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Relativistic collapse of Landau levels of Kane fermions in crossed electric and magnetic fields
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Using an elegant model involving only ['¢. and I'g, bands, massless Kane fermions were defined as the
particles associated with the peculiar band structure of gapless HgCdTe crystals. Although their dispersion
relation resembles that of a pseudo-spin-1 Dirac semimetal, these particles were originally considered to be
hybrids of pseudospin-1 and -1/2 fermions. Here we unequivocally find that, by considering an additional I';,
conduction band inherent in HgCdTe crystals, the Kane fermions are ultimately two nested Dirac particles.
This observation allows for the direct application of Lorentz transformations to describe the relativistic behavior
of these particles in crossed electric and magnetic fields. By studying the relativistic collapse of their Landau
levels at different orientations between the crossed fields and the main crystallographic axes, we demonstrate
that the Kane fermions strikingly decay into two independent Dirac particles with increase of the electric field.
Our results provide insight into semirelativistic effects in narrow-gap semiconductors in crossed electric and

magnetic fields.

DOLI: 10.1103/PhysRevB.105.125203

I. INTRODUCTION

According to the solutions of the Dirac equation, essential
in high energy physics, relativistic particles are classified into
Dirac, Majorana, or Weyl fermions. In solids, the interaction
of electrons with the periodic potential of the crystal lattice
can give rise to dispersion relations at high symmetry points
of the Brillouin zone, which mimic the relativistic particles.

This relativistic analogy is usually used for materials, in
which conduction and valence bands are well separated from
the other bands, considered as the remote bands. In the early
1960s, Keldysh [1] and Wolff [2] independently discovered
that the two-band description of the bismuth-, PbTe-, PbSe-
, and PbS-type semiconductors was equivalent to the Dirac
equation for free particles. If the band gap vanishes, the band
structure mimics either by massless Dirac fermions or Weyl
fermions. Solid state analogs of massless relativistic particles
were demonstrated in graphene [3], semiconductor quantum
wells [4-8], topological insulators [9—11], Dirac [12—15], and
Weyl [16-18] semimetals.

One of the relativistic properties of spin-1/2 fermions,
which can also be probed in “nonrelativistic” solids, arises
in the presence of perpendicular electric and magnetic fields.
Aronov and Pikus [19,20] on the one hand and Zawadzki
and Lax [21,22] on the other hand utilized this relativistic
analogy to describe the inter-Landau level transitions within
a two-band approximation in crossed electric £ and magnetic
B fields. Particularly, Aronov and Pikus [19,20] were the first
who proposed to apply the Lorentz transformation with “an ef-
fective speed of the light” to eliminate the magnetic field when
& > B in the moving coordinate system and the electric field
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when £ < B. In the former case, the particle motion is infinite
and no quantization takes place, while in the latter case the
Landau quantization remains until its collapse when the drift
velocity V; = ¢£/B (where c is the speed of light in vacuum)
reaches the effective speed of the light ¢ in the system. Forty
years later, similar results were obtained for graphene [23].
Note that the effective speed of the light in solids represents
the maximum particle velocity in the system—for instance,
the Fermi velocity in graphene [3].

A fundamental difference between electrons in solids and
those at high energy is that Lorentz invariance is not al-
ways preserved in condensed matter physics. By generalizing
the Dirac equation, one can find many other free fermionic
excitations that have no high-energy analogs [24-27]. Mass-
less “pseudo-spin-1 and -3/2” Dirac and Weyl fermions are
a remarkable example of such particles, whose low-energy
Hamiltonian has the form of k - S, where S is the vector of
spin-1 or -3/2 matrices.

Massless Kane fermions, observed in gapless HgCdTe
crystals [28,29], represent another type of fermionic exci-
tations formed by the crossing of three bands. Its unique
band structure is characterized by doubly degenerate conical
bands intersected at the vertex by an additional flat band,
closely resembling a pseudo-spin-1 Dirac semimetal [27].
However, unlike the pseudo-spin-1 Dirac fermions, Kane
fermions are not protected by symmetry or topology, and
their band structure can be set at will [29]. The discussion
of the nature of Kane fermions has become more confusing
after Malcolm and Nicol [30], who noted that the three-
band Kane Hamiltonian involving the I'g, and I'¢. bands
maps onto an intermediate value (¢ =1/ \/5) of the a-73
model [31]. Since the «-7; model interpolates between the
spin-1/2 (graphene, o« = 0) and pseudo-spin-1 (dice or T3
lattice, @« = 1) Dirac-Weyl systems, it was concluded that the
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Kane fermions are hybrids of pseudo-spin-1 and -1/2 Dirac
fermions.

In this work, by taking into account an additional conduc-
tion I'7. band resulting in a finite curvature of the heavy-hole
band in HgCdTe crystals, we unequivocally identify the Kane
fermions as spin-1/2 particles. Furthermore, using this ex-
tended (3+1)-band model, we show that the Kane fermion
is composed of two mutually hybridized Dirac particles. This
representation makes it possible to directly apply the Lorentz
transformation for the calculation of the Landau levels in
crossed electric and magnetic fields. We have found that
increasing the electric field first leads to the decay of the
Kane fermion into two independent Dirac particles. Then, the
Landau levels of the Dirac particles collapse when their drift
velocities V; reach the value V' lying between half and full
value of the effective speed of the light. This is a distinctive
feature of Kane fermions, since the Landau levels of con-
ventional Dirac fermions normally collapse as V,; approaches
the effective speed of light [19-23]. In addition, this limiting
speed depends on the orientation of the electric and magnetic
fields with respect to the main crystallographic axes of the
zinc-blende crystals.

The paper is organized as follows. In Sec. II, we briefly
review the existing three-band description of Kane fermions
in crossed electric and magnetic fields. In Sec. III, we de-
scribe the main consequences of taking into account the
additional |I"7., £1/2) band. Subsequently, we consider in
detail the application of the Lorentz transformation allowing
us to eliminate the electric field in the moving reference
frame for two orientations of the magnetic field (B | [001]
and B || [010]) resulting in various conditions of Landau level
collapse. Section IV provides the comparison between Dirac
and Kane fermions in crossed electric and magnetic fields and
a discussion on the Landau level collapse in HgCdTe bulk
crystals with inverted and noninverted band structure. Finally,
the main results are summarized in Sec. V.

II. BRIEF OVERVIEW OF THE PROBLEM

Let us first briefly overview the three-band description of
Kane fermions [28,29], which until now has allowed them to
be considered as hybrids of pseudospin-1 and -1/2 fermions.
Up to first order in k-p theory, the three-band Hamiltonian
involving the ', and I's, bands can be presented in the form
(32]

Holke kyy ) Helko) > W
HZ(kZ)T Ha(_kxs _kys 9) ’
where the asterisk stands for complex conjugation and “{”

corresponds to Hermitian conjugation. The 3 x 3 blocks
Hy(ky, ky, k;) and H(k;) in Eq. (1) are written as

Hoxo(K, 0) = (

Co+My Vkysin Vk_cosf
Hy= | Vk_sing Cy— M, 0 2)
Vk, cosf 0 Co — My
and
0 0 Vk
H=|10 0 0], 3)
Vk, 0 O

where ki = k, £ ik, with k,, k,, k; being momentum oper-
ators, Cp is an energy reference, V/h is the effective speed
of the light ¢ related with the momentum matrix element P
between the I'q, and I's, bands [28], and M, is the mass
parameter describing the ordering of I'¢. and I's, bands [29].
In Eq. (2), we have additionally introduced a “hybridization
angle” 6 describing the mixing between light and heavy holes
at finite quasimomentum [32]. For the Kane fermions, 6 =
7 /3. Since Hexo(k, 0), Hoxo(k, —6), and Hoxo(k, 7/2 £+ 6)
in the absence of magnetic field are all related by unitary
transformation, one can only consider the 8 values within the
range [0, 7 /2).

As first noted by Malcolm and Nicol [30], the Hamilto-
nian in Eq. (1) at k, =0 and My = 0 is nothing but two
copies of the @-73 model [31] interpolating between the spin-
1/2 and pseudo-spin-1 Dirac-Weyl systems. In our notation,
Hoxo(k, 0) describes the physics of graphene (dice lattice) at
0 =0 (¢ = m/4), where two diagonal blocks pertain to the
distinct chiral centers K and K’, respectively [31]. In the 3D
case, nonzero k, takes the role of connecting two otherwise
independent chiral blocks.

