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contributions to the linear conductivity o$)(w) and the third-order
optical conductivity Ug? (wy, @,, w3) of three-dimensional massless
Dirac Fermions, the quasi-particles relevant for the low energy ex = thop, /K3 + k2 + k2
excitation of topological Dirac and Weyl semimetals. Although

there is no gap for massless Dirac Fermions, a finite chemical
potential 4 can lead to an effective gap parameter, which plays an /\
important role in the qualitative features of interband optical t e
transitions. For gapless linear dispersion in three dimensions, the 0 k-
imaginary part of the linear conductivity diverges as a logarithmic

function of the cutoft energy, while the real part is linear, with a photon frequency @ as iw > 2lul. The third-order conductivity
exhibits features very similar to those of two-dimensional Dirac Fermions, that is, graphene, but with the amplitude for a single Dirac
cone generally 2 orders of magnitude smaller in three dimensions than in two dimensions. There are many resonances associated
with the chemical-potential-induced gap parameters and divergences associated with the intraband transitions. The details of the
third-order conductivity are discussed for third-harmonic generation, the Kerr effect and two-photon carrier injection, parametric
frequency conversion, and two-color coherent current injection. Although the expressions we derive are limited to the clean limit at
zero temperature, the generalization to include phenomenological relaxation processes at finite temperature is straightforward and is
presented. In contrast with 2D materials, the bulk nature of materials that host three-dimensional Dirac Fermions allows for the
possibility of enhancing nonlinear signals by tuning the sample thickness; thus, broad applications of such materials in nonlinear
photonic devices can be envisioned.
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KEYWORDS: Dirac semimetals, gapped graphene, third-harmonic generation, Kerr effect, parametric frequency conversion,
two-color coherent current injection, length gauge

wo-dimensional (2D), massless Dirac Fermions (DFs) Recently, many-body effects'™>" have been shown to play a

have been investigated extensively in condensed matter significant role in the nonlinear optical response. And in the
systems since their first experimental realization in graphene, development of theories of topological materials, 2D massless
and their properties are significantly different than those of DFs have been shown to determine the properties of the low-
Fermions in the more usual parabolic bands."” Their attractive energy excitation of surface states of topological insulators,
optical propertie53 include broadband linear optical absorption despite the small energy range over which the linear dispersion
and the ability to use the chemical potential to tune both approximation is valid.
plasmon resonances and an extremely strong nonlinear optical In a two-band model for 2D DFs, a mass can be introduced.
response.” The strong nonlinear response makes graphene a The resulting dispersion relation can be realized around the

potential candidate for integration in photonic devices’~ as a
source of nonlinear functionality, and it has been the focus of a
large number of experimental”” and theoretical~'* studies
over the past decade. Experiments have explored different
nonlinear phenomena, including third-harmonic generation
(THG), the Kerr effect and two-photon carrier injection,
parametric frequency conversion (PFC), and two-color
coherent current injection (CCI); the corresponding nonlinear
coefficients have been extracted for different photon energies
and chemical potentials. Theoretical studies have been mainly
at the level of independent particle approximation and have
presented perturbative expressions and numerical simulations.

band edge of the gapped graphene or around the band edge of
a monolayer of BN or MoS,, and in other 2D materials. The
optical nonlinearities of 2D massive DFs have also been
investigated both experimentally and theoretically. Jafari’”
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presented a theory for THG using a Feynman diagrammatic
technique, describing the light—matter interaction in the
framework of a vector potential. However, in the limit of
vanishing mass, the result does not converge to the results of
other studies.'"' Cheng et al. investigated various nonlinear
effects both by numerically solving the equations of motion'’
and by approximation from the results of gapped graphene
under a perpendicular magnetic field.”® Recently, we derived
analytic expressions for the third-order conductivities of
gapped graphene™ at general frequencies, following earlier
work on graphene.'

There have also been a host of recent studies focused on the
prediction and discovery of three-dimensional (3D) Dirac and
Weyl semimetals,”~>* where the low-energy excitations can be
described by DFs with a 3D wave vector. As an analogue of 2D
massless DFs, 3D massless DFs’> possess gapless linear
dispersion and an interesting band topology around the
Dirac point, which leads to extraordinary optical properties. As
well, the chiral anomaly in Weyl semimetals can be probed
with the presence of both the electric field and magnetic
field.”” The nonlinear optical properties of 3D massless DFs
have also attracted attention.”* " Experimentally, huge
nonlinear optical coefficients”' have been observed, although
probably at frequencies much higher than those at which the
linear dispersion approximation is valid. There are interesting
recent theoretical predictions””™** for the Kerr effect and
THG, both within the framework of the Boltzmann equation
and in a treatment, including intraband and interband
transitions. In these studies, the focus was on frequencies in
the terahertz regime, and possible applications in terahertz
plasmonics have been investigated,” including a promising
proposal for extinction modulations."” However, the light—
matter interaction was described in a velocity gauge, and
additional care may be required to confirm that no nonphysical
divergences have been induced by band truncation; a
treatment based on the length gauge,%’47 where such
difficulties are not present, is clearly in order. Further, in
order to extend the application of these materials to various
nonlinear optical scenarios, it would be helpful to understand
the general frequency dependence of the third-order
conductivity, especially in a comparison with that of graphene;
this has not yet been done.

In this work, we derive analytic expressions for linear and
third order optical conductivities of 3D massless DFs. Our
strategy is based on employing earlier results found for the
linear and nonlinear optical response of gapped graphene. In
fact, we show that the response coeflicients for 3D massless
DFs can be written as an integral over the results for gapped
graphene with different gaps. Our treatment includes the
intraband and interband optical transitions in a framework
where the light—matter interaction is described in the length
gauge. Our expressions for the third-order conductivities
describe a general input frequency dependence for the clean
limit at zero temperature. After analyzing the structures of the
conductivities, we discuss in detail the coefficients for THG,
the Kerr effect and two-photon carrier injection, PFC, and two-
color CCI. To better understand the physics of the nonlinear
processes, comparisons with that of graphene are made. Our
expressions can be used to generate input nonlinear parameters
for evaluating the performace of various photonic devices,
including some optical modulators** and frequency generation
devices.™
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We organized the paper as follows: in “Models”, we
summarize the symmetries of the frequency dependence of
the linear and nonlinear conductivities of 2D massive DFs. In
the next section, we describe how to construct the conductivity
of 3D massless DFs from the conductivity of 2D massive DFs
and present the analytic expressions for linear conductivity and
third-order conductivity; in “Results”, we discuss the details of
the conductivities for different optical phenomena, including
the linear optical response, THG, the Kerr effect and two-
photon carrier injection, PFC, and two-color CCI; in
“Conclusion and Discussion” we discuss and conclude,
indicating how the extension of our results to include finite
temperature and a phenomenological description of relaxation
processes can easily be implemented.

