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application to Dirac semimetal Cd;As,
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We show that bicircular light (BCL) is a versatile way to control magnetic symmetries and topol-
ogy in materials. The electric field of BCL, which is a superposition of two circularly polarized
light waves with frequencies that are integer multiples of each other, traces out a rose pattern in
the polarization plane that can be chosen to break selective symmetries, including spatial inversion.
Using a realistic low-energy model, we theoretically demonstrate that the three-dimensional Dirac
semimetal CdsAs; is a promising platform for BCL Floquet engineering. Without strain, BCL irra-
diation induces a transition to a non-centrosymmetric magnetic Weyl semimetal phase with tunable
energy separation between the Weyl nodes. In the presence of strain, we predict the emergence
of a magnetic topological crystalline insulator with exotic unpinned surface Dirac states that are
protected by a combination of twofold rotation and time-reversal (2') and can be controlled by light.

Introduction.— Recent years have seen a surge of in-
terest in symmetry-protected topological phases with
unique properties arising from a nontrivial topology of
the bulk band structure. Examples are topological (crys-
talline) insulators [1-4] with dissipationless metallic sur-
face states, magnetic axion insulators with large mag-
netoelectric couplings [5-7], and three-dimensional (3D)
Dirac and Weyl semimetals (SM) with exotic Fermi arc
surface states [8]. Topological states also emerge in ar-
tificial systems such as cold atomic gases [9] and pho-
tonic waveguides [10]. The connection between symme-
try and band topology is made explicit in classification
schemes based on topological invariants like Chern and
winding numbers [11], and in the more refined classifi-
cation of crystalline materials using band compatibility
relations [12-15], effectively generalize the parity indi-
cator of Fu and Kane [16]. A particularly rich set of
symmetry-protected topological phases arises from mag-
netic symmetries, which combine time-reversal (TR) with
spatial symmetries, leading to a classification of phases
in the 1651 magnetic space groups (MSGs) [17-19].

The relation between symmetry and topology not only
facilitates the search for new realizations of symmetry-
protected topological phases, but can also be employed to
actively tune between different topological states by ap-
plying symmetry-breaking perturbations. Among them,
periodic Floquet perturbations such as caused by irradia-
tion with strong coherent light are particularly attractive
since they allow for a dynamic manipulation on ultrafast
time scales [20-25]. Floquet engineering of topological
band structures has also been experimentally realized
in artifical lattice systems [9, 26-29] and photonic sys-
tems [10, 30]. In real materials, light-control of symmetry
has been achieved via a direct Floquet-dressing of elec-
tronic states using circularly polarized light (CL) [31, 32],

but also via exciting resonant lattice modes [33-37], and
via photocurrent generation [38]. It was experimentally
shown that TR breaking via CL irradiation can induce
a quantum anomalous Hall state in topological insulator
(TT) surface states [31] and in graphene [32, 39).

Here, we show that Floquet engineering with bicircu-
lar light (BCL), which consists of a superposition of two
CL waves with integer frequency ratio, offers an even
greater tunability. The key idea is to use the polariza-
tion state of BCL to selectively break spatial symme-
tries, including inversion (I), with direct consequences
on band topology. This opens the possibility to realize
non-centrosymmetric magnetic topological phases with
unique, e.g., chiral and polar, properties. In two dimen-
sions, the effect of BCL on graphene was recently dis-
cussed theoretically in Ref. 40. We here propose to use
BCL to tune 3D topological semimetallic and insulating
parent phases, where the presence of a nodal point in
the bulk or surface spectrum is protected by symmetries.
Application of BCL can lift these symmetries and induce
a desired topological phase transition by imposing a par-
ticular magnetic symmetry group from one the subgroups
of the crystal MSG.

We emphasize that BCL Floquet engineering is a gen-
eral approach that can be applied to a wide variety of
systems including solid-state materials and artificial lat-
tices. In the following, we consider a minimal model
that describes general centrosymmetric 3D Dirac SM and
TIs. For concreteness and to make quantitative predic-
tions, we consider model parameters that describes the
3D SM CdsAss [41] as an example. This material is a
promising platform for BCL Floquet engineering, since
high-mobility films are available [42] and the low-energy
topological bands (arising from narrow As-4p states) are
well separated in energy from other trivial bands by hun-



dreds of meV [43]. This avoids heating of the topological
states under a suitably chosen off-resonant Floquet drive
in the mid to near infrared.

Theory of BCL Floquet engineering.— BCL corresponds
to the superposition of two CL waves with opposite chi-
rality and frequencies that are an integer ratio n of each
other. It is described by the vector potential

A(t) = ApV2Re [e_i("“t_“)sg-i-e_i“tsL Y

where Ag is the amplitude and €,z are left (L) and
right (R) CL polarization basis vectors (for details see
Supplemental Material [44]). We assume uniform light
illumination and neglect the photon momentum as it is
typically much smaller than system momenta. This vec-
tor potential, and the corresponding electric field, traces
out a (n + 1)-fold rose curve over a period T = 27 /w, as
illustrated in Fig. 1(a). The spatial dependence of A(t)
is crucial for breaking crystal symmetries that cannot
be broken by CL such as spatial inversion Z. Different
magnetic symmetries can be broken by tuning the BCL
frequency ratio 77, which sets the rose pattern shape, the
relative phase «, which promotes a rotation of the pat-
tern, and the light incidence direction. We note that ex-
perimentally changing n and « is achieved by frequency
selecting a particular higher-harmonic light mode with
frequency nw and by modifying the phase shift a between
the fundamental and the higher-harmonic mode.

We consider BCL Floquet engineering in a generic 4-
band model describing centrosymmetric 3D Dirac SMs
with two Dirac nodes near the Fermi level [43, 45],

h(k) = MyxooT, + exoomo + Pxo.Tz — QxooTy - (2)
Here, o;, 7; are Pauli matrices in spin and orbital space,
respectively. The momentum-dependent coefficients My
and ey describe spin-independent hopping processes and
Py and Qy describe couplings between the orbital and the
spin degrees of freedom. The underlying crystal symme-
try enforces a certain form of the coefficients [44].