An inherent feature of ﬂéxﬁ(k, 0) is the independence of
its eigenvalues from 6, that makes the Kane fermion energy
dispersion (6 = m /3) the same as the one of the Dirac fermion
(6 = 0) with independent flat band:

Ei (k) =Co£,/ M3+ V%2, Ey=Co—M,, (4

where k* = k2 + kf, + k2. However, the difference between
Kane and Dirac fermions arises in the presence of a magnetic
field. Assuming the orientation of magnetic field B in the z
direction, the Landau level energies are written in the form

22
EY =Co+ \/Mg +V2%2 + —-(n+1+0 sin*0),
ag

Ey = Cy — My, (5)

where n > —1 is the Landau level index, 0 = —1 forn > 0,
while 0 = +1 for n > —1, and ap is the magnetic length
(alzg = ch/eBB, where c is the speed of light in vacuum). As
seen from Eq. (5), Landau levels of the Dirac fermion are
doubly degenerate at n > 0, while the degeneracy is lifted for
the Kane fermion case.

The first attempt to solve the problem of particle mo-
tion in crossed fields within the three-band approximation
was made by Zawadzki et al. [33,34] in the context of
InSb semiconductor (M, > 0). In their work, neglecting the
electric-field-induced interband terms arising for the squared
Hamiltonian ﬂ6x6(k, ), the Landau level energies for the I'¢
band were written as

Er, = Co+ Wik, + V1 — 32[M§ + V2?2

2V2 1 o\1"?
(n’+§+1)} NG
B

+v 1 —82—
)
where V is a drift velocity (V; = ¢£/B), n’ > 0 is the Landau
level index, and ¢’ = =1 for all values of #’. In order to obtain
this expression in our notations from those of Ref. [33], one
has to use the following expressions for the band gap €,, the
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effective mass mj, and the spin-splitting factor gf at the band
edge [34]:

€g =2My, mj= g =—— @)
where my is the free-electron mass.

The most important quantity in Eq. (6) is é defined as § =
hV;/V = (ch&€)/(VB). In deriving Eq. (6), it was assumed
that the electric field £ is oriented along the x axis. As seen,
the results of Zawadzki et al. [33,34] are very similar to the

when V;; approaches the effective speed of the light, ¢ = V/h.
By redefining n’ and ¢’, Er, in Eq. (6) in the absence of
electric field is reduced to E\”” in Eq. (5) at § = 7/3.

Let us now show that the assumptions made by Zawadzki
etal. in the derivation of Eq. (6) are equivalent to the semiclas-
sical quantization rule for E4 (k) in Eq. (4). According to the
generalization of the Lifshitz-Onzager quantization rule made
by Lifshitz and Kaganov [35], semiclassical Landau levels in
crossed electric and magnetic fields can be found from the
relation

S(* k) = 2—Z(n+)/), ®)
ap
where y is constant and S(&*, k,) is the cross section of the
surface E (k) — hVyk, = £* in the momentum space. This gen-
eralization is due to the fact that in the crossed fields, instead
of the energy, the quantity E (k) — iV k, = is conserved. The
latter is nothing but an ellipse in the momentum space

2
VK + (V2 = 1*V)) |:ky - W"z S(e" — co)}
V2 — 12V
V2
= ("~ G —M* — V. 9)

2
V2 V2

By calculation of the ellipse cross section, the energies of the
semiclassical Landau levels are written as

Ex =Co+ hVik, £ /1 — 82 [Mg + V22

S2v? 12
1=82=(ty)| (10)
B

where y can be defined from the comparison of Eq. (10) at
8 = 0 with Eq. (5). The latter makes E equivalent to Er, in
Eq. (6).

The main problem of the three-band approximation in
crossed electric and magnetic fields manifests itself when one
cannot neglect the interband coupling. For the I'¢. band, this
arises when M? becomes comparable with BA*V?cos6/as
and BA*V?sinf /a3, which represent the coupling strength
with the light- and heavy-hole bands, respectively. On the
contrary, for the I'g, band, the interband coupling is always
relevant due to the proximity of the light- and heavy-hole
bands. Thus the impossibility of neglecting the interband cou-
pling in materials such as HgCdTe makes it impossible to
clearly understand the behavior of Landau levels at relatively
high electric fields. The problem is however less challenging
beyond the three-band approximation, in which the heavy hole
band is flat.

(a) (b) 200 (c) 200~ .
I~ ]
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T w L { w
' 8y, 100} i 100
T P [ x—0 14 [ X‘O 20
AN 1]
6c 200 560 04 '20004 60 04
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FIG. 1. (a) Schematic representation of the (34 1)-band model as
two coupled Dirac systems described by “hybridization angle” 6 [32]
(for zinc-blende crystal, 8 = 7 /3). The “effective speed of light” in
each system is determined by the corresponding momentum matrix
element P or Q. As shown in Appendix A, for narrow-gap HgCdTe
crystals, one can assume V = /2/3P = /2/3Q. (b),(c) Band dis-
persion of Hg,_,Cd,Te bulk crystals in the three-band (in dotted
red) and (3+1)-band (in solid black) models. For the latter case,
the second conduction I';. band is high in energy lying beyond
the figures’ scale and K is oriented along the [100] crystallographic
direction.

III. LORENTZ BOOST IN (3+1)-BAND MODEL

To overcome the problems resulting from the three-band
approximation, we propose to consider an additional con-
duction band, whose k-p interaction induces the nonzero
curvature of the heavy hole band. For the zinc-blende mate-
rials, this is the second conduction |I'7., +=1/2) band [36-38].
Further, we briefly outline the main consequences of taking
into account the [I'7., £1/2) band, while a more rigorous
derivation of their proper (341)-band Hamiltonian from the
14 x 14 k-p model [36-38] of cubic semiconductors can be
found in Appendix A.

The first point is that the |I'¢., 1/2)—|I'sy, £1/2) and
|T'7., £1/2)—|Tgy, £3/2) band pairs represent two Dirac sub-
systems (see Fig. 1), each described by the anisotropic
relativistic 3D Dirac Hamiltonian:

ASP(K) = C1 2Ty + M 200

+V cos 8 (keoy + kyary) + Vo, an
where 6 is the hybridization angle origin from the mixing
between light and heavy holes at nonzero quasimomentum

[32], Z4 is a 4 x 4 identity matrix, and the o matrices are
related to the Pauli matrices as

_ (o)) 0 _ 0 Ux,y,z
oy = (0 —O‘o)’ Qyxyz = (Ux,y,z 0 . (12)

Here, the forth Pauli matrix oy is defined as a 2 x 2 identity
matrix. In Eq. (11), the constants C; , and mass parameters

M, , are defined by the energies of |['¢., £1/2), |T's,, £1/2),
|T"7¢, £1/2), and |T'g,, £3/2) bands:

Ci+M; =Es, C—M =Eg,

G +M,=Ep, C—M=Ey,,. (13)
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The last expression determines the position of the heavy-hole
band at k = 0. For the case of uniaxially strained HgCdTe
or Cd3As,, C; — M, = Eg, + S, where §, represents the gap
between the light- and heavy-hole subbands [39].

The second point is that the two Dirac subsystems are
coupled because of the inevitable hybridization between
|I'sy, £1/2) and |I'g,, £3/2) bands in cubic semiconductors.
By introducing the hybridization angle 6 (see also Sec. II), the
generalized (341)-band Hamiltonian is written as

s (k)

_ ( ' (k)

V sin0(k.By — kyBx)
V sin0(kyBy — kefy) ’

H (k)
(14)

where we have introduced the 8 matrices as

() _ l'O'Z 0 _ 0 Oy, x
ﬁ() - <0 _io.z>7 ,Bx,y - <_O-y,x O . (15)

Note the indices order in the definition of g, and B,.

The (3+1)-band Hamiltonian in Eq. (14) shows that Kane
fermions in HgCdTe can be indeed treated as a combina-
tion of two mutually hybridized Dirac particles, which is
a direct proof of their pseudorelativistic origin as spin-1/2
particles. This consideration is lacking in the treatment of
Kane fermions with the three-band Hamiltonian Hsxs(k, 6)
in Eq. (1). In its turn, 7:L6Xﬁ(k, 0) can be directly obtained
from Eq. (14) by projecting ﬁéz'x?)(k) on the I's, + I's, sub-
space in the limit of E;. — Eg, — oco. Comparison of the
energy dispersion for Hg, ;,Cd g6 Te and Hg, ,,Cdo 90 Te bulk
crystals (C; = 0, 8 = 7 /3) calculated within Hoxo(k, 0) and
7:1533:'81)(k) is provided in Fig. 1. The band parameters for this
case can be obtained on the basis of Appendix A and Ref. [39].
Note that, in contrast to Hexe(k, 8), for which Heye(k, £6)
and ?:Lﬁxf,(k, /2 F 60) in the absence of magnetic field are
related by unitary transformation, the extended (34-1)-band
Hamiltonian ﬂgigl)(k) does not hold this property.