B MODELS

Conductivities for 2D Dirac Fermions. Two-dimen-
sional massive DFs in one Dirac cone can be described by the
Hamiltonian

Hyy(k, A) = hvgko + Ao, (1)

where vg, is the Fermi velocity, 6 = 6, & + 6,y + 6,2 has its
components as Pauli matrices, kK = KX + K,y is a 2D wave
vector, and A is a mass parameter to give a gap 2IAl at the
Dirac point. Depending on the material, there can exist
multiple Dirac cones, and for different materials, the model
Hamiltonian can take in different forms. For example, the low
energy excitations of gapped graphene are described by the
Hamiltonian

Hy, . (k, A) = hvg(wx,0, —

k0,) + Ac, @)
where 7 = + is a valley index for two different Dirac cones.

For such Hamiltonians, we consider the linear optical
conductivity tensor 6 (@) and third order optical
conductivity tensor 6**(e,, w,, @,), where the Roman
letters d, a, b, and c refer to the Cartesian directions, and @ and
w; refer to the optical frequencies. The second-order response
vanishes in the dipole approximation, as we discuss below. The
results of gapped graphene have been given earlier”* and will
be summarized in the following.

Symmetry Properties of Conductivities for Two-Dimen-
sional Massive Dirac Fermions. We denote the conductivities
for a 2D Dirac cone by 68Y"*(w) and 65" (w,, w,, ;). The
Hamiltonian H,4(k, A) satisfies the rotational symmetry
condition

UpHyi(Rgk, A)U) = Hyy(k, A) 3)

where 0 is a rotation angle about the z axis, Uy = cos /2 — i
sin 6/20, is a unitary transformation acting on the spinors, and

—( cosf sinf); ; - -
Ry = (—sin 0 cos 9> is rotation operation acting on k. The

rotational symmetry determines that the linear conductivity
includes only two independent components, that is, the
diagonal component 63" and the off-diagonal component

065", The other nonzero components can be found from

(Dpxx _ (L) (Djay _ (1);9x
Oyi =03 7y Oy T = 70y

(4)
The off-diagonal components are nonzero because the Berry
curvature at the Dirac point behaves as the vector potential of a
magnetic monopole, and can contribute to a Hall conductivity.
For the third-order conductivity, there are in all six
independent nonzero components, which can be taken to be

https://dx.doi.org/10.1021/acsphotonics.0c00836
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o g By 6By 3w and 6{3)77% The other
nonzero components are then given by

(3) WY 4 s (3),xyxy +o (3),xyyx

03" = (5)

az(s)mxxx = Gz(j)wxyy + 02(3);yyxy + Gz(s)wyyx (6)
and

o = o, ol < 2

o = o, o7 = o ®

o= oI, o=

Gz(s)wyyx — 0.(3);yxxy, 0.(3);yyyx — _0.(3);xxxy (10)

For a sm%Ie Dirac cone, the independent components 6547,

P 639 and 6§77 are antisymmetric with respect to
{x & y}, whlle the others, {7, 63", {39 and {3
are symmetric; we refer to these two dlfferent classes of tensor
components as “antisymmetric” and “symmetric” components,
respectively. Due to inversion symmetry

oH,(—k, A)o, = Hy,(x, A) (11)

and there is no second order response in the dipole
approximation.

For 2D DFs, the sign of the mass parameter determines the
chirality, and the two different possibilities are connected
through

U Hy(R,k, AU, = Hyy(k, —A) (12)

with U,, = i/\/Z(O'x - 0,) and R, = (_01 _01> This relation

gives 4?4 (—~A) = 6{7" 477 (A), where the bar of a Roman
letter means d = ¥, x for d = x, y. Furthermore, utilizing the
consequences of rotational symmetry, we find that all
symmetric (antisymmetric) components are even (odd)
functions of A.

Conductivities of Gapped Graphene. We denote the
conductivities that follow from the Hamiltonian Hg . by
6% (w) and 63 (0, @y, 5). In the 7 valley (7 = +1), the
Hamiltonian connects to H,,(k, A) through

(k, A) = Hy(Rx, A) (13)

887

= (_01 0) From eq 13, the

symmetric components satisfy o, ég? ida(A) = G(Z)’ da ‘(A), and
antisymmetric components satisfy o, ”) i (A) = Ta(g) @ (A).
Therefore, for gapped graphene only the symmetric
components survive, and they are

(1),xx(w) =2 Z g(gl)f,xx(w) — 462({});”(60)

with an orthogonal matrix R,

(14)
where the prefactor 2 comes from the spin degeneracy in
gapped graphene. Similarly, the third-order conductivities are

(3) ;dabc

O (@, @y, w3) = 40 (), @, @)

(15)
tor dabc = xxyy, xyxy, and xyyx.

The optical conductivities of gapped graphene under the
linear dispersion approximation have been studied, and
analytical expressions for them have been obtained.”* For

2517

later use, we list the expressions in the clean limit. The linear
conductivity is given by

(4B, 4A + (hw)’
(ho)* (16)

Here 0, = ¢*/4/ is a universal conductivity, E. = max{|Allul} is
an effective gap parameter, and

; ho)

(Dxg, y — 0
agg (CU) - Q(Ec)

T ﬁa)

hw + 2E.

E; hw) =1

+ inf(lhw! — 2E.)

