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5 Phase shift of cyclotron
orbits at type—I and type—lII
multi—Weyl nodes

5.1 Introduction

Electrons moving along cyclotron orbits in a homogeneous magnetic field
are subject to the quantization condition [161]

I’S =2r(m+7), mecZ, (5.1)

where S is the zero-field area enclosed by the cyclotron orbit in momentum
space, | = y/h/eB is the magnetic length, and the offset v includes
quantum corrections, which can be expanded in powers of the magnetic
field B [174]. In the semiclassical regime when the magnetic length is much
larger than the Fermi wavelength, field-dependent corrections to v are
suppressed and the remaining number of zeroth order in B encodes valuable
information about the electronic properties of the system. In particular,
the offset includes contributions coming from topological features in the
band structure [163-165], which makes it the subject of high current
interest. Experimentally it can be deduced from quantum oscillations in
the de Haas-van Alphen or the Shubnikov-de Haas effects, widely used
nowadays to identify Weyl, Dirac, and nodal-line semimetals [175-179).
Interestingly, in some well-studied systems the offset measures the
topological features independent of the specifics of the band structure. So,
e.g., in graphene and graphene bilayer exposed to an out-of-plane magnetic
field the offset turns out to be given by a winding number—the number
of full turns made by the direction of the electron’s pseudospin degree
of freedom during a single turn around the cyclotron orbit [164]. This
integer winding number is a robust feature, determined by the type of the
band touching, and is sometimes called the topological charge of the Weyl
or Dirac fermion [180]. In contrast to the common belief, however, the
topological charge contributes to the offset in such a robust manner only
in exceptional cases, namely when particular symmetry constraints are
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5 Phase shift of cyclotron orbits at type—1 and type-1l1 multi-Weyl nodes

Figure 5.1: Schematic illustration of a breakthrough cyclotron orbit (figure-8 curve) at a
type-II Weyl node with topological charge n. The red part indicates quantum tunneling in
the magnetic-breakthrough region. The inset shows a cyclotron orbit at a type-I Weyl node.

satisfied [165]. In general, the offset is sensitive also to other parameters
of the band touching and it is the aim of this work to characterize this
sensitivity.

One important parameter is a linear tilt of the dispersion at the Weyl
node, which is generically present in material realizations and, most im-
portantly, leads to the occurrence of two types of Weyl nodes, as sketched
in Fig. 5.1. Upon the type-I to type-II transition, the tilt exceeds a critical
value, above which an equi-energy surface near the node cuts both bands
[58]. The closed cyclotron orbit at a type-I Weyl node is thereby replaced by
two open branches, which can be closed at large momenta by higher-order
corrections to the Weyl Hamiltonian, resulting in two cyclotron orbits, one
electron-like and one hole-like. Band details determine a critical magnetic
field, above which the two separate cyclotron orbits effectively merge into
a single orbit via magnetic breakthrough [181, 182]. This critical field is
zero if the energy and the parallel momentum are exactly at the node
where the two contours touch [81, 166], and is larger than zero if the gap
between the contours is finite. The magnetic breakdown contributes an
additional phase to the offset 7, so one would expect that the offset is even
more sensitive to details of the orbit than in the case without magnetic
breakdown.

In this work we analyze the offset for orbits at both types of Weyl nodes
and find characteristic dependence of v on the Weyl-node parameters. Most
surprisingly, the offset of the breakthrough orbit at a type-II Weyl point
turns out to depend only on the topological charge. This striking result is
based on two facts, the universality of the phase jump of 7 acquired in
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5.2 Model

the magnetic-breakthrough region and a robust phase shift of nm induced
by the topological charge. The insensitivity of the latter on details of the
orbit comes from a cancellation of a non-universal part of the phase in
the two loops of the breakthrough orbit, which are traversed in opposite
directions.

5.2 Model

We consider a set of Hamiltonians that govern the physics close to topo-
logically distinct band touchings,

Hy=k_oy+kio_ +uk,op, (5.2a)
H,=k"op +klo_+uk,o0+ k.0, n€{1,2,...}, (5.2b)

where ki = k; + tky, (ks, ky, k) = k are momenta (scaled by velocities),
04+ = 0y T i0y, 044, . are Pauli matrices, and o( the identity matrix. The
band touching at k = 0 described by H,, corresponds to a topologically
protected multi-Weyl node of order n [59], while Hy describes a trivial,
non-protected band touching (a gap is produced by a perturbation o).
The parameter u > 0 controls the tilt of the Weyl cone; for © < 1 and
u > 1 the Weyl cone is of type I and II, respectively.