Let us now dwell on several questions related to the (3+1)-
band Hamiltonian. First, Eq. (14) corresponds to the Cartesian
axes x, y, z oriented along [100], [010], and [001], respec-
tively. For other orientations of the Cartesian axes, the form of
ﬁéf%l)(k) differs from Eq. (14) (see Appendix B). Secondly,

one can see that ﬁé"’xgl)(k) does not hold the spherical rota-

tional symmetry. This means that Landau levels of the system
depend on the orientation of electric and magnetic fields with
respect to the main crystallographic orientations. Further, we
consider two different cases, in which Landau levels collapse
under different conditions.

A. B | [001]

Let us now consider the behavior of the Kane fermion
in constant crossed electric and magnetic fields, when the
magnetic field is oriented along [001] direction chosen as the z
axis, while the x and y axes are tilted at an angle ¢ from the
[100] and [010] directions. In the Cartesian coordinate system,
ﬁgf;l)(k) is written as (see Appendix B)

V sin0KC(K)

Hy (k)

7y (3+1) _
s ®) = (—V sin 0K (k)

where A2 (k) takes the form of Eq. (11), while K(k) is
written as

K(k) = (keBy — kyBy) cos 2¢ — (ke + kyBy) sin 2. (17)

Assuming the orientation of electric field £ in the x direc-
tion and magnetic field B in the z direction, one has to add
the diagonal term eExZg (Zg is a 8 x 8 identity matrix) to

?-Algsxgl)(k) and simultaneously make the Peierls substitution:

A ad X
k—k, = —i—, k,—k —, 18
le i az (18)
where ap is the magnetic length (a3 = cli/eB, where c is
the speed of light in vacuum). Then, introducing the “time-
momentum” operator as k; = —ihd/d(Vrt), the Schrodinger
equation for the Kane fermion in crossed fields is written as

[ASD (R, Ky k) + (Viks + eEx)T5]|Wans) =0, (19)

where, for the sake of brevity, we have introduced Vp =
V cosé.

In order to find the energies E and the wave function |Wg,g)
of the Kane fermion, it is convenient to boost to a frame
of reference moving with a velocity perpendicular to £ and
B. This is performed by means of a Lorentz boost in the y
direction on the space-time coordinate system

k/\ _ (cosha sinha)(k
(k;) - (sinha cosh oz) (ky)’ (20)

Under the Lorentz boost, the wave function transforms,
(W, g) = ./\/'~L§y)8(oz)|\lfgx8), where Lgyx)g(oz) = 0p® exp(ay -

X
a/2), and N is a normalization constant required since
Léy)zg(a) does not preserve the norm of the wave function.

Applying the above transformations and choosing

canh ch €&
anhay = —B = —— ,
V B cosf
1
cosho =y = —— (21)

N

the Schrodinger equation in Eq. (19) can be rewritten as

H, Vr tan 0K
—Vp tan O’ H/z
, T, —By tan 0K, S
+Vk, (,By tan 0K, Iy Waxs) =0,

(22)
where ’}-A[/lz are the “boosted” Dirac Hamiltonians:
7‘211,2 =yC12(Zy — Bay) + My pag
+ Vpkeo, + Vi (Lz + k;)ay + Vk,a, (23)
yag :
and
K' = [y (B — BB cos2¢ — B sin 2¢ |k,

— y[Becos2p + v (By — ﬂ,B(()Z)) sin 2¢] <$ + k;)
B
(24)
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and

K, = Bccos2¢ +y (B, — BBY)sin2¢.  (25)

One can see that the Schrodinger equation (22) in the moving
reference frame is described by the effective magnetic field B’
reduced to B' = B/y. Although it does not contain the electric
field £ explicitly, the terms proportional to 8 and y are present
in Eq. (22). This means that, in contrast to Dirac fermion, the
motion of the Kane fermion in the moving reference frame is
still dependent on the frame’s velocity defined by the parame-
ter B8 (cf. Refs. [19,20,23]).

Further, it is convenient to shift the origin of the coordinate
X as

By*ay Ci + C,

v, > (26)

X =x+ykjap —

which allows Egs. (22)—(24) to be presented in a more sym-
metrical form

! 14 —By tan@l@;
|:(VFkr * Cy)(ﬁy tan 6K, T
7:[/] Vr tan oK’ , _
+<_VF tan 9K’ H, >:| [Wg,s) =0, 27

where C = (C; + (;)/2 and

N G, —-C N
/1,2 =FY 2 1I4 + M a0 + Vpko
Vi (. Brlaz G —C
+ — | i+ ay +Vk.a, (28)
yag VF 2 °

and

K = [v (B — ,3,3(()2)) cos 2¢p — By sin 2¢ |k,
— y[Bicos2¢ + y (B, — BB sin2¢] . (29)

2
Ydap

In Eq. (28), the upper signs correspond to the first Dirac
subsystem, while the lower signs are for the second one.

Let us now consider two Dirac subsystems separately. In-
troducing the ladder operators a; » and atz

1
s = —<SiEo+ i),

V2 &

al, = L(éié - i) (30

1,2 ﬁ 0 aé ’
where

_ p2y\1/4

o Lo

ap
& Pas G —Ci 31)

V(- A 2

each of the Hamiltonians 7:1’1‘2 is represented as

N G —-C
2=TFY 2 LT, + M s + Ve,
0 0 0 —ap2
VWA =BH L0 0 af, 0
+i— :
ag 0 —da12 0 0
a{z 0 0 0
(32)

This form allows for an exact diagonalization of ?:[/1,2 in terms
of harmonic oscillator functions F;,(§ &), where the positive
and negative sign is respectively associated with the first and
second type of the ladder operators. Here, F,(£)=0 if n < 0,
while for n > 0 it is written as
e (33)

———=7t5)e 2,
V2l
where H, (£) are the Hermite polynomials.

In view of the above, the wave function at & = 0 in Eq. (27)
has the form

_i(Eé=o —Cy)t

|We,g)o=0 = € h

CVFL(& + &)
CPFo1(§ + &)

COF(E + &)
C(4)Fn
: é,ﬁ”F:fjsf())) -
COF,1(5 — &)

CVF.(§ — &)
CPFop1(8 — &)

where n is Landau level index, C{") (I = 1...8) are the con-
stants, and

oK pik:z

, G -G 2Vin+ 1)
E9:0 = :F)/T + T\/M12,2 +V2k? + J/—a%;
(35
with T = +1 and t = —1 for conduction and valence bands,

respectively.

Now let us return to the more general case of Eq. (27)
with nonzero 6. Since the time-momentum operator k;
commutes with the Hamiltonian in Eq. (27), the wave func-
tion is presented in the similar form |Wg, o) = exp[—i(E' —
Cy)t'/h]|®g,q), Where | Py, o) is independent of #' and obeys
the equation

( H ~ Vptan 6/€/>|¢, )
—Vr tan 6K’ H, 8x38

_ E’( Iy —Pytan 0K,
By tan 0K o

As seen, Eq. (36) differs from a conventional eigenvalue prob-
lem due to the matrix coefficient at the energy E’. Since such
matrix does not commute with the matrix in the left side
and the inverse matrix has a singularity at 8 < 1, Eq. (36)

)Iq’éxs)- (36)
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cannot be represented in the form of the eigenvalue problem.
A similar type of mathematical problem has recently been
considered in the context of Dirac systems [40].

In order to find the solution of Eq. (36), the function |®j, ¢)
is convenient to expand in the complete basis of the wave
functions in Eq. (34) found at 0 = 0O:

CVF (& + &)
CPF1(6 + &)
CYF.(§ + &)
v e e | CPVFi (€ + &)
| D, g) = € e Z n(S) e

| GFa(E —&0)
COF1 (8 — &)
CVF (6 — &)
CEF1(6 — &)
Note that n ceases to be a good quantum number in contrast
to the case of 6 = 0.

The present expansion leads to a matrix representa-
tion of Eq. (36), where the energies and vectors C, =

J

(37

(€M, ..., C®)T are found from the secular equation:

> A, +E'A,)C =EC,,

n=-—1

(38)

where H,, and A/, are 8 x 8 matrices written in the block
form as

7:2, B arglln) V sin 97A?zmn (507 _g())
"V sin0R un(—0, £0) us
(39)
and
R ﬁm [
A =By tanf| (5o =50) - (40)
~Tun (=80, &) 0

Here, {(}-?) represent the expansion of the Dirac blocks 7/ ,,

while R (&, F&o) and Ty, (&, F&o) arise due to the an-
tidiagonal blocks in Eq. (36).