BCL couples to the system degrees of freedom via the
standard Peierls’ substitution, h[k + A(t)]. Choosing an
off-resonant light frequency w that is larger than the elec-
tronic transition energies allows for the use of a high-
frequency approximation [46-49]. This results in a time-
independent effective Floquet-Bloch Hamiltonian

hest(k) = ho(k) + m(k) , (3)
() = =3 [ha(), hoa(0)] + 0w . (@)
n=1

Here, h, (k) = (1/T) [ dt e h[k + A(#)] is the n-th
Fourier component of the time-dependent Hamiltonian.
We discuss higher-order contributions and corrections to
the high frequency regime in the Supplementary Mate-
rial [44]. The two terms in Eq. (3) depend on the BCL
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FIG. 1. BCL control of Weyl node locations in CdsAs2 and
transport signature. (a) BCL vector potential A(¢) for n = 2
and different «, leading to a rotation of the rose pattern.
AL, Ay refer to two orthogonal directions in the polarization
plane. Panels (b)-(d) show the location of Weyl nodes in
CdsAss as a function of « for BCL direction normal to (112)
surface. (b) Cut of the bulk bands of the effective Hamiltonian
in Eq. (3) for fixed ky, = k; and k, as indicated. Here, we
set w = 5FLir = 300 meV, Ay = 2.6 x 1072 A=Y and o =
w/2. A narrow energy window is shown to emphasize the
energy separation of two of the Weyl nodes (see [44] for the full
spectrum). (c) Trajectory of the Weyl nodes in momentum
space as « evolves from 0 (black dots) to 27r. The Weyl nodes
move counterclockwise, as indicated by the gray arrow. The
signs indicates the chirality of each node. Other parameters
are identical to the ones in panel (b). Note the different scales
on kg, ky and k, axes. (d) Energy of Weyl nodes as a function
of a. (e) Gyrotropic magnetic effect induced electric current
as a response to a low-frequency oscillating magnetic field in
the 2 direction as a function of . We set the amplitude
of the field to 3T. Different colors refer to distinct values of
0.02A7" < Ao < 0.028A ! with increasing steps of 0.002 A~
in the direction of the arrows.

polarization state and incidence direction, and modify
the bulk energy bands. While ﬁo, which is the time aver-
age of h[k+ A(t)], merely shifts the position of the Dirac
nodes, the light-induced mass term

m(k) =mix 0.7y + Mok 00T, + M3k, (5)

lifts the band degeneracy and drives topological transi-
tions. Note that 7(k) contains Pauli matrix products
that are absent in the original model. The functions m; i
involve combinations of h, (k) (see [44] for their analyti-
cal form). Although CL and BCL generate the same set
of terms in Eq.(5), the momentum dependence of mj i is
different in the two cases, leading to a distinct symmetry
breaking as shown in Table L.

BCL Floguet engineering of CdzAss.— For concrete-
ness, we focus in the following on a parameter set in
model (2) that describes the tetragonal 3D Dirac SM



CdsAsy [43, 44, 50, 51]. This material exhibits two Dirac
nodes located on the k, axis, which are protected by four-
fold rotation symmetry (Cjy,). The characteristic low en-
ergy scale describing the band inversion is given by the
Lifshitz energy Ep; = 60 meV. Since trivial higher en-
ergy bands are well separated in energy, the low energy
physics can be quantitatively described by a low-order ex-
pansion of the functions in Eq. (2) around k = 0 [43, 51].

Irradiation with BCL breaks both TR and Z symme-
tries and thus results in a splitting of the two Dirac nodes
into four Weyl nodes. Generically, they reside at different
momenta and energies [see Fig. 1(b,c)], unless the pres-
ence of additional symmetries, which relate partner Weyl
nodes with opposite chirality, forces these two to lie at
the same energy. For example, for BCL incident normal
to (112) and o = 0 or 7, one of the arms of the rose pat-
tern aligns with the [110]-axis [see z-axis in Fig. 1(a)] and
mEIiO] symmetry is preserved. Thus, two partner nodes

connected by mflio] have the same energy. For all other
values of «, the four nodes are separated both in energy
and momentum. The energy separation between partner
Weyl cones is quadratic in BCL amplitude Ag and scales
as 1/w?. Thus, as « is varied between 0 and 27, the Weyl
nodes trace out closed loops in energy-momentum space
[see Fig. 1(c)]. The size of the loop increases with the
light amplitude Ag, which opens the possibility of light-
induced braiding of the Weyl nodes. While in CdsAss
we found that Weyl nodes of opposite chirality annihi-
late before braiding occurs, such a scenario may be pos-
sible in other models with larger Lifshitz energy or with
Weyl nodes in different bulk gaps. Interestingly, braid-
ing Weyl nodes in different gaps can change their frame
charge, leading to the situation that nodes with equal net
frame charge reside in a given gap [52-56]. As a conse-
quence of the emergent obstruction to the annihilation
of Weyl nodes, a new invariant emerges, known as the
Euler class, which is yet to be fully explored.

The dynamical manipulation of the energy separation
between the Weyl nodes has another interesting conse-
quence if one applies an additional slowly oscillating mag-
netic field B(t). According to the gyrotropic magnetic
effect [57, 58], a non-centrosymmetry Weyl SM develops
an electric current J o B as a response, whose amplitude
is also proportional to the energy difference AFE of part-
ner Weyl nodes: J = %BAE. Importantly, AE can
be controlled by the BCL amplitude Ag and the relative
phase parameter a. We note that this effect requires the
frequency of B to be smaller than the scale of interband
transitions, which is given by AF and lies in the 100 MHz
range for the parameters of Fig. 1, and ultraclean sam-
ples, since the gyrotropic current is suppressed by disor-
der [44, 57]. In the clean limit, we predict the gyrotropic
current in BCL driven Cd3zAss to lie within an exper-
imentally accessible nA/um? range for realistic electric
field amplitudes Ey = wAp ~ 107 V/m and a magnetic
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FIG. 2. Effect of CL and BCL on Fermi arc surface states at
energy F = —Fpir/2 = —30 meV, the location of Dirac nodes
in the absence of light, on the (112) surface of CdsAsy (shown
in blue in the insets). &/ and k;, are components of the surface
momentum along directions [110] and [111], respectively. The
gray regions correspond to the projection of bulk states onto
the surface. Different panels show surface states: (a) in the
absence of light, (b) for CL with light direction normal to
(112), (c) for BCL with light direction normal to (112). In
(b) and (c) we set w = 5FLis = 300 meV, Ay = 2 X 1072A1
and o = 0. The condition det M = 0 reflects our choice of
boundary condition, and can be interpreted as finite overlap
to bulk states [44]. Note that the results in panel (¢) depend
only weakly on the value of a.

field B ~ 3 T, which is modulated at less than MHz fre-
quencies [59]. Due to the linear dispersion around the
Weyl nodes, the gyrotropic magnetic effect exhibits only
a weak temperature dependence, and we predict it to be
robust up to 10 K [44]. As shown in Fig. 1(e), the cur-
rent J is modulated as a function of a and vanishes for
a = 0,7, where AE = 0. To compute J, we have set
the chemical potential equal to the energy of the pair of
Weyl nodes in Fig. 1(b) at & = 0. To reveal a unique
signature of bulk Weyl nodes, we propose dynamically
modulating a(t) on a frequency scale different from that
of the magnetic field (e.g., in the GHz range) in order
to change the gyrotropic current at the same frequency.
Importantly, even in the unavoidable presence of inter-
band transitions and heating in real materials, which is
an inherent challenge in Floquet engeneering, the coher-
ent modulation of the gyromagnetic current can still be
detected in a lock-in type experiment, since incoherent
effects and heating are independent of «.

