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Quantum oscillations in Weyl and Dirac semimetal ultrathin films
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We show that a Weyl or Dirac semimetal thin film with a strong in-plane magnetic field becomes a two-
dimensional Fermi liquid with interesting properties. The Fermi surface in this system is strongly anisotropic,
which originates from a combination of chiral bulk channels and Fermi arcs. The area enclosed by the Fermi
surface depends strongly on the in-plane magnetic field component parallel to the Weyl/Dirac node splitting,
which leads to unusual behavior in quantum oscillations when the magnetic field is tilted out of the plane. We
estimate the oscillation frequencies and the regimes where such effects could be seen in Cd;As,, Na3Bi, and TaAs.
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Weyl [1-3] and Dirac [4] semimetals (WSMs and DSMs,
respectively) are new three-dimensional phases which have
recently generated a great deal of interest as the first examples
of topological phases of gapless systems. A WSM has
topologically robust linear band touchings at discrete points,
called Weyl nodes, in the bulk Brillouin zone and surface
“Fermi arcs” which connect the projections of the Weyl nodes
to the surface Brillouin zone. WSMs are predicted to have
many novel transport properties related to the chiral anomaly
[5-8]. DSMs are WSMs where several Weyl nodes overlap in
momentum space and are protected by symmetries.

Since the prediction and discovery of the DSMs Na3Bi
[9-11] and Cd3As; [12-15] along with the TaAs class of
WSMs [16-20], a wide range of experiments, particularly
in transport, have found unusual behavior in these materials.
Negative longitudinal magnetoresistance, suggestive of the
chiral anomaly, appears even far from the quantum limit,
and linear transverse magnetoresistance is widespread among
these materials [21-26]. Recently, experiments have begun to
directly probe the quantum and thin-film limits [26-28].

In this Rapid Communication, we show that the unique
properties of WSMs and DSMs have unusual consequences
in the thin-film limit. With an in-plane magnetic field along
suitable directions, we show that a thin film of WSM
or DSM becomes a two-dimensional Fermi liquid with a
highly anisotropic and magnetic-field tunable Fermi surface.
Our setup is shown schematically in Fig. 1(a). This two-
dimensional Fermi surface emerges from a combination of
the surface Fermi arcs and the chiral channels in a bulk WSM
or DSM with a magnetic field. Our main result is that the
shape of this Fermi surface is tuned not only by the shape of the
Fermi arcs but also the in-plane magnetic field. This tunability,
which is not present for a solely out-of-plane field, can be
probed directly by quantum oscillations in a magnetic field
with an out-of-plane component. The most drastic contrast to
ordinary two-dimensional metals occurs when the Fermi arcs
have no curvature. In this case, the density of states (DOS)
oscillates as a function of field angle at fixed field strength, but
not as a function of field strength at fixed angle. As concrete
predictions for future experiments, we estimate the parameters
of these quantum oscillations in Cd3 As,, Na3Bi, and TaAs. The
unusual origin of the Fermi surface in this system may have
other consequences due to the strong anisotropy of electron
wave functions on the Fermi surface. We will discuss these
possibilities at the end of this Rapid Communication.
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Recently, quantum oscillations coming from the area
enclosed by the Fermi arcs were predicted in thin films of
WSM with perpendicular magnetic field [29,30]; evidence
for this prediction was recently observed experimentally [31].
Our results cross over to but are in a different regime from
those of Ref. [29] and its interacting weak-field generalization
[32] due to the strong in-plane field. Accordingly, the features
of the quantum oscillations in these two different setups are
also qualitatively different. For quantum oscillations as a
function of the out-of-plane field component, Refs. [29,30,32]
predict no dependence on the in-plane component in the
noninteracting case, while in our results, that component tunes
the oscillation frequency.

