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Relativistic tight-binding approximation method for materials immersed in a uniform magnetic
field: Application to crystalline silicon
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We present a relativistic tight-binding (TB) approximation method that is applicable to actual crystalline
materials immersed in a uniform magnetic field. The magnetic Bloch theorem is used to make the dimensions of
the Hamiltonian matrix finite. In addition, by means of the perturbation theory, the magnetic hopping integral that
appears in the Hamiltonian matrix is reasonably approximated as the relativistic hopping integral multiplied by
the magnetic-field-dependent phase factor. In order to calculate the relativistic hopping integral, the relativistic
version of the so-called Slater-Koster table is also given in an explicit form. We apply the present method to
crystalline silicon immersed in a uniform magnetic field, and reveal its energy-band structure that is defined in the
magnetic first Brillouin zone. It is found that the widths of energy-bands increase with increasing the magnetic
field, which indicates the magnetic-field dependence of the appropriateness of the effective mass approximation.
The recursive energy spectrum, which is the so-called butterfly diagram, can also be seen in the k-space plane

perpendicular to the magnetic field.
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I. INTRODUCTION

Recently, it has been reported that the softening in the
elastic constant of the boron-doped silicon is suppressed by
an external magnetic field [1]. Such phenomenon, which is
observed in low-temperature ultrasonic measurements, attracts
much attention because the density of the vacancies in silicon
wafers can be estimated from the behavior of the elastic
softening [1]. Several authors have studied this phenomenon
theoretically by using a kind of model that includes adjustable
or phenomenological parameters in the Hamiltonian [2-7]. It
is pointed out that the spin-orbit interaction, which is one of
the relativistic effects, plays an important role as well as the
Zeeman effect [2-7]. In these works, an unusual (negative)
value is used for the spin-orbit coupling constant in order to
explain the above phenomenon, however, the validity of this
approach is open to challenge [7]. If a calculation method of
relativistic energy bands for materials immersed in a uniform
magnetic field is developed, then it will become a reliable
method not only to check the validity of the arguments based on
the model Hamiltonian [2-6], but also to investigate the above
phenomenon more directly. In other words, as the first step
toward clarifying the above phenomenon in a first-principles
way, we need a calculation method that can describe the effects
of both magnetic field and relativity.

It is generally difficult to incorporate the magnetic field and
relativistic effects simultaneously into the calculation method
for the electronic structure. Insofar, as the nonrelativistic
method goes, the tight-binding (TB) approximation method
has been developed and applied to some systems [8—10].
In these nonrelativistic TB method, the Peierls substitution
[11] or the Peierls phase [9,13] is utilized to construct the
effective Hamiltonian for Bloch electrons in a magnetic
field. Calculation methods other than the TB approximation
method have also been presented, though relativistic effects
are not taken into account in these methods. For example,
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Zak proposed a method to use the so-called kg functions as
basis functions in calculating the Hamiltonian matrix [14—17].
Actual calculations using kg functions are performed by
Obermaier, Schellnhuber, and Rauh [18,19]. In combination
of the method using kg functions [14—17] with a canonical
transformation [18], they calculated the electronic states for a
simple model system in which the magnetic field is applied
along the z axis, and the periodic potential is assumed to be
separated into an x, y-dependent part and a z-dependent part
[19]. The method by Obermaier et al. [18,19] is also applied
to other systems, but all of which are simple model systems
[20,21]. Thus, unfortunately, the methods by Obermaier et al.
[18,19] and by Zak [14—17] are not easy to apply to actual
crystalline materials immersed in a magnetic field [22].

Of course, there exist a lot of relativistic methods for the
zero magnetic field case. For example, the relativistic linear
augmented-plane-wave (RLAPW) method [23-25] has been
developed, and it has been successfully applied to f-electron
materials [25-29]. Thus electronic structure calculation meth-
ods that can deal with both relativistic and magnetic field
effects simultaneously have not yet been developed so far.

In this paper, we present the relativistic TB approximation
method that is applicable to actual materials immersed in a
uniform magnetic field. This is hereafter referred to as the
magnetic-field-containing relativistic tight-binding approxi-
mation method (MFRTB method). Both the magnetic field and
relativistic effects are taken into consideration by treating the
Dirac equation for an electron that moves in both a uniform
magnetic field and the periodic potential of a crystal. The
MFRTB method is formulated in the orthodox coordinate
representation, as shown in the subsequent sections. It has the
following methodological features. (i) The MFRTB method
can be applied to actual crystalline materials immersed in
a magnetic field. Actually, in this paper, we apply it to a
crystalline silicon immersed in a magnetic field. As shown
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in a later section, the electronic structure, including energy
gaps, has an explicit dependence on the magnetic field,
and a recursive energy spectrum similar to the Hofstadter
butterfly diagram [8] is observed. (ii) When performing the
above calculations, the hopping integrals of the relativistic
TB method need to be used. In this work, we also show that
the relativistic hopping integrals can be expressed in the form
of a linear combination of several relativistic TB parameters.
The explicit expressions for the relativistic hopping integrals
are summarized in a tabular form. This table is recognized as
the relativistic extension of Slater and Koster’s work [30].
As mentioned later, this table is utilized in constructing
the MFRTB method. (iii) We can discuss the validity of
using Peierls phase [9,13], and show the way to improve
it systematically by means of the perturbation theory. The
approximation using the Peierls phase [9,13] is regarded as the
lowest-order correction when the magnetic field is treated as
the perturbation. (iv) We revisit the magnetic Bloch theorem by
considering the translation symmetry of the system immersed
in the magnetic field. Then, we present a way to determine
an expression of the magnetic field that is consistent with the
magnetic Bloch theorem. As also shown later, it depends on
the structure of the target material.

As mentioned above, the development of the MFRTB
method is the first thing to be done for the purpose of revealing
the mechanism of the elastic softening and its suppression
observed in the boron-doped silicon. In addition to the above
application, the MFRTB method may have another interesting
application, it could be employed effectively in energy-band
calculations for superconductors immersed in a magnetic
field [31]. Recently, we have developed the current-density
functional theory for superconductors immersed in a magnetic
field [31]. In this theory, we have to solve the Kohn-Sham
equation of the Bogoliubov-de Gennes type in order to
predict the critical temperature and critical magnetic field.
This equation may be solved approximately with the aid of
the method presented by de Gennes [32], if the wave functions
for the normal state are provided through the practical energy-
band calculation method for materials immersed in a uniform
magnetic field. The MFRTB method seems to be useful for
such calculations of the normal state.

Furthermore, the MFRTB method can also become a
general, first-principles theory to describe physical phenomena
observed in a magnetic field. For example, the MFRTB method
would give an alternative description of the de Haas-van
Alphen (dHvA) and Shubnikov-de Haas effects [33], other
than the conventional one [22,34]. Thus the MFRTB method
is expected to have a broad utility for the description of various
phenomena related to the magnetic field.

The organization of this paper is as follows. In Sec. II, we
present a preliminary discussion on the relativistic TB approxi-
mation method for the zero magnetic field case. The relativistic
version of the Slater-Koster table is given in an explicit
form. In Sec. III, the relativistic TB approximation method
for the nonzero magnetic field case, i.e., MFRTB method,
is presented. The magnetic hopping integrals that appear in
the matrix elements of the Hamiltonian are approximated in
terms of relativistic hopping integrals for zero magnetic field
by means of the perturbation theory. In Sec. IV, we apply
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the MFRTB method to a two-dimensional square lattice that
is immersed in a uniform magnetic field. By comparing the
present results with the Hofstadter’s ones [8], we discuss the
validity and advantages of the MFRTB method. In Sec. V,
the energy-band calculation for a crystalline silicon immersed
in a uniform magnetic field is performed by means of the
MFRTB method. The dependencies of energy spectra both on
the wave vector of the magnetic Brillouin zone and on the
magnitude of the magnetic field are presented. Finally, some
concluding remarks are given in Sec. VL.

II. RELATIVISTIC TIGHT-BINDING APPROXIMATION
METHOD FOR ZERO MAGNETIC FIELD CASE

In this section, the relativistic TB approximation method for
the zero magnetic field case is formulated as a preliminary step
toward developing the MFRTB method. The Dirac equation
for an electron in a periodic potential is given by [35]

H"Ijot,k(r) = Eot,k\pa.k(r) (1)
with

H:ca-p—l—,Bmcz—i-ZZUa,-(r—Rn—di), 2
R, i

where ¢ and m denote the velocity of light and electron rest
mass, respectively, and where o = (o, @y, ;) and B stand for
the usual 4 x 4 matrices [35]. In Eq. (2), v,, * — R, — d;) is
the scalar potential caused by the nucleus of atom «; located at
R, + d;, where R, and d; denote the translation vector of the
lattice and the vector specifying the position of the atom a;,
respectively. The subscripts « and k of the four-component
eigenfunction W, (r) denote the band index and crystal
momentum, respectively. Similar to the nonrelativistic TB
approximation method, W, x(r) is expanded by using the Bloch
sums of the relativistic atomic orbitals as the basis functions.
We have

Woir) =Y Y b B, 3)

nlJM i

where b%}, . is the expansion coefficient, and B4 (r)
denotes the Bloch sum given by
1 ‘
ai k _ k-(R,+d))  ai
Biiin() = —= RZe’ G — Ry —d). (@)
where ¢} ,,,(r) is the relativistic atomic orbital of atom ¢;. In
Egs. (3) and (4), n, I, J, and M are the principal, azimuthal,
total angular momentum, and magnetic quantum numbers,
respectively. The number [ is related to the parity, which is
conserved in the atomic system [35]. The relativistic atomic
orbital obeys the following Dirac equation:

[ca - p + Bmc* + vo, (D@4 () = o0 (1), (5)

where £, ; denotes the atomic spectrum for the zero magnetic
field case. It should be noted that ¢, ,,(r) is generally written
by
iy (r)y1(6.9)

; (6)

. 1
() =~ .,
r |:lGnllJ(r)y2A/§—l,J(9’¢)
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where F,,,/(r) and G.;,,,(r) denote the large and small
components of the radial part of ¢, ,,,(r), respectively, and
where ylf’fj (0,¢) is the spinor spherical harmonics [35].