Finally, light irradiation also impacts the shape, cur-
vature and position of the Fermi arc surface states in
CdsAss, which allows to manipulate surface transport
properties [60]. Figure 2 shows Fermi arc surface states
on the experimentally accessible (112) surface [42] at
fixed energy, both without light and in the presence of CL
or BCL. The geometry of the Fermi arcs, which connect
projections of the nodal points onto the (112) surface, is
different for CL and BCL [44].

Floguet engineering of strained CdzAss.— Under the
influence of lattice strain that breaks C4, symmetry,
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FIG. 3. CL induced topological transition from topological to
axion insulator gaps out the surface states in the (001) surface
of CdsAs; under Bjy strain. Panel (a) is in the absence of
light and (b) is in the presence of CL with w = 5EL;¢ =
400 meV and Ao = 2.4 x 1072A~" incident normal to (112),
as in the inset of Fig. 2(b). Here, ki, (kj,) points along the [100]
([010]) direction. (c) Cut of the bulk bands of strained CdzAss
for fixed k; = ky = 0 in absence (dashed) and presence (solid)
of CL light with the same parameters as in panel (b).

Cd3zAss becomes a strong TI with gapless Dirac surface
states on every crystal surface. In the following, we con-
sider experimentally realistic types of strain: first, Byg-
symmetric strain that breaks C, and the two-fold rota-
tions along the diagonals, Cy [110) and C ;110] [42, 51]. We
also consider Byg-symmetric strain that breaks Cy, and
the two-fold rotations along the crystallographic axes,
Cs 1001 and Cy 19 Within the generic 4-band model
in Eq. (2), Biy and By, strains correspond to terms
of the form Byo,7, and Byoy,T,, respectively, where
By o« k.. Additional terms that renormalize the pa-
rameters in Eq. (2) are allowed by symmetry, but vanish
along k., and thus do not contribute to the size of the
bulk gap. Under irradiation these strain terms lead to
additional light-induced mass terms beyond those listed
in Eq. (5) that also contribute to magnetic symmetry
breaking (see [44]). As we show next, this opens up an in-
teresting possibility of inducing sought-after topological
states protected by magnetic symmetries. Specifically,
we predict a CL-induced axion insulator state [61] and a
BCL-induced magnetic topological crystalline insulator
protected by 2’ symmetry [62, 63].

Table I shows that the combination of By, strain and
CL irradiation along the (112) normal removes all sym-
metries except Z. Since the bulk gap remains open for
not too large light intensities, we can conclude that CL
induces a topological transition to an axion insulator
state with quantized magnetoelectric coupling and half-
quantized anomalous surface Hall conductivity [5]. As
7 is naturally broken at the surface, the surface states
acquire a gap as shown in Fig. 3 for the particular case
of the (001) surface.

An even more intriguing situation arises in the presence
of By, strain and BCL irradiation along (112) normal.
Choosing « as either 5 or 37” removes all symmetries ex-
cept the combination of a two-fold rotation around [110]
and time reversal: ©Cj 179 = 2’[110]. Since a 2’ operation

Strain‘ Light type ‘ o ‘ MPG gen. ‘ MSG
No light C2z, Cuz, Caoy, T, ©|T41/acdl’
0 CL L (112) I, 9027[110] CQ’/C,
O7 m GM[lio] CC/
BCLL (112) z, 377r 0Cs. 110] o2
N.A. 1 P1
B No light X Cs., Cay, I, 0 Pccal’
1 —
1 cLL(112) | x T Pl
No llght X CQz, 027[110], I, (S Fdddll
BZg O7 s eM[lio] CC/
BCL. (112) T dx OCs 1110] o’
N.A. 1 P1

TABLE I. Magnetic symmetries of CdzAse with and without
light and lattice strain. Light incidence direction is perpendic-
ular to the (112) surface and BCL parameter n = 2 (three-fold
rose pattern). The table shows the generators of the magnetic
point group (MPG) preserved by the light and the resulting
MSG for CdsAss. O refers to TR symmetry and Z to spatial
inversion. N.A. stands for none of the above. The parameter
« rotates the BCL rose pattern, which controls the MSG.

reverses an odd number of spacetime coordinates (like
TR and Z), the magnetoelectric coupling is still quan-
tized [64]. Again, for light intensities that leave the bulk
gap open, continuity ensures that BCL induces a topolog-
ically nontrivial axion insulator state. Here, however, not
all surfaces are gapped. Instead, (110) surfaces (whose
surface normal is parallel to the 2" axis) host exotic gap-
less Dirac states whose nodal position is unpinned from
the surface TR invariant momenta. As shown in Fig. 4,
the position of the nodal point is controlled by light pa-
rameters such as frequency and intensity [44]. All other
surfaces are gapped and exhibit a half-quantized anoma-
lous surface Hall conductivity.

Conclusion.— To conclude, we show that Floquet engi-
neering using BCL offers wide tunability of the magnetic
symmetries of a system beyond the capabilities of lin-
ear or circularly polarized light. This arises from the
fact that the electric field of BCL follows a rose pattern
that can be tailored to break desired spatial inversion and
other symmetries, in addition to time-reversal, leading to
a non-centrosymmetric effective Floquet-Bloch Hamilto-
nian. This general approach of BCL tuning of symmetries
is applicable to a wide variety of materials and artificial
lattice system and can have immediate impact on their
band topology. As a concrete example, we predict ef-
fects of Floquet engineering in the Dirac SM CdsAs,,
which is a suitable material platform that undergoes var-
ious light-induced topological phase transitions. In the
absence of strain, BCL leads to a non-centrosymmetric
magnetic Weyl SM phase with bulk nodes separated in
both energy and momentum. We demonstrate that the
position of the nodes can be controlled via light parame-
ters, opening up the possibility of braiding. In the pres-
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FIG. 4. BCL control of Dirac node position in light-induced
2’ axion insulator state. Panel (a) shows the evolution of
gapless surface states in the (110) surface of CdszAsz (blue
plane in the inset) in presence of Bag strain when turning on
BCL. Here, ki, (k) are components along the [110] ([001])
directions. The ellipse centered around k, = k;, = 0 is a
fixed-energy cut of the surface state at 37 meV close to the
node in the absence of light. BCL irradiation along direction
normal to (112) (red plane in the inset) induces a 2’ magnetic
topological crystalline insulator with unpinned Dirac surface
states. The surface state moves in the direction indicated
by the arrow when BCL is turned on, while the energy of
the Dirac node changes only slightly to 36 meV. Color shows
detM, which has the same meaning as in Fig. 2. (b) Bulk en-
ergy bands of strained CdszAsy for fixed k, = ky, = 0 without
light (dashed) and with BCL (solid). In both panels, we set
w =150 meV, Ag = 2.6 x 107?A~! o =n/2.