(17)

with O(x) being the usual step function. For the third order
conductivity, the cyclic permutation symmetry on {aw,, bw,,
cws} of 6(3 d“hc(wl, ®,, ;) gives

Ug(?'x"”(wl, ®,, ;) = oég)?xy”y(wz, ), ©;) = ag(;);”yy"(wz, @5, @)
(18)
The third order conductivity is then
(i63)710'g(§)ix"”(w1, ®,, 03)
= E(A; ha,, ho,, hw,)G(E; Ao, + 0, + o;))
+ E(A; hoy, ho,, hay)G(E; Ao, + o))
+ E(A; ho,, ho,, hoy)G(E; Mo, + o,))
+ E(A; ho,, ho,, ho,)G(E; h(o;, + 0,))
+ E(A; hw,, ho,, ho,)G(E; ho,)
+ E(A; ho,, ho,, hoy)G(E; ho,)
+ E(A; ho,, ho,, ho,)G(E; hos).

(19)
with 63 = 6o(#vge)?/m. The coefficients F; are given by

E(A; €, €5, €3) = Foley, €5, €3) + KF (€, €5, €5) + AF,(e), €5, €;)

(20)

All the expressions of F; are given in “Methods”. By setting A

= 0, we get the third- order nonlinear conductivity for graphene
as

3); ;
Gg(h) xxyy(wv w,, w3) — Gg(g) xx}/)’(wl) w,, w3)‘ _ (21)
We briefly discuss the asymptotic expression of these
conductivities as A — oco. In that limit, E. = max{IAllul} =
A, and all involved photon energies satisfy Aw;/E. — 0. As A
— 0, a direct expansion in the small quantities Aw;/A gives

(1);x 4hw
o W) = — io
g ( ) 037‘[A (22)
) 2h(w; + w, + @;)
(3)ixyy P e B SV
O (0, 0y, w;) > — ioy Y (23)

The effective gap parameters E_ in eq 19 appear only in
functions of G, which determine possible resonances related to
the interband transitions. Considering the photon energies
involved in these functions, we note that the resonances can be
associated with one-photon, two-photon, and three-photon
processes. Both the one-photon and three-photon related
resonances are similar to that of the linear conductivity, while
the two-photon related resonance shows a different behavior.
Since F,(A; €, €, €;) =0 for €, + €; = 2A and F5(A; €}, €5, €3)
= 0 for €, + €; = 2A, the two-photon related resonances
disappear for an undoped system.

Conductivities for Three-Dimensional Massless Dirac
Fermions. With the symmetry properties of the conductivities
for 2D massive DF in one Dirac cone in hand, and with the

https://dx.doi.org/10.1021/acsphotonics.0c00836
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analytic expressions of the conductivities for 2D gapped
graphene already determined, we can now turn to the optical
response of 3D massless DF. In this work, we focus on the
optical response of an isotropic 3D Dirac cone, although more
generally, of course, Dirac cones can be anisotropic; this is
briefly discussed in “Methods”. For 3D massless DFs in a single
isotropic Dirac cone, the Hamiltonian® is

H,,(k) = hvk-c (24)

where k = k.x + k;y + k.2 is a three-dimensional wave vector.
The two band energies are €, = +Avglkl, which touch at k = 0,
the Dirac point.

It is the conductivities following from this Hamiltonian in eq
24 that we study here, and we denote them by 6§Y"*(®) and
6% (w,, @, @,). The Hamiltonian H,,(k) is spherical
symmetric and so the only inde%)endent nonzero component of
the linear conductivity is oi)"(w); for the third-order
conductivity, the independent nonzero components are the
symmetric ones o o)W and 6% All other
components can be obtained either by

(3)jaxxx __(3);xyy (3);xyxy (3);xyyx
034 = O34 + 034 + 034

(23)
or by permutation of the directions {x, y, z}. Due to the cyclic
permutation on {aw,, bw,, cw,} of Gg?;d“bc(wl, ,, ®;), and all
nonzero components can be written in terms of aﬁ?;x’w (wy, m,,
@), which we identify in the following. For a single 3D Dirac
cone, the second-order conductivity has nonzero components
o (w,, w,) = —0"?(w,, w,) and those obtained by
permutation of the directions {x, y, z}. In Dirac semimetals, the
total second order responses vanish due to the cancellation
between the inversion symmetry related Dirac cones, while
they remain in Weyl semimetals without inversion symmetry.
However, since any of these nonzero components involves all
three directions, the procedure presented below for linear and
third-order response functions cannot be applied to second-
order response functions.

The Hamiltonian for 3D massless DFs is connected to that
of 2D massive DFs through the relation Hy(k + k,2) = Hy(k,
hivgk,). In the calculation of both the linear and nonlinear
conductivities in the independent particle approximation, the
full response arises as the sum of the responses of each
independent particle, identified initially by its k. Thus, the
response of 3D massless DFs to electric fields in the x and y
directions is equivalent to an ensemble of responses of 2D
massive DFs with different gap parameters. In this manner, the
linear conductivity can be written as

1

mhyyg

o [0 ()
ol = [Troli k) =
T

1

B 4rhvyg

f dAcD™(A)
0

® (1);xx
fo dAc{™(a) (26)
where we have used o{)"*(A) = 63**(=A) for the second
equal sign and eq 14 for the third equal sign. Similarly, we have

L /0 A ()

o -
4rhvyg

(27)

Once these are determined, all other nonvanishing compo-
nents of the conductivities for 3D massless DFs follow from
the symmetry properties of those tensors.

Using the results for the conductivity of gapped graphene in
eqs 16 and 19, the integration can be done analytically, and the
result is given in “Methods”. Because aéé);xx o A7!in eq 22, the

integration in eq 26 diverges; this is associated with the
assumption that the linear dispersion relation continues for all
k, no matter how large. Taking a cutoff energy E, as the upper
limit of the integration, to model the onset of more realistic
band dispersion, the linear conductivity of three-dimensional
Dirac Fermions in one cone is

2
. . ie“hw 2E,
0'3(;)’“((0) = 0'3(;,);;:(60) T Lty " |/41|\)
B

i 12 — 5(hw)?* + 3(hw)> Z(ul; ho)

i (@) = 24nh’ 3rh
ah’vg who (28)

O34 reg

where the function I is given by

Z(lul; w) = Inlw? — 44*1 — In y?
— imsgn(w)O(lwl — 2lul)

_ ¢(z]
|l (29)

T(x) = Inlx* — 4l — irsgn(x)0(x — 2) (30)

where

with sgn(x) the sign function. It is worth noting that E, is not
an cutoff energy for the energies of the DFs, but rather for the
gap parameter; hence, the expression in eq 28 is not exactly the
same as those in literature that involve an energy cutoff,*>*%°
However, our result for the real part of the conductivity, which
is the physically meaningful term, is consistent with earlier
results in literature.