By neglecting integrals that involve three different centers,
we get matrix elements of the Hamiltonian (2) as follows:

Hgur yrmryini gy (k)

= { €yt ASnlJM}‘S/ Sy M niam
+ Z(l — O, 08, )¢k Ritdi=dy)

R,
X tongor sy (Ru +di — ), (7
with
tigat, o (R + di — dj)

_/ aj ( )Tvaj(r)—i—va‘.(r — Rn —d,‘ +d,)
- Corym 2

—d;+d)d’r 8)

a;
X (pnle(r - Rn

and

AE‘ZI[‘I[;/I - /‘p:;jM(r_di)T ZZUaA(r m _dk)

Ry

(Rm + dk 7é di)

x @l (r —d)d°r. )

In Egs. (8) and 9), 13 ps s (Ry +di —d ;) and AZS
denote the relativistic hopping integral and the energy of
the crystal field [36], respectively. By using Eq. (6) and
the properties of y%(@,(i)) [35], it can be proven that

a;a;

Lov o g (B + di
a;ai

Loy mgn(Bn +di —d )
= t:l'LJIjM wr g (—(Ry + d; — dj))*,

— d ;) has the following properties:

(property 1)

(10

(property 2) £y (Ru +di —d)
= =DM v s (R + di — ).
amn

Property 1 [Eq. (10)] guarantees the hermicity of the Hamil-
tonian matrix (7). Property 2 [Eq. (11)] will be used later.
Next, we show that .7, (R, +d; —d;) can be
expressed in terms of several relativistic TB parameters,
similar to the case of the nonrelativistic hopping integral
[30]. With reference to the nonrelativistic case [30,37], the
relativistic TB parameter is defined as the relativistic hopping
integral between two sites that are placed on the z axis. If atoms
a; and a; are placed at the origin and a distance |R,, +d; — d |
away from the origin, respectively, then the relativistic TB
parameter is written as t:’laJM wsmu((Ry +d; —djle;), where
e, denotes the unit vector in the direction of z axis. This special
type of the relativistic hopping integral has the following
two properties in addition to properties 1 and 2 [Egs. (10)
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and (11)]:

(property 3) ta’lilIJ’M wsm(IRy +di —djle;)

= t:’jl(’Z’J’M, wim(IRy +di —djle)dy m,
(12)
(property ) 1,7y ys— IRy +di — djle;)
— (_1)J+J’+l+l/+1tl;‘,jlfl‘i],M’nle
X(|R, +d; —dj|ez). (13)

Due to properties 3 and 4 [Eqs. (12) and (13)], the relativistic

TB parameters can be classified by n, n', J, J', I, I,

and |M|. If we denote the relativistic TB parameter as
K“(n'l'J' ,nlJ))p, then we have

K71 J nl )

= ’:'jl('l}'\M\,an\ﬂRn +d; —dle;)
aj Tvaj(r)+va;(r_|Rn+di_dj|ez)
= | iy () )
X @ty (r — | Ry +di — djle)d’r, (14)

where the subscript “d” of K" (n'l'J',nlJ)y, is the pa-
rameter that shows the dependence of the relativistic TB
parameter on |R, +d; — d;|. Specifically, if |R, +d; — d |
is equal to the distance between the nearest-neighboring atoms,
second-nearest-neighboring atoms, and so on, then d takes the
value of 1, 2, ..., respectively.

In the case where [ takes the values of O or 1, we have ten
kinds of relativistic TB parameters, i.e.,

K?ai (n’O% nO%)l/z’ Ksjal (”,0%’ ”1%)1/2’
Ksiai (n’O% nl%)l/z’ Ksjal (”,1%’ ”0%)1/2’
Ksiai (n’I% nl%)l/z’ Ksjal (”,1%’”1%)1/2’
K;”“" (n’lg nO%)l/z’ Ksja' (”,1%’ ”1%)1/2’
Kﬁf"“" (n’1% ”1%)1/2’ Ksjal (”,1%’”1%)3/2'

In the case of monoatomic crystals such as crystalline silicon,
the relativistic TB parameters are, of course, independent of
a; and a;. Therefore the relativistic TB parameters can be
denoted by Ky(n'l’J’, nlJ)y,. Due to property 2 [Eq. (11)],
Ky'U'J',nlJ )y and Kg(nlJ, n'l' J') ) are not independent
of each other. Therefore we have seven kinds of relativistic TB
parameters in this case, i.e.,
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aja;

In order to express K, (n'l’J’,nlJ)y| by using the large and small components of the relativistic atomic orbitals, we
introduce the following notations:

7 g\ L.d.aja; 1 a; v, ’(r)+vj(r_|R +d,‘—d‘|8) a;
(l/lM)(n,],J/’n”) - f NTF"’II’J’(”)*Y;,M(G»QS) a; a . n jléz F, (r,'zj,,)Yl',M(eizjn,(]))d3V, (15)
ijn

_ S.d.aa I 4 - Vo, (r) + v, (r — |R, +d; —djle,) .
S.d,a; / n/]j( ) Yl_’ M(0’¢) 2z Gn“( Un) (9,”’¢)d3rs (16)

(l_/l_M)(n’l’J’,nlJ) = 7 2

ijn

where Y7 ;(0,¢) are the spherical harmonics, and where the arguments (rl in> 0 ,n, ¢) stand for the polar coordinates of r —
IR, +d; —dj|e.. The superscript “L” (or “S”) indicates that the integral comes from the large (or small) component of the
relativistic atomic orbital. The superscript “d” has the same meaning as that mentioned below Eq. (14). By convention, label

l_/_ (or 1) is denoted by s, p, d,...for I’ (or[)=0,1,2, ..., respectively, and the label M is denoted by o, 7, &, ..., for
M =0, £1, £2,..., respectively. For example, we have

L.d.aja; 1 Sk Ua/(r) +v,,(r —|R, +d; —djle;) z
(SPU)(WQ%,”O%) = / s ,Ol( r) Y() 0(9 ) ) ! F:J(')% (rizjn)quo(Qi}n,¢)d3r, a7
ijn

Uaj(r) + Ua;(r - |Rn + di - dj|ez)
2

S.d.a;a; 1
(PP7) ity = | =G (7Y 0.6)
ijn

Gy (i) Y11 (65,,0)d’r. (18)

Using this notation, the ten kinds of K;’ “nlJ nld )im)’s shown above are expressed as

‘ 1 1 , 1 S.d.aa; 2 Sd.aa
Ka,a < 02, nOE)l/2 = (ssa) /01“ ao b3 (ppa)(n/OZZO%) + 3 (ppn')(n,ogfzo%) ,

L.d,aja; S.d,aja;

1 1
NG (PO 91wty ~ /3 (PSO) g1 m 1)

2 L.d,a;a; 2 S.d,a;a; S.d,a;a;
. \[g“l"’)(nfo;,;o;ﬁ = (pdo) o+ (pd Tt s

aj;ai
Kd

< : )
n —
2
aja; 1 1 1 L.d,aja; 1 S.d,a;a;
jai 2 : _ Jdajai d.aja;
Kd (I’l 127 n02)1/2 = \/g(psa)(n’l%,nO%) \/g(SPU)(n,]%ynO%),
aja; 1 1 1 L.d.aja 2 L.d,aja; S.d.,aja;
jai - - _ - Jd.aja; < Jd,aja; Jd,a;a;
Kd (I’l 127 n12>1/2 =3 (ppot)(n’l%,nlé) + 3 (PP”)(n,]%’nl%) + (sso—)(n/l%,nl%) s (19)
a.a; 1 3 \/E L.d,a;a; \/E L.d,a;a; 2 S.d,a;a;
jai m 2 _ Jd.aja; d.ajai & ,d.aja;
& (’”2’”‘2)1/2_ 3 PPy T3 PPy T 5 6y
a.a;: 3 1 2 L.d.a;a 2 S.d.a;a; 2 S.d,a;a;
jai 12 : _ /= ,d.aja; il Jd,aja; = ,d.aja;
K (” 12’”°2>1/2 _\[3 P50y Ty 15 WP gy TV 5 Pzl
a:a; 3 1 \/z L.d,a;a; \/z Ldaa Sda-a
jai e : _ .d.aja; i ,a;a;
Kd <n 127”112)1/2 = '3 (PPU)(H,I%!HI%) + _3 (ppm (n 13.n1)) \/ (d (n 131y
a;a; 3 3 L.d.a;a; L.d,a;a; S.d,aja; 3 S.d,a;a;
jai ’ _ i i i d,aja;
K; (n157n15>1/2 —(pp o + (pp T+ (dd Nt S @
a;a, 3 3 L.d,aja; 1 S.d,a;a; 4 S.d,aja;
jai 12 2 _ ,d.aja; - Jd,aja; - ,d,aja;
& (” 'y ’“z)m = PPty T 5 @A sy 5 @0

It is clear from the above that ng “@rI ol )|m| contains contributions that come from not only the large component but also
the small component of the relativistic atomic orbital.