Emergent Fermi surface. For simplicity, we consider a
minimal model of a WSM with two Weyl nodes at the wave
vectors kK = +kyZ in the slab geometry shown in Fig. 1(a).
Before studying the thin-film limit, we first consider the
properties of a thick film. At zero field and finite but small
chemical potential, the Fermi surface of a thick film is as
shown in Fig. 1(b); it consists of two small, spherical bulk
Fermi surfaces connected by Fermi arcs on opposite real space
surfaces. Adding a magnetic field B in the Z direction, we can
choose a Landau gauge A = —eByX for the vector potential
such that full in-plane translation symmetry is preserved after
Peierls substitution. The magnetic field causes the formation of
Landau levels, which quenches the momentum &, and locks the
eigenfunctions’ average y position to k, via (y) = k,[%. Here,
lp = /h/eB is the magnetic length. However, the Landau
levels still disperse in k,. In particular, near a Weyl point,
where we will take for simplicity the effective Hamiltonian
tobe H = hv (k.o + kyoy) + hvyk. o, (here, o; are the Pauli
matrices and Kk is measured from the Weyl point), it is easy
to show that there is a single zeroth Landau level (ZLL) with
dispersion

Eo(ky,k;) = —huvak,. €))

Since the Weyl points come in pairs of opposite chirality,
the sign of v, must be different at the two Weyl points, leading
to a dispersion such as that in Fig. 1(c). If the chemical
potential is small enough that it only crosses the ZLL, then
such a dispersion leads to a quasi-one-dimensional (1D) Fermi
surface shown in Fig. 1(d) of width roughly equal to 2ky . Note
that the Fermi arcs still exist, but we will see that they play an
unimportant role in the thick limit.
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FIG. 1. (a) Basic geometry considered here. The sample is a thin
film in y with the magnetic field primarily along the z direction
(upper figure) and the Weyl point splitting along k. (lower figure).
(b) Schematic Fermi surface of a two-node WSM in a thick slab
geometry. The bulk contribution is in black and the surface Fermi
arcs are dashed red. (c) Schematic bulk dispersion of a WSM in a
strong magnetic field. The zeroth Landau level is shown in red and
disperses chirally near each Weyl point. (d) Schematic Fermi surface
of a thick two-node WSM in a strong in-plane field. The color scheme
is the same as (b). The precise locations of the Fermi arcs depend on
thickness and field strength.

Our key observation, however, is in the thin-film limit. To
investigate this limit, we diagonalized a minimal two-band
lattice model

H =2tsink,o, + 2tsink,o,
+[M +2Ccosk, +2A(2 — cosk, — cosky)]o., (2)

and included the magnetic field via Peierls substitution. (We
have set the lattice constant a = 1.) The bulk model has Weyl
nodes at ky =k, =0, k; = :i:cos’l(—M/ZC), and these are
the only Weyl nodes if |M|+ |2C| < 4|A| (which we will
always assume).

In this case, at zero field, the Fermi surface is similar to the
thick case in Fig. 1(b). However, the picture in the quantum
limit of a z-direction magnetic field is quite different from
Fig. 1(d). As k, increases, position/momentum locking causes
the average y position to increase as well. Therefore, when
ke ~ 0or L, /I3 with L, the sample thickness, the eigenstates
reach a surface and thus must disperse along k,. But we
already know that there are other gapless modes at the surface,
namely, the Fermi arcs. Since the Fermi arcs can be thought
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of as quantum anomalous Hall edge states (at fixed k,), we
expect that the bulk Fermi surface merges with the Fermi arcs,
leading to a closed, two-dimensional Fermi surface shown in
Fig. 2(a). The existence of this closed two-dimensional (2D)
Fermi surface in the quantum limit of a WSM is our primary
result.