The magnetic field pointing in = direction moves the particles along
equi-energy contours k,(k,) at fixed energy e and parallel momentum
component k,. The contours are determined by the Schrédinger equation

Hn|uni> - €|Uni>7 (53)

where + denote the two bands.
In the quantization condition (5.1) one can distinguish three phase shifts
that contribute to the offset

Y= %(¢0+¢b+¢t)- (5.4)

Here ¢y and ¢y, are phase shifts that occur at singular points on the orbit.
Specifically, turning points give rise to the Maslov phase ¢ [183], in which
each turning point contributes a phase jump of +7/2, the sign determined
by the sign of the curvature at the turning point. In particular one finds
that ¢9 = 7 and ¢y = 0 for orbits that can be deformed into a circle and
into an 8-shape, respectively. With ¢}, we denote the phase shifts that
occur due to magnetic breakdown. Finally, ¢; is the topological phase shift,
which includes the Berry phase accumulated during a full turn around the
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5 Phase shift of cyclotron orbits at type—1 and type-1l1 multi-Weyl nodes

orbit and the effect of the orbital magnetic moment [163-165, 184]. The
explicit calculation of ¢y, and ¢y is the main result of this work, which will
be presented in the following.

5.3 Topological phase shift

The topological phase shift of a closed contour at energy e and the fixed
momentum component k, is given by [164, 185]

b, = fdk;, [A - dkd(k”)M} (5.5)

€

Here the first term is determined by the Berry connection projected onto
the contour,

. dk . d

A =i{u|Vg|u) - — = i{u|—|u), (5.6)
dky Y

which contributes to ¢; the usual Berry phase of the closed orbit. The

second term is the correction to the zero-field area S coming from the

orbital magnetic moment projected onto the direction of the magnetic field
[184],

M = 2| (0, (ul) (e = H) (90 u))

— (O (ul) (e = H) (D1, [w)]- (5.7)

N | .

The eigenfunctions of the Hamiltonian H; can be written as

1 $e—ia
U, = — s
o) ﬁ( 1 )
i B —ina B —ina
—S1n 5e€e COS 5 €
|un+> = ( 2 B > ) |un7> = < si2n B ) , (58)

cos 5 5
where the angles o and 3 are defined as

n
2

k k2 + k2
cos B = f, sin 3 = M,

a = Arg(k, +iky), k= /(k2+k2)" + k2. (5.9)
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5.3 Topological phase shift

For the topologically trivial case we obtain from (5.6)—(5.9)

ks

Agy = ——=
O T 2(kZ + k2)

My+ =0, (5.10)
and the topological phase shift vanishes as it should,
oE = j{dk’y Ags = %dk’ykir =0 (n=0), (5.11)
2[k3 + (k)2
independent of the integration contour. For the non-trivial case, we obtain
nky (k2 +k2)"

nt = aMn:I::_

nk, (k2 +k2)"
2%k £ k.) ‘

2k2

(5.12)

To calculate the topological phase shift, we consider the explicit expression
for the equi-energy contours, which is derived from (5.3) in the form

eui\/ k2+k2) + €2

£(
k: 2-1

(5.13)

For w > 1, the contours given by kzzi(ky) are disjoint and we need to
introduce an additional orbit segment that connects the two open ends
of k¥(k,) at k, — Foco. These connecting segment can be realized by
an additional mass term nk2o, in the Hamiltonian, with an infinitesimal
n > 0. The reconnection then occurs at large momenta k,, with |k,| >
(u—1)/n — oo. In the expressions (5.12) for A and M the additional mass
term replaces k., — k, +nk2. On the connecting segment, A and M go to
zero like 12, while the integration along the connecting segment gives a
factor of order 1/n. Hence the contribution of the connecting segment to
¢ vanishes and the integration reduces to the integration along the main
contour kE (ky).
Inserting (5.12) and (5.13) into (5.5) we obtain

+ _ ’ (U + l)nkz (kg + (k;)Q)nf1
o = :F/dky o[kE + K| [k Fukt] (5.14)