In the nonrelativistic TB approximation method, Slater and Koster provided a useful table, in which nonrelativistic hopping
integrals are expressed in terms of several TB parameters [30]. The table is called “Slater-Koster table” [30]. With the aid of
the Slater-Koster table, the relativistic version of the Slater-Koster table can be derived. For instance, using Eqgs. (6) and (8), the
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explicit form of ta/;j Ll (R, +d; —d;)is given by
22
aja; 1 va-(r)+va;(r_Rn_di+dj) a; 3
ol 1 1%%(Rn +d;—dj) = VG ”Vzm ( ) Y5 0(0.0)— > FnI%(Vijn)Y1,0(9ijn,¢ijn)d r
1 1 aj(r)+vai(r_Rn_di+d') a:
~ 5 ,0,( Y o(0.9) 5 : Gn‘l%(rijn)Yo,o(Qijn,¢ijn)d3r
1 Ua;(r)+vai(r_Rn_di+d') a
=75 Fron (1) CI0.¢)— > = Fy (i) CoOrjusijn)d’
1 va(r)+va,(r_Rn_di+d') a:
~5) G 1 (N C2(0.8)— > =Gy i) Co O Bijn )
(20)
[
where the arguments (ij,, 0ijn, ¢ij») stand for the polar Eq. (22),i.e.,
coordinates of r — R, —d; +d;, and where C;(0,¢) and aja;
C.(6,¢) denote the cubic harmonics (real spherical harmonics) by, g (R +di — d j)
[37]. By applying the results of the Slater-Koster table [30] to _ /o * praidi g 7
each term of the right-hand side of Eq. (20), we have - % F G qy.q:, M|, DT 1) K, (0l nl 7).
t":O”{] 1%%(R +d;—d;) 23)
_ (spoyldss 1 (pso)Slar Equation (23) means that if the explicit expression for
3P wosmy T FEPI oLy toyar wis(Rn +di —d;) is obtained like Eq. (22), then

1

)1/2’

aia 1
=q.Ky" (n'0=,nl 21
=q; (n2n2 2D

where the direction cosine of R, +d; —d; is denoted as
(gx, gy.qz). From the first line to the second line of the
right-hand side, Eq. (19) is utilized. In a similar way to the
above example, we derive explicit expressions for all other
relativistic hopping integrals £}, 1, 70/ (Ry +d; — d;). The
results are summarized in Table I. These explicit expressions
for t,f, la’] o mig (R + +d; — d;) come in really useful, because
we can readily calculate t:’,aJM wsm(Ry +d; — d;) through
values of K,'“(n'l'J',nlJ)y and the direction cosines of
R,+d; - d ;j with the aid of Table L. Table I can be recognized
as the relativistic version of the Slater-Koster table [30], and
is referred to as the relativistic Slater-Koster table hereafter.

It should be noted that the expressions for
aja; aja;
vy B +di —dj) and 6,70 05 (Ry +di — dj)

are related to each other. We shall briefly explain this relation.
As seen in Table 1, 2,0 7 (Ra + di — d}) is generally
expressed in the form of the following linear combmatlon of

Kl T nl I

tl(:’jl(’l.}’M’ nlJM(RVl + di - d )
=3 @ yeqer IMIUT DK 1T 0l Ty,
(M|

(22)

where f(qx, qy.q., IM|,1'J’,1J) represents the coefficient,
and its specific form can be found in Table I. It is shown by
using property 2 [Eq. (11)] and Eq. (22) that 1,7, . yar (Ru +
d; — d ), the subscripts of which, except the principal quantum
numbers, are exchanged compared to £,y iy (R + di —

d ), can be expressed by using the coefficients that appear in

aja;

we can easily get the expression for 7., .y (Ry +
d;—d;) by replacing f(qx,qy.q;, IM], I'J',1J) and
K71 nl ) with  f(qy, qy,q., IM|,1'J',1J)* and
a’a/ (n'1J,nl"J")my, respectively. This relation is regarded as
one of the properties of the relativistic hopping integral. Thus
we have

(Property 5): An expression for tor ot gy (R + di — dj)
d.

Property 5 is actually used in deriving the expressions for some
of the relativistic hopping integrals in Table 1.
At the end of this section, we briefly explain how
to determine the values of relativistic TB parameters
a’ “@'U'J' ,nlJ) . In this paper, the relativistic TB parame-
ters between the nearest-neighbor atoms are determined for the
crystalline silicon, bearing in mind that the MFRTB method
will be actually applied to a crystalline silicon immersed in
a magnetic field (Sec. V). At first, Eq. (7) is applied to a
crystalline silicon with taking into consideration the hopping
integrals between the outermost shells of the nearest-neighbor
atoms. Namely, the following eight kinds of relativistic atomic
orbitals for each silicon atom are taken into consideration:

can be derived from that for 7.}/, gy (Ry +di —

(n,1,J,M)= (3,05, £1), 3.1, £1),
(315 +3), 313, +3). @

The Hamiltonian matrix thus obtained has the dimension
of 16 x 16 because there are two silicon atoms in the unit
cell. Next, the relativistic TB parameters are determined by
requiring that the eigenvalues of the Hamiltonian matrix
coincide with the reference data as well as possible. As
the reference data, we utilize results calculated by the fully
RLAPW method [25,28,29]. As for &%, + Ag%®% that is
included in Eq. (7), since the energy of the crystal field is
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TABLE I. Relativistic version of the Slater-Koster table. In the table, ¢, gy, and g, denote the direction cosines of R, +d; — d ;.

0

_~
N
—_

(NI

|
=
~

N

WIW RIW W NI RIWRIW NI NIW NIW RIW DWW W = = = Rl= == = = = = R= = = = = = = R = = = R= D= === G = R—= = == =

W', U,J M) n,1,J,M) Hopplnglntegralst ”,M R +di —dj)
01D (0.1 KD (0 mo2),,
0. 0) (0.2 0
n', 0,1 1) (n.1.3.1 g K" (03, n15 )1/2
n',0, 5, %) (n, 1, %,—%) (% - I‘I))Kaja’ ( /Oé’nlé)l/z
n',0,1,1) (n,1,3,3) (‘Ix +ig)K," (n /0%’"1%)1/2
0,3, 3) (n.1.3.3) 4 Ky (n03,n13), ,
0.3, 1) 15 e K (103, n13) .
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w131 (n.1,2,2) Bg, +ig)g-{Ky " (n'13,n12), , — K7 (0'12,013) )
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TABLE 1. (Continued.)
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much smaller than the atomic spectrum, we neglect Asnl ™
and employ the atomic spectrum calculated on the basis of
the density functional theory [38,39] with the local density
approximation [39]. The numerical values of &}, + A"Z', r ,{4 R, i
and relativistic TB parameters thus-determined are listed in
Tables IT and ITI, respectively. In a later section (Sec. V), actual
electronic structure calculations by means of the MFRTB
method are performed by using these values, listed in Tables 11

and III.

III. MFRTB METHOD

A. Matrix elements of the Hamiltonian

We consider a crystalline material immersed in a uniform

with

H=ca {p+eA@r))+pmc®+ Y Y v, (r — R, —dy),

(26)
where e is the elementary charge, and where A(r) and
Vg (r — R, —d;) denote the vector potential of a uniform
magnetic field B and the scalar potential caused by the
nucleus of atom «;, the center of which is located at R, + d;,
respectively. The definitions of vectors R, and d; are the same
as those below Eq. (2). We suppose that a uniform magnetic
field B is applied along the z axis, and that the Landau gauge
is employed for A(r), i.e.,

A(r) = (0, Bx, 0), 27

magnetic field. The electrons in the system feel not only the
electric field, which is created by the periodically aligned

atoms, but also the magnetic field. Let us start with the

following Dirac equation for the electron [35]:

TABLE III. Relativistic TB parameters between the nearest-
neighbor atoms for the crystalline silicon.

H®p(r) = Ex®@(r) 25)  Ki@UJ'.nlJ)y, Numerical values (eV)
K, (30;,301)1/2 —1.7391
1 _
TABLE II. Numerical values of &5/, + Aéf,' 1, for the silicon atom. 1(303,315 )1/2 1.2037
Ki(303.313),, 1.7085
(n,1,J,M) Numerical values (eV) K, (3 1%,3 1L )1/2 0.2696
(3.0,4, £1) ~12.1538 Ki(313.313),, —1.8830
(.11, £1) —5.6148 Ki(313.313),, 1.5978
(.13, +£1), 313, +£3) —5.5853 Ki(315.313),, ~1.0623
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where B is the magnitude of the magnetic field. The four-
component wave function for the electron in a uniform
magnetic field is denoted by ®x(r) in Eq. (25), where the
subscript k is the quantum number related to the magnetic
Bloch theorem, which will be defined later. In order to develop
the MFRTB method, ®(r) is expanded by using as basis
functions relativistic wave functions of atoms immersed in
a uniform magnetic field. The Dirac equation for an atom
immersed in a uniform magnetic field and located at R,, + d;
is given by

[ca - {p + eA(r)} + Bmc* + v, (r—R,—d)1y 7 (r)

i, Ry+d; o ai, Ry+d;
= g iy Bty (28)

where ;" Rutdi (1) and eg” Rutdi Jenote the relativistic atomic
orbital and atomic spectrum in a uniform magnetic field (27).
The subscript & in " Rutdi(p) and er” Rt §s the quantum
number of the atomic system. Expanding ®(r) in terms of
y Bt i), we have

Qp(r) =YY > Cr(Ry +dy ), (29)
& R, i

where Ci(Rn +d;) is the expansion coefficients that should
be determined. Substituting Eq. (29) into Eq. (25), multiplying
,‘,lj’ Rutd, (r)! on both sides of Eq. (25) and integrating both

sides with respect to r, we get

33> He,jnricCi(Ry +di) = ExCl(R,, +d),
& R, i

(30
where
aj, R
HR,, ju.R,it =/Wn‘

Similar to the conventional [37] and relativistic TB methods
(Sec. II), we use the following approximation concerning the
relativistic atomic orbitals:

@ HYE B et (31)

aj, Ry+d; ai, R,+d; ~
/ v T @y B dPr ~ Sk, R, 87,006 (32)

Equation (32) means that the overlap between the relativistic
atomic orbitals centered on different atoms becomes negligi-
ble. Also, we neglect integrals involving three different centers
since they are generally small compared to integrals involving
two centers or the same centers. This approximation has
been usually adopted in the conventional [37] and relativistic
TB methods (Sec. II). Under these approximations, the
Hamiltonian matrix (31) is given by

Hg, jn.R,i
i Ry+d; i, R,+d;
=(£§ + + Agf TSR, R, 81100
 R+d;
+(1 = 8r,.,8).0) / Yy )

va,-(r - Rm - d}) + va,-(r - Rn - dz)
x 2
x g Bt (nyd®r, (33)

PHYSICAL REVIEW B 91, 075122 (2015)

where Aag“ R4 Genotes the energy of the crystal field, which
is given by [40]

a;j, R,+d;
Ag,
= / e Bt {Z > vy (r — Ry — dk>}
R, k
(Rm + dx 75 Rn +di)
s e Bt iy dPr, 34

In order to simplify Eq. (33), let us consider the properties of
1/;5 i Ratdi oy and 5?” Ritdi Brom Eq. (28), the Dirac equation
for an atom immersed in a uniform magnetic field and located
at the origin is given by

[ca - {p + eA(r)} + Bmc® + v, (N1 (r)
=g My, (39)
By changing the variable from r to r — R,, — d;, Eq. (35) is
rewritten as
[ca - {p+eA(r — R, —d)} + pmc® + v, (r — R, — d))]
xy{r — R, —d;)
= ¢ "y — Ry — d)). (36)