In fact, the same effect can occur in standard metals; rather
than Fermi arcs, the surface modes can come from band
bending effects, for example. However, because our picture
only makes sense in the quantum limit, the carrier density
must be very low, so the width of this Fermi surface in a metal
will be very small. By contrast, in a WSM, the B = 0 carrier
density can even be zero while still maintaining a finite width
2kw of the 2D Fermi surface. For example, in a quadratic
band with an isotropic effective mass, if we want the quantum
limit to occur at an energy where the 2D Fermi surface has

krp =0.1 AT (which is the order of magnitude of the Weyl
point splittings in TaAs [18,19]), then an unphysically large

field of 360 T is required. To match the ~0.03 AT Weyl point
splitting in Cd3 As, [23], a more reasonable but still large field
of about 30 T would be required.

‘We must point out that due to the quenching of k,, there is
perfect nesting at, for example, q = 2kyZ. As such, one might
expect a charge density wave (CDW) instability of the 2D
Fermi surface, as has been predicted theoretically [33]. To our
knowledge this effect has not been seen in any system in the
quantum limit. A possible reason is that, due to the estimations
of the previous paragraph, the dominant instability (assuming
q» = 0) would be at a very small wave vector in a metal,
unlike in a WSM. The CDW instability in WSM thin films
is by itself an interesting topic, but for the rest of this Rapid
Communication we will make the assumption that there is no
CDW and that the Fermi surface is robust.

The existence of this Fermi surface implies that if we add
a magnetic field in the y direction, B, < B_, then there will
be quantum oscillations as a function of B,. However, an
unusual feature of this Fermi surface is that its length in &, is
controlledby L, /1 % Ly B, as demonstrated by the different
curves in Fig. 2(a). Therefore, since the area of this Fermi
surface is tuned by the in-plane magnetic field, the frequency
of quantum oscillations in B, will also depend on B,. We will
shortly discuss this point in some depth.

However, before looking at quantum oscillations (i.e., an
out-of-plane field), we should understand how this Fermi
surface evolves when the field is not perfectly aligned with the
Weyl point separation. First, consider an in-plane rotation ¢ of
the magnetic field. Then, dispersion occurs along the direction
of the field, so the vertical portions of the Fermi surface in
Fig. 2(a) should simply skew to be perpendicular to the field.
Their lengths L / llzg should also be preserved, as the y position
is locked to the component of momentum perpendicular to the
field. The net result is a reduction in Fermi surface area by
| cos ¢|, which we see in the numerics in Fig. 2(b).

We also need to understand what happens if the
Weyl point separation has a significant component in the
y direction. For this we added a term —2tasink.oy +
[—2A + A4 + o2(M? — 4)]o, to the Hamiltonian, where
ael04/4—-—M 2)]. The first term shifts the Weyl points to
a nonzero k,, and the second term is used to keep the k.
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FIG. 2. Numerically calculated evolution of the 2D Fermi surface of Eq. (2). We set e = 1 and the lattice constant a = 1. Parameters:

t=A=1,M=C = —1.(a) Evolution in B, L, for a purely z-direction field. The length of the Fermi surface in k, is proportional to BL,,
and the width in k, is set by the Weyl point separation cos~'(—M /2C). We checked (not shown) that fixing BL, and changing L, only changes
the curvature of the Fermi arcs. (b) Fermi surface with an angled field with § = 0.087 from the z axis and BL, = 2.5. Comparing with the

analogous curve in (a), we see that the vertical portions of the Fermi surface skew by the angle 6.

separation of the Weyl points fixed. Numerically, we find that
the result is to amplify finite size effects in the k, width of
the Fermi surface. This effect is small, however; for « = 0.9,
when M = —t, the width only changes by about 10% between
the bulk limit and L, = 50. We will thus neglect these effects
from now on.