For a type-II cone (u > 1) we use the substitution x = k; /k, and obtain
00 2 1 n—1
ot = [
oo 20/(K2H+1)" + cot? 0
—1
X (\/(52 +1)™ + cot? 0 £ cot 9) , (5.15)
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5 Phase shift of cyclotron orbits at type—1 and type-1l1 multi-Weyl nodes

where the parameter 6 encoding contour details is defined as

atan(
9 = n 5
atanh(km Vizu ) u < 1.

k;'?2_1> u>1
(5.16)

€

The integral in (5.15) needs to be calculated numerically (see below); for
the special case n = 1, we find the closed-form solution

oF = g(l Fsignd)£0 (n=1). (5.17)

While ¢ are the topological phase shifts of the two (electron/hole)
orbits k¥ (k,), the sum ¢ + ¢ = ¢P" is the topological phase shift of
the breakthrough orbit, i.e., the figure-of-8 orbit that encloses both the
electron and the hole pocket. Using the substitution z = (k2 + 1)" the
integral for ¢P* simplifies to

br

o 1
t = dzi =
2n+1
1 \/zZ n —2;2

where the 6 dependent part cancels out. As a result the topological phase
shift of the figure-of-8 orbit only depends on the quantized topological
charge n, in contrast to the 6-dependent phase shifts of the separate orbits.

For type-I Weyl fermions (u < 1) kX are two parts of a single closed
contour, which topological phase is denoted ¢¢. A closed-form solution for
the integral (5.14) is found for n =1,

nm, (5.18)

¢ =msignd (n=1), (5.19)

in agreement with Refs. [164, 186-188]. For n > 2, we find in the limits
6 — 0F and § — oo,

+
bt — =07, nmsignd, ¢ — oo, n msigné. (5.20)

The full § dependence will be discussed below.

5.4 Breakthrough phase shift

To calculate the additional phase shift of the figure-of-8 orbit due to
magnetic breakdown, we follow a standard route [182] and calculate the
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5.4 Breakthrough phase shift

scattering matrix that relates the exact wavefunction of the magnetic-
breakdown region with the in- and out-going semiclassical wavefunctions.

We start with the non-topological Hamiltonian Hy. Introducing the
magnetic field via Peierls substitution &k, — k, + il_Qaky, followed by a
unitary transformation,

ﬁo _ efiZQ(sze/u)kyHoeil"’(sze/u)ky, (5.21)
we arrive at ~
Hy = kyo, + kyoy +iul™20y,00 + €. (5.22)
Rescaling the variables as k = lk, /\/u, 09 = lk;/+\/u, the Schrédinger
equation Hyy = et reads

(0500 + oyk +i0]Y = 0. (5.23)

The exact solution of (5.23) is known from the Landau-Zener problem [189).
To obtain the phase shift in comparison to the semiclassical solution of
(5.23), the exact wavefunctions are matched with the incoming semiclassical
wavefunctions at k < —dp, denoted 1/)?[, and outgoing w% at k> dg. From
this standard procedure (recapitulated in Sec. 5.7) we obtain the scattering
matrix S that relates the final state in the basis (w}", 1/1]?) to the incoming

state in the basis (¥, 1, ),

7 7

G_ (VI=Wee VW (5.24)
LWV I=We ) :
where , , s ,
W=e a=5+%-Sm% +agr(if).  (5.25)

The breakthrough orbit dominates if §o < 1, W & 1, in which case each
band transition in the breakthrough region contributes a phase jump of
/2 giving in total the phase shift ¢, = 7 for the breakthrough orbit.
For the topological case, we linearize the Hamiltonian H,, in k,, leading
to
H| =klo, + nkgflkyay + k.o, + uk,. (5.26)

After Peierls substitution we apply the unitary transformation given by

H, = e—il2[kz—e/(u2—1)]kyH;Leilz[kz—e/(uz—l)]ky. (5.27)
Rescaling and transforming the variables as
k= 1k, (u® — 1)"Y4/ nkp=1, (5.28)

€2+ (u? — 1)k2n
(u2 — 1)3/4]6:(6”*1)/2’

0 = lsign(e) (5.28b)
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N | Ot

= break -
2 n=3 through

\V]

