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We report a unified theory based on linear response, for analyzing the longitudinal optical conductivity (LOC)
of materials with tilted Dirac cones. Depending on the tilt parameter ¢, the Dirac electrons have four phases:
untilted, type I, type 11, and type III; the Dirac dispersion can be isotropic or anisotropic; the spatial dimension of
the material can be one, two, or three dimensions (1D, 2D, or 3D). The interband LOCs and intraband LOCs in d
dimension (with d > 2) are found to scale as cow? 2 and opu?~'§(w), respectively, where w is the frequency and
1 the chemical potential. The interband LOC vanishes in 1D due to lack of extra spatial dimension. In contrast,
the interband LOCs in 2D and 3D are nonvanishing and share many similar properties. A universal and robust
fixed point of interband LOCs appears at @ = 2 no matter d = 2 or d = 3, which can be intuitively understood
by the geometric structures of Fermi surface and energy resonance contour. The intraband LOCs and the carrier
density for 2D and 3D tilted Dirac bands are both closely related to the geometric structure of Fermi surface and
the cutoff of integration. The angular dependence of LOCs is found to characterize both spatial dimensionality
and band tilting and the constant asymptotic background values of LOC reflect features of Dirac bands. The
LOC:s in the anisotropic tilted Dirac cone can be connected to its isotropic counterpart by a ratio that consists of
Fermi velocities for both 2D and 3D. Most of the findings are universal for tilted Dirac materials and hence valid

for a great many Dirac materials in the spatial dimensions of physical interest.

DOI: 10.1103/PhysRevB.108.035407

I. INTRODUCTION

Dirac fermions in condensed matter materials have at-
tracted great and continued attention since the exfoliation of
single layer graphene [1]. The low energy electronic struc-
ture of Dirac fermions is characterized by the one-, two-,
and three-dimensional (1D, 2D, and 3D) Dirac cones in the
momentum space [2-9] and may be categorized into four
distinct “phases” via a tilt parameter ¢, namely the untilted
phase (r = 0), type-1 phase (0 < ¢ < 1), type-1I phase (r > 1),
and type-III phase (t = 1) [10-16]. Here, the tilt indicates how
the Dirac cone is oriented in the momentum space and pristine
graphene belongs to the untilted category. The behavior of
experimentally measurable physical quantities in these phases
of Dirac fermions are important to understand and may be
used as detection signals for the intrinsic electronic structure
of the Dirac material. To this end, the longitudinal optical
conductivity (LOC) of Dirac electrons, which are remarkably
different from that of electron gases [17-21], is particularly
interesting.
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Earlier works on the LOC have focused mostly on the
untilted Dirac materials in 2D and 3D, including graphene
[22-27], silicene [28], and Dirac/Weyl semimetals [29].
Thereafter, theoretical works on LOC in the 2D and 3D Dirac
materials were extended to type-I [30-36], type-II [37—40],
and type-III phases [37,38]. References [39,40] reported in-
teresting effects of Dirac cone tilting on the optical response
of type-I and type-II 3D Weyl semimetals, although type-III
phase was unexplored. More recently, Refs. [37,38] suggested
that the LOCs in 2D tilted Dirac materials differ dramatically
among untilted, type-I, type-II, and type-III phases.

The rather complicated and multitude properties of LOC,
in different phases of tilted Dirac bands and in different spatial
dimensions (1D, 2D, and 3D), call for a unified compre-
hensive theoretical analysis. In condensed phase materials,
spatial dimensionality and energy dispersion of carriers play
central roles in determining physical properties, as exem-
plified by well-known situations such as phase transitions,
localization, Klein tunneling, topologically protected helical
states, etc. It is the purpose of this work to provide such a
unified analysis of LOC against spatial dimension and band
dispersion. Our comparable study not only reports qualitative
differences/similarities of different spatial dimensionality and
band tilting, but also reveals several robust properties indepen-
dent of spatial dimensionality.

©2023 American Physical Society
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For materials with tilted Dirac bands, our analysis dis-
covered two general scale relations for the interband and
intraband LOCs. The interband LOC vanishes in 1D for lack
of extra spatial dimension. By contrast, the nonvanishing in-
terband LOCs in 2D and 3D exhibit many similar properties.
A universal and robust fixed point of interband LOC:s is found
at w = 2u, no matter in 2D or 3D, which is intuitively an-
alyzed from the geometric structure of Fermi surface and
energy resonance contour. The intraband LOCs and the carrier
density for 2D and 3D tilted Dirac bands are both closely
related to the geometric structure of Fermi surface and the
cutoff of integration. The angular dependence of LOC is found
to provide a means for characterizing both spatial dimension-
ality and band tilting and the constant asymptotic background
values of LOC reflect the essential features of tilted Dirac
bands. The LOCs in the anisotropic tilted Dirac cone can be
connected to its isotropic counterpart by a ratio that consists
of Fermi velocities of the individual material. The conclusions
of this analysis are valid for a great many Dirac materials in
all spatial dimensions of physical interests [2—16,22-38].

The rest of this paper is organized as follows. In Sec. II,
we briefly describe the model Hamiltonian for isotropic tilted
Dirac fermions and the theoretical formalism to calculate
the LOCs. The analytical expressions of the interband and
intraband (Drude) LOCs are presented in Secs. III and IV,
respectively. The angular dependence is shown in Sec. V. We
discuss the effect of anisotropy based on the variants of an
isotropic model Hamiltonian in Sec. VI. Our main conclu-
sions are summarized in Sec. VII. Finally, we provide three
Appendixes to present detailed calculations and analysis.

II. MODEL AND THEORETICAL FORMALISM

We begin with the low energy Hamiltonian of the isotropic
tilted Dirac fermions

H,. (k) = khvkito + hopk - T, €))]

where k¥ = £ denotes the valley of Dirac point and k =
(k1, ..., kg) represents the wave vector in d dimensions. Here-
after we set i = vp = 1 for simplicity, focus on the spatial
dimension of physical interest with d = 1, 2, 3, and relabel
Cartesian indices j = x,y,z as j = 1, 2, 3. We introduce the
tilt parameter ¢ = v, /vr to account for the band tilting along
the first direction of spatial dimension k;. As mentioned in
the Introduction, in general Dirac materials can be classified
into four distinct phases: untilted phase (t = 0), type-I phase
(0 <t < 1), type-II phase (t > 1), and type-III phase ( = 1).
In addition, the 2 x 2 matrices 7o and 7; stand for the identical
matrix and the jth Pauli matrix operating in the pseudospin
space, respectively. The eigenvalues of the Hamiltonian (1)
can be straightforwardly obtained,

el (k) = ktk; + Alk|, 2

where A = & are the conduction band and valence band, re-
spectively. Within linear response theory, the LOC at a finite
photon frequency w is given by

ojj(w.d) =g, Y ol d), 3)
k=%

where g; = 2 gives spin degeneracy.
The LOC at a given valley « are generally written as
[34,38,41,42]

too gdg flek®)] — fler k + )]
d I (k, k < < , 4
o)l d) = a)q—>0/oo (2n)d“Z P bkt @) ) — e k@) + in @
where
e -~k +q) k; ki +q;
FeII ke, k + —{t(S ) [1+M—]+2z5 [ +L =
] W CIE R AT
62{ [ k~(k+q)} ki(k; +q;)
+ =181 = — —i-ZM/#} 5)
2 lkllk + g lk|lk + g

and 7 denotes a positive infinitesimal. Accordingly, the real part of LOC at a given valley « can be divided into an interband part

and an intraband/Drude part as

Reof (@, d) = Reo! "™ (@, d) + Reo|”(w, d), (6)
where
o d'k fleg ()] — flet (k)]
k(IB) _ K jj K K _
Reo (0. d) —n/w Tt — 8w — 2lkl)
_ T d'k kik; 1 fleg (01 = flef (k)]
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and
too qdk df [l (k)]
K(D> g JJ K
d) = 8
(w,d) = nZ/OO n )d (){ de-00) (w)
—tro, Z /Jroo d'k (ct|k|8; + M)t kI8 + 2ky) | df[er )] 5(@) ®
Q) el del (k) ’
with
Pt . kik; (ktlk|8j1 + Akj)(kt|k|8j1 + Mk;j )
Fifl oo = lim Bk +g) = a1 —8M/)[a,~j - V’{—P’] R e A ©)
[
In Eq. (9), the first term contributes to the interband transition The explicit definition of S}IJB)(a), d) is given by
(A" # L), while the second term accounts for the intraband
transition (A" = A). Especially in 1D, the interband LOC al- ST (e, d)
kjik; S Ji ’
ways vanishes due to [§;; — 41 = 0 therein, indicating a
i ~ ~ +oo gl (e — 2|k|)
significantly qualitative difference between 1D and higher di- — 47g.8,00 / |: 5. _i| w
mensions. It is noted that the detailed derivation from Egs. (4) 0o (2w )d |k |? w
and (5) to Eqgs. (7)—(9) can be found in Appendix A. (13)
In these definitions, oy = ﬁ—; (we restore / for explicitness), hich be furth .
8(x) is the Dirac delta function and the Fermi distribution which can be further written as
function f(x) = {1 + exp[(x — u)/kgT1}~" in which 1 mea- (IB) L
. . . . . 1B S” (a)’ d)7 J - 1’
sures the chemical potential with respect to the Dirac point, Sﬁj )(a), d)= " (14)
kg is the Boltzmann constant, and T denotes the temperature. SP(w,d), j#1,