ence of an additional slowly varying magnetic field, BCL
leads to a tunable dissipationless current due to the gy-
rotropic magnetic effect, which is a unique signature of
Weyl physics. Finally, combining lattice strain and BCL
irradiation realizes a sought-after magnetic axion insula-
tor phase with exotic unpinned surface states protected
by 2/ symmetry.
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Appendix A: BCL setup

The polarization state of the BCL field,
A(t) = AoV2Re [e*i("“t*“) ER+ e*“"tsL] (A1)

is specified by its incidence direction ¢, frequency ratio n between the two combined CL and their phase difference «.
The dependence on § is encoded in the vectors e and ey, that spam the light polarization plane. Here, we make this
dependence more explicit.

We choose Z, §j and 2 to coincide with the CdgAs, crystallographic axes @ = [100], b = [010] and ¢é = [001]. A
BCL is then incident with an angle ¢ with respect to the normal of the (001) surface of the material, i.e. the surface
perpendicular to Z, as illustrated in Fig. 1(a). In this case, the incidence direction is simply go = (0, sin ¢, — cos ¢),
which is the same incidence direction of the CLs combined in the BCL wave. The polarization plane is spanned by
the vectors €1 and €g2. We set €91 = & = (1,0,0), and £y 2 = (0, — cos ¢, —sin ) is obtained by rotating €91 by
7/2 around §o in order to satisfy €91 X €92 = do (see Fig. 1(b)).

. L
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A more generic incidence direction can be straightforwardly constructed from this simple case by rotating the

incident plane by an angle 8 around Z, as illustrated in Fig. 1(c). In this case, we have

G = Rz(B)(0,sinp, — cos p) = (—sin B sin ¢, cos fsinp, — cos ) . (A2)
1= R.(B)(1,0,0) = (cos 3,sin 3,0) , (A3)
(A4)

€s = R.()(0, — cos p, —sin @) = (cos ¢ sin B, — cos p cos B, —sin p) .

For a light circularly polarized to the right, the polarization is specified by eg = (¢; — ié2) /+/2, while the polarization
state of a light circularly polarized to the left is given by e, = (1 +iés) /v/2. Substituting er and ey, into Eq. (A1),

we can write the Cartesian components of the BCL vector potential in a compact form:
(AD)

A, (t) = Ag ¢, [cos(nwt — a) + cos(wt)] + Ao d, [sin(nwt — o) — sin(wt)]

where = x,y, 2. The coefficients ¢, and d,, are parametrized by the two angles ¢ and 3, as shown in Table A.

Note that a BCL perpendicular to (001) or, equivalently, parallel to Z = [001] is obtained by setting § = 0 and
¢ = 7. Since CdsAs, is a tetragonal crystal, the correspondence between the indices for the surface (hkl) and its

normal [uvw] follows [1]
U v w c\2
N A6
h k l (a) ’ (A6)
where ¢ = b and c are the lattice parameters in the zy plane and in Z direction, respectively. For CdsAss, a =
12.633A and ¢ = 25.427A [2], but for calculations purposes we set ¢ = 2a. In this case, a BCL normal to (112) is

parallel to the [221] = & + ¢ + # direction and, therefore, obtained by setting 8 = —m/4 and ¢ = arcos(—1/+/3).
Appendix B: k.p model for cadmium arsenide

In this appendix, we specify the form of the momentum-dependent coefficients of the k.p model shown in Eq.(2) in

the main text for CdsAss. We discuss both semimetallic and insulator states.

FIG. 1. (a) Illustration of the tetragonal CdsAss crystal irradiated by a BCL incident with an angle ¢ with respect to the
normal of the (001) surface. (b) Light propagation direction §o and vectors €1 and ez defining the polarization plane for the
setup shown in (a). Incidence direction and polarization vectors for a generic incidence direction.

x Y z
Cu cos 8 sin 3 0
d,,|—sin 3 cos p|cos B cos p|sin ¢

TABLE I. Coefficients of the Cartesian components of the BCL field.



1. Semimetallic phase

Despite its complicated crystal structure, first-principle calculations show that the low energy physics of CdzAss is
characterized by a minimal 4-band model [3],

H =" "4 h(k) (B1)
k

h(k) = MyooT, + Pxo.Ty — QkUOTy + Ex00To - (BQ)

This model is a down-fold from an 8 x 8 Hamiltonian spanning the basis of Cs 5s and As 4p states where spin-orbit
coupling is already accounted for locally. This Hamiltonian is diagonalized into the J basis and then a downfolded
to 4-band model spanning the following basis set {|Sl/27 1/2> , |P3/2,3/2> , }51/2, —1/2> , |P3/2, —3/2)}. Due to the
further symmetry breaks of the problem (e.g. tetragonal-orthorhombic due to strain and spatial inversion), new
off-diagonal terms are included in the 4 effective Hamiltonian that mix the different states in this reduced basis
set, but these off-diagonal terms are added after the diagonalization into the J-basis, leading to Eq.(B2). All these
terms accounting for the different symmetry breaks in this 4-band low-energy effective model have been previously
introduced by Ref. 3 and the model itself has been already used to describe surface states in CdzAsg [3-5]. In Eq.(B2),
AIT( = (cLTdLTcLJ,dLi), where CLU (d;a) creates an electron with momentum k and spin o in the 5s (4p) orbital Cd
(As). Besides, o; (1;), with j = z,y, z are Pauli matrices in spin (orbital) space and oy and 7y are two-by-two identity
matrices. The functions preceding the Pauli matrices in Eq. (B2) are polynomials of the momentum components,

My = Mo — Myk2 — My (kK2 + k) (B3)
Py = Ak, , (B4)
Qx = Aky , (B5)
ex =Co+ C1k2 4+ Cs (K} + k7). (B6)

with coefficients calculated in Ref. [4] and summarized in Table II. Such a simple k.p model is able to capture the two
Dirac cones in the band structure of CdzAsy because they occur in the vicinity of the I' point (k = 0) of the Brillouin
zone, as shown in Fig. 2. The separation between the valence and conduction band at the center of the Brillouin
zone gives the the Lifshitz energy Er;; = 60 meV. The Lifshitz energy corresponds to the energy scale over which the
shape of the Fermi surface changes from a single pocket to two separate pockets and later back to a single pocket.