Note that all matrix elements of 7{/,, and A/ in Eq. (38)
are calculated analytically. Particularly, U2 are written as

follows:

M FuFa 0 Vk. FFn 0
1 0 M%) Fon1 Fo 0 —Vk.Fnt1Fni1
" Vk.FuFn 0 —M {5 FuF 0 ’
0 _sz]:m+1]:n+l 0 _M:i)fm+1fn+l
0 0 0 —/n+ 1F,Foi
N2Ve(1 — g4 0 0 i+ 1Fun Fy 0
LYV = B Suae (A1)
ag 0 —n+ LF, Futi 0 0
v+ 1FaFy 0 0 0
(
where Ml(i) =M, £y(Cy—C1)/2; 8y, 1s the Kronecker in Eq. (41)] defined as
delta, while 7, =1 for n > 0 and F, =0 for negative n
values. In Eq. (41), the upper and lower signs correspond to +o0
71 72 ;
O and U, respectively D618 = [ F(€ +60R.G + £
The matrices R,,,(£&y, F&y) are rather cumbersome and e
not presented here. Their calculation is carried out in a trivial
way, if one expresses K’ in Eq. (29) either through the opera- pn—m )
t + +. — —e—S Ln—m(252)
ors ap, al or ap, 612 . (n _ m)! m
VvasK' = £y[Bccos2¢ + y (B, — BB) sin2¢]& £ g\
&t ar ( > ) . mz2ny,
= v[Brcos2p-+y (B — BATY) sin20] == ’ (% —& ) "
) ,  Np<ny,
. @) . aT,z —ai2
+ i[y (By,—BBy”) cos 2¢ — B, sin 29| ————,
V2 where n = max(n;, ny), m = min(n;, ny), and § = (& —

depending on whether the functions F,(§ + &) or F,(§ — &)
appear on the left, respectively.

As a result, after the integration, in addition to the factors
Fu, and F,,, all of the matrix elements of ﬁmn(:lz&), F&) will
contain a factor I'y,, ,, (&0, —&o) [instead of the Kronecker delta

§1)/2 [41].
The similar T fact0r§ also arise in the calculations of
the matrix elements of A’ . By introducing a,, »,(&1, &) =

Ty ny (81, 82)F, Fny, OnE can write 7;1”(51, &) in Eq. (40) as
follows:
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—Bann(§1,8)sin2¢ 0 0 — G ni1(§1, §2)E%
A . 0 Bamstnr1(Er, E2)8IN2¢  apyr n(E1, E2)e™ 29 0
Tin(§1, &) =i 2id . . (43)
0 amn+1(81, 62)e Bama(§1, ) sin2¢ 0
—ai1n(E1, E2)e™ 20 0 0 —Bam+1,n+1(51, &) sin2¢
(
Thus, using Eqgs. (39)—(43), the solution of the Schrodinger ~ and introducing additional 8 matrices as
equation in the boosted frame is reduced to the algebraic .
secular equation in Eq. (38). The secular equation was solved B. = < 0 Uz>’ '3;0) — <"7x 0 >7 47)
by an iterative method, the i step of which was reduced to the —oz 0 0 —ioy
eigenvalue problem for the matrix with the energy E/ | found 1o (34+1)-band Hamiltonian has the form
at the previous iteration: ) .
" Hp (k) V sin 0K (k)
AL (k) = DA N , (48
A s s s B ={ _y dnoka HD (k) (“48)
Z (%mn + E(i—l)Amn)Cn = E(i)Cm'
n=-1 where 7—[1()1’2) (k) and KC(k) are written as
The energy E(, for the zeroth iteration has been reduced 7-]8'2)(]() = C12Z4 + My 200 +V cos Ok,
to zero. Note that the solution of the eigenvalue problem at 4
each iteration can be performed with any required accuracy +Vkyay +V cosOka; (49)
by using the correspondingly truncated matrix based on the and
large number N of terms involved in the expansion of |®g, o) R
in Eq. (39). In Sec. IV, we present the calculations performed K&) = k:By — k... (50)

for N = 50 with the five iteration steps.

Knowing the energies E’ and wave functions |Wg, ) in the
boosted frame, the “physical” energies £ and wave function
|Wsxs) in Eq. (19) are found by means of the inverse boost
transformation

C+C
E— % +E'V1—B2—BVkcosh,  (44)
CVF.(§ + &)
COF,. (€ + &)
. COF.(& + &)
t
i o | CWF L+
|\I/g><8>0(€ h e’k’ye’ksz Z " 5 +](§ gO) , (45)
= | CYF(GE - &)
COF,1(§ — &)
CFu(€ — &)
CPF11(6 — &)
g WA apk | Ba E-Ci—G
as 1—B82  1—-p2 Vecoso )
1 — g2yl 2 o _C
g = UL (P GG (46)
ap 1 — 22V cosf

where A = 0y® exp(—a, - a/2). Note that, in the above equa-
tions, 8 = (ch&)/(VB cos0), while « is defined by Eq. (21).
In the absence of electric field (8 = 0), the formulas above are
reduced to the results of conventional Landau level calcula-
tions on the basis of the nonisotropic Hamiltonian in Eq. (18).

B. £ | [100] and B || [010]

Let us now consider another orientation o_f the electric and
magnetic fields. Assuming x || [100], y || [001], and z || [010],

Assuming the orientation of electric field £ along the x
axis and magnetic field B along the z axis and simultaneously
making the Peierls substitution presented by Eq. (18), we ar-
rive at an equation similar to Eq. (19). Then, after the Lorentz
boost in the y direction [see Eq. (20)] with the parameter o
defined as

ch &

tanh :—8:———’

ann o V B
ha = 7 ! (51)

cosho = E a1

Yo

the Schrodinger equation in the moving frame of reference is
rewritten as

o
—V sin6K’

where k; = —ihd/9(Vt') is the time-momentum operator,
’1,2 are the boosted Dirac Hamiltonians

V sin6K’

) )—i—Vk,/Ig]PI/éXg):O, (52)
Hy

7:[,1,2 = 7C12(Ty — 8ay) + My 200 + V cos ko,

+v (iz + k;)ozy +V cosOka, (53)
yag
and
K' =78y =8B Vke — 7(B. + 8B k. (54)

As seen from Eq. (53), in the moving frame of reference
the effective magnetic field 55 is reduced as B = B/7 [cf.
Egs. (23) and (24) in Sec. IIT A]. Similar to the case of
B || [010] considered previously, the Schrodinger equation for
the Kane fermion in the moving reference frame contains
additional terms related to the frame’s velocity defined by
parameter §.
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By analogy with Eq. (26), it is also convenient here to shift
the origin of the coordinate x as
87%a3 C1 + G,

14 2
The latter allows us to rewrite Egs. (52)—(54) in the form

X =x+pklag — (55)

H, V sinK’
—V singK’ H,

(Cy +Cy)/2 and

) + (Vk + CV)ISi||“IJ8><3> =0,

(56)
where C =

_ G -C A
HII,Z =Fy 2 lI4 —|—M1y20[0 +V cosbOk.a,

V (. §7%%C —C
+ _770123 <x v B 5 ay +V cosOk;a,.
(57

Here, the upper signs correspond to the first Dirac subsystem,
while the lower signs are for the second one. Note that the
origin changing does not affect the form of the antidiagonal
blocks K’ in Eq. (57).

Introducing the ladder operators b; » and bfz

1 0
b, = +& +
12 = f<$ &o 8§>
0
by, = 7 (é +& — T ) (58)
where
(1 =84
5= ag~/cos b *
5613 C2 — C]
= , 59
N T %)

each of the Hamiltonians 72/1’2 and K’ in Eq. (56) are repre-
sented as

3 G —-C
7—[/1’2 =Fy 2 114 +M],2a0 +V COS@kZOlZ
0 0 0 —bi,
V2Veos6(1 =81 0 0 b, 0
T s 0 —ba O 0
b, 0 0 0
(60)
and
(8, — sp0) L=V P 2
ag~/cos V2
— 7(B: + 885" k.. (61)

Then, representing the wave function in the form |lI/8Xg)
exp[—i(E’ — Cy)t'/h]| Py, ¢) and using the basis expansion
of Eq. (37) but with & and &, defined above, the Schrédinger
equation (56) in the moving reference frame is reduced to the
eigenvalue problem [cf. Eq. (38)]:

3 A C,=E'C,, (62)
Z mn

n=—1

where #/, is an 8 x 8 matrix written as follows:
7:[/ u(l) V sin 07%771}1(&0’ _SO)
™V sin R, (—o, §o) U, ’
N (63)
where L{,Sllnz) represent the expansion of 7|, in Eq. (60),

while Rmn(:tgo, F&o) results from the antidiagonal blocks K’
in Eq. (61). In this section, we omit explicit expressions for
L{,(nlnz) and Rmn(:lz.fo, F£&p), which are not difficult to obtain.
Note that 242 are proportional to the Kronecker delta §,,,,
[cf. Eq. (41)], while all the matrix elements of 7@m,1(:|:;§0, F&))
contain the I" factors introduced by Eq. (42).