We assume zero temperature 7 — 0 in order to obtain an
analytical expression such that the Fermi distribution function
f(x) and its derivative — f’(x) turn out to be the Heaviside step
function ®(u — x) and the delta function §(x — w), respec-
tively. A similar procedure yields the particle-hole symmetry
[38], indicating that the LOC depends on |u|, rather than wu;
hence we restrict to the case n > 0 hereafter.

After taking the contribution of both valleys into account,
the real part of LOCs can be recast as

Reoj(w, d) = Reo | (w, d) + Reo | (w, ), (10

where Rea;}B)(w, d) and Rea;?)(a), d) denote the intraband
LOCs and interband LOC:s, respectively.

III. INTERBAND CONDUCTIVITY

The real part of interband LOCs can be generally written
to be

eo P (w,d) =P (w,d) TP (0. dyp. 1), (11)
where the dimensionless functions FEIB)(w d;u,t) charac-
terize the interband LOCs for tilted Dirac cone and the
dimension-dependent magnitudes S (w, d) are defined as
the undoped (. = 0) interband LOCs for untilted Dirac cone

(t = 0), namely,
S0, d) =

[Reo i (@, d)] _ (12)

=0’
which is the dimension-dependent magnitude, reflecting the
scaling of dimensional dependence with respect to frequency
o in the interband LOCs.

with g, = 2 denoting the valley degeneracy.

We note a simple fact that the spatial components in 2D
(3D) canbe j=1,2 (j =1, 2, 3), while the spatial compo-
nent in 1D has no other choice than j = 1. It can be found
that S'®)(w, d) in 1D differs qualitatively from that in 2D
and 3D. With respect to the tilting direction (the first direction
j = 1), the only permitted S!®) (e, d) in 1D is S| (. d = 1)
along the parallel direction due to the lack of extra spatial
dimensionality; in contrast SﬁIB ) (w, d)and SilB ) (w, d) are well
defined in 2D and 3D. A more striking result is that the inter-
band LOC for the 1D tilted Dirac band always vanishes, as
a direct consequence of S( B(w,d = 1) = 0. This originates

from the fact that the relatlon Fy ,{/ (k) = 0 always holds for
1D when A’ A (interband transition), showing once again
the significant qualitative difference between 1D and higher
dimensions.

In 2D and 3D, both 5{"®(, d) and S1™ (o, d) satisfy

S, d) = S™ (o, d), (15)
with x =||, L. A general relation S™®(w, d) o oow?~? can

be obtained from dimensional analysis for d > 2. This result
yields the same power dependence of interband LOCs with
respect to w in Refs. [38,39]. Specifically, the explicit expres-
sions of S™)(w, d) for d = 1, 2, 3 are tabulated in Table 1.

TABLE 1. Explicit expressions of ST (. d) for d =1,2,3.
Here we restore vy for explicitness.

d 1 2 3
S (o, d) 0 00 o 3500
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The dimensionless functions F;IJ.B)(w, d; i, t) can be clas-
sified to be

. dip. 1), j=1,

(IB) . (16)
M (w,dyu,t), j#L

O (@, dsp, 1) = {

By utilizing these definitions, we recast Reo}}B)(a), d) as

Reo ™ (w,d), j=1,
RGG;;-B)(CD, d) = HIB (17)
Rea ®(w,d), j#1,
where
Rea (0, d) = S (w,d) (0, d; 1), (18)

with x =], L. Since S™)(w,d = 1) = 0, it is not necessary
to calculate F}IJ.B) (w, d; u, t) for the 1D tilted Dirac cone. In
the following subsections, we present analytical expressions
of F;IB)(a), d; ., t) in 2D and 3D for all tilted phases (t = 0,
0<t<1,t=1,and ¢t > 1) and both components (x =|| and
x =1).

A. Unified expressions of I'®(w, d; u, t)
To simplify results, we introduce two compact notations
2u
t:{:_l’
w=E2u O@)
t

wi(t) = 19)

{+(w) = (20)

where ®(x) = 0 for x < 0 and ®(x) = 1 for x > 0, and four
auxiliary functions

1
gﬁz)(x) — —arcsinx 4+ =1 — 22, @1
4 T
1
G (x) = — arcsinx — 2= 22)
T T
3x —x3
Q|<|3>(x) == 23)
3x+ 3
gf)(x) = 3 . (24)

The definition of Q)((d)(x) makes it exhibit several nice
properties such as Q)((d)(—x) = —g)((d)(x), Q;‘”(O) =0, and
g)((d)(:tl) = +1/2. In addition, we define a more compact
notation

+17 é‘:‘:(a)) > +]7
{i(w) =14 -1, Le(w) < —1, (25)
{i(w), —1<te(w) <+1.

In this way, F;‘B)(w, d;u,t) can be expressed in terms of a
unified form,

r®(,d; 1, 1) = GPIE (@) + 9P (@), (26)

for all tilted phases (t =0,0 <t <1, =1,and ¢ > 1) and
both components (x =|| and x =.) in 2D and 3D. These
unified expressions of F;IB)(a), d;u,t) will be recast more
explicitly in the following subsection.

In the regime of large photon energy w = 2 > w, (t), one
could write down the asymptotic background value

where  ReoiM(@,d) = S™(Q, d)o\ (1), 27)

D) =T(Q, d; . 1)
L, 0<r<1,

~ 2@/ e 1), 11, 8)

which is equal to F;IB)((U, d; = 0,t) as well. Especially for
d=2, <I>§(d)(t) is interpreted as the frequency-independent ab-
sorption [37]. It is obvious that a different type of tilted Dirac
material yields different F;IB)(a), d; ., t) and hence distinct

@D (r). In addition, the dependence of I''®(w, d; . 1) and
@ () on the geometry of the Fermi surface in tilted Dirac
bands is intuitively illustrated in Appendix B.

B. Explicit expressions of I'"® (o, d; u, 1)

The unified expressions of F;IB)(a), d; ., t) above can be
written more explicitly as follows. For the type-I phase (0 <
t < 1), we obtain that

ry¥(, d;p, 1)
0, 0<w<w_(),
=13+ ()],
1, w > w ().

w_(1) S o < wi(1),

Combined with the expression of S™)(w,d), these ex-
pressions for 2D and 3D can reproduce the results in
Refs. [34,35,38,39].

In the untilted limit (+ — 0%), since wi(t) — 2u, the
dimensionless functions F;IB)(a),d;u,t) restore the previ-
ous results for the untilted Dirac cone [22,24-27] that
lim; _, o+ F;IB)(a), d;ju,t) = 0O(w—2u).

For the type-1I phase (r > 1), we have

ry® @, dsp, 1)
0, O<w<w_(),

=15+ 0D ()],
GDL ()] + G D[ ()],

o-(f) < o < wi(t),
w = w(t).

Combined with S™)(w, d) in Table I, these expressions of
F;IB)(w, d; i1, t) automatically yield the results for 2D and 3D
in Refs. [38,39].

For the type-III phase (r = 1), due to the relations w_(¢) =
u and wy (1) — oo, we arrive at

Iy (@, dsp,t = 1)
0, 0<w<p,
I ERR ) e

which can be derived from the limit of both type-I phase and
type-II phase. This shows a continuity of I'{®)(w, d; jt, 1 = 1)
and hence interband LOCs, with respect to the tilt parameter,
namely,

lim I (0, d; p, 1) =T (0, di .t = 1). (30)

t—1%

(29)
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FIG. 1. Comparison among FﬁIB)(w, d;u,t)and FSB)(w, d; u, t) for tilted Dirac bands in 2D and 3D.