For the third-order conductivity, the integration converges
due to 6" « A7S in eq 23. Therefore, the third-order
conductivity of 3D Dirac Fermions is insensitive to the energy
cutoff, and it is

.4
(i ) = g€ 8
o W, 0, B;) =
3 vy 1672 45h3a)1w2w3

+ C(hw,, hw,, haoy) Z(ul; Ao, + 0, + ©,))
+ Cy(hw,, ho,, hw) Z(ul; i, + w3))
+ Cy(hw,, hw,, ho,) Z(lul; h(w, + @;))
+ G(hw,, hay, ho,) Z(ul; Ao, + o,))
+ C(hw,, hw,, ha,) Z(lul; ho,)
+ C(hw,, ho,, hay) Z(lul; hw,)
+ C(hw,, ha, ha,) Z(ul; hoy)} (31)

where C; is given by

C(hw,, hw,, ho,)Z(lul; ho)

—hw)™ 1

(
= Z Fi(ho, ho,, ho,) S+ ]"’71 Z(lul; ho)

j=02,4

(32)
Note that the coeflicients C, in o satisfy

C\(hw,, hw,, hos) + Cy(hw,, ho,, hw,) + Cy(hw,, ho,, ho,)
+ Cy(hw,, hay, hw,) + C,(hw,, hw,, hwy) + Cy(hw,, ho,, ho,)
+ Cy(hw,, hay, ho,) =0 (33)

https://dx.doi.org/10.1021/acsphotonics.0c00836
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B RESULTS

Since 3D massless DFs form an isotropic system, the current
density response can be written as

Ao it (1) dw,dw,dw, (oo, o)t
](t):/—e - ’(a))Ew+‘/7e +oz+os
27 (2n)?

X [0 (0, 0y, 0)E,,(E,,E,,) + 63 (0, ,, o))

[ w3

X sz(Ea@'Ewl) + 0;;);96}’%(&)1] Wy, (‘)3)Ew3(Ewl'sz)] (34)

where E,, = [dtE(t)e" is the Fourier transform of the electric
field. In this section, we consider the nature of this response for
different optical phenomena.

Several General Properties of the Conductivities. We
begin by discussing some general properties of the expressions
for the linear and third-order conductivities in eqs 28 and 31.

1. For all the nonlinear phenomena we discuss, the third-
order conductivity of 3D massless DFs exhibits features
very similar to that of graphene,'"'”** as we show
below, including the appearance of resonances and
divergences. In 3D massless DFs, the conductivities
involve the function Z(lul; Aiw), instead of the function
G(lul; Aw) relevant for graphene. Both functions
describe the interband optical transition, but they are
weighted by different densities of states. However, there
are always singularities at |Awl = 2lul, around which the
real part diverges logarithmically and the imaginary part
shows a step function. Similar to the frequency
dependence of the nonlinear response of graphene, the
third-order conductivity of 3D massless DFs involves
photon energies Ziw;, hw; + hw;, and hw, + 0, + w;),
which appear in the second argument of the function
Z(lul; Aw). Thus, when any of these energies matches
2lul, a resonant interband transition may appear. When
any of these energies is zero, an intraband divergence
may appear and lead to a divergent conductivity value in
the clean limit at zero temperature.

2. Scaling all energies by the chemical potential, the third-
order conductivity can be written as

4
. . ho, hw, ho
0.3(3),dabc(|ﬂl; w,, ®,, w3) — Vg€ S(S),ddbc( 1 2 3]

1672l 3 I,u_ly lul "l
(35)

idabe can be

where the dimensionless function S

obtained from 6{3"*. To better understand the third-
order optical response of 3D massless DFs, we can
compare it to that of graphene.'"' If we introduce an
effective bulk conductivity of graphene by associating a
thickness d.s ~ 3.3 A with a graphene sheet, that

effective bulk third-order conductivity aéﬁ;)e"?f“bc can be

obtained from eq 21 by aé‘;’,?;‘é;‘b” = oéfl)’d“bc/ dg and it can

be written as

(3);dabe

hvlet ol hw, hw, ho
Oghjeff (lul; @, w,, w3) = — L _gQndab —1, 2 3

4rd glul* " "l
(36)
where Séi);d“bc is a dimensionless function'' that can be

obtained from Géﬁ);d“bc. Besides the different detailed
structures given in the dimensionless functions S§3)%*
and Séi)"d“bc, the two conductivities above also show a
different dependence on the Fermi velocity v and the

chemical potential lul. Their ratio gives

2519

(3);xxyy (3);xyy
034 S34

_ deglul
(3)xyy (3)
gt Amhvg S

(37)
The prefactor is inversely proportional to the Fermi

velocity vy and proportional to the chemical potential |ul.
By taking the Fermi velocity to be that of graphene (v =
10° m/s), the prefactor is about 0.04 for lul= 1 eV.
Therefore, the third optical conductivity of 3D massless
DFs in one Dirac cone is about 2 orders of magnitude
smaller than the corresponding effective bulk third order
conductivity of graphene. Note that o) i for one
Dirac cone only; if there exists degeneracy g of the Dirac
cones, the third order conductivity o)abe i g times as
large.

. When all involved frequencies satisfy Aw,;/lul < 1, the

third-order nonlinear response in a doped Dirac
semimetal should be mostly due to the intraband
transitions. This limit can be obtained by taking Aw;
— xhw; and x — 0, and we find an approximate
conductivity is given by
3) ivge* 8
3 ;xxyy( ) ~ F
o 0, 0,, ;) ¥ ———————
3d v 167 45h3’w1a)2a)3 (38)
It is independent of the chemical potential |ul, showing a
different dependence on that quantity than that of
graphene (o< lul™"). Comparing this conductivity to the
effective bulk conductivity of graphene, we find
o™ Aldyg

(3); -
oD 15whvg (39)

Taking the Fermi velocity to be that of graphene (vp =

10° m/s), for lul = 1 eV, the ratio is about 0.042.