=2
po | o

R

—_

n=1
0.0 0.5 1.0 1.5 2.0

Figure 5.2: a) Parameter dependence of the offset v of orbits at a type-I Weyl node. b)
Parameter dependence of the offset v of orbits at a type-II Weyl node. The offsets of separate
orbits kj and k7 (without magnetic breakthrough) depend on the band parameter 6, while
the offset of the figure-8 breakthrough orbit only depends on the topological charge n.

we obtain the Schrédinger equation
[&L Vu? —1sinfo, + kv u? — 1oy,
+ @0k (u + 0,) + 6, cos (1 +uaz)}z/} =0. (5.29)

Multiplying (5.29) from the left with M = diag[(u + 1)}, (u — 1)7!] and
applying a transformation given by

1—u u—1 )
T=—i (x/ui—l \/ui—1> Uze—WyW?’ (5.30)

we again arrive at the differential equation of the Landau-Zener form
(5.23),

Hi(k) = (8, 05 + k oy +i0;) (k) = 0, (5.31)

where ¢(k) = T~ (k) and H = T-' M HT. The solution of (5.29) is
thus given by the solution of the Landau-Zener problem multiplied from
the left with the matrix T. Note that the 6 phase brought into the full
solution by the matrix T is the topological phase of the full solution
induced by the non-trivial topology of the Hamiltonian.

The S matrix is obtained by matching (k) with the semiclassical
solution of (5.29). Since HJ is topologically equivalent to H; (note that the
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5.5 Discussion

dynamical variables are k, and k,, while k, is fixed), the topological phase
shift of the semiclassical solution is given by (5.17), which cancels the
phase of the full solution and the result is the same #-independent scattering
matrix (5.24), with § replaced by §,. In particular, the breakthrough
phase shift ¢, = 7 also holds in the topological case.

5.5 Discussion

Having thus calculated the phase shifts, we now show the full §-dependence
of the offset v, defined in Eq. (5.4), in Figs. 5.2a and 5.2b. In practice, the
offset can only be measured modulo one, corresponding to one Landau-level
spacing. Nevertheless in Figs. 5.2a and 5.2b we plot the full v for clarity
of the graphic. For the figure-of-8 orbit, the magnetic breakthrough con-
tributes an offset 1/2 and the topological charge adds an extra contribution
n/2. The 6 independence is based on the cancellation of the #-dependent
parts from the hole and the electron pockets. The universality of the break-
through phase shift is, instead, less surprising, since the same universal
value was found previously for non-topological band touchings [182]. In
contrast, without breakthrough (dashed/dotted curves in Fig. 5.2b) or in
case of a type-I1 Weyl node (Fig. 5.2a), the offset has a non-trivial depen-
dence on the orbit details that are encoded in 8. The only exception is the
case n = 1 of the type-I Weyl node, which shows no 6 dependence owing
to the higher symmetry of the dispersion [165]. This is also the only case
with a known full quantum-mechanical solution [164, 186-188, 190, 191];
it agrees with our semiclassical result. In quantum oscillation experiments,
the measured phase shift would likely be averaged over a range of values of
the energy and of the parallel momentum k., corresponding to a weighted
(depending on details of the experimental realization) average over the
parameter 6. In general, this averaging does not destroy the 6 dependence,
still allowing to discriminate the two cases of quantized and continuously
varying -y.

With regard to the figure-8 breakthrough orbits, our calculations explain
recent numerical findings for the offset of a thin-film Weyl semimetal [192]
and a type-II Weyl semimetal [81], showing, respectively, v = 1/2 and
v = 0. In the case of the thin film, the Hamiltonian at the figure-8 crossing,
given in the appendix of Ref. [192], is equivalent to the non-topological
Hamiltonian Hj, thus the only phase contributing is the breakthrough
phase ¢y, = 7, which explains the offset v = ¢, /27 = 1/2. In case of the
type-II Weyl semimetal, the Hamiltonian is equivalent to H;, where the
additional topological phase ¢y = 7 cancels the breakthrough phase, which
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5 Phase shift of cyclotron orbits at type—1 and type-1l1 multi-Weyl nodes

explains the vanishing offset. This contradicts a previous interpretation
that relates the vanishing offset of the latter to a vanishing Berry phase and
neglects the contribution of the breakthrough phase [166]. In Appendix 5.8
we present extensions of the numerical calculations to the cases n = 2
and n = 3, tilted type-I Weyl cones, and several values of §. Also these
calculations are in agreement with the analytical results of this work.