It is important to note that terms such as Egs. (B4) and (B5) originate from sin(ak,) and sin(ak,), respectively,
in the tight-biding model valid in the entire Brillouin zone expanded to linear order in momentum. We noticed,
however, that when light is coupled to the electrons, we need to carry the expansion at least up to third order in
momentum for the symmetries of the Floquet Hamiltonian to be consistent with those preserved by the light vector
potential. Accordingly, we add corrections vk2 and 'ykg to Eq. (B4) and Eq. (B5), respectively. Symmetry allows for
the coefficients of the linear and cubic terms in Eq. (B4) and Eq. (B5) to be different, and we choose v = A/6 to
ensure that the new cubic terms are only a small correction to the original expressions. Similarly, for linear terms in
k. that will appear later in the presence of strain, we add a correction four times larger (4vk,, with v = B1/6 - see
Eq. (B8)) to reflect ¢ = 2a.

Parameters | Semimetallic|Insulating
My (eV) 0.0282 0.0374
M, (eV A?)|  20.72 20.36
M, (eV A?)|  13.32 18.77
Co (eV) -0.0475 0.0113
Cy (eV A?)|  12.50 12.05
Cy (eV A?)|  13.62 13.13
A (eVA) 1.116 1.089
By (eVA) 0 0.2566

TABLE II. Parameters for the k.p model for CdzAs; in both semimetallic (Dirac semimetal) and insulating (strong TT) phases.
Values taken from Ref. [4]. Note that in Ref. [4] M; and M; are defined with a global minus sign. Here, we incorporated it
directly in Egs. (B3) and that is why M and M are positive in our table.
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2. Insulating phase

The effects of strain in the plane perpendicular to Z are incorporated in the k.p model by adding extra terms to
Eq. (B2) that break the desired symmetries. The values of the coefficient in the polynomial functions changes (see
Table II), and so does the Lifshitz energy, which becomes Er;; = 80 meV. The form of the symmetry-breaking terms
depend on the type of strain we consider.

Let’s start with strain type B4 introduced in Ref. 4. It breaks the two-fold rotations around the diagonals in the zy
plane C5 [119) and Cs 110] (and the corresponding mirrors Mj110) and Mj;1)) in addition to Cy.. All other symmetries of
the unstained material remain unchanged and, as a consequence, CdsAs, with Bi, strain is characterized by the space
group Pcca (No. 54). Time-reversal is also preserved in the absence of light and the corresponding magnetic space
group is the grey group Pccal’ (No0.54.337). The generic first-quantized Hamiltonian that preserves the symmetries
of this group is given by

ilBlg (k) = MyooT, + Bxoy Ty + Pxo. Ty — QuooTy + €k0070 (B7)

with [4]

213
B = By (k + 3Z> . (B8)

The functions My, Pk, Qx and ex have the same form as in the semimetallic case, but with different coefficients (see
Table IT).

Strain of type Ba, in the zy plane, on the other hand, breaks, besides Cy., the two-fold rotations around the
crystallographic axes Cs ;. and Cs y, as well as their corresponding mirrors, but preserves Cy [110) and Cj [179)- The
resulting space group is Fddd (No. 70). The first-quantized k.p Hamiltonian with all the terms allowed by the
symmetries of this group was obtained using python Qsymm [6] and reads

iLBQQ k) = MyooT, + Byoy T, + PeooTy — QkaoTy + ExogTo (B9)
where
My = My + sakzk, (B10)
- - k2
P¢ = Py + Ak, 1+€y , (B11)
Iy (x1072A 7"
(a)
-5 0 5
100
50 or\ ()
. E{meV) /é -201
Ea/ -40f
_50 ‘60'
-80

-4 -2 0 2 4
ko (x 1072471

ko(x107247")

FIG. 2. Bulk bands of the k.p model for CdsAsy in the absence of strain and light [Eq.(B2)]. We set (a) k, = 0 and (b)
ko = ky = 0.
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- - kx
Qx = Qx + Ak, (1 + g) , (B12)

fx = €k + SBkzky s (B13)

and M (k), P(k), Q(k), e(k) and B(k) defined in Eqgs. (B3)-(B6) and Eq. (B8), respectively. For simplicity, we set,
for simplicity, s4 = sg = A = B; = 0.2566 eVA.

Appendix C: Light-induced mass terms
Here, we show the expressions for the light-induced mass terms (k) defined in the main text. Standard high-

frequency expansion [7—10] tell us that a time-independent effective Hamiltonian H, #f can be derived from a generic
periodic Hamiltonian H(t) = H(t + T') using

. . 1 & 17~ - 1
Heff:Hﬁ;;E [HnH_n] +o(w2> , (C1)
where
1 T
H, = 7 / dte ™ H(t) (C2)
0

denotes the Fourier components of H(t) (with n = 0,1,2,---). For the particular case of the many-body Hamiltonian
Eq. (B1)), the fermionic anti-commutation relation gives

Hepp =Y Wl heps(k)dy s (C3)
k
with
hepy (k) = ho(k) + (k) | (C4)
109 = = 32 % [, ha(h)] | (©3)

as defined in the main text. Note that h, (k) has the same form of the first-quantized Hamiltonian in Eq. (B2) (or
Eq. (B7), or Eq. (B9) depending on which phase of CdsAsy we are considering), but the functions preceding the
Pauli matrices are replaced by their Fourier component after minimal coupling. For instance, M (k) — M, (k) =

(1/7) fOT et M (k 4+ A(t)). Note that ho(k) is the time-average of the time-dependent first-quantized Hamiltonian
h(k + A(t)).