The expression in eq 38 can be used to evaluate the
susceptibility for THG of Cd;As,”' in the terahertz
regime directly. Taking a typical frequency f = 0.8
THz,”' with @ = 27f, and an anistropic Fermi velocity**
(v§, v}, v8) = (1.28, 1.30, 0.327)vy, the susceptibility is
obtained from the conductivity (see “Method”) as

d\4 (3);
X(3);dddd _ (vg) g 305, MNw, o, o)
3d VRVRVEVE —i3we, (40)

SXXXX
~

with the cone degeneracy g. = 4. It gives )(%,3)
25" 2,34 % 107 m?/V? and y{%% ~ 0.009 X 10~°
m?/V2. The x and y components are at the same order of
magnitude of the experimental value ~107° m?/V>

. In the undoped limit as the chemical potential 4 — 0,

the conductivities depend only on the frequencies. In
this limit, the third-order conductivity of graphene is
very simple:'" 6™ « [(0, + w,)(w, + w3)(w; +
o) (w, + w, + w;)]”". For 3D massless DFs, the
expression for the third-order conductivity in this limit is
more complicated. Although the function Z(lul; hw)
includes a term In y/? it does not lead to any divergence
because the prefactor vanishes due to eq 33; thus, the
conductivity itself has no singularity at |yl = 0 and is well
behaved as y — 0.

. Considering the dependence on the Fermi velocity vg,

the conductivities of graphene give Uéﬁ?eff o« %71 while

those of 3D massless DFs give 6y o vi 2. For graphene,
the universal conductance appears in the linear optical
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response.”” For Dirac Fermions, the response independ-
ent of the material parameter should occur at second
order, and in our simple model, this is absent. But for
Weyl semimetals, where inversion symmetry is broken,
the universal optical response does appear in the circular
photogalvanic effect.’*”’

Linear Optical Response. For 3D massless DFs, the cutoff
energy appears only in the imaginary part of the linear
conductivity. The real part in the clean limit is given by

2
e

O(how — 2lul
24rnhvy ( )

Re[c V)" (w)] =

o3 (@)] ()
which is proportional to the frequency w. This leads to a
frequency independent imaginary part of the susceptibility
Im[y(w)] = Re[6{)™(w)]/(we,) = ¢/ (24nhve,) for hew >
2lul, which is inversely proportional to the Fermi velocity vg.
Again, taking the Fermi velocity to be the same as the value for
graphene, v = 10° m/s, the absorption coefficient is Im[y(w) ]
~ 0.36.

In the low-frequency regime, the term involving the cutoff
energy may contribute little due to its prefactor i@, and the
main contribution comes from the Drude term

ieflul® 1

(1) )~ —
o ) &
¢ 61 h*vy, ho (42)
It is proportional to the square of the chemical potential Iul*
following the dependence of the density of states. The term

agi),;':g (w) can be rewritten as

2

(1);xx( ) _ (4 |/4| S(l) hw
o W)= —— —

3dreg 24ﬂh2vF 3d [l (43)

with a dimensionless function

) i 12 — 5x* 4 32T (x)

S5 (x) = —
T 3x (44)

Its real and imaginary parts are plotted in Figure 1. Around x =
2, there appears a logarithmic divergence in its imaginary part
and a step change in its real part. For x > 2, the real part is
linearly dependent on x.

R R B R
i Re —
4] Im — |
2] L
o j
¥ o
—9] L
4] L
T T T
1 2 3 4

Figure 1. x dependence of Sg?(x) for 0 < x < 4.

Third-Harmonic Generation. The third-order conductiv-
ity for THG satisfies oy = o = g - g3/
The quantity S$7%(x, , x) is given by

(3)i _ 2
SN (x, %, x) = m[12 — 57(x) + 327(2x) — 277(3x)] (45)

2520

Each 7 term is associated with one optical transition involving
photon energy nhiw (n = 1, 2, or 3). Similar to the expression
for the response tensor describing THG in graphene, the
prefactors of these terms have different signs, indicating the
existence of interference between these transitions. The real
part is

2
Re[SS)’my(x, x, x)] = ELH(;C)[—SH(IM —2) + 320(2lxl — 2)
135x
—270(3lxl — 2)] (46)

For x > 2, Re[ng)(x, x, x)] = 0 gives a complete cancellation
due to interference. For graphene, the cancellation is not
complete.*!" In Figure 2, we plot the spectra of $$*® and
Séﬂ);’"‘”. They show very similar amplitudes and structures.

15 L
1 Séf{):“!/?/: Re —
1 (3):xzyy Im — |
10 S,/h :Re — |
o 1 ' Im t
) [
= 5 %50 -
S
w9 |
5 L
A
1 2
x

Figure 2. x dependence of sgi)wy (x, x, x) and Séi);’"‘”’ (%, x, x). Values
in the regime x > 1.5 are scaled by 50 times.

We close the summary of our results by presenting the
conductivity in the limit of 4 — 0. It corresponds to taking x
— 00 in S (x, x, x); thus, the real part is fully canceled and
the imaginary part is given by
ivge*(6 +32In2 — 271In 3)

5407*(hw)?

(3);yy =
0. w, o, o)l _, =
3d ( ) 1=0 (47)
Finally, we compare our results with those obtained in a
velocity gauge using Floquet states by Zhang et al.*’ and
Zhong et al. ™ At zero temperature, the real part of their results
for one Dirac cone gives

2
Re[SS);xxyy(x, x, )y = ”Lrl(jc)[—éte(lxl —2) + 160Q2lxl — 2)
135x°
—270(3Ixl — 2)] (48)

with the imaginary part obtained using Kramers—Kronig
relations.” The results differ from ours in the first two factors
for one and two photon resonant processes, and the difference
may arise from the choice of the velocity or length gauge to
describe the light—matter interaction. Considering the well-
known problems that can result using the velocity gauge, a
further investigation is required to clarify what causes the
different results of these two methods.