Specifically, in 2D these expressions reduce to identical re-
sults in our previous work [38].

From the comparison in Fig. 1, we find some common
features of F;IB)(a), d; ., t). First, F;IB)(a),d;,u,t) can be
divided into three different regions for both the type-I and
type-1I phases, but can only be divided into two different
regions for the type-III phases (see Fig. 1). Second, for the
untilted phase, F;IB) (w, d; i, t) behaves exactly the same, no
matter x =|| or x =L and d =2 or d = 3. Third, when
0 <t < 2, the dimensionless functions have a universal and
robust fixed point

(€19}

nomatterd =2 ord = 3 and x = or x =||. It is noted that
@g(d)(t = 0) =1 is nothing but the asymptotic background
value of untilted Dirac bands. Although this interesting behav-
ior was previously reported in 2D and 3D tilted Dirac bands
[38,39], the underlying physical reason was lacking therein.
Intuitively, the robust behavior can be understood by the
geometric structures of Fermi surface and energy resonance
contour (see Appendix B for details). Fourth, for tilted phases,
"™ (w, 3; 11, 7) and T (w, 2; u, 1) exhibit a distinct differ-

ence, in contrast to a close behavior between FﬁIB)(w, 35 u,t)

I =2u,d;p,0 <1 <2) =10 =0) = L,

and FﬁIB)(w, 2; u,t). In addition, the difference between
FﬁIB)(a}, d;u,t)and FSB)(a), d; u,t)in 3D is not as remark-

able as in 2D. Physically, this interesting behavior originates
mainly from the increase of the spatial dimension in the
measure d?k/(2)¢ that appears in the definition of LOCs.
A larger spatial dimension d dilutes the influence of tilted
Dirac dispersion more remarkably. Intuitively, the band tilting
of Dirac dispersion is more unremarkable in higher spatial
dimensions because more untilted directions in the energy dis-
persion overwhelmingly suppress the contribution of the tilted
direction. Combined with the vanished interband LOCs in 1D,

we find that 2D can maximize the differences in the interband
LOC:s of the tilted Dirac cone among the spatial dimensions of
physical interest. Fifth, the asymptotic background values in
the regime of large photon energy (w = 2 — o0) are identical
to the results for the undoped case (1 = 0).

IV. INTRABAND CONDUCTIVITY

The real part of the intraband/Drude LOCs can be written
as

Reo [ (w.d) = S;7(d: )T (di /A D)3 (w). (32)
In these notations, the dimensionless function F;']/?) d; /AN, t)
characterizes the intraband LOCs for the tilted Dirac cone and
SE.? )(d; ) measures the scaling of dimensional dependence
with respect to chemical potential . and spatial dimension d,
which is explicitly given by

[Reo | (. d)]

= $D(d; )8 (w). (33)

t=0

It is emphasized that the Drude weight is nothing but
S;?)(d;u)F;?)(d;u/A,t), where A denotes the ultraviolet
cutoff scale of momentum proportional to the inverse lattice
spacing. The dimension-dependent magnitude

S (d: )

o dlk kik;
— 47,80 f S Sk - . G4
02 o 27) P
which can be further expressed as
s, =1,
Sj-‘,?)<d;m={ o) ' (35)
ST, J#L
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TABLE II. Explicit expressions of S®(d;u) for d = 1,2, 3.
Here we restore vy for explicitness.

TABLE III. Approximative expressions of T'(™(d; /A, 1) for
type-Il phase (t > 1) withd =1, 2, 3.

d 1 2 3 d 1 2 3

SO (d: 1) 1600 4o WO Ay YOI e gy e
rO /a1 YEAn = ['2—1%5 ~1In “2]

where

S ) = SP(d3 ), (36)

with x =||, L. Based on the same reason as in the inter- b 1—+/1—122

band LOCs, the only permitted S(D)(d ) in 1D is S(D)(d = F( d=2p/A 1) = 21—\/—, (42)

1; 1) = SP(d = 1; 1) along the parallel direction, in con- 3 1 +_

trast to the well-defined S{"'(d: 1) and S (d: 1) in 2D and rPd=3p/A 1) = — [m - 2t:|, (43)

3D, showing a qualitative dlfference between 1D and higher 2t -

dimensions. The explicit expressions of S®)(d; 1) are listed
with respect tod = 1, 2, 3 in Table II.

From dimensional analysis, one can further obtain a more
general result that S®)(d; u) o< opu?~! for d > 1. In 1D, we
find SP)(d; w) is independent of w. In 2D and 3D, it restores
the power-law dependence with respect to u for the intraband
LOCs in Refs. [38,39]. These results also show that 1D is
qualitatively different from higher dimensions. Due to this
power-law dependence with respect to p and particle-hole
symmetry, we focus on the n-doped case (u > 0) throughout
this section.

The dimensionless function F;]]?)(d ; /A, t) can be catego-
rized to be

rPd; /A1), j=1,
P /A1) = { |l (37)
Cyds /A1), J#1,
for different chemical potential u, dimension (d = 1, 2, 3),
and components (x =|| and y =.). In the untilted phase
(t = 0), the dimensionless function I''®(w, d; . 1) = 1.

Consequently, we recast Rea;_?)(a),d) for the isotropic

tilted Dirac bands as

ReoV(w.d), j=1,
ea;?)(w’ d) = b (38)
Reo M (w,d), j#1,
where

Rea P (w,d) = SP(d; )P (di /A D), (39)

with d =1,2,3 and x =||, L. In the following two subsec-
tions, we present analytical expressions of F)((D)(d;pL/A,l)
and the connection between the cutoff A and the carrier den-
sity.

A. Expressions of T'")(d; u/ A, t)

When 0 <t < 1, due to the closed Fermi surface, the di-
mensionless functions '™ (d; 1/ A, t) are independent of the
cutoff A and converge when the cutoff A is set to be infinity.
For the type-I phase (0 < t < 1), the dimensionless functions
F;D)(d; Ww/A,t) are given as

M2 =Lu/A =1, (40)

1 —12

PO = 2 /A 1) = 222 41
H ( ,,bL/ 5t) [2 ) ( )

3 2t 1+t
| —=— —In—|. (44
43[1—t2 nl—w} 4

The results agree exactly with Refs. [33,39] in 3D and
Refs. [32,38] in 2D. It can be further verified that

I =3;u/A,1) =

lim TP (ds /A1) =TP(dp/A =1 =1,  (45)
t—0t

consistent with ['®(d; u/A, ¢ = 0) = 1 in the untilted phase
(t=0).

For the type-II and type-III phases (¢ > 1), considering
the open Fermi surface, one needs to introduce an ultraviolet
cutoff scale A. Before going further, we show the general
dimensionless function in 1D that

IPd =1 /A1) = W (46)
which is always independent of the chemical potential u and
the ultraviolet cutoff scale A. This result also implies a quali-
tative difference between 1D and higher dimensions.

In the following, we keep the expressions of
TP (d; /A1) up to the finite term when the ultraviolet
cutoff scale A is set to be sufficiently large, which in reality
is proportional to the inverse lattice spacing. For the type-II

phase (¢ > 1), the dimensionless functions

M2 = Lu/A =1, (47)
©) 2/ (2 —132A 2
NPd=2p/At)="——4 2 48
Tt n t
212 —12A 2
I =2;u/A,1) = e )
3T@2—-1 24A2 42
r’®d =3;u/A, D=5 -4 +1n —
I 13 4 w?
2 —1
P il | G —3)] (50)
r' = 3; ,u/A 1)
_ 3 — 14A%2 - 4A2 -3
e e -1

(S
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FIG. 2. Comparison among Reoy(w, d) and Reo, (w, d) for tilted Dirac bands in 2D and 3D

Keeping the dominant terms when A is taken to be sufficiently
large, we list the corresponding approximate expressions in
Table III.