5.6 Appendix A. Topological phases

Type-1I (u > 1)

While the sum of the phases gbti has been calculated in the main text, to
obtain each of the phases separately we now focus on the difference. From
(5.15) we find

>0 0
Coot= [ de ncot . 5.32
e /m (K2 + 1)\/(k2 + 1)" + cot2 0 (5:32)

Using the series expansion

e (M) o 559

m

and the integral

< 1 yRrfa-Y)
| e = (534
Eq. (5.32) can be written as
¢y — ¢ =ncotf Z_O(fl)m <mn; é)
ntl
VAL (nm+25) gy, (5.35)

o+ 252)
For n =1 the series is the expansion of 2 arctan(cot 6)/ cot 8, which gives
by — ¢ = sign(0)m — 26. (5.36)

Together with (5.18), ¢;” + ¢; = nm, this leads to

oF = 2(1 F signf) + 0. (5.37)
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5.7 Appendix B. Scattering matrix for magnetic breakdown

Type-I (u < 1)

For uw < 1, k;t are two parts of a single closed contour. The phase ¢y of
the contour is thus given by the difference ¢; = ¢ — ¢; , where, using
(5.14), (5.16), and the substitution x = kj /k, ¢ are given by

Ko 2 1 n—1 —1
¢ = — / dk (s +1) (\/coth29 — (K2+ 1) + coth@) ,
—#0 2\/coth29 — (K24 1)m

(5.38)
where ko = /(cothf)2/m — 1. The difference reduces to

5 /”“ ke n cothd (5.39)
¢ = .
—ro (k24 1)\/coth29 —(R2+ 1)

and, after the substitution z = (k2 + 1)", can be rewritten as

coth?0 coth 6
b = / dz . (5.40)
1 2v/coth? 0 — 2v/21/n — 1

A closed-form solution is found for n =1,

¢y = msignd. (5.41)

For a general n we find in the limits § — 0%

+
bo 2205 o signd (5.42)
and 6 — foo
by L2E25 /nsignd. (5.43)

5.7 Appendix B. Scattering matrix for
magnetic breakdown

Non-topological Hamiltonian

To obtain the full solution in the magnetic-breakthrough region, we solve
the differential equation

(020 + ayk + 0|9 = 0. (5.44)
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Multiplying from the left with U = exp(—io,7/4) and inserting the ansatz
Y =UT(n,&)T we obtain
(K*+ 07 —i+6%)n=0, (5.45)
§=—6""(k+id)n. (5.46)

Equation (5.45) can be transformed to Weber’s equation for the parabolic
cylinder function,

0" — (22 +a)n=0, (5.47)
where
z=V2e" 1, a=1 4y, y=16% (5.48)
The two solutions read
ne=e R (Sa+ 5535527, (5.49a)
m=ze R o+ 5332), (5.49b)

where 1F7() is the confluent hypergeometric function. Its general asymp-
totic form for a large last argument reads

. k—o00 ik2 /. oa— . —
1F1(a,ﬁ,zk2)_>—>1“(5)(ﬁek (1K) + g (—ik?) ) (5.50)

From this we obtain the asymptotic form of the two solutions (5.49),

r'(3)

— _ ~\2)  ik*/24iyIn|k|—my/4 5.51
Na F(’y% n %) € ) ( a)
3
ny = sign(k) ﬂew/%” n [k[=my/4, (5.51b)
F('y% + 1)

Inserting into (5.46), we obtain the two corresponding expressions for &,

/2 . ) .
€ = —simnll) —:/7) e AT (5520
2
&= — \1/ W/Vi 641&/271‘7 In |k|+i37/4—my/4 (5.52b)
L'(3-735)

Altogether, an arbitrary solution of (5.44) at |k| > ¢ is thus the linear
combination

(k) = =™ (k)a, U(k) = (Zz Z:) L a= (“1) , (5.53)

az
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5.7 Appendix B. Scattering matrix for magnetic breakdown

k

Figure 5.3: Classical trajectories along the equi-energy contours kzi(k) approaching and
leaving the magnetic-breakdown region. The in- and outgoing scattering states, wli and d)% s
respectively, are also indicated.

where a1, as are arbitrary coeflicients.
The approximate semiclassical solution of (5.44) reads [182, 193]