The term proportional to 1/w in h.sr(k) [Eq. (C5)], acts as a mass term in the location of the Dirac nodes of the
unperturbed band structure and, therefore, we call it light-induced mass term. It has nine distinct contributions as a

result of the commutations of the Pauli matrices:

m(k) =M1k0:Ty + M2k 00Tz + M3k 2Tz + M4k TxTy + M5k TyTo

+ Mmek OxTz + M7k OyTy + mg.x 070 + m9xkoyTy . (06)

M3k, M4k and mg k are always present (both semimetallic and insulating phases) and are given by

2 o= 1
=N S (MpkPonk—M_pxPoi) . Cc7
ml,k w nzz:l n ( k k k ,k) ( )
2 oA 1
mak = ; Z ﬁ (Mn,kQ—n,k - M—n,an,k) s (08)
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FIG. 3. (a) Cuts with k; = ky of the bulk bands of CdsAs; irradiated with BCL. We set the incidence direction normal to
(112) surface, w = 300meV, Ao = 2.6 x 1072 A=! and a = 7/2. Panels (b) and (c) are zooms of panels (a) to highlight the
energy separation of the cones.

makx = —— — (PoxQ-nkx — P_pnxQnx) - (C9)
w 1 n

On the other hand, m4 k, ms k and mg k only exist in strained CdsAsy with Bj4-type strain. They take the forms

2 o= 1

= = (MpxB-nx —M_pnxByn ’ C10

Mk w;n( kB-nk kBnx) (C10)
2 = 1

msx = —— - (Bn,kp—n,k - B—n,kPn,k) 5 (C]']')
w n=1 n
2 o= 1

Mk =~ - (Bnx@-nx —B_nxQnx) - (C12)

n=1

Lastly, m7 x, mg x and mg k are only present if strain of type By, is applied. They have the same form as mq x, —1m5 k

and mg i, respectively, but with M, x, P, x and @, x replaced by M, k, Pn’k and Qp, k-

In general, both hg(k) and the light-induced mass terms break symmetries of the bare Hamiltonian, but, ultimately,
the latter plays a significant role in the topological transitions. That is because only k is able to lift the two-fold
degeneracy of the bulk bands of the bare Hamiltonian. ho(k) only shifts the position of the original Dirac nodes.

The spectrum of the effective Hamiltonian obtained with a three-fold BCL incident perpendicular to the (112) surface
of CdsAs, is shown in Fig. 3 (a). Because of the simultaneous break of inversion and time-reversal symmetries, the
Weyl cones are separated in momentum and energy as highlighted in 3 (b) and (c).

Both CL and BCL generate the same combination of Pauli matrices, as shown in see Eq.(C6). The difference
between these two types of light is manifested in the momentum-dependence of m;(k). The functional form of these
functions depends on the polarization state and incidence direction of the light. Therefore, the same term can break
distinct symmetries in the CL and BCL cases. As an example, my), preserves 7 rotation around the Zaxis (Cy, ) for
a single single CL, but this symmetry is broken by the same mass-term in the BCL case. In the table III, we contrast
the symmetries preserved by each m; 1 generated in the absence of strain by a CL and by a BCL. In this table, both

Mass term CL BCL
ml,k CQZ; I) MZ7 902263 6027;7 ®MZ7 @My Mza 6027;7 @MI
ma k CZza Ia sz 902307 6027;7 G)sz @My MZ7 9027;7 @Mz

o ¥ -
mS,k C2z7 0227 042, C4za Ia MZ) IC4Z, IC4Z7®CZJ:7 ec(2y ]\427 9027;7 GM:E
OCs 1110), OCo4 1110, OMa, OMy, OM110), OM11g)

TABLE III. Symmetries of the original Dy, point group (plus time-reversal ©) that is preserved by each of the mass terms
induced by a CL incident parallel to 2 and by a BCL with and the same incidence direction and o = 0. Here we focus in the
semimetallic case, where no strain is applied to the system. © refers to TR symmetry and Z to spatial inversion.
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FIG. 4. (a) Evolution of the position of the Weyl nodes, in momentum space, as a function of the light amplitude (Ap) when
CdsAs; is irradiated with (i) a CL light (green points) normal to the (112) surface with 0 < Ap < 3.8 x 1072A~! and (ii) BCL
(blue points) normal to the (112) surface with 0 < Ag < 2.9x 1072A~" and a = 0. In both cases, we set w = 300 meV. Besides,
the red points denote the positions of the original Dirac nodes (in the absence of light). Panel (b) shows the projections of the
points of panel (a) in the (112) surface

types of light have incidence direction Z.

Appendix D: Controlling the position of the Weyl nodes

Both the amplitude of the light 4y (both BCL and CL) and the relative phase of the BCL « controls the position
of the light-induced Weyl nodes. The effect of « is shown in Fig.1 (c¢) in the main text. Here, to further illustrate the
differences between CL and BCL, we show in Fig.4 (a) the trajectory in momentum space of the Weyl nodes induced
by a CL (green dots) and BCL (blue dots) as a function of Ay. Here, both CL and BCL are incident normal to the
(112) surface of CdsAss and we set a = 0. Fig.4 (b) is a projection of Fig.4 (a) in the (112) surface.

Appendix E: Higher-order terms in the effective Hamiltonian

Terms of order 1/w? or higher in the effective time-independent Hamiltonian in Eq.(C4) involves nested commutators
of hy, (k). In particular, the second-order term reads

W) = g (51(8) + (k) | (E1)

with

5109 = 52 & ([[fnsho] u] +1c.) . (E2

n=1 n
salk) = 2 S L ([ b =2 [, ] | 1) (E3)
n,n/=1

Importantly, these nested commutators form a closed group. We already saw that for b (k) composed by a linear
combination of 0g7,, 04Ty, OyTa, 0.Ts, 00Ty and o¢Ty, the commutator of the type [ﬁn, ﬁm} yields the nine possible
Kronecker products of Pauli matrices shown in Eq.(C6). The next order commutator Hiln, ilm} ,ﬁl] accompanying

terms proportional to 1/w? produces exactly the same Pauli matrices in h, (k) and, therefore, only dresses ho (k).
This structure repeats for higher-order commutators and we conclude that the corrections of order O(1/w®), with «,
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even dresses ﬁo(k) and contribute to the shift of the original Dirac nodes (in the semi-metallic phase. For odd «, on
the other hand, dresses 7(k) and contribute to the momentum and energy split of the Weyl nodes. These corrections,
however, are very small in the limit that w > Fr,¢ (Lifshitz energy). Indeed, in the next section we show that the
first order perturbation theory in Egs.(C4) and (C5) reproduces accurately the Floquet quasienergies for the values
of light frequencies we used in this manuscript.