In the absence of nondiagonal blocks in Eq. (63), the eigen-
value problem in Eq. (62) can be analytically solved, resulting
in

C—-C 2V2i(n+1
Ej_,=Fp—— + r\/M%2 + V22 4 #
' yag
(64)
where n is the Landau level index; T = +1 and 7 = —1 for

conduction and valence bands, respectively. At nonzero 6,
that solution of the eigenvalue problem can be obtained by
numerical calculation with any required accuracy.

After knowing the energies £’ and wave functions |Wg, o)
in the boosted frame, the energies E and wave function |Wg,g)
of the (3+1)-band Hamiltonian in Eq. (48) are found by means
of the inverse boost transformation

_G+¢C
1+ 24 E'V1—82 =5V, (65)

C\VF,(§ + &)
CPF1(5 + &)
CPF.(§ + &)
CHF, (& + &)
COF,(& — &)
COF,1(8 — &)
CVF.(§ — &)
COF 15 — &)

o0
ZiE kv iz A Z
e i etkyyezkaA

n=—1

[Wgyg)ox , (66)

U= )AL ak | @y E-Ci-C

= X )
ag~/cos 6 1—682  1-82 Vv

g = (1 =84 sak C,—C 67

0~ agr/cos® \1—38% 2V ’

where A = 0y® exp(—a, - a/2). We recall that in the above
equations, § = (ch&)/(V B), while « is defined by Eq. (51).

IV. RESULTS AND DISCUSSION

Let us now discuss some properties of Kane fermions
directly seen from the (3+1)-band Hamiltonian in crossed
electric and magnetic fields. First, the structure of the (3+1)-
band Hamiltonian proves the origin of the Kane fermions in
HgCdTe as spin-1/2 particles. In this sense, the Kane fermion
should be considered as a superposition of two Dirac particles
of different masses hybridized in a special way. Interestingly,
this situation is partially reminiscent of the case of the Dirac
fermion itself, which is also a superposition of two Weyl
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particles mutually hybridized due to a finite rest mass. Note
that the (3+1)-band representation of the Kane fermion is
retained for any position of the I';., I'¢., and I's, bands [see
Eq. (13)]; therefore, it describes HgCdTe crystals with in-
verted and noninverted band structures, as well as for Cd;As,
[42].

As first shown by Aronov and Pikus [19,20], the pseudorel-
ativistic character of Dirac fermions in semiconductors allows
us to apply the Lorentz boost to eliminate the electric field
&'’ from the Hamiltonian in the reference frame moving with
the drift velocity V; = ¢£/B. Thus the Dirac Hamiltonian in
the moving frame includes only the effective magnetic field
B = BJ/1 — 82, where § is the ratio of V; to the effective
speed of the light ¢ = V/h. Note that such an interpretation
is compatible with the Lorentz transformation for electric and
magnetic fields also described by the effective speed of the
light. Indeed, in the frame moving with velocity V, the electric
£ and magnetic B fields formally transform according to

, 1 v V(V-&)
E=y(E+—VxB)-—HL-—"F=,
VL( —i—CL X ) v+l &
1 ? V(V-B
B’=yL(B——Vx5)— Y (—2) (68)
cL )/L+1 CL

where ¢, and y; are related as y, = 1/,/1 — |V|*/c?. Tt can be
seen that this transformation leaves invariant the quantities
B?—&? =8 -6, B-&=®B-E, (©9
for any values of c¢,. If B L £ and B > £ one can always
eliminate the electric field by choosing a suitable moving
coordinate system. For Dirac fermions, the transformations of
the Hamiltonian and fields become compatible only if ¢;, = ¢.
For Kane fermions, the effective magnetic field 55’ in the
moving frame, in which £ = 0, depends on the orientations
of £ and B with respect to the main crystallographic axes.
Therefore, a compatibility of the (341)-band Hamiltonian
with the fields’ transformation in Eq. (69) takes place at the
values of ¢, dependent on the crystallographic orientations of
& and B in the original frame as well (see Appendix C). Par-
ticularly, for the two cases considered in Sec. III, ¢, = ¢ cos 6
for B || [001], while, for B || [001] and £ || [100], ¢z = ¢.
Another difference between Kane fermions and Dirac par-
ticles is the breaking of spherical symmetry, which is a
consequence of the symmetry of zinc-blende crystals. The
latter results in the fact that the Landau level index, defined
by the corresponding harmonic oscillator function in Eq. (33),
ceases to be a good quantum number that complicates the
Landau level fan calculated within the (3+1)-band model.
Figure 2 provides the energies of Landau levels for HgCdTe
bulk crystals with inverted and noninverted band structures
in the absence of electric field (8 = 0) when magnetic field
B is oriented along the [001] crystallographic axis. In or-
der to solve the eigenvalue problem arising from the secular
equation (38) at 8 = 0, we have used the truncated matrix
composed of #/, with N =50 terms in the expansion of
| g, ¢) in Eq. (39). It is seen that, although the Landau levels
for the light-hole and I'g. bands are in good agreement with
Eq. (5), the nonzero curvature of the heavy hole band in the
absence of rotational symmetry in the plane perpendicular to

(b) 200

Energy (meV)
Energy (meV)

Magnetic field (T) Magnetic field (T)

FIG. 2. Landau levels in the absence of electric field in
(a) Hg,, 14Cdo g6 Te and (b) Hg, ,,Cdy soTe bulk crystals with inverted
and noninverted band structures, respectively (cf. Fig. 1). The solid
black curves are the calculations within the (341)-band model, while
the dotted red curves represent the calculations based on Eq. (5). For
both cases, B || [001]. The second conduction I';. band is high in
energy lying beyond the figure scale.

the magnetic field leads to a nonequidistant spectrum of the
Landau levels. Note that § = 7 /3 for zinc-blende HgCdTe
and Cd3As; crystals.

In the presence of electric field &£, the cubic symmetry
leads to a strong dependence of the energy and the collapse
of the Landau levels on the orientation of electric and mag-
netic field relative to the main axes of the crystal. This is
well illustrated by the two cases considered in Sec. III, in
which the collapse occurs when the drift velocity V,; reaches
V cos6/h for B | [001] and V/A for B || [010], £ | [100].
The former corresponds to only half of the effective speed of
the light ¢ = V/h, since 8 = 7 /3 for the Kane fermions. It
can be shown that, for an arbitrary orientation of the magnetic
field (and the electric field £ L ), the Landau levels collapse
when V; is equal to V' lying between half and whole values
of V/h (see Appendix C).

Let us now take a closer look at the Landau level evo-
Iution in crossed electric and magnetic fields. As shown in
Sec. 111, in the presence of &, the energies of Landau levels of
Kane fermions are connected with the energies E’ and wave
functions | Wy, ) of the boosted (3+1)-band Hamiltonian. The
calculations in the moving frame, in their turn, are reduced to
the solution of secular equations in the given expansion basis
[see Egs. (38) and (62)] composed of 4 x 4 matrices describ-
ing the two Dirac subsystems. The two diagonal matrices in
Egs. (39) and (63), namely LA{,%Z), describe the evolution of
each of the Dirac subsystems, while the antidiagonal matrices
Romn (&0, Féo) [as well as Ty, (+80, F60) in Eq. (40)] repre-
sent the mutual hybridization between the subsystems.

The most important point of the secular equations (38) and
(62) is that each of the matrix elements of ., (+&y, F&)
and ﬁ,,(:l:éo, F&,) contains the corresponding I' factor. As
seen from Eq. (43), 'y, 4, (£&0, F&o) is proportional to the
Gaussian factor exp(—&g) at any values of n; and n,. The latter
makes it possible to immediately understand the behavior of
Landau levels in strong electric fields.
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. Energy (meV)

Magnetic field (T)

Magnetic field (T)

FIG. 3. Landau levels at £ = 1000 V/cm and k, =k, =0 in
(a) Hg, 1,Cdo 36 Te and (b) Hg,, ,,Cdg s0Te bulk crystals for 53 || [001]
and & || [100]. The solid black curves are the calculations within
the (34+1)-band model (see Sec. III A), while the dotted red curves
represent the calculations based on Eq. (71). Here, the critical mag-
netic field B, = (ch&)/(V cos0), at which Landau levels of Kane
fermions (¢ = 7 /3) collapse, approximately equals 0.19 T. The up-
per panels represent 8 and e [where B and &, are defined by
Eq. (21) and Eq. (31), respectively] as functions of magnetic field.