It should be noted that A(r — R, — d;) yields the uniform
magnetic field B as well as A(r). Therefore A(r — R,, — d;)
and A(r) are related by the gauge transformation such that

A(r — R, —d;) = A(r)+ Vx(r, R, +d;),  (37)

where x(r, R, +d;) is a function of both r and R, + d;.
Substitution of Eq. (27) into Eq. (37) leads to [41]

X(ra Rn + dz) = _B(Rnx + dix)yv (38)

where R,, and d;, denote the x-components of R, and d;,
respectively, and similar notation is used hereafter. Comparing
Eq. (28) with Eq. (36), vector potentials in Eqgs. (28) and (36)
are different from each other by the choice of the gauge given
by Eq. (37). Therefore the eigenfunctions and eigenvalues of
Egs. (28) and (36) are related by

lﬁg"o(" R, —d) = e—i%x(r,Rﬁdi)wgf*R“er"(r) 39)

and

,0

i i Ry+d;
g =& , (40)

respectively. In addition, by using Eqgs. (34) and (39), we can
immediately get

Aef® = Aef Tt di, (41)

By using Egs. (39), (40), and (41), the Hamiltonian matrix (33)
18 rewritten as

i70 iadi
Hg,jnroic = (&7 + Deg” ) Sr,, r,8)i8.¢

+(1—68g r 8}, i)e_i%(le"_dﬁ'.t_Rm.t_d].t)(Rmy"'dj_\‘)

m

x T,/ (Ry — Ry +d; —d) (42)
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with
T0" (R +d; —d)

(r)d°r. (43)

R, —d; + dj)

ai, Rj+d;—d;

XY
aja;

Hereafter, we refer to T / e (R + d; — d;) as the “magnetic
hopping integral.” By using Eq. (39), we can derive the
following property for the magnetic hoping integral:

Tgaéaj(_(Rtl + di - dj))*

= ¢! T (Ructdie=d; )Ry iy =d;) Tnagai(Rn +d; —d;). (44
This property is very important because it guarantees the
hermicity of the Hamiltonian matrix (42). In the following
section, we will approximate the magnetic hopping integral,
and then Eq. (44) may work as one of the criteria of whether
the approximation is physically sound or not.

B. Approximation of the matrix elements

In order to calculate the Hamiltonian matrix (42), we
need both Tasa'(Rl +d; —d;) and 8?“0 + Asgi’d’. For this
aim, we employ the perturbation theory, where the effect
of the magnetic field is treated as the perturbation. This

treatment enables us to calculate both Ta’ “(Ri+d; —d j)and
'+ Ass 4 by utilizing the atomic spectrum and relativistic

hopping integrals for zero magnetic field.

1. Approximation of sgi’o + Asgi’d’

Since 8 ® and Asa’ % are independent of the choice of
the gauge, we may 1 use the symmetric gauge for simplicity
in approximating 8 o4 Asa‘ . In the symmetric gauge,
the Dirac equation for the atom is obtained by replacing
A(r) with Ag(r) in Eq. (35), where Agyn(r) is the vector
potential in the symmetric gauge and is given as B x r /2.
We shall treat the term ceo - Ay (r) as the perturbation. This
approximation would be valid because wg”o(r) has a large
value in the vicinity of the origin, where the magnitude of
Agym(r) is small. The unperturbed wave function is given by
@ui (), which is an eigenfunction of Eq. (5). Note that the
unperturbed eigenvalue &), is (2J + 1)-fold degenerate. In
order to derive the first-order perturbation energy, we shall
consider the matrix elements of cea - Agym(r) with respect to
degenerate states ¢} ,,,(r). They are approximately calculated
as

(@i smrr| ceat - Agm(r) |@ni 00)
(45)

In the derivation of Eq. (45), the small component of
Gy (1), iGZ;,(r)y%_lq,(G,qﬁ)/r, is approximated by o -
pr},(r)y%(@, @)/2mcr [35]. Since the matrix of the pertur-
bation is diagonal as shown in Eq. (45), we can readily obtain
the first-order perturbation energy. This is the reason why
the symmetric gauge is consciously chosen here. Within the
first-order perturbation theory, eg’ % is therefore approximated

PHYSICAL REVIEW B 91, 075122 (2015)

as

a0 _a eB 2.] +1
W0 4 E2ETT 46
K v (46)

As mentioned before, wg o 0(r) would be well localized in
the vicinity of the origin, and the magnitude of Agyy(r) is
small around there. Therefore it would be reasonable that the
relativistic atomic orbital in a uniform magnetic field, 1//? " 0(r),
is approximated as the unperturbed wave function that fits on to
the perturbation (zeroth-order wave function). From Eq. (45),
we have

Y (Pgym & @l (), @7

where the subscript “sym” denotes the atomic orbital in the
symmetric gauge. By using Eqs. (34) and (47), it is also found

that Asg"’ 4 s approximated by
At ~ /QDZ;JM(r d; )T{ZZ Vg (F — Ry — dk)}
(Rm + di 7é dl)
x @ (r —d)d°r. (48)

The right-hand side of Eq. (48) is the energy of the crystal field,
which is identical w1th Aenl 1 from Eq. (9). Using Egs. (9),

(46), and (48), 8%_ + Agg/ is thus approximated by
0 a;,d; ~ —a; _a;, eB 2.] -+ 1
+A£g 8”+A8n”M+2 A+ hAM. (49)

2. Approximation of T:Ej “(R+d; —d i)
d ;) given by Eq. (43),

we approximate both w (r) and w;’ Rivd: d’(r) by means

of the lowest-order perturbatlon theory for degenerate states.

Note that both ¥ "(r) and v *" " (r) in Eq. (43) are
the wave functions of the Landau gauge. In general, the wave
function of the Landau gauge can be obtained from that of the

symmetric gauge through the following transformation:

a0y = e YY), (50)

In order to evaluate Ta’ “(R,+d; —

a;, Rj+d; dj —l £ ) 1 diy J

P BT () = TR By Pyms~ (51)
where Bxy/2 denotes the gauge transformation function from
the symmetric gauge to the Landau gauge. Using Egs. (47) and
(50), ¥y O(r) of the Landau gauge is approximately given by

R/+d;—d;

"/ Bxy

(r)~ e '

Py (1), (52)

where ¢/, ,,,(r) is the zero-order wave function for
2 (r)sym- Furthermore, since ¢,/ ;,,,.(r) is localized around
the origin, the phase factor e~/27 5*¥ would be approximated
by 1 near the region where the magnitude of cpj,’,, () is not
negligibly small. Thus we shall approximate Eq. (52) as

a;,0 aj

n )R Q (). (53)
Similar to Eq. (39), in the case of the symmetric gauge,
w;’ Ritd; d’(r)bym is related to ;" r — R, —d, +d)sym
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by
Y& — Ry — di + d)gym
— o i sp {(Ry+diy—djy)x—(Ris+die—d; )y}
R R (3 W (54)
where we use xr,R;+d; —d;) =

B{(R[y + d,'y — djy)x — (R[x + d,'x — djx)y}/Z for the
symmetric gauge. Using Egs. (51) and (54), we have

ai, Ri+d;—d; R+d;—d;

1/’5 ]( ) = e_l " Bxywar j( )sym
— ot S ARy iy —dj)x—(Ris+di—d;)y+xy}
&% — Ry —di +d))ym.  (55)
Since Y& — Ry —d; + d)gym is localized
around r=R/+d;—d;, the phase factor

e~ 57 ((Riytdiy—d;)x—(Ritdi=d10y+xy) would be approximated
by the phase factor at r = R; + d; — d ;. Furthermore, using
Eq. (47), we finally get

ai, Rj+d;—d;

ws ’(r) ~ l%(Rl_v+di)'_djy)(Rlx"'di.t_d].r)
X@Z;JM(F—R/—d,'—Fdj). (56)
J
eB2J +1

—aj,

PHYSICAL REVIEW B 91, 075122 (2015)

Substituting Egs. (53) and (56) into Eq. (43), we obtain the
approximate form of Tajai(Rl +d; —d;):

aja,(Rl +d; —d )% e —i £8 (Riy+dix—d ;) (Riy+diy—d,y)

X<t s (R di = d), (57
where 1,700 s (Ri +d; — d;) is the relativistic hopping
integral for zero magnetic field, and is defined by Eq. (8). In this
approximation, the effect of the magnetic field is stuffed into
the phase factor e~ 5 (Ri+din—dp)(Riy+di—dpy)  Bquation (57)
is just identical with the approximation using Peierls phase
[9,13]. That is to say, the Peierls phase is revisited by the
lowest-order approximation of the perturbation theory. This
means that not only is the validity of using the Peierls phase
confirmed [9,13], but systematical improvements beyond
Eq. (57) would also be possible by incorporating the higher-
order corrections of the perturbation theory into Eq. (47). In
this paper, as the first trial, we shall use the approximation with
Eq. (57).

Concerning Eq. (57), we also emphasize that the Hamilto-
nian matrix with the use of Eq. (5§7) remains to be a Hermitian
matrix as it should be. This is easily confirmed by the fact that
Eq. (57) satisfies Eq. (44).