'l/)s(k) _ X(k,) e—i fok clk"k:z(k:’)-‘y—(]ﬁt(k)7 (554)
where x(k) and k. (k) are determined by

(026 + ok + K (k)]x+ (k) =0, (5.55)
kX (k) = £/k2 4 62 (5.56)

and ¢ (k) is the topological phase shift accumulated on the orbit section
between k£, = 0 and &k, = k,

k k
(;St(k):i/o dk;XTi(k)akXi(k)z/ dk’w?f(k,m

0
= arctan(k/d)/2. (5.57)

The first term in the exponent of the semiclassical wavefunction can be
written as

/ ' dk'kE (k') = £sign(k)f(k) + O(63/k?), (5.58a)
0

f(k) = 3 [k*+ 63 (In |2k /S| +1/2)]. (5.58b)

The basis for the scattering matrix is formed by the semiclassical wave-
functions at k& < —§ as incoming states 1; and at k > § as outgoing states
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5 Phase shift of cyclotron orbits at type—1 and type-1l1 multi-Weyl nodes

1y, as indicated in Fig. 5.3. To leading order in §/k we obtain

. 1 im/4
+ _ _if(k) Fe
% e \/§ (6“1'/4) ’ (559)
. 1 —im/4
+ _ _Fif(k) +e
wf =€ \/§ ( e1'71-/4 > (560)

and combine the scattering states into matrices,
Ui(k) = (V5 07), (k) = (¥F,¥7). (5.61)

We choose the coefficients of the full solution, a, such that at k, < —d
the full solution coincides with the incoming state, ¥;c;, where according
to (5.61), ¢; = (1,0) corresponds to incoming state 1} and ¢; = (0,1)
corresponds to incoming state ¢; . At k > J the phase and amplitude
of the final states, combined in ¢y, is then determined by matching (k)
with Wscy. Altogether, the matching conditions read

U,k < —0)c; = ¥(k < —d)a, (5.62)
U(k>d)a=V;(k>d)cy. (5.63)

Eliminating @ we obtain the expression for the scattering matrix S

cr = Up(k) W (k)U (—k) Ui (—k) ei, k)OS — +oc. (5.64)
=S

Inserting the expressions ¥¢(k), ¥;(k), and ¥(k) given above, we obtain
the scattering matrix (5.24) given in the main text.

Topological Hamiltonian

We consider the Schrodinger equation

[&L\/ u? — 1sinfo, + kv/u? — 1oy,

+i0k(u+0,) + dpcos (1 +uo,)|yp =0.  (5.65)
The semiclassical solution reads

(k) = x(k) e~ o K k= (K)+ou (k) (5.66)
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5.7 Appendix B. Scattering matrix for magnetic breakdown

where x(k) and k. (k) are given by

[5n\/ u? — 1sinfo, + kv/u? — 1o, + kX (k) (u + 0.)

+ &, cos (1 + uaz)} x+(k) =0,
(5.67)
kX (k) = +£/k2 + 62. (5.68)

The phase fok dk'kX (k') is in analogy to the non-topological case given by
(5.58) (with dp replaced by d,). The topological phase shift is most easily
obtained by considering the original Schrodinger equation

H! 4 = e, (5.69)

H! =k'o, +nkl Ykyo, + k.0, + uk,, (5.70)

which is related to (5.65) by a k. shift introduced in (5.27) in the main
text, which leaves the phase shift accumulated between k = 0 and k = +00
invariant. The Hamiltonian is of the form of H;. The topological phase
shift thus calculates in analogy to the phase qb%i of the main text. Since

by symmetry the phase shift from k& = 0 to kK = +o0 is half the phase shift
from k = —oo to k = oo, we can use Eq. (5.17) to obtain

"E(k = 00) = g(l Fsignd) + g, (5.71)

which is sufficient for the in- and outgoing states at k = £o0o. Together
with the spinors from (5.67) the scattering states read

ye=y
+ i 4T : . 5
wi = @:tlf(k) Oy (1Fsignd)Fi6/2 u

R (5.72a)
2u
+ Fif(k)+i T (1Fsignd)+£i0/2 +i uz;ul
vy =e 1 ). (5.72b)
2u

To find the full solution (k) we multiply (5.65) from the left with
M = diag[(u + 1), (u — 1)7!] and apply a transformation given by