Two remarks are in order. First, in 2D the results for
FﬁD)(d =2;u/A,t) and F(lD)(d =2;u/A,t) are the same
as that in Ref. [38], which were not calculated in Ref. [37].
Second, in 3D our result for FiD)(d ; /A, t) can be confirmed
by a direct calculation in spite of disagreeing slightly with
a previous work [39] which only studied FiD)(d;pc/A,t),

leaving FﬁD)(d ; /A, t) unexplored.
For the type-1II phase (t = 1), similar results are listed as
rPd = Lip/A 1) =1, (52)
M2 =2 /A1) =2, (53)
r'’d=2pu/A0)=—[—=2, (54
T\ n

3. 2A
M2 =3pu/A 0= 2In=—, (55)

2

I =3; /A, 1)

32A 3 2A 3
=——+-In——-—-2mIn2+1). (56)

8 u 8 nw 8
Keeping the dominant terms when the cutoff scale A is
sufficiently large, we list the corresponding approximative
expressions in Table IV. It is noted that FﬁD)(d =2 u/A,t =
1) and F(lD)(d =2;u/A,t = 1) reproduce the results of
Ref. [38] for the type-TIT phase in 2D. I'|”’(d; u/A, 1 = 1)
and F(lD)(d ; /A, t = 1) were not calculated in Ref. [37] for

2D and Ref. [39] for 3D.

Utilizing the analytical results of both interband LOCs

and intraband LOCs, we compare Reo;;(w, d) in Fig. 2. The
major differences between 2D and 3D are dominant by the

scale factor oo’ in ST (w, d), which defines the envelope
of interband LOC:s for different band tiltings. Accordingly, the
impact of band tilting on the LOCs in 3D is not as significant
as in 2D.

B. Carrier density at small doping

In this subsection, we derive the carrier density at small
doping in d dimension, which is defined as

n(t,d, i, A=Y nit.d, 1. A), (57)

k=% A==+

where nﬁ (t,d, n, A) denotes the carrier density at the x = +
valley and the A = =+ band. At zero temperature,

[k|<SA

met.d, . A) = lim g ; flec)]

dk .
=g —— B[ —etk)], 58
g/m I A N

which is definitely determined by the carriers below Fermi
energy. Since the intraband LOC in 1D or type-I phase is
cutoff independent, it is unnecessary to calculate the relation
between carrier density and ultraviolet cutoff; hence we re-
strict our analysis to ¢ > 1 and d > 2 hereafter.

TABLE IV. Approximative expressions of F)((D)(d;y,/A, t) for
type-Ill phase (r = 1) withd =1, 2, 3.

d 1 2 3
L2 (d; /A 1) 1 2 JInZ2
D). 4 /2 32 31424
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For type-II phase (f > 1) and type-III phase (r = 1), an
ultraviolet cutoff A < 400 is needed in calculating the carrier
density due to open Fermi surface, which will dramatically
influence the carrier density via the Heaviside function in
Eq. (58). For type-II phase in 2D, the conduction band
(L = +) is related to one branch of hyperbolic Fermi sur-
face satisfying pu > & (k), while the valence band (A = —)
contributes to the other branch of hyperbolic Fermi surface
satisfying p > e (k). It is convenient to introduce two critical
cutoffs

(59)
|

for conduction band (A = +) and valence band (A = —),
respectively. By contrast, for type-III phase in 2D, the con-
duction band (A = +) is related to the parabolic Fermi surface
w = sj(k), while the valence band (A = —) does not con-
tribute to the Fermi surface. It is stressed for 3D tilted Dirac
bands that the Fermi surfaces are the ellipsoid, paraboloid, and
hyperboloid by rotating the ellipse, parabola, and hyperbola
(Fermi surfaces in 2D tilted Dirac bands) with respect to the
tilting direction, respectively.

The total carrier density for type-II and type-III phases (r >
1) takes the following explicit expressions as (see Appendix C
for details)

nt>1,d,u, A) =no(d, A) — O(A — A_)ny(t,d, u, A) — O(A — Ay)dn_(t,d, u, A)

— A A
=n0(d,A)—®|:t _K :|8n+(t,d,,u,A)—®|:t— s :|8n(t,d,u, A), (60)
where n(d, A) denotes the mutual contribution from both conduction band (A = +) and valence band (A = —), which satisfies
no(d, A) = 22 ford = 2 and no(d, A) = 4 ford = 3, and
A? H—AA u? H—AA
2 arccos + 5T ,At), d=2,
Smy(td,pu, A) =17, oo 5 A ) (61)
;\7(1 -5 ) +)‘3ljr_ZI3D(M;A ’)‘t)’ d=3
represents the additional contribution from either conduction band (A = +) or valence band (A = —). Note that two auxiliary
functions are introduced as
1 11/1=x7 [t=D(1=x)
- — artanh,/ —<-—= |, ¢ >1,
Top(x, 1) = 12—1 [ 1+tx Vii—1 (l+l)(l+x)] (62)
x+2
m 1-— x2, t=1
and
Isp(x, 1) : : (63)
X, = I - )
D Al x+ 12 G+ 1)

which satisfy that Zrp(x,t) — Zop(x, 1) and Zsp(x,t) —
Isp(x, 1) in the limit ¢ — 17.

For A <A, or 1<t< %, the additional term
dn_(t,d, u, A) does not contribute to the total carrier density
due to (A — Ay) — 0. It is consequently found that

A
lim n(l <t < “I ,d,,u,A) —nt=1,d, u M),
t—1t
(64)

which indicates that n(t = 1, d, u, A) can be consistently ob-
tained by taking the limit z — 17 of n(r > 1,d, ju, A) when
the cutoff A is less than A.. This suggests that the total
carrier density for type-II phase can smoothly approach that
for type-III phase.

For A > A, ort > “*2 1, the total carrier density for
type-1II phase n(r = 1, d, u, A) cannot be obtained by taking
the limit # — 17 of the total carrier density for type-II phase
n(t > 1,d, u, A), namely,

> 1,d,,u,A) #n(t =1,d, pn, A),
(65)

. ( w+ A
lim n{t >
t—1t

(

because the additional term én_(¢, d, i, A) also contributes
to the total carrier density. Furthermore, if A > A, we can
expand n(t, d, i, A) in the series of u/A. Up to the leading
order of y, we have

A? Ap
7 + 5 ) d = 27
> 1dp, A)y=17" "V (66)
= d=3
for the type-II phase (t > 1), and
A? 2A
24+ =25 2uN, d=2,
nt=1,d,pu,A)={7" (67)
28 | Al d=3
37‘[2 37.[2 k] - 9

for the type-III phase (r = 1).
After introducing

An(t,d, pu, A) =n(t,d, u, A) —n(t,d,0,A),  (68)

one can extract the information about A from n(z, d, i, A) at
small doping (14 — 0) through

An(t > 1,d, u, A)
m

=C(t > 1,d)A%! (69)
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and
An(t =1,d, u, A)

d—1

M 2
where two coefficients C(t > 1,d) and C(t = 1,d) can be
read out from Eqgs. (69) and (70) as

—Ctt=1,d)AT, (70)

L d=2

Ct>1,d) = {”f“z ’ (71)
. d=3
and
22, d=2,
Cit=1,dy=1 (72)
s, d=3.

Particularly for r > 1, the density of states (DOS) near the
Dirac point (u = 0) can be written as

N(t,d,0) = Intt, d, p, A) thw
I u=0 u=0 2%
- —e} (k) (73)
;2 /<A (27T)d ]

By setting d =3 and ¢ > 1, it yields the same result
N(t,3,0, A) = A?/(7?t) as that in Refs. [39,43] up to a
factor of degeneracy. Hence the intraband LOCs are strongly
related to the geometric structure of the Fermi surface, via the
relation between carrier density and DOS. For example, when
t > 1, the intraband LOC Rea}?)(a), d) takes

D) n. D) (H. _
) Sjj (2; M)Fjj (2, I\LzD’ I)S(w)a d=2,
eojj (@, d) = SO (3. T (3: - 1)s d=3
ij 3 n) ij ( ’A_m’t) (w), =2,
with Asp = w2V/12 — IN(t, 2, 0) and Asp =

T JIIN(, 3, 0)]1/2.

V. ANGULAR DEPENDENCE

The results above are focused on the LOCs along the direc-
tion either parallel or perpendicular to the tilting. To present
the angular dependence, we choose an arbitrary direction

n = (ny,...,ng) with |[n| = 1. The corresponding LOC can
be written as [35]
Reoy, (0, d) = Reo(w, d) cos® 6 + Reo | (w, d)sin* 6,

(74)

where 6 measures the angle between the detection direction n
and the tilting direction.
From the definition above, the Drude conductivities read

Reay) (@, d) = S (d; )T (ds /A, 1) 8(w),  (75)
where

T d;p/A,t) = AP0, d) + BP(0,d)cos’ 0,  (76)

with
AP(0,d) =T (d:u/A, 1),
BP0, d) = T\”(ds /A, 1) = TP /A1),

For the untilted phase (# =0), using the relations
FﬁD)(d?“/A»t) = Fil))(d;/i/l\,t) = 1, one obtains

Reo, (@, d)li=o = SP(d; w)d(w), an

which indicates a direction-independent Drude peak. How-
ever, for the tilted g)hases (t > 0), due to the relation
FﬁD)(d w/A, ) # F(D (d; /A, 1), the term BP(0, d) does
not vanish due to the tilted Dirac band. This allows us to
propose an approach to determine whether the Dirac band
is tilted or not, by measuring the angular dependence of the
Drude peak.
The real part of the interband LOCs reads

Reo !B (w, d) = S™(w, TP (w, d; i, 1), (78)

where
'™ w, d;p, 1) = A™(w, d) + B™ (0, d)cos’ 0, (79)
with
A (w,d) =T (0. dp. 1),

B®(0,d) = TP (o, di 1) = TP (@, di . 1).