Quantum oscillations. To predict the observable properties
of the field-tuned Fermi surface, we study quantum oscillations
by applying in addition a perpendicular magnetic field.
Suppose we add a small B, < B;. Then the Bohr-Sommerfeld
quantization rule says that Landau levels are at energies where

1 — () 2me
B, T Ay

3)

where X is a dispersion-dependent constant, n is an integer,
and A gy is the Fermi surface area. The Fermi surface area can
be estimated as the sum of two parts. One is a constant § A that
the Fermi arcs enclose due to their curvature when B = 0 and
the chemical potential is at the Weyl points; this contributes
as expected in previous work [29,30]. The new piece of the
Fermi surface, discussed above, is rectangular, with length
Ly/llzgz and width 2k . Plugging into Eq. (3),

I 2me(n + A) @
B,  2kwLyeB, +hsA’

Equation (4) is our main experimental prediction, valid for
any Fermi arc configuration. It tells us that the frequency of
quantum oscillations in By is tuned by B,. As a particularly
interesting special case, take the zero-curvature limit A — O.
Letting the field angle in the yz plane be 6 and the field angle
in the xz plane be ¢, as shown in Fig. 1(a), Eq. (4) becomes
coth = M 5)
kwLy|cos@|
Such quantum oscillations are qualitatively different from
those in ordinary 2D or 3D systems because the oscillations
occur as a function of field direction 6, not total field strength,
if ¢ is kept constant.

Equation (5) requires 6 be small to maintain By, < B;. It
should be noted that the frequency of oscillation in cot 6 only
depends on the intrinsic parameter ky L, of the WSM thin film.
As 0 increases, if we consider a finite zero-field carrier density
[34], we expect a crossover to the behavior in Ref. [29], where
the oscillation frequency in 1/ By, is independent of the applied
magnetic field. These analytic results are explicitly verified by
numerically computing the DOS in a generic magnetic field
using an iterative Green’s function method, the result of which
is shown in Fig. 3.

One important, natural question is whether we can make
an arbitrarily large Fermi surface by moving to thicker and
thicker samples. If L,/ 12 > 27 /a, with a the lattice constant
in the x direction, then the Fermi surface should wrap around
the Brillouin zone. Because states in the ZLL which differ
in k, by 2w /a are spatially separated in the y direction by
2713 /a, hybridization between them should be exponentially
suppressed; indeed, we numerically find near degeneracy.
Naively, then, we could just increase the size of the Fermi
surface without bound. However, we will show that increased
sample thickness suppresses the amplitude of quantum oscil-
lations in the presence of scattering or finite temperature.

First, recall that if the time it takes to traverse the Fermi
surface is longer than the scattering time 7, then the electron
cannot make a full orbit around the Fermi surface. This
amounts to the condition

2L,B,  4hky

L,/15 + 2ky
P = + L1, (6)
k vr B, evp B,

which is one limit on L.

To understand how finite temperature limits L, we need
to know what sets the Landau level gap for our 2D Fermi
surface. We estimate this gap semiclassically. For the roughly
rectangular Fermi surfaces in Fig. 2(a), the change in the area
of the Fermi surface upon an increase of the chemical potential
by 8¢ can be estimated from Fig. 4 to be

saps~2( 22V (2] 12 22 )k 7
Fs ™ (h_v) 2 (hvx>( w)s (N
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FIG. 3. Numerical density of states for the Hamiltonian in Eq. (2)
in field as a function of e B, (in plane, along the Weyl node splitting)
and e B, (out of plane). Parameters:t = 0.7, M =0,A=1,C = —1,
L, = 10, Green’s function broadening § = 1073. The white lines are
guides to the eye for Landau levels n = 8 and n = 38; they have
slightly different y intercepts due to finite size effects. The arclike
features at very small B, are artifacts due to aliasing.

where v, is the Fermi arc Fermi velocity and v, is the bulk
Fermi velocity in the z direction. The quantization condition
Eq. (3) says that when d¢ is the Landau level spacing, §Afg
obeys

2meB,
8Aps = . ®)
h
Substituting into Eq. (7) and solving, we find
B.Ly, 2kw\”'
S = n’eBy<eZ—y + —W> : ©)
hv, Uy

which is the temperature scale over which we can resolve
the Landau level splitting. Note that we neglected the Fermi
surface curvature, which is a legitimate approximation as long
as the film is not extremely thin.