Substitution of Egs. (49) and (57) into Eq. (42) leads to

—a,
HR,, jor s M), Ryinl s M) = <8n'u +A M )5&, R, Sji8w v nigm

SnlJM +— 2 21 +1

+(1—8g & Sji)e*i%(Ruﬁdm*Rmx /r)(Rm+dn+Rm»+dn)ta/a’ (R,

n'l'J'M',nlJM

— R, +d; — dj) (58)
The effects of the magnetic field are included both in the diagonal elements [the first term of Eq. (58)] as the Zeeman term and
in the off- diagonal elements as the phase factor e~ 55 (Rux-tdia—d ) (Riy+diy ’df‘)) It is also found from Eq. (58) that relativistic effects
are included in &)}, + Aéz‘l % and in the relativistic hopping integral £,7, s . ;/(Rn — Ry +d; — d ). Substituting Eq. (58)
into Eq. (30), and rewriting n and & by (n’,l’,J’,M’) and (n,l,J, M), respectively, the simultaneous equations for the expansion
coefficients are given by

eB2J 1, \ cwrrw 2 Ry — R~y )(Roy-+diy+ Ry-+1)
< ’IJ+A‘9’IJM’ om0 1 M)Ck (Rm+dj)+ZZZ(1 OR,,.R,0j,i)e” 3h ) (Ruy+diy+ Ry +dj
nlJM R, i
X g (R — Ry + di — d)CRM(R, + dy) = ExC{ M (R, + d)). (59)

Equation (59) can be rewritten by replacing the sums with respect to R,, and i by the sum with respect to the vectors connecting
the atom located at R,, + d; to its neighboring atoms. Since such vectors are independent of R,, but dependent on d ;, they are
denoted as Tw(d;) (W =1,2,3,...). Wis numbered in the following order: W =1, 2, ..., W, for the nearest-neighbor atoms,
W=W; +1, Wi +2,...,W, for the second-nearest-neighbor atoms, W = W, + 1, W, 4+ 2, ... ,W; for the third-nearest-
neighbor atoms, and so on. Note that since Ty (d ;) also denotes the vectors connecting a; atom to a; atom, a; varies with W. If
we denote the dependence of a; on W by A(W), then Eq. (59) is rewritten by

eB2J +1 WM
<n11f+A8/1JM+2 2lf+lh /)Ck”M(Rm"‘d.i)
—iE wx(d i) Twy(d; my y jA w n
. Z Ze S T (d){Twy(d )4+2R ,+2d./,},:,l,](,M{n”M(TW(dj))Ck”M(TW(dj) +R, +d))
nlIM W

= ExC{"M (R, +d)).

Although we can obtain the coefficients C{'’"(R,, + d;) and
Ey by solving the simultaneous equation [Eq. (60)], there
are two problems in performing actual calculations. One is

. AW
that we need the numerical values of 7, J( M)’,nl su(Tw(d))).

(60)

(

In the previous section, we have already presented the

relativistic Slater-Koster table that enables us to calculate
A . .

t:/,, J(Y,I) a7 (T w(d ;). As will be shown in the subsequent sec-

tions, using the relativistic Slater-Koster table, the relativistic
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o AW . .
hopping integral t:,’l, J(, M)’,nl su(Tw(d;)) is expressed in terms

of several TB parameters. TB parameters can be determined
by requiring them to reproduce the electronic structure for
zero magnetic field (as already mentioned in Sec. II). Another
problem is that we have to solve the simultaneous equation
with an infinite number of expansion coefficients. In order to
overcome this problem, we employ the knowledge obtained
from the translation symmetry, i.e., magnetic Bloch theorem.
In Secs. IV and V, we show with specific examples that Eq. (60)
is reduced to the simultaneous equation with a finite number
of coefficients with the aid of the magnetic Bloch theorem.

IV. APPLICATION TO THE TWO-DIMENSIONAL
SQUARE LATTICE

In this section, we consider the two-dimensional square
lattice immersed in a uniform magnetic field. We suppose that
atoms have only s electrons (/ = 0) and are located at the lattice
points. It is shown that Eq. (60) is reduced to the simultaneous
equation with a finite number of expansion coefficients via the
magnetic Bloch theorem.

The purpose of dealing with this system is to check the
validity of the MFRTB method, and to confirm the benefits
of treating the relativistic effects, because this system was
previously calculated with the nonrelativistic TB method by
Hofstader [8], and the results are well known [8].

A. Magnetic Bloch theorem

The lattice vectors of the two-dimensional square lattice
with the lattice constant a are given by

R, = njae, + nyae,
= nia; + naay, (61)

where n; and n, are integers, and a; = aey, a; = ae,. The
magnetic field is directed along the z axis, and its magnitude
B is supposed to be expressed by

2rh

B="3" (62)

ea’ q
where p and ¢ are relatively prime integers [8,42,43]. Let us
consider a set of magnetic translation operators that commute
with each other. The magnetic translation operator U(R,) is
defined by

U(R,) = e #*TROT(R,), (63)

where T'(R,) denotes the usual translation operator given by
e "RuiP/T [44]. Tt is easily shown that U(R,) commutes with
the Hamiltonian (26):

[U(R,), H] = 0. (64)

Using Egs. (38) and (63), the multiplication of U(R,) and
U(R,,) leads to

URDUR,) = e ™™ U(R, + Roy). (65)

Reversing the order of R, and R,, in both sides of Eq. (65),
and canceling U(R, + R,,) of Eq. (65) by using thus-obtained
equation, we get

U(R,)U(R,) = e > amm=mmy (R YU(R,). (66)
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From this relation, if we take the set of the magnetic translation
operators such as

{U@)| t, =nma +qnaas}, (67)

then this set is shown to form an Abelian group [45]. Note that
the set of translation vectors ¢, represents a two-dimensional
rectangular lattice with a unit cell of sides a and ga. In
general, the eigenfunctions of the Hamiltonian, which belong
to a degenerate level, form basis functions of the irreducible
representations (IRs) of the symmetry group of the Hamil-
tonian [46,47]. In addition, all IRs of an Abelian group are
necessarily one-dimensional [47]. Therefore, eigenfunctions
®y(r) are basis functions of IRs of the Abelian group Eq. (67),
i.e., we have

U(tn)@x(r) = c(t,)Pi(r), (68)

where c(t,) is the IR of the Abelian group. The normalization
condition on c(¢,)®(r) and Eq. (65) using ¢, and ¢,, instead
of R, and R,, (the phase factor of the right-hand side is equal
to unity) lead to

clty) = e (69)
with a wave vector k given by
k = kb + kyb;, (70)

where k; and k; are real numbers that satisfy —1/2 < k; < 1/2
and —1/2 < kp < 1/2, respectively, and where b, and b, are
“magnetic reciprocal lattice vectors” defined as

2

b1 = —€y

a

27 h
b2 = —¢€y.

qa

From Eqgs. (70) and (71), the “magnetic first Brillouin zone” is
denoted by a rectangle with length 27 /(ga) and width 27 /a.
Using Eqgs. (63), (68), and (69), we have

We(r —t,) = 'kt ei%t"‘y\l’k(r)- (72)

Equation (72) is regarded as the extension of the Bloch
theorem for electrons that move in a periodic potential of
the crystal and uniform magnetic field. Namely, Eq. (72) may
be referred to as the “magnetic Bloch theorem.” Compared
to the conventional Bloch theorem, the phase factor i Y
is additionally multiplied to the right-hand side. Of course,
Eq. (72) reduces to the conventional Bloch theorem when
B=0.

B. Reduction of simultaneous equations via the magnetic
Bloch theorem

From Eq. (72), we can derive the requirement fulfilled by
the expansion coefficients of Eq. (29). Substituting Eq. (29)
into Eq. (72), and using Egs. (32) and (39), we get

Ci(ty + lay) = e % Cl (1ay), (73)

where I =0, 1,...,g — 1. It should be noted that all lattice
vectors R, are expressed as ¢, + lar, = (n1q + I)ae, +
npae,. Equation (73) means that all coefficients Ci (t, + lay)
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TABLE V. Phase factors e~ wx(Tw,*2I'd and coefficients
Ci"M(I'ay + T ) for the nearest-neighbor atoms, which appear in
the left-hand side of Eq. (74).

14 Ty e~ 58 Twa(Twy+21'a) CZ“M(I/az +Ty)
1 0, a) 1 ClrélJM((I/ T Day)
2 0,—a) 1 Czl!M((I/ ~ Day)
3 (a,0) oLl o~ 2miki C;IJM(I/az)
4 (—a,0) gl ik CIlM ([ )

can be obtained by using Eq. (73) if we get g coefficients
(Ci(la)|I =0,1,...,q —1).

By replacing R,, with t,, + I'a, (I' =0, 1, ..., g — 1),
and by using Eq. (73), Eq. (60) for the two-dimensional square
lattice is rewritten as
eB2J +1

2m 2l + 1
—i BTy (T 421"
+ Yy e Tt i (Tw)

nlJM W

x CIM(I'ay + Ty) = ExCl7™ (I'ay). (74)

(En’l/.]’ + Aén’l/J’M/ + — hM) Ck’[JM (I a )

In deriving Eq. (74), we use the relation e % W+'» = 1, which
is easily shown by considering the positions of the neighboring

J
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atoms. It should be noted that the same atoms are located on
the lattice points in this case and therefore dependencies on a;
and d; are omitted in Eq. (74). Since the vector I'a; + Ty is
generally rewritten in the form of ¢,» 4+ I”a,, the coefficient
C"M(I'ay + T ) of the left-hand side can be rewritten as

CZIJM(I/aZ 4 TW) — efik-t,,/rC’}:l./M(I//az)’ (75)

by use of Eq. (73). Therefore Eq. (74) represents the si-
multaneous equations with a finite number of coefficients
{C,’C’”M(Iaz)|l =0,1,...,g — 1}. Namely, the simultaneous
equations with an infinite number of coefficients [Eq. (60)] are
simplified to those with a finite number of coefficients owing
to the magnetic Bloch theorem.

‘We shall examine the electronic states near the Fermi level,
and take into account only the relativistic hopping integral
between the nearest-neighbor atoms. Since atoms have only the
s electrons (I = 0), as mentioned above, we consider the cases
for I=0I'=0, J=J'=1/2, n=n', and M (or M) =
+1/2 in Eq. (74). Concrete expressions for the phase factor
e~ TweTwy+2I'a} and coefficient Ci"M(I'ay + Ty) in the
left-hand side of Eq. (74) are given in Table IV. Furthermore,
using the relativistic Slater-Koster table (Table I), Eq. (74) is
rewritten as

_ _ eB , PN | D, no M
Epol + A&yo1y + —hM" 42K, {n"0=,n" 0= cos |2 | =1+ ky (I'ay)
m 2 2 12 q

N B | nO M nolm nolmM
+ K, <n 05.m 05> ™" @+ ay + ¢ (1 - Dao)| = B (o), (76)
172
It should be noted that due to Eq. (73), C1 "™ (7' + Daz) and €™ (I’ — D) in Eq. (76) are equal to
ik, M OTM P
nO M((I + Day) = eno ;;C (O) for I'=¢q—1, 77
((I'+ Day) for I'#q—1,
o2k nozM' ;_
nO M (' — Day — nO ;C ((g — Day) for I' =0, (78)
((I' = Dags)  for I' #0,a

respectively. It is found from Egs. (77) and (78) that Eq. (76)
represents the simultaneous equations for 2¢q coefficients

(M Ua) 1 =0,1,....qg— 1, M ==1/2).