Kerr Effect and Two-Photon Absorption. For a
monochromatic laser beam, another important optical non-
linearity involves the corrections to the linear response due to
the Kerr effect and two:})hoton absorption, which are
described by the tensor 63)"“*(—w, w, ). For the frequency
set (—w, @, ), there are only two independent components
ng);myy(_wr w, w) and ng);xyyx(_w’ w, w) = Gg?;xyxy(_w) w,
®). Intraband divergences exist for this third-order con-
ductivity, which are illustrated by
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Figure 4. x, dependence of the spectra for (a) Sg?‘d“bc(—xs, Xp xp) for three-dimension massless Dirac Fermions and (b) Séﬁ)?d“bc(—xs, Xpy xp) for

graphene. The pump frequency is chosen as x, = 1.5.

Sgs):wy(_xl X+, x+6,) _ 4msgn(x)0(x” — 4)

B,(x; 6,, 0
O = 5 0, )

Sg?imyy(—x, x+ 6, x+5,)

+ B,(x) + .. (49)

Here, the first term indicates all the intraband divergences with
respect to 6, and J,, but they are nonzero only when one-
photon absorption exists at lxl > 2, which is consistent with the
general properties of intraband divergences.”* The function B,
is given by

[_3 4x + 36, 9x + 30,
2 J —(x + 25,) —(x + 25,)
B 00 0 = S T o)n 46 T S % (2w + 3y
(50)
The second term B, is well behaved and given by
1 =31 —65 96
B,(x) = prvE U " ]T(—x) + [ s T(x) + _64]7"(230
+x[—52 T (x) . xl[—n]az'r(x) 6 1]
8 | ox 8 | ox’ 1 (51)

In Figure 3 we plot $$"%(—x, x, x) for 0 < x < 2 and
compare it with Séﬁ)‘d“bc(—x, %, x). In general, both functions
show very similar structures and amplitudes, except for two
obvious differences: (1) Im[Sg?,);x"”’ ] diverges to —oo0 as x — 2,
while Im[Sf;fl);x"”] diverges to +00; (2) For graphene, the real
parts of these two components satisfy Re[Séi)”‘xyy] = —Re-
[Séﬁ)""y"y] ; however, for 3D massless DFs S*% this does not
hold. For x > 2, the intraband divergences dominate, and in
practice both the relaxation processes and pulse shape effects
will determine the magnitude of the response. As a

2521

comparison, in the clean limit the results of Zhong et al,*
Zhang et al,™ and Ooi et al."** give Re[6¥™] « O(hw —
2lul), which contains no two-photon absorption. (The results
in ref 44 have an obvious typographical error, as a comparison
with those in ref 43.) We are not sure whether or not such a
difference occurs due to the different choices for the light—
matter interaction.

Next we present our results for two-photon carrier injection.
When one-photon absorption is absent (x < 2), the two-
photon absorption coeflicient can be calculated through
&) = 3(hw) 'Re[6P " —w, w, w)]."" It can be written

as
Xyxy, ) 4
&) we i Sgn(w)X(h_a;; he, @]
E () 2407lul Il ™l ™l (52)
with
4
X(x; 0y, 52) = —?Bd(x; oy, 52)0(x2 - 4)
1| 480(x* = 1) — 170(x* — 4)
«t —320(x* — 1) + 180(x* — 4) (53)

The first term comes from the intraband divergences, part of
which enters in the second term giving contributions
proportional to #(x* — 4). The first term exists only in the
presence of one-photon absorption (x > 2), and physically, the
divergences are induced by the stimulated Raman scattering
process. For 1 < x < 2 (ie, lul < Aw < 2lul), two-photon
absorption gives
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& (@) _ vFe4

ENw)|  152(hw)*

)

Compared to the results for graphene, the frequency
dependence changes from @™ to ™.

Parametric Frequency Conversion. When there are two
laser beams, one with pump frequency w, and the second with
signal frequency @, a new frequency 2w, — @, can be
generated through parametric frequency conversion (PFC);
the current density responsible for it is determined by
Ggi)‘d“bc(—a)s, @, a)p). For 3D massless DFs, this process has
only two independent components: o™ and Q)0 =
057, Defining X, = ho,/lul, the term SG)idabe( Xpy Xp)
shows interband divergences under the conditions x, = +2, %,
=+2, x, = +1, x, — x, = +2, or 2x, — x, = +2, and intraband
divergences at 2x, — x, = 0, x, = 0. As an illustration, we fix x,
= 1.5 and show different components in Figure 4. The possible
divergences appear at x, = =2, —0.5, 1, 3, and 3.5 (interband),
and at x, = 0 and S (intraband). All these divergences exist for
ngk'd“bi but two of these divergences, those at x, = 1 and 2, are
removed for S@)¥ Both conductivities exhibit similar
amplitudes and structures. For the intraband divergences,
that at x, = 0 is associated with a field/current-induced second-
harmonic generation, and the other at x, = 2x,, corresponds to
two-color CCI, which is discussed in the next section. Around
these two divergences, the conductivities diverge as x; ' around
x5 ~ 0, and (x, — ZxP)_l as x, ~ 2x,. Obviously, the spectra
diverge much faster around intraband divergences than around
interband divergences, where the divergences are logarithmic.

Two-Color Coherent Current Injection. The intraband
divergence of o) (—w, —w, 2w + 8) as § — 0 corresponds
to a well-known nonlinear phenomenon, two-color coherent
current injection, in which a quasi-static current can be
generated due to the interference of one-photon absorption
and two-photon absorption processes. The divergence means
that the current is continually injected or

d]a(t) _abcd

(54)

b c d
dt - 773,1 (a))E—mE—mEZm tcc (55)
with
abed 1 .o (3);abcd
= lim[—3id -0, —w, 2 19}
Ny (@) 51—?)[ 3id0,) " N(—w, —w, 2w + 5)] (56)
After simple algebra, for @ > 0, we get
137" (@) et (=
3 = Lz[( 6]9(fm) — lul) + ( 2 )H(flw - 2|ﬂ|)]
rl;gyx(w) 60ﬂ(fl(1)) 4 -3
(87)

The term involving O(Aw — lul) is associated with the
interference between the transition channels induced by a two-
photon absorption (® + @) and a one-photon absorption
(2w), while the other term involving O(Aw — 2lul) is
associated with the interference of stimulated electronic
Raman scattering (for photon frequencies 2w and — @) and
one-photon absorption (w). Compared to the injection in
graphene, the injection coefficients in 3D massless DFs are
proportional to (Aiw)7? instead of (A®)~> in graphene;'" the
relative amplitudes between different components are also
different.