Particularly, for the case of B | [001] (seg Sec. III A), the
antidiagonal blocks of #,,, in Eq. (39) and 7,,,(£&, F&) in
Eq. (40) vanish at 8 — 1 due to §y — oo and

—g2 [ ﬁzaé(Cz — C1 )2
e 0 =exp|— 3
4V2Zcos 6(1 — B2)3/2

if C1#£C,, which is always the case of HgCdTe and Cd;As;
[42] crystals. Since the Gaussian function e~ falls off
very quickly, the antidiagonal blocks 7@,,,,1(:|:3;‘0, F&) and
7:””(:!:50, F£p) become negligibly small long before § reaches
1. In this case, the inverse Lorentz transformation gives the
following Landau level energies:

ERY) =Cy, — BVkycosO + J1-p?

2VZ(n + 1)cos? 6
X\/Mlz,2+vzkz2+V1_'32 ( az) ’
B
(71)

where n > —1 and 8 = AV, /(V cos0) = (ch&)/(BV cos6)
(see Sec. IIT A). Thus the Kane fermion in crossed electric and
magnetic fields decays into two independent Dirac fermions
by increasing the electric fields.

Figure 3 provides the Landau level calculations in crossed
electric and magnetic fields in HgCdTe bulk crystals with
inverted and noninverted band structure for B || [001] and
& || [100]. The latter corresponds to ¢ = 0 in I@t’ and K’ de-
fined by Egs. (25) and (29), respectively. In order to solve
the secular equation (38), we applied the five-step iteration
procedure involving the truncated matrix composed of 7/, ,

} —~0 (70)

(b) 1.0 g

0.5

o

. Energy (meV)

Magnetic field (T) Magnetic field (T)

FIG. 4. Landau levels at £ = 1000 V/cm and k, =k, =0 in
(a) Hg, 1,Cdg s6Te and (b) Hg,, ,,Cdy 3o Te bulk crystals for B || [010]
and £ || [100]. The solid black curves are the calculations within
the (3+1)-band model (see Sec. III B), while the dotted red curves
represent the calculations based on Eq. (73). Here, the critical mag-
netic field B, = ch&/V, at which Landau levels of Kane fermions
(60 = 1 /3) collapse, approximately equals 0.095 T. The upper panels
represent § and & [where § and &, are defined by Eq. (51) and
Eq. (59), respectively] as functions of magnetic field.

/

with N = 50 terms in the expansion of |®g ) in Eq. (39).
Then, solution of the secular equation (38) was transformed
into the energies of Landau levels by means of Eq. (44).

The energy of the Landau levels in HgCdTe crystals is
plotted in Fig. 3, as a function of magnetic field, in two
different regimes. In small magnetic fields exceeding B, =
(ch&)/(V cosB) at which 8 = 1, the Landau level energies
are reproduced by the picture involving two independent
Dirac fermions in accordance with the conclusion made
above. Above 3 T, the Dirac fermion regime, characterized by
double-degenerated Landau levels [except the one at n = —1
in Eq. (71)] progressively transforms into the Kane fermion
picture characterized by strong hybridization between light-
and heavy-hole bands. In high magnetic fields, corresponding
to the small B values, the Landau level energies asymptoti-
cally tend to the ones in the absence of electric fields.

A similar behavior of the Landau levels is observed for
other orientations of the magnetic field, particularly for B ||
[010] shown in Fig. 4. As seen, the only qualitative differ-
ence between the Landau levels for B || [010] and those for
B || [001] discussed above is the smaller range of magnetic
fields, in which the Dirac fermion regime is established. This
difference is caused by different definitions of &, for B || [001]
[see Eq. (31)] and B || [010] [see Eq. (59)]. In the latter case,
the Gaussian factor exp(—ég) determining the Landau level
evolution with magnetic field is written as

(72)

2.2 2
e‘ég :exp|: 8 aB(Cz_Cl) ]

C4V2cosO(1 — 82)32
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As seen from Fig. 4, the Landau level energies in small mag-
netic fields [such that exp(—é(%) — 0] are defined as

ERO —¢y 5 — sV, £1/1- 8

2v? 1 0
X \/114]22 +V2kz2 ++1 = 52&1

dp

(73)

where n > —1 and § = (ch&)/(V B) (see Sec. 111 B).

Thus we can conclude that the Kane fermion in crossed
fields always decays into two independent Dirac particles,
which is represented by a vanishing of the mixing between
the light and heavy hole bands as the magnetic field decreases.
The magnetic field range of such Dirac fermion regime is de-
fined by the difference C, — C; and the orientation of electric
and magnetic fields with respect to the main crystallographic
axes of the zinc-blende crystal. Note that C; — C is always
nonzero due to the band positions in HgCdTe crystals [see
Eq. (13)]. We also note that the conclusions above hold in the
presence of a gap between the light- and heavy-hole subbands,
which includes the uniaxially strained HgCdTe and Cd;As;
[42] bulk crystals. As seen from above, the decay of the Kane
fermion is absent if the (3+1)-band Hamiltonian preserves the
particle-hole symmetry, i.e., at C; = C,.

The above conclusions remain valid even beyond the “sym-
metric approximation” of the (3+1)-band Hamiltonian, i.e.,
when two Dirac subsystems are characterized by different
“speeds of light” V| /h and V, /I (see Appendix A). This arises
if the interband momentum matrix elements P for I'g,—s,
bands and Q for I'g,—I'7. bands differ significantly, which
takes place for instance in bulk InSb [43]. The exact solution
of the problem when V;#V, is a rather cumbersome task and
is beyond the scope of this work. Further, we only restrict
ourselves to the qualitative algorithm description, following
which one can accurately find the Landau levels beyond the
symmetric approximation.

If V| #V,, instead of the “global” Lorentz boost transforma-
tion, one must first find the Landau levels in the crossed fields
for each of the Dirac subsystems separately. The solution to
this problem, in turn, can be performed by means of two
“local” Lorentz boost transformations, each characterized by
its own speed of light. Then, by using the wave functions
in a stationary frame of reference as the basis expansion,
one can take into account the coupling between two Dirac
subsystems and reduce the Landau level calculations to the
corresponding matrix secular equation. By analogy with the
symmetric approximation, the secular equation will contain
the antidiagonal blocks with the elements proportional to the
novel I" factor [cf. Eq. (42)] defined as

+00

Dhonsan (61,62 = [ B G + 60ROt + En)de.
—o0
(74
where the presence of A; and A, is due to different speeds
of light in the Dirac subsystems [see the definition of & for
B | [001] in Eq. (31) and for B || [010] in Eq. (59)]. Although
the integral in Eq. (74) cannot be calculated analytically, it can

be shown that

s+ Ad )
2(A +13)

for any values of n; and n,. If §; or &, is large enough, which
happens when the magnetic field approaches a critical value
of the Landau level collapse in one of the Dirac subsystems,
Iy .00.m (61, &2) vanishes. Under these conditions, the Kane
fermion decays into two independent Dirac particles as in the
symmetric case of V| =V, discussed earlier.

Since the fermion decay into two Dirac particles in the
(3+1)-band model occurs at any value of M, and 0 < 6 <
/2, one can also conclude that the flat band described
by Hoxs(k, 0) in Eq. (1) in the limiting case of M, — oo
becomes fully decoupled from the conical bands when the
magnetic field approaches its critical value. This fact in a
sense justifies the use of semiclassical approximation within
the three-band model (see Sec. II), which ignores the inter-
band coupling. Although the critical magnetic field calculated
within the semiclassical approximation is independent from
orientation of B, this approach may however qualitatively
describe the evolution of Landau levels if £ is used as a
fitting parameter. This particularly explains a good agreement
between the Landau level transition energies calculated on
the basis of Eq. (6) and experimental results on magnetoab-
sorption of InSb observed by Zawadzki er al. [33]. Note
that in Ref. [33], £ || [111], while the orientation of B 1 &
with respect to the main crystallographic axes were unknown,
which is different from the two cases of £ || [100] considered
in Sec. III.

Doy (81, 62) ~ exp [ ] (75)

V. SUMMARY

In conclusion, by taking into account an additional conduc-
tion I'7, band resulting in finite curvature of the heavy-hole
band in zinc-blende crystals, we unequivocally identify the
Kane fermions as complex spin-1/2 particles composed of
two mutually hybridized Dirac fermions. The latter allows us
to directly apply the Lorentz transformation for the theoretical
investigation of the Landau level collapse of Kane fermions
in crossed electric and magnetic fields. We have found that
increasing the electric field first leads to the decay of the Kane
fermion into two independent Dirac particles. Then, the Lan-
dau levels of the decayed particles collapse when their drift
velocities V,; achieve V' lying between half and whole values
of the effective speed of the light. The latter strongly depends
on the orientation of the electric and magnetic fields with
respect to the main crystallographic axes of the zinc-blende
crystals. This is a distinctive feature of Kane fermions, since
the Landau levels of conventional Dirac fermion collapse
occurs when V,; approaches the effective speed of the light.
Our results pave the way for deep understanding of pseu-
dorelativistic effects in narrow-gap semiconductors arising in
crossed electric and magnetic fields.
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APPENDIX A: (3+1)-BAND MODEL IN
CUBIC SEMICONDUCTORS

The most accurate description of the band structure of
diamond and zinc-blende semiconductors at the energies close
to the fundamental gap can be performed by taking directly
into consideration the I'g., I'7., I'¢c, 'sy, and I'7, bands,
resulting in the 14 x 14 k - p Hamiltonian [36-38]. In this
Hamiltonian, the nonzero curvature of the heavy-hole band
stems from the momentum matrix element Q between the
valence I'g, + I'7, and conduction I'g. + I'7. bands [37,38].