Estimations for real materials. We now estimate the Fermi
surface sizes for Cd;As,, Na3Bi, and TaAs. For additional
experimentally relevant estimations, such as where the thick

Oelvy
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2k,

FIG. 4. Change in the 2D Fermi surface (blue) when the chemical
potential is increased by ¢ (red). The change in the Fermi surface
area is the black hatched region, and can be estimated by taking the
Fermi surface to be rectangular.
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limit occurs and detailed dependences of the frequencies on
field angle, see the Supplemental Material [35].

Cd3As; is a Dirac semimetal whose nodes are split along
the [001] plane, so each node contains both chiralities of Weyl
points. As aresult, the Dirac points are connected by two Fermi
arcs per surface, and our picture yields two Fermi surfaces, a
holelike one and an electronlike one, whose difference in size
is set by the chemical potential . Taking them to be ap-
proximately rectangular as before and using parameters from
Ref. [23] (most importantly, 2ky = 0.03 K1), we estimate

e " L, B,
Ars ~ 2600 mT)(1+ (=2 )(2=). o0
Fs ~ (600 m )( 200meV><1nm><1T) (19)

In fact, recent experiments [28] were able to gate-tune a
Cd; As; thin film. They saw quantum oscillations at a fixed field
angle at some gate voltages. However, near what they identified
as the Dirac point, they saw no contribution of the sort that we
propose in Eq. (5). This may be because their magnetic length
was only five times smaller than the sample thickness, leading
to considerable deformation of the emergent Fermi surface
and the Landau level states. It may also be the case that there
are other resistance anisotropies that swamp our proposed
contribution or that magnetic breakdown and related subtleties
of DSMs could be changing the nature of the cyclotron orbits.
We discuss some of these issues in the Supplemental
Material.

A nearly identical calculation for Na3Bi, which has [11]

kw ~ 0.095 A", yields

L, B
+_H ) SN EZ). an
40meV/\1nm/\1T
For TaAs, there are 12 pairs of Weyl nodes with varying
lengths and curvatures. In particular, some of the Fermi arcs
in TaAs have large curvatures and enclose fairly large areas,

which will lead to frequency offsets which are independent of
the in-plane field [29,30]. With this in mind, using approximate

Aps ~ S(4 T)(l
FS h

parameters [18,19] (in particular, 2ky = 0.1-0.5 f‘:l for
various arcs) we find that the field-dependent parts of the Fermi
surface areas are of order

Aps ~ —(1 -5 T)(Tﬁ?ﬁ)(%) (12)

plus appropriate field-independent offsets. Here, B), is the in-
plane component of the field. As an important application of
our results, our proposal is also able to differentiate between
different Fermi arc connection schemes [18,19] through the
dependence of the oscillation frequencies on in-plane field
angle. See the Supplemental Material for estimations of the
offsets for different arcs and details of the angular dependence.

Discussion. We have argued both qualitatively and numer-
ically that a closed quasi-2D Fermi surface appears in the
thin-film quantum limit of Weyl and Dirac semimetals. This
Fermi surface leads to unusual quantum oscillations where, in
some cases, oscillations only occur as a function of field angle,
not of field strength at a fixed angle.

There is another unusual feature of this emergent Fermi
surface, which is that the electron wave functions with different
ky near the Fermi surface are spatially separated in the y
dimension. A consequence is that the effective interactions
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of low energy electrons are highly anisotropic, as they should
be exponentially suppressed in the k, separation of the states
involved, but no suppression occurs in the k, separation. Such
anisotropic interactions may have interesting consequences
in transport properties, such as a strong anisotropy in the
xT? term of the low temperature conductivity. We leave
investigations of the consequences of this fact to future work.