Appendix F: Validity of the high-frequency expansion

In Sec.E, we saw that higher-order terms in the high-frequency expansion come with powers of 1/w™, which becomes
very small when w > Ep;¢ justifying the truncation of the effective Hamiltonian in first-order in w. A complementary
way to show the validity of this approximation is to calculate the Floquet quasienergies and compare them with the
bulk bands of the effective Hamiltonian defined in Eq.(C4).

The Floquet quasienergies the eigenvalues of the Floquet Hamiltonian, which matrices alements are given by [7]

T
1 . ) .
(HEF)p = 7 / dt e (k4 A(E)) — MW = By (K) — MwBy - (F1)
0
(a) (b) (©)
200 300
400 \? ___—
e — . wol— B — 1501 -

200

|
!
|
|

I
-200 By -150
~—
-400
-200 -300
-4 -2 0 2 4
k; (1072A°1)
(d) (e) ()
-10
-20
3 ] 3
E E E
w w w
-30
-40
-4 -2 0 2 4 -4 -2 0 2 4
k; (1072A°") k; (1072A°") k, (1072A°")

FIG. 5. Floquet quasienergies obtained for the minimal model for CdsAs, irradiated with BCL normal to (112) with frequencies
(a) w = 300 meV, (b) w = 100 meV and (c¢) w = 150 meV. In (b) and (c), BCL is combined with Bzg-type strain. Panels
(d)-(f) correspond to the quasi-energies of (a)-(c) in the zero-photon sector (solid lines) overlaid to the band dispersion of the
effective Hamiltonian obtained through high-frequency expansion (dots). In all panels, the BCL relative phase and amplitude

are set to « = /2 and Ag = 2.6 X 10_2A71, respectively.

E (meV)

-27 2
-4 -3 -2 -1 0

k,(1072A71)

FIG. 6. Zoom of the quasienergies and effective Hamiltonian dispersion around the Weyl cone shown in Fig.6(a).
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Here, h(k) is the first-quantized Hamiltonian defined in Eq.(B2) (or Egs.(B7) and (B9) in the presence of strain)
and hy, (k) represents its Fourier coefficient as defined in Eq.(C2).

Exact diagonalization of the Floquet Hamiltonian for the same values of the light parameters adopted in the main
text yields a quasienergy spectrum where the different photon sectors are well separated in energy [see Fig.5 (a)-(c)].
Furthermore, for the range in momentum space where the k.p model for CdzAss holds, there is no hybridization
between different photon sectors as long as w > Ep,y, as expected.

Figs.5 (d)-(f) are zooms of Figs.5 (a)-(c), respectively, in the zero-photon sector. In each panel, the eigenvalues
effective Hamiltonian defined in Eq.(C4) (dots) are overlaid to the quasienergies (solid lines). We obtain an excellent
agreement between them for w > Ef,¢, as shown in Figs.5(d). A zoom around the Weyl node in 5(d) shows only a
small quantitative difference, of order of 1074A"" in the position of the node obtained trough exact diagonalization
in comparison with the high-frequency expansion [see Fig.6].

As the light frequency becomes comparable with the Lifshitz energy, however, quantitative differences emerges. This
can be seen in Fig.5, where w = 100 meV and Fr;r = 80 meV. Even in this case, the frequency is still larger enough
such that hybridization of quasienergies in different Floquet sectors are absent around the center of the Brilloiun zone.

Fig.5 (a) and (d) was obtained using the same parameters as in Fig.1 (b) of the main text. The remaining panels
were obtained with the parameters used in Fig.4 of the main text with w = 100 meV (b) and (e) and w = 150 meV in
(c) and (f). We checked that an excellent agreement between exact diagonalization of the Floquet Hamiltonian and
high-frequency expansion up to O(1/w) holds for all choices of parameters in the main text.

Appendix G: Surface states

Here, we detail the method we used to calculate the surface states (SS) shown in the main text. In the following,
we define two coordinate systems: (z,y,z) denotes the material frame of reference, where the & ¢ and £ are parallel
to the crystallographic axes [100], [010] and [001], respectively. Since we are dealing with a tetragonal crystal, kq, k
and k. are also aligned with [100], [010] and [001]. The laboratory frame of reference, on the other hand, is given by
(z',y',2"). The momentum components in the laboratory frame are kl, k;, and k7. As we will shortly see, (z,y, z)
and (2',y,2) are related by a unitary transformation that depends on Wthh matenal surface we want to probe for
SS.

We calculate the SS by searching for evanescent states at the z’ = 0 termination of a semi-infinite slab of Cd3Ass
defined in the 2’ < 0 region. Instead of writing a tight-biding model with open boundaries along 2’ (2’ and y')
and solving for the surface states, here, we calculate them directly from the k.p model. We use an approach similar
to Ref. [4]. Evanescent states at z’ = 0 have to fulfill two conditions: (i) ¥y (2’ = 0) = 0 and (ii) Y (2’ —
—00) = 0, where 1 (r') = up (r')e’® ™ are the Block wave-functions and wu (r') are eigenstates of the first-quantized
Hamiltonian h(U(h}d)k) Here, il(k) refer to either the bare first-quantized Hamiltonian [Eq. (B2), Eq. (B7) or
Eq. (B9)] if light is absent, or to the effective first-quantized Floquet Hamiltonian [Eq. (C4)] if light is taken into
account. The matrix U(hkl) is the unitary transformation that aligns the normal to crystal surface labeled by the
Miller indices (hkl) with 2’. As an example, let’s say that we want to calculate the SS at the (112) surface. The normal
to such surface points at the direction [1,1,1] = a(® +9) + 52 = a(® + ¢ + 2), and therefore, 2 = (2 + § + 2)/V/3.
Besides, the two orthogonal direction in the (112), [110] = a(z — §) and [111] = a(& + § — 22), determine the z’ and
y axes. This give us the transformation relation between laboratory and material frames of reference, r’ = ﬁ(llg)r

(and, equivalently k' = ﬁ(llg)k), where

) V2 =1/vV2 0
Unizy = | 1/V6 1/vV6 —2/V6 | . (G1)
1/V3 1/V/3 1/V3

Similarly, for the (110) considered in the main text,

1/vV2 1/V/2 0
Usip=| 0 0o 1f. (G2)
1/vV2 —1/v/2 0

Condition (ii) above is satisfied for complex k. with a negative imaginary part £ < 0. For each point in the

surface Brillouin Zone (k;,, k;) and for a fixed energy E, we look for the set of complex k that are solutions of the
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characteristic polynomial
det (h(U3K') ~ B1) =0, (G3)

and select only those with x < 0. Besides, only solutions with x that differ by more than a numerical precision of
10~° are chosen. Not all of these complex k’ solutions gives rise to true eigenstates of the Hamiltonian. Therefore,
we substitute each of the solutions back in H(U(Z}d)k’ ) calculate its eigenvalues and eigenvectors. The eigenvectors
whose eigenvalue matches the initial energy cut E correspond to localized states that decay exponentially in the
region 2z’ < 0. To obtain the SS, the condition ¥y (2’ = 0) = 0 still needs to be fulfilled, and this is done by linear
combinations of the eigenvectors just collected, which we hereafter denote by