1—u u—1
T=—i ( “i*l \/ui1> o,ei0/2, (5.73)
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Figure 5.4: (a) Landau fan diagrams for type II Weyl nodes with topological charge n = 1
(left) and n = 2 (rigth) at k, = 0.005 and k, = 0.03, respectively. Other parameters are
uw = 1.6, n = 0.1, and Ny = 2400. (b) Landau-level (LL) index m as a function of the
inverse field for n = 1, 2 at fixed energies indicated by the black dashed lines in (a). The dots
correspond to the numerical data, the dashed lines to the linear fits according to Eq. (5.77).

which leads to the differential equation of the Landau-Zener form (5.44),
(k) = (1000 + 6, 04 + ko) (k) = 0, (5.74)

where (k) = T~ (k) and H = T~ M HT. As in the non-topological
case, we obtain the S matrix by matching the full solution with the
scattering states, T‘lwi £ which leads to the scattering matrix (5.24)

with dg replaced by 6.
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5.8 Appendix C. Numerical results

To give support to the analytical calculations, we numerically compute
the offset v for type I and type II single, double, and triple Weyl nodes
via numerical diagonalization of the Hamiltonian H) = H, (k') + 77/{:;30z,
with H,, given by Eq. (5.2b) of the main text, and the regularizing term
nk’z?’az to ensure closed Fermi pockets in the case u > 1, as discussed in
the main text. The magnetic field in the x direction enters according to
the Peierls substitution k/ = k + A, with

k! =k, [k;, kK] =—iB. (5.75)
We make use of the ladder operators a and a' of the quantum oscillator
to construct momentum operators with the required properties. Straight-

forwardly,
B B
_ y/ —i(a—a/
ky = (a+a') 5 k. =i(a—a') 5 (5.76)

with [a,a'] = 1, fulfil the commutator in Eq. (5.75).

The ladder operators are calculated in the basis of the Landau-level
eigenstates (eigenstates of a'a), yielding the matrix elements (a);; =
i j+1+/J and (aT)ij = 6i7j_1\/§, respectively. The lowest | Landau levels
are obtained by sparse diagonalization of the Hamiltonian constructed
from ladder operators truncated to 4, j € [1, Neyt] with Neyt >> [, ensuring
convergence of the eigenvalues with the value of Niy;.

The fan diagrams, shown in Fig. 5.4, are obtained by repeating this
procedure at different values of the magnetic-field strength. For type-II
Weyl orbits the limit of unit breakthrough probability is never achieved
in practice, resulting in non-monotonic contribution to Landau-level ener-
gies [182, 193], producing oscillations on top of the fans in Fig. 5.4. These,
however, are not the subject of our present analytical study. Therefore, in
order to better extract the phase shift, we suppress these oscillations for
n = 2 and n = 3 by averaging the energies over a range of magnetic fields
containing several oscillation peaks (dips).

At a fixed energy €, we extract the intercept fields {B,,}, where By, is
the value of the field at which the energy of the mth Landau level equals
€. The inverse of the intercept fields are then fitted to the quantization
condition, Eq. (5.1) of the main text,

1 27
5= %(m +7), (5.77)
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Figure 5.5: Parameter dependence of the offset v (modulo one) for cyclotron orbits at
type-I (left) and type-II (right) Weyl nodes obtained numerically (dots), compared to the
analytical results (solid lines) of the main text [cf. Figs. 5.2a and 5.2b]. Parameters for
numerical results are u = 1.6 (u = 7), n = 0.1 (n = 1), and N¢yr = 2400 (Neywt = 800)
for n = 1,2 (n = 3). The relatively large value of u and n for n = 3 were necessary to
access large values of 6 [cf. Eq. (5.16)], at the same time closing the contour at not too large
momenta.

where the zero-field area S(e) enclosed by the equi-energy contour is
calculated numerically from the dispersion at B = 0. The offset v modulo
one is thus obtained as the only fitting parameter.

The results, shown in Fig. 5.5, are in good agreement with the analytical
results presented in the previous sections, for all the cases that we were able
to address numerically. The phase offset v = 1/2 corresponding to the non-
protected band-touching Hamiltonian (5.2a) was obtained numerically in
the context of figure-8 cyclotron orbits in a thin-film Weyl semimetal [192],
also in agreement with the analytical results of this chapter.
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