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 93, 081103(R) (2016)

We would like to thank Pavan Hosur, Rex Lundgren, Boris
Spivak, and Yi Zhang for helpful discussions. We acknowledge
the hospitality of the Kavli Institute for Theoretical Physics,
where some of this work took place. D.B. is supported by the
National Science Foundation under Grant No. DGE-114747.
X.L.Q. is supported by the National Science Foundation
through Grant No. DMR-1151786.

[1] S. Murakami, New J. Phys. 9, 356 (2007).

[2] X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov, Phys.
Rev. B 83, 205101 (2011).

[3] A. A. Burkov and L. Balents, Phys. Rev. Lett. 107, 127205
2011).

[4] S. M. Young, S. Zaheer, J. C. Y. Teo, C. L. Kane, E. J. Mele,
and A. M. Rappe, Phys. Rev. Lett. 108, 140405 (2012).

[5] A.A.Zyuzinand A. A. Burkov, Phys. Rev. B 86, 115133 (2012).

[6] D. T. Son and B. Z. Spivak, Phys. Rev. B 88, 104412 (2013).

[7] C.-X. Liu, P. Ye, and X.-L. Qi, Phys. Rev. B 87, 235306 (2013).

[8] P. Hosur and X. Qi, C. R. Phys. 14, 857 (2013).

[9] Z. Wang, Y. Sun, X.-Q. Chen, C. Franchini, G. Xu, H. Weng,
X. Dai, and Z. Fang, Phys. Rev. B 85, 195320 (2012).

[10] S.-Y. Xu, C. Liu, S. K. Kushwaha, T.-R. Chang, J. W. Krizan,
R. Sankar, C. M. Polley, J. Adell, T. Balasubramanian, K.
Miyamoto, N. Alidoust, G. Bian, M. Neupane, 1. Belopolski,
H.-T. Jeng, C.-Y. Huang, W.-F. Tsai, H. Lin, E. C. Chou, T.
Okuda, A. Bansil,R.J. Cava, and M. Z. Hasan, arXiv:1312.7624.

[11] Z. K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D.
Prabhakaran, S.-K. Mo, Z. X. Shen, Z. Fang, X. Dai, Z. Hussain,
and Y. L. Chen, Science 343, 864 (2014).

[12] Z. Wang, H. Weng, Q. Wu, X. Dai, and Z. Fang, Phys. Rev. B
88, 125427 (2013).

[13] Z. K. Liu, J. Jiang, B. Zhou, Z. J. Wang, Y. Zhang, H. M.
Weng, D. Prabhakaran, S.-K. Mo, H. Peng, P. Dudin, T. Kim,
M. Hoesch, Z. Fang, X. Dai, Z. X. Shen, D. L. Feng, Z. Hussain,
and Y. L. Chen, Nat. Mater. 13, 677 (2014).

[14] M. Neupane, S.-Y. Xu, R. Sankar, N. Alidoust, G. Bian, C. Liu,
I. Belopolski, T.-R. Chang, H.-T. Jeng, H. Lin, A. Bansil, F.
Chou, and M. Z. Hasan, Nat. Commun. 5, 3786 (2014).

[15] S. Borisenko, Q. Gibson, D. Evtushinsky, V. Zabolotnyy, B.
Biichner, and R. J. Cava, Phys. Rev. Lett. 113, 027603 (2014).

[16] H. Weng, C. Fang, Z. Fang, B. A. Bernevig, and X. Dai, Phys.
Rev. X 5, 011029 (2015).

[17] S.-M. Huang, S.-Y. Xu, I. Belopolski, C.-C. Lee, G. Chang, B.
Wang, N. Alidoust, G. Bian, M. Neupane, C. Zhang, S. Jia, A.
Bansil, H. Lin, and M. Z. Hasan, Nat. Commun. 6, 7373 (2015).