2522

Bl CONCLUSION AND DISCUSSION

We have calculated the linear and third order conductivities for
a single Dirac cone of 3D massless Dirac Fermions. In our
simple model, we treat the light—matter interaction in the
length gauge, in which the kind of unphysical divergences
associated with band truncation that can appear in the velocity
gauge do not arise. Analytic expressions for general input
frequencies were obtained in the clean limit at zero
temperature. Utilizing these expressions, we discussed in detail
the frequency dependence of THG, the Kerr effect and two-
photon absorption, parametric frequency conversion, and two-
color coherent current injection. The dimension affects the
optical response of Dirac Fermions in several ways, and a
comparison between two and three-dimensional massless Dirac
Fermions allows us to identify the following qualitative
features: (1) the dependence on the Fermi velocity vg, which
is the relevant material parameter in these systems, changes
from v§~! in 2D to v % in 3D for the nth order conductivity,
(2) the chemical potential dependence of the third order
conductivity changes from y~" to u° for a lightly doped sample,
(3) the frequency dependence of the two photon carrier
injection changes from @™ to @™, (4) the frequency
dependence of two color current injection changes from @™
to w2, and (5) for nonzero chemical potential, both frequency
spectra show very similar structures in general, but their
amplitude can differ up to 2 orders of magnitude. We
emphasize that despite of the smaller nonlinear conductivities,
strong and tunable nonlinear response could be generated
from materials hosting 3D Dirac Fermions by changing the
sample thickness, a tuning parameter not available for 2D
materials.

Although our results are obtained in the clean limit at zero
temperature, they provide a general picture for third order
response in three-dimensional massless Dirac Fermions, and
they can be treated as a starting point for future study in
nonlinear response of Dirac and Weyl semimetals.

Finally, we discuss the inclusion of phenomenological
relaxation parameters and finite temperature, both of which
are straightforward. For the third order conductivity of gapped
graphene in our previous work,”* the gap parameter appears in
the conductivities as functions of 1/E. (i = 1, 3, 5), A'G(E_; w)
, NH(E; w) = [NG(E; w)),
KI(E; w) = —=-[AH(E; w)] for n = 0, 2, and 4. The
integration of the latter two functions with respect to A can be
derived from those for A'G(E; w). The integrations of
/ g“Ec—idA can also be obtained easily. Therefore, the third-

order conductivity with finite phenomenological relaxation
parameters can be obtained by replacing

NG(E; w) = Yl w), AH(E; w) - LY,(luls w), and

2

NI(E; w) > — %J/n(lyl; w), and leaving the divergent
terms with respect to E, in the integration of / (')EAE;"dA. The
complicated but analytic expressions could be evaluated
numerically. Starting from the chemical potential dependence
of the conductivity o5Y"**(lul;®) and 6™ (lul;w,, @,, w;) at
zero temperature, the corresponding dependence at finite
temperature can be constructed using the technique presented
earlier.'” With this in hand, an investigation of the effects of
the relaxation parameter and finite temperature on the optical
conductivities of three-dimensional Dirac Fermions can be
undertaken.

and
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However, we want to emphasize that even with such a
treatment of phenomenological relaxation parameters and the
consideration of finite temperature, a detailed comparison with
experiments on materials exhibiting three-dimensional massless
Dirac Fermions only makes sense for low-light frequencies due
to a small energy range over which the assumption of a linear
regime in the band dispersion is valid. While experiments on
the Dirac semimetal Cd;As, indicate that the energy scale of
the linear regime could be as large as about an electronvolt,
most theoretical calculations of Dirac semimetals limit this
linear regime to a few tens of millielectron volts.”® Realistic
calculations based on full band structures will be required.
Nonetheless, the study we have presented here will serve as a
benchmark for identifying when those full band structure
calculations show a significant difference from ideal Dirac
Fermion behavior.

B METHODS

Comparing Responses. We consider the relation between
the optical conductivities of two different systems with
Hamiltonians, H*(k) and H®(k), that are connected via a
unitary matrix U and a real matrix R through

UHA((R'Y 'k)U" = HE(K) (58)

The dynamics of these two systems can be described by
density matrices pj(t) and pg(t). Under the application of
electric field E(t), they satisfy the equation of motion''

nopl(t) = —i[HA(k), p/ ()] + €E(t)-Vip, (1) (59)

nopl(t) = —i[H (k), pl ()] + €E(t)-Vip,' (1) (60)

To clearly indicate the field that leads to the response, we
denote the solutions of these two equations as pf/2(t; E(t)).
The current density responses are functionals of the field E(t)
and can be calculated as

75 E(1) = = 3 Trlp (6 E() GH (k)]
k

1'(65 E(1) = =— 3 Trlp (1 B(0)VeH' (k)]
k (62)

Now we determine the connection between pf(t; E(t)) and
pi(t; E(t)) induced by the relation in eq 58. Considering a
transformation

P () = Up oy (85 E()U™ (63)
from eq 59, the dynamics of pi(t) is
rop, (t) = —i[UHY((R'Y'R)U, B, ()] + lR'E()1Vip, (1) (64)

Utilizing eq 58, it is transformed into eq 60, and we can find
the solution is

p(t) = p¢ (t; R'E(1)) (65)
Then from eq 63 the connection between pf(t) and pg(t) is
pe (t; R'E(t)) = Up gy, (85 E())U™ (66)

In eq 62, by replacing E(t) — R"E(t) and utilizing eq 66 and
then comparing to eq 61, we get

JA(t; E(t)) = IR'IRJ®(t; R'E(t)) (67)

For a weak electric field E(t), the induced current density can
be expanded in a power series of this field, and the expansion
coeflicients are the conductivity tensors, which satisfy