The comparison among the angular dependence of inter-
band LOCs for tilted Dirac bands in 2D and 3D is shown
in Fig. 3. Note that '!®(w, d; i1, 1) in 2D is sharper than
that in 3D. The boundaries of F,(lI,],s)(a), d;u,t)at ® =0 and
6 = % reduce to F‘(‘IB)(a), d;u,t)and FfB)(a), d; u, t) shown
in Figs. 1(b) and 1(e), respectively. It is emphasized that, in
Figs. 3(a) and 3(d), the boundaries at 6 = 0 and 6 = 1 give

rise to the corresponding ReU(IB)(a) 2)/op in Fig. 2(a) and
Reo "™ (w, 2)/0 in Fig. 2(b). Besides, Reo| "™ (w, 3)/ (v 00)

in Fig. 2(c) and Rea ™ (w, 3)/(v5'0p) in Fig. 2(d) are nothing
but the boundaries at& = 0 and = 7 shown in Figs. 3(c) and
3(f).

In the regime of large photon energy (w = 2 — 00), the
asymptotic background value of the interband LOCs is

Reo ™ (w, d)
= 5"/(Q, A (R, d) + B™(Q. d)cos? 0], (80)
where

AP(Q, d) =
B®(Q, d) =

(1),
CDH(I) —d,(1).

For cases with r <
tains

1, using @ () = P, (¢) = 1, one ob-

Reo) Y™ (w, d) =

SB(Q, d), (81)

which indicates a directional independence with respect to
the detection direction in the asymptotic background value of
the interband LOC. However, for the type-II phase (r > 1),
one has ® (1) # ®, (¢), which implies B™®(Q, d) # 0 due
to the overtilting of the type-II Dirac band. This way, one may
determine whether 7 is greater than unity by measuring the
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FIG. 3. Comparison among interband LOCs for tilted Dirac bands in 2D and 3D. The upper frame and lower frame are for the type-I
phase (with t = 0.5) and type-II phase (with t = 2.0), respectively. Panels (a) and (d) denote I'"®)(w, 2; u, t) = Reo!®(w, 2)/0¢ in 2D.

nn

Panels (b) and (e) represent T (w, 3; 11, £) in 3D and panels (c) and (f) show the corresponding interband LOCs Reo,'®)(w, 3)/(vy ' 09) with
Reo ™) (w, 3) = 2221 UB) (4 3; 11, 1). Here we restore vy for explicitness.

3nvp

angular dependence of the asymptotic background value of
interband LOCs.

VI. EFFECT OF ANISOTROPY

The above analysis was restricted to the isotropic tilted
Dirac cones. To show the effect of anisotropy on the LOCs, we
turn to the Hamiltonian of anisotropic tilted Dirac fermions in
d dimension

d
H (k) = khvkytg + Z v k;t;, (82)

J=1

where the spatial dimension d > 2 and the anisotropic Fermi
velocities v; with j = 1, 2, ... are not necessarily equal to the
isotropic Fermi velocity vp.

Detailed calculations show that the decomposition in
E((][s. (11) and (32) still hold and that the forms of
FjjB)(a), d; u,t)and F;]J?)(d; w/ A, t)donot change. However,

S;.IJB)(a), d) and S;.]J?)(d ; i) cannot be written as S'®)(w, d) and
S®(d; 1) anymore. The essential effect of anisotropy can be

TABLE V. jj component of LOCs for anisotropic and isotropic
tilted Dirac cones in 2D and 3D. Here we restore vy for explicitness.

d 2 3

ST (. d) 0y # %aoa)

S.&.IIVB)(CU’ d) vl:jzz %0 vlivg %U{)a)

SO (d; ) oo 300’
2 2

S ) Ldoou s oo’

nn

generally expressed in terms of the ratio consisting of Fermi
velocities as

2
V4
Sji (@, d) = =75 (0, d), (83)
i=1"1
2
V4
S @) = g7 —SPds ), (84)
i=1"1

where S™)(w, d) and S’ (d; 1) denote the counterparts in
the isotropic model with v; = vp. Interestingly, the tilt pa-
rameter ¢ does not enter the ratio in the above relations.
Specifically, for the untilted phase (r = 0) and type-I phase
(0<t <1), the jj component of LOCs for anisotropic
and isotropic tilted Dirac cones in 2D and 3D are explic-
itly tabulated in Table V, which agrees with the results in
Refs. [31,32,34,37,38].

VII. SUMMARY

In this work, we formulated a unified theory for analyzing
LOC in general terms of the spatial dimensionality (1D-3D)
of materials with tilted Dirac cones. Depending on the tilt
parameter ¢, the Dirac electrons have four phases: untilted,
type I, type II, and type III; the Dirac dispersion can also be
isotropic and/or anisotropic. As such the LOC has multitudes
of possible behaviors and a unified theory is very useful.
Amongst the multitudes of situations, there were individual
analyses in the literature and our unified theory reproduces
to these known results for the corresponding situations. More
importantly, our comparable study not only reports qualitative
differences/similarities of different spatial dimensionality and
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band tilting, but also reveals several robust properties indepen-
dent of spatial dimensionality.

It was found that, for 1D tllted Dirac bands,

ReoP(w,d =1)=0 and Reo|(w.d=1)=8(1+

t| —|— [1 —t])opé(w). From d1mens10nal analysis, the scaling

behaviors Re (jB)(a) d) x S;IJB)(a) d) « opw?? and

ea;;.))(a), d) x Sﬁ?)(w, d) o< oou?=" always hold, which
dominates the major differences between the LOCs in 2D and
3D. These results indicate that 1D is qualitatively different
from higher dimensions. For tilted phases, FE(IB)(a), d;u,t)
shows qualitative similarities among d =2 and d =3,
x =L and yx =||. In addition, the quantltatlve difference
between Fl(ll )(w d;u,t) and Fl (a) d;u,t) in 3D is
not as significant as in 2D, originating mainly from the
fact that the larger spatial dimensionality of integration
measure dilutes the influence of tilted Dirac dispersion
more remarkably. When 0 < ¢ < 2, the universal and robust
behavior T'(®(w =2u,d;p, 1) =1/2 holds no matter
d=2ord=3, x =1 or x =|, which can be intuitively
understood by the geometric structures of Fermi surface and
energy resonance contour. The intraband LOCs and the carrier
density for 2D and 3D tilted Dirac bands are both closely
related to the geometric structure of the Fermi surface and the
cutoff of integration. The angular dependence of LOCs can
be used to characterize both spatial dimensionality and band
tilting and the constant asymptotic background value reflects
the feature of Dirac bands. The LOCs in the anisotropic tilted
Dirac cone can be connected to its isotropic counterpart by a
ratio that consists of Fermi velocities, no matter in 2D or 3D.

d"k

B i
ojj(a),d)z ZkBTe hm/ (Zn)d

where the spatlal index j =1,2,.