If we neglect the Zeeman term, then Eq. (76) is reduced to
an equivalent form to that of Hofstadter [8]. Actually, as can be
seen in the next section, Sec. IV C, the calculation results are
identical with those of Hofstadter [8] in the case of no Zeeman
term.

C. Calculation results

The energy eigenvalues for the two-dimensional square
lattice are calculated on the basis of Eq. (76). Since the
qualitative shapes of the energy dispersion and diagram are not
dependent on the choice of the values of &, 1+ A&y g1y and

Ki(n O% ) 0%)1 /2, they are taken from those for the crystalline

(

silicon, which are already listed in Tables II and III. Figure 1
shows the energy dispersion Ej for the two-dimensional square
lattice in the presence of the uniform magnetic field, where
p and g are fixed at 40 and 401, respectively. The inset
of Fig. 1 is the magnified view. The labels indicated in the
horizontal axis of Fig. 1 denote the special k points in the
magnetic first Brillouin zone, which is shown in Fig. 2. It is
found from Fig. 1 that Ej depends little on k, while the band
dispersion for the zero magnetic field case ordinarily depends
on k because it is written as the cosine curve with an amplitude
of 2|K1(305,303)1,2| = 3.4782eV. By applying the magnetic
field, the orbital motion of electrons in the plane perpendicular
to the magnetic field is essentially changed corresponding to
the quantization of the orbital motion of electrons in the mag-
netic field. As aresult, Ej curves become nearly flat as shown
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-4 T

-11.83

-20

r XM r

FIG. 1. Energy dispersion for a two-dimensional square lattice
immersed in a uniform magnetic field. Values of p and ¢ are 40 and
401, respectively. The inset is the magnified view. The labels in the
horizontal axis denote the special k points that are indicated in Fig. 2.

in Fig. 1. The bandwidths of these flat bands are obviously
dependent on the magnitude of the magnetic field. The widths
increase as the magnetic field becomes large, as shown in
Figs. 3(a)-3(c). This behavior can be observed also in the
crystalline silicon, which will be in the next section. Detailed
discussions on this bandwidth will be developed in Sec. V D.
The magnetic-field-dependent energy diagrams are calcu-
lated with and without the Zeeman term in Eq. (76). The results
with and without the Zeeman term are shown in Figs. 4(a)
and 4(b), respectively, where all values of Ej for k’s that
correspond to the horizontal axis of Fig. 1 are plotted in
each magnetic field. In these calculations, p changes from

ky
T/qa M(r/a, t/qa)
10, 0) X(/a, 0) ki

FIG. 2. The magnetic first Brillouin zone for a two-dimensional
square lattice immersed in a uniform magnetic field.
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(a) p/q = 1/101 (b) p/g =1/31 (c)p/q=1/11

FIG. 3. Magnetic-field dependence of the energy dispersion for a
two-dimensional square lattice immersed in a uniform magnetic field.
Energy dispersions in the cases of (a) p/q = 1/101,(b) p/q = 1/31,
and (c) p/q = 1/11.

1 to 401 with fixing g at 401. Due to the Zeeman term of
Eq. (76), the energy diagram shown in Fig. 4(a) splits into
two parts. It is also confirmed that the magnitude of the band
splitting becomes large as the magnetic field increases. As
can be seen in Fig. 4(b), the Hofstadter butterfly diagram [8]
is reproduced in the case of no Zeeman term as is expected
from Eq. (76). Namely, Fig. 4(b) has the properties of the
Butterfly diagram, which are shown by D. Hofstadter [8]. For
example, the spectrum for p/gq is identical with the spectra for
p/q + n (n: integers) and — p/q [8]. Thus the present MFRTB
method is recognized as a generalized method that includes the
Hofstadter method [8].

V. APPLICATION TO A CRYSTALLINE SILICON
IMMERSED IN A MAGNETIC FIELD

In this section, we shall apply the MFRTB method to
a crystalline silicon immersed in a magnetic field. Similar
to the case of a two-dimensional square lattice (Sec. IV),
nearly flat £} curves and a magnetic-field dependence of their
bandwidths are observed also for this system. In addition, as
mentioned in Sec. I, the present MFRTB method suggests
a way to determine a formula of the magnetic field that is
consistent with the magnetic Bloch theorem. With emphasis on
these points, we present the electronic structure of a crystalline
silicon immersed in a magnetic field.

A. Magnetic Bloch theorem for the crystalline silicon

Crystalline silicon has the diamond structure, the lattice
of which is the face-centered cubic (FCC). The translation
vectors of the diamond structure with the lattice constant a are
given by

R, = nia, + nya; + nias, (79)
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FIG. 4. (a) Dependence of the energy diagram on the magnetic
field for the two-dimensional square lattice. (b) Hofstadter butterfly
diagram calculated on the basis of the MFRTB method neglecting the
Zeeman term.

where
a
a = E(ex +ey),
a
a, = E(ex +e.), (80)

a
az = E(ey +e)

PHYSICAL REVIEW B 91, 075122 (2015)

y
A
L S
/2 P — °
NN
+ vy \
o T
|\
a 2a_
7 X

©

FIG. 5. (a) Schematic view of the lattice defined by the translation
vectors t, (= niqa; + n,a; + nsay). (b) Schematic view of the
reciprocal lattice spanned by Eq. (87). (c) Schematic view of the
magnetic first Brillouin zone for the crystalline silicon immersed in
a magnetic field directed along the z axis.

are the primitive translation vectors, and where ny, ny, and
n3 are integers. Two silicon atoms are located at d; = 0 and
d, = a(e, + e, + e;)/4 from each lattice point, respectively.
Suppose that the magnetic field is directed along the z axis,
and that its magnitude B is given by [48]

167h
B=—2L
ea’ q

81
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where p and g are relatively prime integers, and g is supposed
to be a primitive number that is larger than 2. This form is
introduced so that the solution of Eq. (60) is consistent with
the magnetic Bloch theorem. This point will be discussed later.

Similar to the case of the two-dimensional square lattice,
let us consider a set of magnetic translation operators that
commute with each other. By using Eqgs. (38), (63), (79), and
(81), the multiplication of two magnetic translation operators
is given by

—2mi zl(nll-&-lnz)(nl +n3)

UR)DUR,) =e 9 U(R, + Ry). (82)
Reversing the order of R, and R,, in both sides of Eq. (82),
and canceling U(R, + R,,) of Eq. (82) by using thus-obtained
equation, we get

U(Rn)U(Rm) — e—271i27”{(m1+m2)(nl+n3)—(ml+m3)(n1+n2)}
X U(Rp)U(Ry). (83)

Using Eq. (83), we can easily find what set of the translation
operators forms the Abelian group. Specifically, the following
set forms the Abelian group
{U@)|t, = nmga) +nyaz + nza's}, (84)
where a’; = a (e, — e,) /2. It is also shown that Eq. (84) has
the smallest period of the translation among the operator sets
that form the Abelian groups. Note that the set of three vectors
ay,a;, and a3 is one of the choices of the primitive translation
vectors of the FCC lattice as well as the set of a;, a,, and as.
The set of lattice points {¢, } forms the body-centered tetragonal
lattice, which is extended along the y axis as shown in Fig. 5(a).
According to the general discussion on the relation between
the eigenfunctions of the Hamiltonian and the basis functions
of IRs of the symmetry group [47], we can say that the
eigenfunctions of the Hamiltonian, which are denoted by
@y (r), can be the basis functions of IRs of Eq. (84). In a similar

J

ZZZZ [Citt, + Tay +d; —t,) —

t, I1=0 i
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way to the case of the two-dimensional square lattice, we have
Utn)@i(r) = ' dy(r), (85)
with the wave vector k given by
k = kiby + koby + k3bs, (86)

where ki, ko, and k3 are real numbers that take
—% < ki, ko, k3 < —, and where by, b,, and b; are
magnetic reciprocal lattice vectors for the crystalline silicon,
which are defined as

4
bl - _]Teya
aq
2
b2 = 7(9x — €y + ez)» (87)

2
b3 = 7(_‘3,( + €y + ez)~

The reciprocal lattice spanned by Eq. (87) and the
corresponding magnetic first Brillouin zone are given in
Figs. 5(b) and 5(c), respectively.

Equations (38), (63), and (85) lead to the magnetic Bloch
theorem for the crystalline silicon:

Bp(r —t,) = e*trel Ty y(r), (88)

This theorem is used in the next section to reduce the order of
the simultaneous equations (60) to finite.

B. Reduction of simultaneous equations via the magnetic
Bloch theorem

The lattice vectors R, are expressed by
t, + 1 a, =

where I =0, 1, , g — 1. Similar to the case of the two-
dimensional square lattice, substituting Eq. (29) into Eq. (88),
and using Egs. (39) and (89), we have

(n1q + Day + nra; + n3a’s, (89)

eI Ci(t, + Tay +dp)yg T () = (90)

Utilizing the orthonormality of the basis functions, i.e., Eq. (32), a relation between the expansion coefficients is obtained:
Ciltw+ la) +d;) = e *"Ci(la) +d,). 1)

Equation (91) is an alternative expression of the magnetic Bloch theorem.