Glgl);da — |R—1|Rdd'Raa'o_lgl);d'a’ (68)
01(13);duhc — |R—Iled’Raa'Rbb’Rcc’o_1§3);d’u’b’c’ (69)

Note that for all of these analyses, R is not limited to be a
orthogonal matrix, and therefore such transformation can be
used to connect the response of an anisotropic Dirac cone, that
is, H*(k) = Avgk-R-6, to that of an isotropic cone H?(k) =
hvgk-6. For an anisotropic Dirac cone with Fermi velocities v
along the d direction, the R matrix has only diagonal
components R* = v¢/v, then the conductivity for an
anisotrpic Dirac cone 6, can be obtained from those for an

isotropic one oy as

d a
) VRVRY )
Glgl),da — _F'F’F O_lgl),da
X y z
VEVEVE (70)
d ab c
(3);dabe _ VEVEVEVE _(3);dabc
o — _F’FFF
A % y z0B
VEVEVRVE (71)

Expressions of Fi for Gapped Graphene. Using ¢; = ¢;
+ € and € = €] + €, + €;, we write
771']'(61; € €3)
ﬁj(ell €, €;) = —5
6€1€3€3€1,€,3€3,€ (72)

where ﬁj(el, €,, €;) are given by

= 22,3 2 2
Frol€y €3 €3) = €7[3€7€,; + (—€,€5 + 2€7 — €,€3)€Y;

+ €,6,65(2€5; — €] (73)

Fro(en €5, €5) = —8[3ei6,€; + €56,5 — €33(€,€; + €,653)] (74)

Fra(ey €5, €3) = —16(e,¢; + €,€53) (75)

Fro€n €5, €5) = €,€,5€5 (76)

Foalen €3 €3) = —8ep5€15€5 (77)

Fouley €, €3) = 16€5€,5 (78)
Fro(en € €5) = —€1,6156,5[3€7 + 2616, — 3e,e; + (26, — €3)€,5]

(79)

Faa(ey € €5) = 8e,(€; — €3)exy(e + ¢,) (80)

Fraley €5, €3) = 16€,5€5 (81)

Faolen €5, €3) = €ileses(e + €55)" + €(e — e5)e5(3¢ + €55)]  (82)

Fuley, €, €;) = —8[€%,; — €e3; + €,6,(—3€> + €3,)]
(83)
Faa(€y, €5, €3) = —16(—€,€; + €53€) (84)
Foolen €, €5) = —elee (e + €5)° + €,65655(€53 + 3€5)] (85)
Forley €5, €5) = 8(—€3e,5 + €563, — 3€,65€ + €,655€) (86)
Fea(ey, €5, €3) = —16(€5€43 + €€) (87)

Conductivity for 3D Dirac Fermions. The linear
conductivity and third order conductivity of three-dimensional
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Dirac Fermions are constructed from eqs 26 and 27,
respectively. The upper limit of the integration is infinity,
and thus it is necessary to introduce a cutoff energy A to
analyze the integration

I(")(A) —

(88)
and then 6(") = hm I(")(A) As A — oo, from eqs 22 and 23,

we have Gfgé) xx(A - oo) — — 4ioyshw/(37)A™" and 6(3) Y (A
— 00) ~ A7, It is obvious that I(S"‘x(A — 00) dlverges asln A
and 1(3)"’“” (A > ) converges.

The A dependence in the conductivities of gapped graphene
appears in A or A'G(E_; w) for n = 0, 2, and 4. By extending
the definition of G(E_; w) to a complex w = w, + iw,, we get

G(E; w) = im + L(E; w) — L(=E; w) (89)
with
i oy 1 2 2 W+ 2x
L(x; w, + iw) = Zln[(wr + 2x)" + w'] — i arctan " (90)
As w; — 0% it becomes
/2
L(x; w) = Inlw, + 2xl — i— L+ 2
(x; w) = Inlw X 12 sgn(w x) (o1)
with sgn(x) as the sign function.
For the term A'G(E_; w), the integration is
fEA x"G(max{lul, x}; w)dx
0
lul Ep
= f *"G(lul; w)dx + / x"G(x; w)dx
lul
|ﬂ|n+l
= Q(Iﬂl w) + K, (Ey; w) — K, (lul; w) (92)
with
K (x; w) = "G w) — Q (x5 w
(5 w) = G - Q)
amm(ﬁJMMHnamm
n+tl ( W)n+l m
e Z Croi——I[(w + 2x)"
- (—1)"+1(W = 2x)"] (94)

Taking A — o0, K,(A; w) diverges as xIn(2E,), E}, and Ej for
n =0, 2, and 4. We collect all divergent terms into R,(A; w)
and write K,(Ey; w) = K, (w) + R, (Ey; w) with

S

77(0(1/\1) = 0, 77(2(‘”) = 192 (95)

1 3
——w’, K,(w) =
SW 4( )
Therefore, the integration becomes

Fa n — . .
/0. x"G(max{lul, x}; w)dx = Y,(lul; w) + R,(A; w) (96)

with

Yl w) = K (w) + ——@Q,(Iul; w)
n+1

(97)

Now we can construct the conductivity 6y} from that of oég)
by replacing A'G(E; w) with Y,(lul; w). For the linear
conductivity oYV (w), the divergent term can be obtained
from eq 22 directly. Based on eq 19, in the clean limit the third
order conductivity for Dirac Fermions is
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(3)sayy
03" (lul; 0y, @,, wy)
ivFe4

1672

Y, (7 (hoy, hoy, ho)Ylul; h(o, + @, + o3))

j=02,4
+ Foy(hw,, hw,, ho)Y(lul; h(w, + ,))
+ Fy(hw, how,, ha) Y (ul; 1o, + ©,))
+ F3(hw,, hos, ho,) Y (ul; Ao, + @,))
+ ﬂ](flwl, haw,, hwa)y}-(lﬂl; hw,)

+ Fy(hw,, hoy, ho,)Y; X (lul; ho,)

+ Fsj(hwy, hos, hoy) Y (lul; hoy)} (98)

It can be simplified in terms of the function
L(x; w) + L(—x; w), and we then get the expression in eq
31.
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