Before going further, we first note that the splitting at the I'
point of the Brillouin zone between I's. and I'7., as well as be-
tween 'y, and I';,, is caused by the spin-orbit interaction. The
latter means that if one considers the case of large spin-orbit
interaction, which is a good approximation for narrow-gap
HgCdTe [28,29] and InSb [33,34] semiconductors, in addition
to the low-lying valence I"7, band, one should also exclude the
high-lying conduction I's, band. Under these assumptions, the
Hamiltonian for the I'7., I'¢., and I's, bands can be presented
in the block form:

341 7-[7671: H7c‘60 7'l7c8u
,Hé(%xg )(k) = | Hoeere Hoese Heoeso (A1)
Hsvre  Hsvee  Hsus

Neglecting quadratic terms representing the remote band con-
tribution [36-38] and the small terms arising due to the
absence of the inversion center in the unit cell of zinc-blende
semiconductors [38], the blocks in Eq. (A1) are written as

Hiere = Eqc00,

Hacoe = Higqe =0,

Haeso = Hipge = —20(Tycky + Tecky + Toyk),
Heocse = E6c00,

Hoeso = Hyo. = V3P(Tiky + Tk, + Tik,),

0
HSUSU = E8v (O(—)O 0'())’

where P is the momentum matrix element between the I'g. and
['g, bands, the symbol “§” represents Hermitian conjugation,
T, and T, are the matrices defined in Ref. [46], and E7., Eq.,
and Ejg, correspond to the energies of the I';., I'g., and T'g,
bands, respectively. In Eq. ((A2) 2), the axes are assumed to be
oriented as follows: x || [100], y || [010], and z || [001]. Note
that the given form of Hsg,s, in Eq. ((A2) 2) represents the bulk
semiconductor in the absence of uniaxial strain. For the latter,
one should introduce an additional gap at k = 0 between the
light- and heavy-hole bands [39].

The Hamiltonian H{*t" (k) in Eq. (A1) allows one to go
beyond the flat-band approximation for the heavy holes (see

(A2)

Fig. 1) and obtain a more realistic description of the band
structure for narrow-gap HgCdTe and InSb semiconductors at
the energies close to the fundamental gap. One may argue that
taking into account the high-lying conduction I';, band and
simultaneously neglecting the valence I'7, band is an excess
of the accuracy of this model. However, the I';, band has
no effect on the heavy-hole mass [47], while taking the I'7.
band into account yields the nonzero band curvature of the
heavy holes. This can be directly demonstrated by projecting
ngél)(k) on the I'g. 4+ I'g, subspace, which results in the
square corrections to the three-band Hamiltonian arising in

the diagonal H ™™ block:

(3-band) op O
Hevgo = Esu ( 0 00)
W 5
+ — |:— ()/1 + —V2>k2 +2y.(J - k)z}
2m0 2
21
+ m—(}ﬁ - VZ)[{Jny}kxky + {Jsz}kykZ
0
+ {JJthky ], (A3)
where my is the free-electron mass, J is the vector com-
posed of the matrices of the angular momentum 3/2, {J,J,} =
(Judp + IpJs)/2, and y1, 2, and y3 are the effective Luttinger
parameters for the three-band k - p model defined as

_ 1 2mo Q2
n= 3 Flz E7c - ESU '
_ 1 2m0 Q2
= 6 h2 E7c - ESU '
1 2mo Q2
== A4
& 6 Flz E7c - ESU ( )

As is clear, Eq. (A3) represents nothing but the square correc-
tions to the three-band k - p Hamiltonian for the I'¢. and Ty,
bands, resulting in the nonzero curvature of the heavy-hole
subband. The latter is characterized by anisotropic effective
mass my;, defined by the Luttinger parameters [48]. For in-
stance, on the basis of the effective mass along the [100]
crystallographic direction

my 2 2m0 Q2
LYY SV il S A5
mEIIhOO] Y1 V2 3 hz E7c — ESU ( )

one can override parameters Q and E;. — Eg, by using the
experimental values of y; and y;.

The main advantage of 1, (k) is its linearity in k, which
plays a key role in understanding of relativistic properties
of Kane fermions. By using the unitary transformation, the
Hamiltonian can be presented in the form of two coupled

Dirac Hamiltonians:
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TABLE I. Band parameters of bulk Hg, _,Cd,Te crystals at T = 2 K in the absence of biaxial strain (§¢ = 0) used in the (341)-band

k - p model within the “symmetric approximation.” Experimental values of m,[lh

100

provided in Ref. [39]. Other parameters were obtained on the basis of Eq. (A5) by assuming P = Q.

! and M 1 were calculated on the basis of material parameters

x miy " fmoy,  Pep (€VA) E7~Es, (€V) Vi=V,eVA) G V)  GEV)  M(eV)  M(eV)
0.00 0.323 8.46[29.39]  3.5-4.8 [44,45] 6.91 0.000 2.173 —0.151 2.021
0.10 0.334 8.46 [29,39] 6.91 0.000 2.156 —0.062 2.094
0.14 0.339 8.46 [29,39] 6.91 0.000 2.150 —0.026 2.124
X 2 0.168 0.342 8.46 [29,39] 6.91 0.000 2.146 0 2.146
0.20 0.347 8.46 [29,39] 6.91 0.000 2.143 0.029 2.171
0.25 0.353 8.46 [29,39] 6.91 0.000 2.138 0.075 2212
0.30 0.360 8.46 [29,39] 6.91 0.000 2.134 0.121 2.255
0.35 0.367 8.46 [29,39] 6.91 0.000 2.132 0.168 2.299
Ci + M, 0 Vik, Vi 0 0 0 SV,
0 C+M Yk —Vik, 0 0 S 0
Vik, Y o o -M, 0 0 — BV, 0 0
o | $ke —Vik 0 c-m -y 0 0 0 A6
Heg (k) = N v : (A6)
0 0 0 —T‘k+ G+ M, 0 Vok, 72]{_
0 0 - 0 0 CG+M, %k Wk
0 LV, 0 0 Vok, Lk G-M, 0
Sy 0 0 0 Yk, —Vak, 0 G-M
where ky = k,xik,, Vi = /2/3P,V, = 4/2/30, and C) 5, M, > are defined from the following equations:
Ci+M, =Es, C—M =Ey,
G+ My =Ep, C—M;=Eg,. (A7)

The last expression determines the position of the heavy-hole band at k = 0. For the case of uniaxial strain or Cd3zAs,, C; — M, =

Eg, + &¢, where §. represents the gap between the light- and heavy-hole subbands [39].

For better understanding the coupling origin between two 4 x 4 Dirac blocks, we further introduce hybridization angle 6
describing the mixing between light- and heavy-hole branches in the I'g, band [32]. Thus the Hamiltonian ﬁgi*sl)(k) in Eq. (A6)
is generalized as

G+ M, 0 Vik, Vik_cos6 0 0 0 Viky sin6
0 C, + M, Viks cosf —Vik, 0 0 Vik_sin@ 0
Vik, Vik_ cos 0 C,— M, 0 0 —Voky sin 6 0 0
7:[(3+1)(k)= V1k+ cosf _Vlkz 0 C1 — M1 —ng, sin 0 0 0 0
8x8 0 0 0 —Vok, sin6 G+ M, 0 Vak, Vok_cos6 |’
0 0 —Vzk_ sin 6 0 0 C2 + M2 V2k+ cosd —VzkZ
0 V1k+ sin 6 0 0 Vzkz Vzk_ cos6 C2 - M2 0
V]k, sin 6 0 0 0 V2k+ cosf —Vzkz 0 C2 — Mz
(A8)

where 8 = 7 /3 corresponds to the case of Kane fermions [32]
in narrow-gap HgCdTe and InSb semiconductors, while 8 = 0
represents the case of two independent Dirac particles.
Finally, the Hamiltonian in Eq. (A8) can be further sim-
plified for HgCdTe crystals by setting V;~V,. As seen from
Table I, only the Luttinger parameters and the values of P
are well known for HgCdTe semiconductors, while the scatter
of the energies E;. — Eg, for HgTe is quite large in com-
parison with the band gap E¢. — Es, = 2M [39]. Converting
the scatter range of E;. — Eg, into the range of the Q values
by means of Eq. (AS5) with the known mass mElIhOO], one can