Rewriting Eq. (60) by using ¢,,

+ I'a; instead of R,,, and substituting Eq. (91) into this, we have

eB 2]/+1 n'l'J'M’ i 55 Twx(d [ Twy(d j)+ 2ty +21" a1y +2d;y]
By + AE Sy + o M) G (g d )+ Y e IR T @i ) 2 2 a2,

2m 2l + 1

nlJM W

X twr g g (Tw (@ ))CRM(Tw(d )+ T'ay +d;) = ExCy /™M (T'ay + d ), (92)

where we remove the superscripts of the hopping integral since all sites are, of course, occupied by the silicon atoms. It should
be noticed that since Tw(d ;) + I'a; + d; denotes the position of Si atom, this vector is rewritten in the form of ¢, + I"a; + d;.
Therefore C}'/M(Tw(d ;) + I'a; + d;) in the left-hand side of Eq. (92) is rewritten as

CHMTwd) +1'ay+dj) = e G (1 ay + dy), ©3)

where Eq. (91)
That is to say, they are regarded as the
{CiPM(lay +d)|1=0,1,2,....q

is used. Equations (92) and (93) mean
simultaneous
—1;i=1,2; nlJM}.

the reduction of the simultaneous
equations for the finite number

equation (60).
of coefficients
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TABLE V. Phase factors e~ 5 Twx@D(Twy@)+20'ay+2d1y) and coefficients C WM (T yw(d,) + I'a; + dy) that appear in the left-hand side of
Eq. (95).

w Tw(d)) e—i%TWx(dl)(TWv(d])+I/Llly+2dlv) CZ”M (Twd)+1l'a, +d,)
11
1 (11,1 () P (I'ay + dy)
P 11 .
2 %(1,_1!_1) —2m AUSe 1) ekagclrélJM((I/ _ 1)a1 +d2)
3 4(=1,1,-1) () e M (I'ay + dy)
4 4 (—1-1,1) 2E) G — Day +do)

Equation (92) includes an important suggestion for a way to determine the formula of the magnetic field. Here, we shall give
an important comment on the formula of the magnetic field that is consistent with the magnetic Bloch theorem. If the magnetic
field were given by

8th p

B= (94)

ea? g
instead of Eq. (81), then the phase factor e~ % Twe@)iny that appears in Eq. (92) would not be equal to 1 and would depend on 7,,,.
In this case, the simultaneous equations for the set of coefficients {C,"‘”M(Ial +d)|1=0,1,2,...,qg—1;i=1,2; nlJM}
vary with 7, although the set of coefficients, of course intrinsically, does not depend on t,,,. This means that the original
simultaneous equations [Eq. (60)] for the magnetic field (94) lead to solutions that are not consistent with the magnetic Bloch
theorem [Eq. (91)]. This difficulty seems to come from the incompleteness of the set of basis functions {1//2‘1 4,(r)}. In order
to avoid this difficulty, the magnitude of the magnetic field is chosen in the form of Eq. (81) [49]. Namely, if the form of the
magnetic field is chosen like Eq. (81), then the phase factor e~ % Tws@)iny is shown to be equal to 1, which makes the solution of
Eq. (92) consistent with the magnetic Bloch theorem. Considering this fact, i.e., e~* % Twad iy = 1, Eq. (92) is finally rewritten
as

~ eB2J +1 ,
( ’IJ’+A8’I’JM’ m 2l/+1hM>Ck”M(1a +d))

+ Y D e TR 2l (T @DCE Y (T () + Ty +dj) = ECY Y (ay + d)).
nlJM W

95)

C. Concrete expressions for the simultaneous equations

Let us give the concrete expressions for the simultaneous equations used in the actual calculations. In order to consider the
electronic states in the vicinity of the Fermi level, we shall take s and p electrons of the outer shells of the Si atom in calculating
the hopping integrals. Namely, we consider the hopping integrals between the following eight shells:

(0, J,M)= (3,01, £1), 3.1.3.+£3). (313, £1), 3.1.3,£3). (96)

Furthermore, we consider only the electron hoppings between the nearest-neighbor atoms. Specifically, four kinds of vectors
Tw(d;) (W =1 —4) are considered in the calculations.

In the following, we show the concrete expression for Eq. (95) in the cases for (i) d; = d; and (ii) d; = d>, individually. The
phase factors e~ 3 Twx@){Tw,(d)+21'ai,+2d),} and coefficients CHM(Tw(d;)+ I'a; +d;) in the left-hand side of Eq. (95) are
given in Tables V and VI for both cases [(i) and (ii)]. Using these we have

TABLE VI. Phase factors e~ 5 Twr(@2)(Twy@2)+20'a1,+2d2y) and coefficients C WM (T y(dy) 4 I'ay + d) that appear in the left-hand side of
Eq. (95).

W Ty (d>) 1SR T (T o420 20, Ci/M (T (dy) + I'ay +do)
1 41,1, 1) () CpoM (I'ay)
p 3 .
2 4(1,—1,-1) () e G (I + Day)
3 41, 1,-1) e—Zni§(1’+%) ek CHIM (', )
7,3
4 %(_1,_1’ 1 —2mi (/ +Z) CzlJM ((I/ + Day)
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(i)d; =d,,

_si.d eB2J +1
(531 A8y om0+ 1

)C]./M(I )
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+ Z 727‘[1”(1/+ )t3l . '5IJM(T](dl)) + 627'[! (1+ ) 27Ttkot31 M 31]M(T3(d[))]C3IJM(I/a[ +d2)

1M
_omil(—1 i izIr-1 ’
+ Z [e 2 e kg o 3y (Ta(d ) + € 7" Dt par 31 m(Tad )] CRM (1 — Day + dy)
1M
= ExC{ VM (I'ay) 7
with
2iky (3IM r_
SIM _ e e (g — Day +dy)  for I'=0,
Ck ((1 l)al + d2) - {Czle((I/ _ 1)a1 + d2) for I/ 7& 0 (98)
(i) d; = do,
_Si, eB 2J/+1 WIM 1
(5211/+A831JM/+E21,+1 M) Cy (I'a; +dy)
+ Z [eznig(l *z )lsl oo (Ti(da)) + e 7 (U2, 2R ?IJM(T3(d2))j|C3”M(I/a1)
1M
i2(I'+3) —2mi —2mi2(I'+3 /
30 [FEED Ry sy (Tatda) + €5 Dby s (Ta@a) |G+ Da)
1M
= ExC{VM (I'ay + d») (99)
[
with depends little on k. and k,, and gap structures are observed in
c3Im (' + Day) the R, - A, - T line, similar to the case of the two-dimensional
k ! square lattice. Zooming in these flat bands for several cases
e~k CHM (0) for I'=q—1, [Figs. 7(a)-7(e)], we can find the following five properties in
= (100) .
C,%”M((I/ +Day) for I'#£q—1 Ej curves

In Eqgs. (97) and (99), the summation on [/, J, and M is
over eight states given in Eq. (96). The hopping integrals
can be transcribed by the TB parameters with the aid of the
relativistic Slater-Koster table shown in Table I. Equations (97)
and (99) form simultaneous equations with a finite number
of coefficients {C,f”M(Ial +d)|1=0,1,...,q9—1;i=
1, 2; 3,1,J, M) = Eq. (96)}.

D. Energy bands for a crystalline silicon immersed
in a magnetic field

1. Energy dispersion

Figure 6 shows the energy bands for a crystalline silicon
immersed in a uniform magnetic field, where p and g are
fixed at 1 and 101, respectively. We have 16q (= 1616) energy
bands in the energy dispersion because 16¢ eigenvalues of Ey
are obtained for each k. The labels indicated in the horizontal
axis of Fig. 6 denote the points in the magnetic first Brillouin
zone [Fig. 5(c)]. Points P, R,, and A, are quite close to each
other owing to the present magnetic field. Their coordinates are
explicitly given in Fig. 5(c). It is found from Fig. 6 that values
of E} obviously change depending on k, (I" - X - P line). This
corresponds to the fact that the electron is not subjected to
the Lorentz force in the z direction, and makes the relatively
large hopping along the z direction. On the other hand, Ej

(i) It is found that Ey is periodic in the k,-k, plane. Similar
to the case of the two-dimensional square lattice [50], this
periodicity comes from the symmetry of the crystalline silicon
immersed in the z-directed magnetic field. Namely, since Ej
is a periodic function of k, with the period of 47 /aq that
corresponds to the width of the magnetic first Brillouin zone,
E} also becomes a periodic function of k, with the same period.

(1) In order to investigate the gap structures observed in the
ky-ky plane, let us consider the case where the rational number
p/q in Eq. (81) is given by 1/q (p = 1). It is expected that
the number of allowed bands is approximately proportional to
q, because the number of energy bands Ej is given by 16q.
Indeed, we find a relation such that N o 6g, where N is the
number of allowed bands, which is directly confirmed through
numerical calculations. From this property, the bandwidth is
expected to decrease with g. The magnetic-field dependence
of the bandwidth will be discussed in property (iv).

(iii) Next, we consider the case where p/q is nearly equal
to 1/4q’, i.e., ¢ = pq’, where ¢’ is a prime integer. Figures
7(a)-7(e) show energy bands in the k. -k, plane for the cases of
1/q' =1/11,p/q =2/23,3/31,4/41,and 5/53, respectively.
Itis found from these figures that p allowed bands are observed
in the case of p/q, while one allowed band is observed in the
case of 1/q’. Therefore N allowed bands for the case of 1/¢’
are respectively divided into p allowed bands for the case

of p/q.
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FIG. 6. Energy dispersions for a crystalline silicon immersed in
a uniform magnetic field. The values of p and g are 1 and 101,
respectively. The labels in the horizontal axis denote the special k
points that are indicated in Fig. 5(c).

This property can be recognized as follows. Because of the
relation ¢ &~ pq’, in the case of p/q, the period of ¢, along
the a; direction is p times longer than that in the case of 1/¢q’.
Therefore, due to the folding of the magnetic first Brillouin
zone, p energy gaps may be induced at the boundaries of the
magnetic first Brillouin zone by the Bragg reflection. This is
the reason why the number of allowed bands in the case of
p/q is p times more than that in the case of 1/¢" (= p/q).

(iv) In the case of p/q, the energy width of the cluster
consisting of p allowed bands is referred to as the cluster
width. It is found from Figs. 7(a)-7(e) that the energy width
of the allowed band for the case of 1/¢’ is nearly equal to
the cluster width for the case of p/q. (Note that, although the
cluster width in Fig. 7(b) is exceptionally a little smaller than
those of other cases [Figs. 7(c)-7(e)], this discrepancy is not
essential. This discrepancy comes from the error of the premise
1/q’ = p/q, i.e., the accuracy of the premise is not good in
the case of p/q = 2/23 as compared with other cases.)

Due to this property, we can say that the outlines of gap
structures for five cases with 1/q" &~ p/q resemble each other
if the full energy bands are plotted in the larger energy scale
[Figs. 8(a)-8(e)]. Therefore we may regard the cluster width
for the case of p/q as the “bandwidth” that is nearly identical
with the real bandwidth for the case of 1/4’.
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FIG. 7. Magnified views of flat bands for several cases. Energy
dispersions in the k,-k, plane for the cases of (a) p/q = 1/11, (b)
2/23,(c) 3/31, (d) 4/41, and (e) 5/53.

