting quasiparticles
approach the Weyl node. A single Weyl orbit will en-
counter four such tunneling processes, leading to a phase
deviation that is in quantitative agreement with what we
observe (Fig. 4, and Supplementary Information). This
phase drift is peculiar to Weyl orbits, suggesting that
they are indeed the origin of our observed oscillations.

The FIB fabrication technique involves the irradiation
of the sample with 60keV Ga2+ ions, and the surfaces
are known to be amorphous and to contain Ga impuri-
ties. Therefore, despite the quantitative agreement with
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Geometric Interference - Triangle Device

1. Conventional 

2. Helical (TI-like) 

3. Arcs (Weyl-like)
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Non-Adiabatic Corrections

�Fs(B) ⇡ �4↵
`B
karc

Not spin-splitting 
• asymmetric lineshape,  
• wrong sign for TI,  
• magnitude requires unphysically large g~300
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Thickness Dependence
• Seen in thin films 
• Oscillations require parallel surfaces 
• Thickness dependent saturation field: Bsat ~ 1/L 

Angle dependence
• Surface state 1/cos dependence 
• Thickness dependent offset of peak positions  

(Lower doping?)
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Thickness Dependence
• Seen in thin films 
• Oscillations require parallel surfaces 
• Thickness dependent saturation field: Bsat ~ 1/L 

Angle dependence
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Quantum oscillations  
• Experimental probe of surface arcs +  

Bulk chiral charge pumping (“anomaly” 
physics) 

Cd3As2 Microstructures  
• Clear sign of surface states in SdH 

oscillations 
• Evidence consistent with Fermi-arcs 

Questions & Future directions: 
• Other materials?  

TaAs? - many, long arcs - could be 
complicated 

• Related measurements: Cyclotron 
resonance?
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FIG. 2. Angle dependence - a) Angle dependence of the
quantum oscillation spectrum measured in the 150nm device.
As the field is rotated away from the perpendicular config-
uration (0�), the surface frequency FS increases and shrinks
in amplitude, while the bulk frequency, FB , is virtually un-
a↵ected. b) Polar plot of the detected angle dependence for
both the bulk FB and the surface frequency FS . FB is al-
most isotropic in agreement with previous quantum oscillation
studies(16), while FS increases as the field is rotated towards
a parallel configuration. It follows a (cos ✓)�1-dependence
which is mapped onto a straight, o↵-center line in a polar
plot. This is characteristic for orbital motion determined by
the perpendicular field component and clearly establishes FS
as a surface frequency. c) The temperature dependence of
the quantum oscillation amplitudes for both surface and bulk
oscillations is well-described by the Lifshitz-Kosevich formal-
ism. The e↵ective mass can be extracted as a fitting parame-
ter and a bulk mass of 0.044me is obtained, in good agreement
to previously reported values for the bulk(23). The surface
frequency FS appears slightly heavier (0.05me).

An extrinsic, non-topological origin of the surface
states is unlikely: band-bending due to Ga ion implanta-
tion in the fabrication would involve substantial surface
disorder, which would destroy coherent quantum oscilla-
tions. Moreover, a non-topological surface state would
exhibit either spin degeneracy or spin-orbit splitting, re-

sulting in two sets of surface oscillation frequencies –
which is not observed. Lastly, by analyzing the temper-
ature dependence of the oscillation amplitudes accord-
ing to the Lifshitz-Kosevich formalism, the e↵ective cy-
clotron mass m⇤ of each orbit can be extracted[28]. We
find an e↵ective mass of 0.044me for the bulk, similar to
previously reported measurements on bulk crystals[24].
The surface state state oscillations exhibit a similar mass
of 0.050me, suggesting that it originates from the bulk
Cd3As2 bands, rather than from some extrinsic source
(see Fig. 2c). The experimental results are quantitatively
consistent with the predictions for the Weyl orbit, as we
will present in the following.
The value of the observed surface frequency provides

the first evidence for Weyl orbits. The trajectory of the
Weyl orbit consists of both chiral bulk and Fermi arc
surface states. The quantum oscillation frequency FS can
be estimated from the time spent in each of them[26]:,
yielding:

FS =
EF k0
e⇡vF

⇡ 56T (1)

The length of the surface Fermi arc in reciprocal space
may be approximated as k0 ⇡ 0.8nm�1 using the k-space
separation of the Dirac points determined by Ref. 17.
The bulk quantum oscillation frequency and e↵ective
mass provide direct access to the Fermi energy EF =
192meV and the Fermi velocity vF = 8.8 105m/s of the
microstructured crystal shown in Fig. 1 (See supplement
for an analysis of the quantum oscillations). The result-
ing theoretical estimate of FS ⇡ 56T is in good quanti-
tative agreement with the measured FS = 61.5T.
A key distinction of between the Weyl orbit and triv-

ial or TI-like surface trajectories is that it the former in-
volves both bulk and surface states and includes a path
through the sample bulk connecting both opposite sur-
faces. In particular, this orbit can only contribute to co-
herent quantum oscillations in samples thinner than the
bulk mean free path. Trivial and TI-like surface states,
on the other hand, would exists on each surface regard-
less of the thickness of the bulk separating them. Thus,
to distinguish these possibilities, we now turn to a sys-
tematic analysis of the e↵ect of sample thickness.
A bulk mean-free-path longer than or comparable to

the sample thickness is an essential prerequisite for co-
herence of the Weyl orbits. This can be directly observed
in the low-field transverse magnetoresistance for in-plane
fields (Fig 3a). At very low fields, a peak in the magne-
toresistance with a broad maximum followed by a strong
negative magnetoresistance is observed before eventually
the bulk magnetoresistance is recovered at high fields.
This enhancement of scattering in ultra-pure systems is a
semi-classical e↵ect arising from the di↵use scattering of
otherwise ballistic electrons at the boundaries of strongly
confined microstructures[29]. It is well-studied in ultra-
pure hydrodynamic systems, such as the viscous flow
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Advertisement - Diagnosing a Weyl semimetal (NbAs)

 

Fig. 4: Comparison to calculated high field torque. (a) The torque response form a Weyl 

metal was calculated using eq. 3 and is contrasted to the expected torque for a trivial metal 

of similar Fermi surface size. In the trivial metal, the direction of the torque is simply given by 

the magnetic anisotropy, thus the low-field (dashed line) and the high-field torque point in the 

same direction. In contrast, the Weyl torque response at low fields is dominated by the 

charge carriers above the Weyl point. These become magnetically inactive at the quantum 

limit in the field-independent n=0 state where the weaker but opposite response of the 

valence states takes over and leads to the sign change of the torque. (b) The calculation 

matches well with the experimental observation. The only free parameters are the absolute 

magnitude of the susceptibility, and the momentum cutoff Λ~1Å−1 as described in the main 

text. Importantly, this calculation is based on an ellipsoidal Fermi surface ignoring the 

complex band structure of NbAs, which again highlights the topological origin of the torque 

anomaly.  

Torque reversal at quantum limit = symptom of chiral fermions 
P. Moll, ACP et al. (J. Analytis Group) arXiv:1507.06981

"n(k) = ±v sgn(n)
p

2|n|B + k2

M = �@EGS

@B

 

Fig. 4: Comparison to calculated high field torque. (a) The torque response form a Weyl 

metal was calculated using eq. 3 and is contrasted to the expected torque for a trivial metal 

of similar Fermi surface size. In the trivial metal, the direction of the torque is simply given by 

the magnetic anisotropy, thus the low-field (dashed line) and the high-field torque point in the 

same direction. In contrast, the Weyl torque response at low fields is dominated by the 

charge carriers above the Weyl point. These become magnetically inactive at the quantum 

limit in the field-independent n=0 state where the weaker but opposite response of the 

valence states takes over and leads to the sign change of the torque. (b) The calculation 
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