[aH (k)

Most of our findings are universal for tilted Driac bands
and hence valid for a great many Dirac materials (untilted,
types I, Il,and III), in the spatial dimension (1D-3D) of
physical interest [2-16], comprising several cases of Dirac
nanoribbon (1D and untitled), graphene (2D and untilted),
a-(BEDT-TTF),I; (2D and type-I), and 8 Pmmn-borophene in
the presence of vertical electric field (2D and types I, II, and
III). Theoretical predictions of this work are experimentally
testable through the spectromicroscopic study [26,44].
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APPENDIX A: BASIC DEFINITIONS AND MAJOR
FORMULAS OF LONGITUDINAL OPTICAL
CONDUCTIVITIES

The longitudinal optical conductivities (@ >
by definition as

0) are given

9H, (k)

Ge(k,iQ)——G(k+q, i, +a)+ln)} (A1)

J

, d and the Matsubara Green’s function G, (k, i) = [(iS% + )70 — He (k)] with ©,, =

2”k’*T( + 5 ) Following the same procedure of our previous work [34,36] and setting /i = kg = vp = 1, it is easy to obtain
i e dlk flerto] — fle} &k + q)]
o, d) =~ FEl e,k « ‘ , A2
o= ey & T o~ v+ A
where
el k-(k+q) ki ki+q
K],]kk—i— {125.54[14_“»/—}_‘_2 8 [ + /]}
) (R kllk + g] MW T e gl
2 k-(k ki(ks 40
+ 6—{8”[1 ke ket +q)] 4okt a) +qf)}. (A3)
20 lk|k + q| lk|k + q|
By utilizing the Dirac identity )ﬁm = PL — in8(x), one recast the real part as
« d’k flet®] = flex ke +q)] ,
Reo (0, d) = —HTHZ hm i ,'\({/(k k+q) - 8o+ efk) — &} (k + q)]
i flecw)] - flel ke + 9] ,
=— li Fill ke, k - ; 8 L) — &) (k , A4
LI G T O e et E® Gl (a9

where w in the denominator was substituted by —[¢” (k) — &* (k + ¢)] due to the appearance of §{w + [¢} (k) — & (k + ¢)]} in
the integration.
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Since the summation over band indices A and A" can be decomposed into } _, ,,_, = >,

_ 4>,/ the corresponding

real part of LOC at a given valley « can be divided into an interband part and an intraband (Drude) part as

Reaj'-(j (w,d)
where

K]]
AN

Reaj'.(j(IB) (w,d)

d%k
”ZZPJ<Md

oo ddk ij

fee)]

(k)

_ k(IB) k(D)
= ReO'H (CU, d) + ReU]] (C(), d)’

(k. k+q)

(A5)

A _ »
flerto)] — flek k + )] [

+erl) — el (k+q)]
w

oo (2 ) =

FEI (k)

— fle ()]
w

8w+ ep k) — e (k)]

fleg (0] — flef (k)]
w

Slo + e (k) — el (k)]

fleg ()] — fled (k)]
w

8(w — 2|k|)

flec (B)] —f[8+(k)]

|k|2}

k KJJ
)d )L)»

and

/00 dk
T
o Q)
D) d
Reo; (0, d) = _”ZZ,I_)()/. 2

A=+ A=
nzf
o 21
[ee) d
JT/ d KH( )
4 /+oo ddk 8
TN @y
A=£ A=
/OO ddk K]]
—~ (2 )d )\.A,
400 ddk
:”Z/,oo @)
A==+

K]J( ){

= - lim
— q—0

(k. k+4q)

k. k+q)

§(w — 2|kl) (A6)

@

flec)]
e (k)

flex)]

— flet k + )]

— 0D 8[w + el (k) — & (k + q)]

df[er)]
derk)

i
flektke + q)](s[w N

Ay ok

et (k)

}3(0))

)]

df[ec ()]

oo ddk (it |k|8;1 + Akt KIS + Ak;)
o k2
A=Y

with u > 0 assumed and

K”(k)_ hm]:f{/(k k+q)

kjk;
k|2
(e k|81 + M) (et |81 4 Ak;)
|k|?

=e(1 —(SM/)|:8“~—

—|— 628”\/ . (AS)
It is noted that the final three equations are nothing but
Egs. (7)—(9) in the main text.

APPENDIX B: INTUITIVE ANALYSIS FOR THE
BEHAVIORS OF I'” (0, d; i, t)

This Appendix aims to present an intuitive understanding
for the behaviors of l";ljm (w, d; u, t) from the geometric struc-
ture of the Fermi surface and energy resonance contour. For
later convenience, we define two critical cutoffs

uw

=—", (BI)
11 F 1]

which can also be written as 22 in the main text.

In the presence of optical field with frequency @ > 0, the
interband LOC at w is generally determined by the optical

de* (k) (A7)

[l
(

transition governed by {f[e; (k)] — fle (k)}8[w + & (k) —
er (b)), where {fle; (k)] — flef (k)]} and Slw + & (k) —
et (k)] are imposed by Pauli principle and energy conserva-
tion, respectively. Concretely, the energy resonance contour
is a sphere with radius r(d) = |k| = w/2 in d-dimensional
wave-vector space. In addition, for the n-doped case (u >
0), the corresponding Fermi surfaces can be obtained from
eh(k) = ktky + 1lk| = p

In the following, we present our explicit analysis for 2D
tilted Dirac bands at first, and then emphasize how to ap-
ply this analysis to the 3D case. In 2D, the Fermi surface
projected to the k,-k, plane are conic sections where the
tilt parameter ¢ is nothing but the eccentricity. As shown in
Fig. 4, the elliptic (0 <t < 1) and parabolic (f = 1) Fermi
surfaces are represented by red lines for conduction band
and the hyperbolic (# > 1) Fermi surfaces are represented
by red line and blue line for conduction band and valence
band, respectively. The k.-k, plane can be divided into two
kinds of region termed “Allowed Region” (%,) and “For-
bidden Region” (#y), due to Pauli principle. Concretely, the
region between two branches of hyperbolic Fermi surfaces
or the region outside the elliptic/parabolic Fermi surfaces
represents the fact that the valence band below the Fermi
surface is occupied but the conduction band is unoccupied,
which allows the interband optical transition due to Pauli
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FIG. 4. Fermi surfaces and energy resonance contours with (a)—(c) for type-I phase, (d)—(f) for type-III phase, and (g)—(i) for type-II phase.
Due to Pauli principle, the dashed black arcs represent that the corresponding interband optical transitions are forbidden, whereas the orange
stripe arcs represent that the corresponding interband optical transitions are allowed.

principle, hence termed as the “Allowed Region” %, (de-
noted by diagonal light blue lines). By contrast, the region
inside elliptic Fermi surfaces or the region on the left side
of parabolic/hyperbolic Fermi surfaces denotes that the con-
duction band below the Fermi surface and the valence band
below the conduction band are both occupied, which forbids
the interband optical transition due to Pauli principle, hence
termed as the “Forbidden Region” %, (denoted by meshed
red and blue lines). Besides, the region on the right side
of the hyperbolic Fermi surface corresponds to the fact that
both the conduction band below the Fermi surface and the

valence band above the Fermi surface are unoccupied, which
forbids the interband optical transition due to Pauli principle,
hence termed as the “Forbidden Region” %y, (denoted by
nothing/white). The energy resonance contours are denoted
by a circle with radius r(d = 2) = |k| = w/2 shown in Fig. 4.
The dashed black arc(s) and orange stripe arc(s) correspond
to the energy resonance contours in the “Forbidden Region”
and “Allowed Region,” respectively. The states involved in
the interband optical transition are gathered around orange
stripe arc(s). Keeping these in mind, we intuitively analyze
the behaviors of F?]B )(a), d; u,t) as follows, which measures
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4 4
(@) t=0.5 (b) t=1.0

FIG. 5. Universal behavior of fixed point at w = 2u for 0 < ¢ < 2 in (a)—(c), while no such fixed point at w = 2u in (d).

the percentage of carriers contributing to interband optical
transition. Intuitively, one can geometrically extract the infor-
mation of F;IJB)(a), d;u, t) from (the central angle of orange
stripe arcs)/2m.

For the type-I phase (0 <t < 1), when the radius r(d =
2) < A_ [see Fig. 4(a)], the interband optical transition is
forbidden by Pauli principle. Intuitively, the central angle of
orange stripe arcs is zero; hence F;IB)(a), d=2;u,t)=0.
When the radius (d = 2) > A [see Fig. 4(c)], the interband
optical transition can always take place no matter how large
the radius is. Intuitively, the central angle of orange stripe
arcs is 2w, which results in the fact that the percentage of
contributing carriers keep invariant F(,IB)(a), d=2u,t)=1,
denoting the asymptotic background value. When the radius
r(d = 2) increases from A_ to Ay [see Fig. 4(b)], the corre-
sponding central angle of orange stripe arcs increases from 0
to 2 monotonously. The percentage of carriers contributing
to the interband optical transition increases from O to 1 in this
region.

For the type-III phase (r = 1), when the radius r(d = 2) <
A_ [see Fig. 4(d)], the interband optical transition cannot
occur due to Pauli blocking; hence F;IJB)(a), d=2;u,t)=0.
However, the percentage of carriers contributing to the in-
terband optical transition (or intuitively the central angle of
orange stripe arcs) is monotonously increasing with radius
r(d =2) > A_, as shown in Figs. 4(e) and 4(f). It is noted
that the percentage is always less than 1 even when the radius
r(d = 2) — 4oo. Consequently, when r(d =2) > A_, one
always has 0 < F;IJB)(a), d=2u,t)<1l.