[18] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane, G. Bian, C.
Zhang, R. Sankar, G. Chang, Z. Yuan, C.-C. Lee, S.-M. Huang,
H. Zheng, J. Ma, D. S. Sanchez, B. Wang, A. Bansil, F. Chou, P.
P. Shibayev, H. Lin, S. Jia, and M. Z. Hasan, Science 349, 613
(2015).

[19] B. Q. Lv, H. M. Weng, B. B. Fu, X. P. Wang, H. Miao, J. Ma, P.
Richard, X. C. Huang, L. X. Zhao, G. F. Chen, Z. Fang, X. Dai,
T. Qian, and H. Ding, Phys. Rev. X 5, 031013 (2015).

[20] L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang, T. Zhang,
B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn, D. Prabhakaran, Z.
Hussain, S.-K. Mo, C. Felser, B. Yan, and Y. L. Chen, Nat.
Phys. 11, 728 (2015).

[21] H.-J. Kim, K.-S. Kim, J.-F. Wang, M. Sasaki, N. Satoh, A.
Ohnishi, M. Kitaura, M. Yang, and L. Li, Phys. Rev. Lett. 111,
246603 (2013).

[22] H. Li, H. He, H.-Z. Lu, H. Zhang, H. Liu, R. Ma, Z.
Fan, S.-Q. Shen, and J. Wang, Nat. Commun. 7, 10301
(2016).

[23] T. Liang, Q. Gibson, M. N. Ali, M. Liu, R. Cava, and N. Ong,
Nat. Mater. 14, 280 (2015).

[24] L. P. He, X. C. Hong, J. K. Dong, J. Pan, Z. Zhang, J. Zhang,
and S. Y. Li, Phys. Rev. Lett. 113, 246402 (2014).

[25] J. Xiong, S. K. Kushwaha, T. Liang, J. W. Krizan, W. Wang, R.
Cava, and N. Ong, arXiv:1503.08179.

[26] C. Zhang, Z. Yuan, S. Xu, Z. Lin, B. Tong, M. Z. Hasan, J.
Wang, C. Zhang, and S. Jia, arXiv:1502.00251 .

[27] P. J. Moll, A. C. Potter, B. Ramshaw, K. Modic, S. Riggs, B.
Zeng, N. J. Ghimire, E. D. Bauer, R. Kealhofer, N. Nair, F.
Ronning, and J. G. Analytis, arXiv:1507.06981.

[28] Y. Liu, C. Zhang, X. Yuan, T. Lei, C. Wang, D. D. Sante, A.
Narayan, L. He, S. Picozzi, S. Sanvito, R. Che, and F. Xiu, NPG
Asia Mater. 7, €221 (2015).

[29] A. C. Potter, I. Kimchi, and A. Vishwanath, Nat. Commun. 5,
5161 (2014).

[30] Y. Zhang, D. Bulmash, P. Hosur, A. C. Potter, and A. Vish-
wanath, arXiv:1512.06133.

[31] P. J. Moll, N. L. Nair, T. Helm, A. C. Potter, 1. Kimchi, A.
Vishwanath, and J. G. Analytis, arXiv:1505.02817.

[32] E. V. Gorbar, V. A. Miransky, I. A. Shovkovy, and P. O.
Sukhachov, Phys. Rev. B 90, 115131 (2014).

[33] V. Gusynin, V. Miransky, and I. Shovkovy, Nucl. Phys. B 462,
249 (1996).

[34] Recent work [30] shows that the results in Ref. [29] are valid
only when the Fermi arcs enclose zero area when the chemical
potential is at the Weyl nodes, and gives a more general result.
The results of the present Rapid Communication in the § — /2
limit are consistent with the generalization.

[35] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.93.081103 for discussion of how a bulk
gap in a Dirac semimetal affects the emergent Fermi surface
and detailed estimations of temperature dependence, thickness
limits, and angular dependence of our quantum oscillations
predictions in specific materials.
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