{Jusg) Jurey) -3 - (G4)

Note that since the coefficients of Eq. (G3) are real, its solution comes in complex conjugated pairs. Therefore, the
maximum number of vectors in the set (G4) is half of the order of Eq. (G3).
A linear combination of the Block wave-functions, at 2z’ = 0, constructed with the elements of Eq. (G4)

Pz =0) = Zaiuk’,i(o) ) (G5)

fulfills the condition ¢(z’ = 0) = 0 if the determinant of the matrix M whose columns are the ’uk§> entering in Eq. (G5)
is zero. In this case, a SS with energy FE exists at (K, k;). Small deviations from zero means that the surface state
does not exactly vanish at 2’ = 0, but its amplitude is small. We accept results states with |detM| < 5 x 1073, This
analysis is applied to all points a the grid —0.0587" < ki, k! < 0.05A~!, where the k.p model is valid and these
points are colored according to the value of det(M).

Importantly, since |uk;> is 4-dimentional, we need, at least, four different states in Eq. (G4) to be able to get

O[(a) (b) E (meV)
— 3t i — 38
= — 36
= Or I
el — 335
~ > _3 [ — 30
_6 _I 1 1 1 1 1 1 1 1 1 T 28
6 -3 0 3 6-6 -3 0 3 6
K(x1073A7" K (x1073A7")

FIG. 7. Energy cuts of the surface states of strained CdsAs, in the (001) surface (a) in the absence of light and (b) in the
presence of a CL incident normal to (112). We set the strain type to be Bi,, w = 400 meV and A, = 2.4 x 1072A~!,
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FIG. 8. Position 1o = 1/k.? + k;? of the surface Dirac node in the (110) surface as a function of BCL frequency. We set the
incidence direction to be normal to (112) and Ao = 2.6 x 1072 A~ and a = 7/2.
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¢(z' = 0) = 0. This implies that, in the absence of light, since all the bands are two-fold degenerate, a minimum of
two complex k. with k < 0 needs to be found in Eq. (G3). When the light field is included, on the other hand, the
degeneracy of the bands is lifted (except at the Weyl nodes) and the minimum number of distinct solutions increases
to four.

We applied this technique for semimetallic and the insulating phases of Cd3As,. Fig.7 shows cuts of the surface
states in Fig.3 of the main text. Fig.8, shows the position of the node of the surface Dirac cone in (110) surface as
a function of the frequency of the BCL. In the latter figure, the parameters are set to be the same as in Fig.4 in the
main text.

Appendix H: Temperature dependence of the GME effect

The gyromagnetic effect (GME) describes the current density J that is induced in a system in response of an
slowly-oscillating external magnetic field. This is not an equilibrium current, but rather a low-frequency response
of a system that vanishes in insulators and is directly proportional to the energy separation of the Weyl nodes of a
non-centrosymmetric Weyl semimetal. In this section, we derive the temperature dependence of the GME effect in
Weyl semimetal where the Weyl nodes are separated both in energy and mmentum.

The GME effect is fundamentally different from the chiral magnetic effect (CME) although the form of the induced
currents in both effects have similar forms. In contrast to the CME, GME is not governed by a geometric property
of the bulk bands. It is the low-frequency limit of natural gyrotropy in non-centrossymetric metals and is governed
by the magnetic moment of the Bloch states at the Fermi level [11, 12],

afn k j
GME _ (Z J)
a; T ZQT E /dk KM ke - (H2)

Oey,
neoce k

Here, i,j = z,y, z denotes Cartesian components, {2 corresponds to the frequency of the magnetic field and 77! is
the electron scattering rate due to disorder. Besides, f,x = (exp (enx — ) + 1) is the Fermi-Dirac distribution
function. e,k denotes the dispersion of the Bloch bands, whose occupation is controlled by the chemical potential
1. Note that the sum over the band index n runs over the occupied bands only. The other two quantities appearing
in the integrand of the GME tensor in Eq.H2 are the band velocity v, x = (Okénx)/h, with Ok = 0/0k, and the
magnetic moment of a Bloch electron,

m, g = %Im <8kun,k ‘x [ﬁ(k) — 5n7k:| ‘ akun7k> . (H3)

In the expression above, |u, k) is the periodic part of the Bloch wave-function, which is the eigenstate of the first-

quantized Hamiltonian, h(K) [t 1) = €1 |tnx). The expectation value of the spin of the Bloch state also contributes
to the the magnetic moment in Eq.(H3) [11], but here, following the approach in Ref. 11 we focus only on its orbital

part.

The form of the GME tensor in Eq.(H2) was obtained trough the uniform limit of the linear order tensor, a“M¥ =

(1211110 hn(l) a(q,w). Here, the Q — 0 limit means that hQ < €;pter, Where €1 is the energy scale associated with
—0q—

interband transitions. For the parameters of Fig.1(a) in the main text, this gives an upper limit of order of GHz for
Q. As we can see from the prefactor in the right-hand side of Eq.(H2), the GME effect is suppressed by disorder and
requires 27 > 1, which gives a lower bound for €.

The expression in Eq.(H2) gets greatly simplified in the case of Weyl semimetal. In the vicinity of a Weyl node,
Enx = €0 — hnvpk and m, x = —evpxk/(2k?), where vr is the Fermi velocity, x is the node chirality and n = +1.
Therefore, for a Fermi surface with pockets coming from two Weyl cones, one with node slightly above the Fermi level
and the other slightly below, the GME tensor at T' = 0 takes the well-known form [11]

2
GME e
where AFE is the energy separation between the the Weyl nodes.
Interestingly, because of the linear dispersion of the Weyl nodes, Eq.(H4) is robust to thermal effects. At finite
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temperatures, Eq.(H2) becomes a(CjME) =0, je*(x1R1 + x2R2)/(3h?), where

3

(0 —&)
= / X ay T E05 T M (H5)

4(:0sh2 (52)

— 00

recovering the same expression as in the zero temperature case. This effect will be suppressed when the band dispersion
deviates from linear and when a finite bandwidth is taken into account.
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