(

find that Q should change between 7.87 eV A and 9.22 eV A
for HgTe. Since the Q ranges overlap with the P values in
Table I, one can indeed apply symmetric approximation for
ﬂéi;l)(k) in narrow-gap HgCdTe semiconductors by setting
P~Q and therefore V;>~V,. Thus, in the calculations on the
basis of the (3+1)-band Hamiltonian, it is preferable to use
P = Q=846 eVA, resulting in E;. — Eg, = 4.042 eV for
HgTe. The values of E7. — Eg, for Hg, Cd;_,Te alloys can be
calculated by assuming the linear variation of the Luttinger
parameters with x [39] and P = Q = 8.64 eV A independent
of x [29].
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In the symmetric approximation, the Hamiltonian in
Eq. (A8) can be written in a more compact form:

s )
A (k) V sin 0 (k. B, — k)
V sin (kB — k.By) (k) ’
(A9)
where flg’z)(k) are
Hyy? (k) = C1oTu + My o
+V cos O (ko + kyory) + Vo, (A10)

where Z, is a 4 x 4 identity matrix and the o and 8 matrices
are related to the Pauli matrices as

an = (90 0 o _ 0 Ox,y,z
0 — 0 _— ) X0z — ax,y,z 0 )

@) _ l'(IZ 0 o 0 Oy x
0o - (0 —iO’Z>’ .Bx,y - (_Uyﬁx 0 ) (All)

The expediency of introducing the 8 matrices in this form is
due to their transformation upon Lorentz boost along the y
axis, L())4(a) = exp(ay - &/2):

L)y (@)BF LY (@) = B cosha + B, sinha,

X

L)) (@)B, L), (@) = B, cosha + B sinh o,

LY @)B L), (@) = B (A12)

Note the indices order in the definition of g, and B,.

APPENDIX B: (3+1)-BAND MODEL FOR ARBITRARY
ORIENTATIONS OF ELECTRIC AND MAGNETIC FIELDS

Up to now, the x, y, and z axes are assumed to be oriented
along the main crystallographic directions, namely [100] and
[010] and [001], respectively. Further, we consider a more
general case when the magnetic field 5 is oriented along the

J

1.2)

X \ [010]

[100]

FIG. 5. Left panel: mutual orientation of two Cartesian axes (x/,
Y, 7Z') and (x”, y", 7”) with respect to the main crystallographic axes.
Right panel: the orientation of electric field £ (shown by black arrow)
in the Cartesian axes.

new 7’ axis deflected at angle 6y to the [001] direction, while
electric field £ is tilted at angle ¢ from the [100] direction as
shown in Fig. 5.

To write the Hamiltonian in Eq. (A9) in the new coordinate
system, one has to rotate the electron momentum around the
[100] axis, and then around the new axis 7’ in accordance with
the transformations

ky 1 0 0 ky
ky] =10 cosfp —sinfy || ky (B1)
k; 0 sinfy cosby ky

and
ky cos¢p —sing O\ [ky
ky | = | sing cosg 0|k |. (B2)
ky 0 0 1) \k,

Simultaneously with the transition from (ky, &y, k;) to (k,»,
ky», k), one should also apply a unitary transformation to the
Hamiltonian (A9):

1o K = U (@)U 000 ASED (KU (00)U.(8),
(B3)

where U,(6p) and U,(¢) are defined as
Ux(6h) = Zs®exp (ioy - 6p/2),
U.(¢) = Ly®exp (io; - $/2).
(B+1)

After all the calculations, the Hamiltonian #"g,y '(K”) in
the new coordinate system takes the form

//(1) " . A "
G+ ')V sinoK(k )) B4

H// y k// —
ses (KD (—V singK7 k") A (K"

where the blocks ﬁ”g’z)(k”) and K’ (k") are written as

HN (k//) = C1’214 =+ Ml,z()l() =+ V cos e(kx/folx” =+ kyf/OlyH) + szf/Olzf/
) . . .
6 2 26,
+ (1 —cos0)Vk» (axw sin? 6 sin® ¢ + oy - 0251n ¢ oy i 20 o ¢)
. 2 . .

sin” @ sin 2 sin 26 cos
+ (1 —cos6)Vky <otxr 1n+1¢ + oy sin® 0y cos® ¢ + oz 1+¢)

sin 26, sin sin 26, cos
+ (1 —cos@)Vk, (ax// ; ¢ oy ; ¢ o sin’ 90) (BS)
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and
(1 + cos? 6y) sin 2¢
" 5

K"(K") = ke (—ﬂx

+ Ky (ﬂx,,(sin2 ¢ — cos® O cos® @) — By

sin 26 cos ¢

sin 26, sin ¢

+ kz” (ﬁx” ) + 'y

where we have additionally introduced S, as

Further and in the main text, we omit the prime marks keeping
in mind that orientation of new x, y, and z axes does not
coincide with the main crystallographic directions in the most
general case.

If z is oriented along the [001] direction (6y = 0; see
Sec. 1 A), A2 (k) takes the form of Eq. (A10), while K(k)
is written as

K (&) = (kB — kyBr) €05 26 — (ki + kyBy) sin 2. (BS)

In this case, the x and y orientations relative to the main
crystallographic directions are determined by the angle ¢ as
shown in Fig. 5. For the particular case of x || [100], y || [001],
and z || [010] (6 = 7/2 and ¢ = 0; see Sec. [I1B), H\)* (k)
and I@(k) have the form

HOP(K) = Ci 2Ty + My 200 + V cos Ok,

+ Vkyoy, +V cosbk;a, (B9)

and

K(k) = kB, — k.B.. (B10)

APPENDIX C: COLLAPSE of LANDAU LEVELS AT

ARBITRARY ORIENTATIONS OF ELECTRIC AND
MAGNETIC FIELDS

Let us now find the drift velocity V; for an arbitrary ori-
entation of magnetic field (and electric field £ L B), at which
the collapse of the Landau levels occurs. Assuming the ori-
entation of electric field £ in the x direction and magnetic
field B in the z direction, the Schrodinger equation with the
Hamiltonian (B4) characterized by the arbitrary orientation of
the Cartesian axes with respect to the main crystallographic
directions is written as

~ ~ X
[Héi*g”(k,x, bt 5 kz>

B

+ (-lﬁ% + 6‘5)C>Igi| |\IJ8><8> = 0, (Cl)
where k, = —id/0x.

As shown in Sec. III, the Landau level collapse is defined
by the parameter «* of the Lorentz boost along the y axis.
As is clear, the elimination of electric field £ in the moving
reference frame is caused by the terms proportional to kya, in

in 26, si
+ By (cos ¢ — cos® Gy sin” ) + W)
(1 + cos?6) sin 2¢ sin 26, cos ¢
+ 7"
2 2
— B sin? 9()), (B6)
O,
0 ) B7)

the Dirac blocks (B5), namely by A(9, 6y, ¢)Vk,«,, where

A8, 6, ¢) = cosB + sin® Oy cos® p(1 —cosB).  (C2)
Then, introducing the time-momentum operator k, as
VA, 6y, )k = —ihd/0t, one can show that the term &k, Z, +
kyory in two diagonal blocks of Eq. (Cl) remains invariant
upon the Lorentz transformation, i.e.,

(kL + kyory)—> (kTs + kjty), (C3)

if (k;, ky) are connected with (k/, k) by Eq. (20).

1 Ny
On the contrary, the terms proportional to x in the diagonal
blocks of Eq. (C1)

eExTy + A0, 60, §)V 0,
ap

are transformed as

(B"Ls + ay) — [(sinh a® + B* cosha™)Iy

+ (cosha® + B* sinha™*)ar, |, (C4)
where 8* is introduced as
1 ch &
= C5
P A@O.6,9)V B ©)

Choosing tanha* = —p* and cosha® = 1/y/1 — %2, we
completely remove the terms depending on x from the main
diagonal of the matrix Schrodinger equation in the moving
reference frame. The latter now contains the effective mag-
netic field B = By/1 — #*? and additional terms dependent
on B* [cf. Egs. (22) and (52)]. Solving the Schrodinger equa-
tion in the boosted frame, in the manner described in the
main text, and then passing to the original reference frame,
we can conclude that the collapse of the Landau levels occurs
if B* = 1. This condition can be also represented in terms of
drift velocity V; = ¢£/B as

\%
Vy = W [cos 0 + sin?® 6, cos> ¢(1 —cosB)]. (C6)
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