(v) As mentioned in property (iv), the gap structure for
the case of 1/¢’ is similar to those for the cases of p/q (=
1/4"). So, we shall discuss the magnetic-field dependence of
the bandwidth by using the bandwidth for the case of 1/¢’.
Figures 9(a)-9(e) show the energy bands in the k,-k, plane
for the cases of moderately weak magnetic field p/q < 0.1.
It is found from these figures that there exist bandwidths that
depend on the magnitude of the magnetic field. The bandwidths
definitely increase as the magnetic field becomes large. When
the magnetic field is quite weak, then the electronic states are
comparably less affected by the magnetic field. At that time,
the effective mass approximation seems to be valid, so that
the property of the Landau level still survives in the electronic
states. On the other hand, when the magnetic field increases,
the electron hopping between the electronic states becomes
larger, which results in making the bandwidth of the energy
dispersion large.

This is easily comprehended from the following discussion.
In the solids with no magnetic field, the electron hopping
between the atomic orbitals generally takes some nonzero
value, and correspondingly yields the nonzero width of the
energy dispersion. As the magnetic field increases, the spatial
broadening of the electronic state gets close to that of the
usual atomic orbital, which may facilitate the electron hopping
between two neighboring states. Therefore we can also say that
the magnitude of the bandwidth corresponds to the degree of
the infeasibility of the effective mass approximation in the
region of moderately weak magnetic field p/g < 0.1.
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FIG. 8. Whole energy dispersions in the k.-k, plane for several
cases. Energy dispersions in the k,-k, plane for the cases of (a)
p/q =1/11,(b) 2/23, (c) 3/31, (d) 4/41, and (e) 5/53.

2. Butterfly diagram for a crystalline silicon immersed
in a magnetic field

The magnetic-field-dependent energy diagrams are shown
in Figs. 10(a) and 10(b). These are calculated under two
conditions. One is that all values of Ej for k’s that correspond
to the horizontal axis of Fig. 5(c) are plotted in each magnetic
field [Fig. 10(a)]. Another is that all values of Ej; for k’s
that are in the k,-k, plane are plotted in each magnetic field
[Fig. 10(b)]. Due to the Zeeman term, the energy diagrams
of both figures become wide as the magnetic field increases.
Correspondingly, the energy diagrams for the crystalline
silicon are not symmetric, similar to the case of the two-
dimensional square lattice [Fig. 4(a)]. Comparing Fig. 10(a)
with Fig. 10(b), the characteristic gap structures can be found
in Fig. 10(b), while almost all of them disappear in Fig. 10(a).
Especially, in Fig. 10(b), energy diagrams that are similar to
the Hofstadter butterfly diagrams can be observed. In addition,
recursive structures can be confirmed in Fig. 10(c). Since ¢
are prime numbers, and since a quite small range of p/q is
magnified in Fig. 10(c), the nonuniformity of plotted p/q,
which inevitably emerges, is a little noticeable. However, we
can definitely confirm the recursive patterns of energy gaps in
Fig. 10(c).

It is easily understood that the disappearance of gap
structures in Fig. 10(a) is due to the fact that values of Ej
vary depending on k,. However, the appearance of the butterfly
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FIG. 9. Magnetic-field dependence of the energy dispersion for
a crystalline silicon immersed in a uniform magnetic field. Energy
dispersions in the k,-k, plane for the cases of (a) 1/g" = 1/101, (b)
1/71,(c) 1/41,(d) 1/23, and (e) 1/11.

diagrams in Figs. 10(b) and 10(c) would indicate the peculiar
properties of the electronic states of a crystalline silicon
immersed in a magnetic field. The magnetic-field dependence
of gap structures of Ej bands in the k.-k, plane is essential
for the appearance of the butterfly diagrams. This means that
the electronic states of the crystalline silicon immersed in the
magnetic field partially loose the two-dimensional degree of
freedom depending on the magnitude of the magnetic field,
though the crystalline silicon itself has three-dimensional
structure. That is to say, the motion of electrons in the
two-dimensional plane is restricted to a degree depending on
the magnitude of the magnetic field, so that the energy diagram
of the butterfly shape correspondingly emerges.

Thus it is shown by means of the MFRTB method that the
butterfly diagram, which includes recursive structures, appears
in the energy diagrams of a crystalline silicon immersed
in a magnetic field. There is a future possibility that such
energy structures are observed experimentally also in a
silicon-based system as already observed in the GaAs/AlGaAs
heterostructure system [51,52].

3. Valence and conduction bands

As can be seen in Figs. 10(a), 10(b), and 6, when the
magnetic field is weak, an energy gap appears in the vicinity
of —6 eV. We shall focus on this energy gap, and show that
it just corresponds to the energy gap between the valence
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view of the energy diagram is shown in (c), where the recursive structures can be found.

and conduction bands. Although there exist 8¢ energy bands
bellow and above this energy gap, respectively, in Fig. 6, we
will show that they correspond to the valence and conduction
bands, respectively.

First, let us confirm the following two points. (i) As shown
in Secs. IV B and V B, the magnetic Bloch theorem makes the
diagonalization problem of deriving all the eigenvalues of the
system split into that for deriving the eigenvalues of each k
belonging to the magnetic first Brillouin zone. This statement
is straightforwardly expressed by Eqs. (73) and (91). (ii) All
electronic states of the system can be indicated by the wave
numbers k that lie within the magnetic first Brillouin zone. This
can be easily shown by using the magnetic Bloch theorem in
a similar way to the case of no magnetic field [53]. Using
these two points, it is proved that the number of k involved in
the magnetic first Brillouin zone is equal to that of ¢,, which
are distributed in the whole system. We shall denote such a
number as Ny, .

Next, we consider the number of electrons in the whole
system. One lattice point has two Si atoms and correspondingly
eight electrons (two sets of four outer-shell electrons) belong
to it. As shown in Fig. 5(a), the “magnetic” primitive unit cell
of the crystalline silicon immersed in the magnetic field has
q lattice points. Correspondingly, 8¢ electrons are contained
in the magnetic primitive unit cell. Since the system has N;,
points of #,, the number of electrons in the whole system is
8qNy,.

As mentioned above, the magnetic first Brillouin zone has
N, allowed points of k, so that 8¢ bands are occupied in order
of energy. Namely, the 8¢ bands bellow the energy gap that
exists around —6 eV are valence bands, and the higher bands
are conduction bands. Using this fact, it is also confirmed in
Fig. 10(a) that the original energy gap of the crystalline silicon,
which ranges from about —6.5 eV to —5.3 eV at p/q =0,
remains up to the magnitude of the magnetic field, p/qg = 0.2.
This would be due to both the increase of the top of the valence

band and the decrease of the bottom of the conduction band
that are mainly caused by the Zeeman term.

VI. CONCLUDING REMARKS

We develop the MFRTB method that enables us to calculate
the electronic structure of materials immersed in a uniform
magnetic field. The formulation is accomplished in the
orthodox coordinate representation. The striking features of
the MFRTB method and findings obtained by this method are
as follows.

(1) The MFRTB method enables us to calculate the
electronic structure of actual crystalline materials immersed
in a magnetic field by taking both relativistic and magnetic
field effects into account.

(2) It is shown that within the lowest-order perturbation
theory the magnetic hopping integrals are approximated as the
relativistic hopping integrals multiplied by the Peierls phase
factor. This approximation for the magnetic hopping integrals
can be improved systematically by incorporating higher-order
correction terms.

(3) The relativistic version of the Slater-Koster table is
provided in Table I, in which relativistic hopping integrals
are explicitly expressed in terms of relativistic TB parameters.
Specifically, the explicit forms of 64 kinds of relativistic
hopping integrals are given by the linear combination of
relativistic TB parameters. The relativistic TB parameters can
be readily obtained from electronic structure calculations for
zero magnetic field case.

(4) An appropriate expression for the magnetic field, which
leads to reasonable solutions consistent with the magnetic
Bloch theorem, is revealed. In the case of the crystalline silicon,
such a formula is given by Eq. (81).

(5) It is shown that the MFRTB method includes the
Hofstadter’s method [8]. Namely, if the MFRTB method is
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applied to the two-dimensional square lattice model with only
s electrons, and if the spin Zeeman term is neglected, then
the MFRTB method reproduces the magnetic-field-dependent
energy diagram, that is, the so-called Hofstadter butterfly
diagram.

(6) We apply the MFRTB method to a crystalline silicon
immersed in a uniform magnetic field. Recursive structures
of energy spectra, i.e., butterfly patterns, can be seen in the
ky-ky plane of the magnetic first Brillouin zone [Figs. 10(b)
and 10(c)], but due to the k, dependence of energy bands,
such characteristic structures disappear in the magnetic-field-
dependent energy diagram [Fig. 10(a)]. Recursive structures
are expected to be observed by experiments, e.g., angle-
resolved photoemission spectroscopy, and/or by preparing
appropriate silicon-based systems such as the Si/SiC het-
erostructure.

(7) It is also found that the widths of energy bands in
the k,-k, plane increase with the magnitude of the magnetic
field [Figs. 9(a)-9(e)]. This suggests that the useful range
of the effective mass approximation, which leads to the
Landau levels, is limited to the region of the low magnetic
field.

PHYSICAL REVIEW B 91, 075122 (2015)

Thus we successfully obtain a first-principles method,
i.e., MFRTB method, which can describe phenomena that
are related to the magnetic Bloch electrons. Especially, the
MFRTB method can be used to reveal the dependence of the
elastic constants of a boron-doped silicon containing vacancies
on the magnetic field [1]. The next work to be done is to
consider the effects of boron dopants and vacancies contained
in the crystalline silicon. To do so, we have to combine the
present MFRTB method with the so-called supercell method
[54], which is just our next task. Furthermore, using the
MFRTB method, the alternative description of the dHvA effect
from the view point of the first-principles calculation would
be possible. This is also one of our future works [33]. In
this manner, we expect that more evidence for the validity and
usefulness of the MFRTB method will be accumulated through
applications to various systems.
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