For the type-1I phase (¢ > 1), when the radius r(d = 2) <
A_ [see Fig. 4(g)], the interband optical transition is not
allowed; hence F;IJB)(a), d=2;u,t)=0. When the radius
A_ < r(d =2) < Ay, the percentage of carriers contributing
to the interband optical transition increases with the radius
[see Fig. 4(h)]. When the radius r(d = 2) > A, the behavior
of F;I]B)(w, d =2;u,t) can also be analyzed by taking into
account the complexities brought by the competition between
its two distinct increments shown in Fig. 4(i): one dashed arc

(denoted by AB) causing a nonpositive contribution and two

orange stripe arcs (denoted by DE and F G) causing a positive
contribution.

We now turn to the universal behavior of fixed point
(@ =2p.d =2;1,0 <t <2)=1/2 at © = 2. From

Figs. 5(a)-5(c), when 0 < t < 2, the whole energy resonance
contour with radius 7(d = 2) = u can always be divided into
an orange stripe semicircle and a dashed black semicircle.
Intuitively, the central angle of orange stripe arcs is always 7;
hence the percentage of carriers contributing to the interband
optical transition always accounts for 1/2, namely, F;I]B)(a) =
2u,d =2; 1,0 <t < 2)=1/2. By contrast, from Fig. 5(d),
there is dashed line in the “Forbidden Region” on the right
side of hyperbolic Fermi surfaces marked in blue; hence the
orange stripe arc can account only for the percentage less than
1/2. Therefore, F&IB)(w =2u, u,t > 2) is naturally smaller

than that for 0 < ¢t < 2, namely, F;IJB)(w =2u,d=2;u,t >
2) < 1/2.

It is time to present an intuitive analysis of asymptotic
background values of F(.IB)(a), d=2u,t)atw = Q2 — +o0.
From Fig. 6(a), when 0 < ¢ < 1, the interband optical transi-
tion can always take place no matter how large the radius is.
Intuitively, the central angle of orange stripe arcs is always
27, which results in the fact that the asymptotic background
value keep invariant F<IB)(w =Q— +o0o,d =2, u,t)=1.
From Fig. 6(b), when r = 1, in the asymptotic region w =
2 — 400, the central angle of orange stripe arcs is less than
but approaching 27m; hence the percentage of contributing
carriers is always less than but approaching 1. From Fig. 6(c),
when ¢ > 1, the central angle of orange stripe arcs is uniquely
determined by the slope of asymptote of hyperbola JZysym =
+4/t2 — 1; hence there is a one-to-one mapping between
Cbl(lz)(t) + dD(f) (t) and the eccentricity of hyperbola (tilting
parameter ¢), namely,

4 1\ 4
P 0) + @) = —arcsin <?> = 57 areeot| Fueym)
(B2)

It is emphasized that the essential spirit of the intuitive
analysis above can apply to 3D tilted Dirac bands where the
Fermi surfaces are the ellipsoid, paraboloid, and hyperboloid
by rotating the ellipse, parabola, and hyperbola (Fermi sur-
faces in 2D tilted Dirac bands) with respect to the tilting
direction, respectively. Due to the axial symmetry with respect
to tilting direction, the Fermi surface and energy resonance
contour for 3D tilted Dirac bands can reduce to that for the
2D case presented above.
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FIG. 6. Intuitive understanding of asymptotic background values of F;I]B)(a) =Q — +o00,d =2;u,t).

APPENDIX C: RELATION BETWEEN CARRIER DENSITY
AND ULTRAVIOLET CUTOFF

In this Appendix, we show the detailed derivation of the re-
lation between carrier density and ultraviolet cutoff for type-II
phase (r > 1) and type-III phase (+ = 1). Hereafter, we restrict
our analysistor > 1,d > 2, and u > 0. At zero temperature,
the carrier density at small doping is definitely determined by
the carriers below Fermi energy, which read

n(t’dv ll" A):gS Z n;}(\(tvd9M7A)
K,A=%

8s , )
- kOl — ek
)l MX::i /k o, [1—elio)]
= Qpyd Rt do s )+ Rt dsps M),

(ChH

where A < +o0 denotes an ultraviolet cutoff for open Fermi
surface, g, = 2 represents the valley degeneracy (we focus on

J

the k = + valley hereafter), and

K dm) = [ kol -l (@)

[kl<A

with A = % the band index. For the type-II phase (r > 1) or
type-1II phase (r+ = 1), the open Fermi surface will dramati-
cally influence the carrier density via the Heaviside function
imposed by the geometric structure of the Fermi surface.
In 2D, for ¢ > 1, the conduction band (A = +) is related
to one branch of hyperbolic Fermi surface satisfying pu >
& (k), while the valence band (» = —) contributes to the other
branch of hyperbolic Fermi surface satisfying i > e (k). By
contrast, for t = 1, the conduction band (A = +) is related
to the parabolic Fermi surface u > & (k), while the valence
band (A = —) does not contribute to the Fermi surface. It is
once again stressed that for 3D tilted Dirac bands the Fermi
surfaces are the ellipsoid, paraboloid, and hyperboloid by
rotating the ellipse, parabola, and hyperbola (Fermi surfaces
in 2D tilted Dirac bands) with respect to the tilting direction,
respectively.

1. Integration C, (t,d, ., A) for type-II and type-III phases

In 2D, the integration K. (# > 1,d, u, A) for the type-II phase can be divided into two parts as

Kit >1,d=2,u, A)=OA_ - AN, (t >1,d=2,u, A< A )+ OA-A N, ¢t >1,d=2,u, A>A_).

From the integration regions shown in Fig. 7(a), one has

IC+(t>l,d=2,/L,A<A_)=/

k|<A<A_

and

K+(t>l,d=2,M,A>A7):/

k| <A>A_

90
=nA? —96A2+,u2/
0

(t cos@ + 1)2’

(C3)
T A
d’kO[p — et k)] = 2/ dG/ kdk = A2 (C4)
0 0
b1 A 0, n/(t cos6+1)
d’k O[u — et (k)] =2/9 d@/o kdk+2/0 dQ/O kdk
do
(Cs)
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FIG. 7. Integration region for calculation of carrier density in 2D type-II and type-III Dirac bands. The Fermi surfaces are hyperbolic in
(a)—(c), but parabolic in (d). The integration region is always on the left of hyperbola or parabola. In panel (a), the region is also inside the
small halo when the radius |k| < A_ but inside the large halo when the radius |k| > A_. In panel (b), the integration region is also inside the
small halo when the radius |k| < A but inside the large halo when the radius |k| > A . In panel (c), the region is also inside the halo when
the radius |k| > A, . In panel (d), the integration region is also inside the small halo when the radius |k| < A_ but inside the large halo when
the radius |k| > A_.

w/A—1

with 6. = arccos -

. Finally, we have

Oe do
KiGt>1,d=2,u,A)=0O(A_ — AM[rA*]+OA — A_)| 7 A> —9.A> 2/ S
+( > m, A) = 6( ) AT+ O( )[n AT+ | Cooso 1 1)

be do
=nA* —O(A — A_)| A%0, — 2/ — . C6
d ( )|: H o (t cosf +1)2 (€6)
The integration K_(z, d, ., A) for the type-II phase in 2D can also be divided into two parts as
K_t>1,d=2,u, A)=0A; —MK_(t>1,d=2,u, A< A)+OA-ADK_(t >1,d=2,u, A > Ay). (C7)

From the integration regions shown in Figs. 7(b) and 7(c), we have

T A
K_(t > 1,d:2,M,A<A+)=/ dzk@)[u—g;(k)]:Z/ d@/ kdk = m A? (C8)
k|<A<A4 0 0
and
T A 0, n/(t cosf—1)
IC_(t>1,d=2,u,A>A+)=/ d2k®[y,—8jr(k)]=2f d@/ kdk—i—Z/ d@/ kdk
k|<A>AL 0, 0 0 0
% do
= 7A? - 6,A> 2[ —_—, c9
T AT o (tcosh — 1) ©9)
with 6, = arccos M Finally, one has
gv
2 2 2 2 do
K_t>1,d=2,u, N)=0(A; — N)[TAT+OA —A)|TA"—O0,A "+ 1 —_—
o (t cosh —1)2
0,
=A% —O(A - AL)| A% —MZ/ 4 (C10)
* ! o (tcosf—1)2|

To summarize, the summation K, (t > 1,d =2, u, A)+ K_(t > 1,d =2, u, A) reads
Kit>1,d=2,u, )+ K_(t >1,d=2,u, A)

=27A? —O(A — A_) 65.1\2—“2/@L —O(A—Ay) evAz—,ﬁ/ng . (1
o (t cosf + 1)2 o (tcosh — 1)

The calculation for the 3D case can be similarly performed by noticing the Fermi surfaces for 3D tilted Dirac bands are
the ellipsoid, paraboloid, and hyperboloid by rotating the ellipse, parabola, and hyperbola (Fermi surfaces in 2D tilted Dirac
bands) with respect to the tilting direction, respectively. Accordingly, the integration K (r > 1,d, u, A) for type-1I phase is
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given as
Kitt>1,d=3, 1, A)=0A_—MNK(t>1,d=3 4, A <A )+OA-AIK,(t>1,d=3,u,A>A_),
(C12)
where
3 _ T A 2 4 4
Ki(t>1,d=3, 1, A<A_)= kOl —e (k) =2n | sin0do | Kdk=—A (C13)
[k|<A<A_ 0 0 3
and
Ki@t>1,d=3u,A>A")
T A 6, n/(t cos6+1)
=/ d’k O[p — et (k)] =27'r/ sin9d0/ k2dk+27r/ sinede/ k*dk
k|<SA>A_ A 0 0 0
2 2 % sin@do
3 Acosbo =t | T 1) €14
with 6, = arccos £ L ’t\_l . From these expressions, we have
Kot > 1.d =3 1. ) =0 — M) a3+ 0 = a2 A3 + costy) + 413 " _sinfdo
>1,d =3, u, = _ - —_— —A_)— cos 6. D EEEEe—
* ’ 3 3 Kol G coso+ 1y
A7 2 % sinOde
=—A =0 - A )| A} —cosb,) — 3/ — . Cl5
3 ( )3{ (I=cosb) =17 | Teoso + 1) (€15)

In 3D, the integration K_(t > 1, d, u, A) for the type-II phase can be similarly performed as
K.@t>1,d=3,u,AN)=0A, —MNK_(t>1,d=3, u, A< A )+OA-A)HNK_(t>1,d=3,u, A > A,), (Cl6)
where

T A 4
d’k O — e (k)] =27 / sin 6 d@f kK*dk = ?”M (C17)
0

IC_(t>1,d=3,,u,A<A+)=/
0

kI<A<A4

and

K_(@t>1,d=3,u,A>A)

T A 0, n/(t cos6—1)
/ d’k O — e (k)] =27 f sin do / kK*dk + 27 / sin do / K>dk
[k|<A>A 4 0, 0 0 0

sinf do

27 27 0
=A% 0,) + — 3/ e C18
3 AHcost) i | st — 1) (€18)
with 6, = arccos % /:’Ll . It can be directly obtained that
Kot > 1d =31 A) =0, — M) T +0a — ap| a3 - 2T a0 o) + = 3/@ sin0 d6
-U>La=5u )= - = - — A - — —c086,) + — e
’ * 3 173 3 34 ) G cos—1)
4 2 % sinf db
=—A—0O(A - AL A3 = cosb,) — 3/ — . C19
3 ( +) 3 [ (I —cosby) — u | G0t 1) (C19)
To summarize, the summation . (t > 1,d =3, u, A)+ K_( > 1,d =3, u, A) reads
87 27 % sin6do
Kit>1,d=3 0, N)+K_(t>1,d=3,pu,A)=—A>—O(A - A_)—| A*(1 —cosb.) — u° _—
+( > m, A)+K_(t > u, A) 3 ( )3[ (I —cost.) — | GcosO+ 1)
o — A0 | A 6,) */ev sin6 d6 (C20)
- - — —cosf,) — — .
73 Kol Gcoso—1y

For the type-III phase, the corresponding integration can be performed in a similar way. It is noted that the valence band
always lies below the Fermi energy, namely, €, (k) < 0 < u for any k, which leads to

A+=1

i = . C21
zir?* 1 —¢] oo €2
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Hence we have
K_(t=1.d p A)= {ZAZ’ d=2
?”A3, d=3.
For the conduction band, the critical cutoff A_ = /2 must be introduced to calculate I, (t = 1,d, u, A) as
Kit=1,d,u,A)=0A_ — MK ¢t =1,d, u, A< A )+ OA -A )N, t=1,d, u, A > A_).

From the corresponding integration regions shown in Fig. 7(d), we obtain that

Ki(t=1,d,u, A <A_) AL d=2
t=1,d,u, A <A )=
* g TN d=3
and
(T — 0> + i [y , d=2,
ICJr(l _ l,d,M,A - A,) — ) . 0 (c050+1)2 .
T 3 sin _
FA°A +cos ) + 2 T fo Greosoy: 4=3,
with 6, = arccos(u/A — 1), and
—O(A - A )[9 A —p fo (c0<9+l)2] d =2,
Kitt=1,d,p.A)= 4 A3 2 0.d6
-TT T Sin
A3 —OA — AD)[ZEA(1 = cosb,) — Zp fo (Hme);] d=3

Therefore, the final expression of K (r = 1,d, u, A)+ K_(t = 1,d, u, A) takes

2mA2 — O(A — A_)[B.A2 — p2 [ -
Kyl =1,d, i, A+ K_(t = 1,d, jt, A) = [ 0 e )

8 2 0c sinf do
THA3 —O(A - A—)[TnA3(1 —cosf.) — T“ fo (frcose)-?]’

2. Final analytical expressions

After analytically performing the integrations over 6, the carrier density for type-II and type-III phases (f >
explicitly written in a compact form as

nt > 1,d, 1, A) = no(d, A) — O(A — A_)Sny(t, d, 1, A) — OA — A )Sn_(t,d, ju, A)

— A A
= no(d, A) — @[r _K :|8n+(t, d, . A)— @[r _kt :|8n(t, d, i, M),
where
Wod=2
no<d,A)={ T ’
43
3720 d - 3
and
ﬁ—zarccos %TI + “—ZI (%]Fl +1), d=2,
6ni(ta d’ M, A) = A3 ﬁ:Fl
L (- 2 LT (AE ), =3,
with
! - (—D(1—x)
Ton(i.1) = t2_|1_2|:t1+t; zm (t+1)(1+x)]’ r>1,
WV 1—x . t=1
and
1 1 1
T 1) = — — .
0. 1) 2t|:(tx+ 2 G+ 1)2}

(C22)

(C23)

(C24)

(C25)

(C26)

d=2,

d=3.
(C27)

1) can be

(C28)

(C29)

(C30)

(C31)

(C32)

For A < A4, one has Zop(x,t) — Ip(x, 1), Zsp(x, t) — Isp(x, 1), Ay — o0, and O(A — Ay) — 0 by setting t — 17,

Consequently, one finds that
lir{l nt>1,d,u, A) =no(d, A) — lil’{l dny(t,d, u, N)OA — A_)=n(t=1,d, u, N),
t—1+ t—1+
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which indicates that n(r = 1, d, jt, A) can be consistently obtained by taking the limit # — 17 of n(t > 1,d, u, A) when the
cutoff A < A, = u/(t — 1). Intuitively, due to the fact that A, = u/(t — 1) diverges to +00 in the limit # — 1%, the other
branch of hyperbolic Fermi surface p > ¢_ (k) for the type-1I phase is always outside the region of |k| < A contributing to
carrier density. As a result, the carrier density for the type-II phase can restore that for the type-III phase.
However, for A > A, = u/(t — 1), one cannot obtain n(t = 1,d, u, A) by taking the limit r — 17 of n(t > 1,d, u, A),
namely,
lim n(t > 1,d, u, A) #n(t =1,d, u, A),

t—1*

(C34)

because the other branch of hyperbolic Fermi surface u > ¢_ (k) for the type-1I phase also contributes to the carrier density.

Furthermore, if A > A, = u/(t — 1), we can expand n(t, d, u, A) in a series of u/A. Up to the leading order of , we have

A2 Ap

7 + 72/12—1
3 2

(T}

2

+ Ou?),

d=2,
n(t > 1,d, 1, A) = (C35)

d=3,

for the type-II phase (t > 1), and

nit=1,d,u, A)=

2
T
2A3
372

for the type-III phase (r = 1).

A4 28 2uk + O,
2
B+ 45+ 0w,

d=2,
d =3,

(C36)
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