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Intraband memory function and memory-function conductivity formula in doped graphene
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(Received 21 October 2016; published 4 January 2017)

The generalized self-consistent field method is used to describe intraband relaxation processes in a general
multiband electronic system with presumably weak residual electron-electron interactions. The resulting memory-
function conductivity formula is shown to have the same structure as the result of a more accurate approach based
on the quantum kinetic equation. The results are applied to heavily doped and lightly doped graphene. It is shown
that the scattering of conduction electron by phonons leads to the redistribution of the intraband conductivity
spectral weight over a wide frequency range, however, in a way consistent with the partial transverse conductivity
sum rule. The present form of the intraband memory function is found to describe correctly the scattering by
quantum fluctuations of the lattice, at variance with the semiclassical Boltzmann transport equations, where this
scattering channel is absent. This is shown to be of fundamental importance in quantitative understanding of the
reflectivity data measured in lightly doped graphene as well as in different low-dimensional strongly correlated

electronic systems, such as the cuprate superconductors.
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I. INTRODUCTION

In condensed matter physics, important information can
be obtained about interactions in the electronic subsystem by
analyzing relaxation processes associated with the scattering
of conduction electrons by static disorder, by phonons, and
by other electrons. One of the central questions regarding the
relaxation processes is to explain temperature and retardation
effects in simple physical terms by using simple enough
self-consistent kinetic equations. The memory function is
the common name for the k- and w-dependent relaxation
function in such self-consistent kinetic equations [1-7]. The
relaxation rate is its imaginary part at zero frequency. The
memory function is usually introduced to describe intraband
relaxation processes in the dynamical conductivity tensor, in
the Raman response functions, as well as in different transport
coefficients. It is well known that even in weakly interacting
systems the explanation of experimental observations requires
a unified diagrammatic representation for the so-called
self-energy contributions to the response function in question
and the related vertex corrections [6,8,9]. Moreover, it is easily
seen that the more complicated the electronic system is, the
longer is the list of requirements that the response functions
and the relaxation functions in question must satisfy. The
causality principle, the law of conservation of energy, and the
charge continuity equation are all of fundamental importance
in understanding the relaxation processes. Consequently,
they play an important role in analyzing measured transport
coefficients and measured reflectivity and Raman scattering
spectra by means of such self-consistent kinetic equations.

The stosszahl ansatz in Boltzmann transport equations
represents the simplest way to explain qualitatively the temper-
ature dependence of the intraband relaxation rate [1,10-12].
The part of the relaxation rate associated with the scattering
by phonons is proportional to the Bose-Einstain distribution
function and the 1/2 term associated with corresponding
quantum fluctuations of the lattice is missing. As a result,
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the Boltzmann transport equations have serious deficiencies in
describing the retardation effects, in particular those associated
with the scattering by optical phonons and by other high-
energy boson modes.

The generalized Drude formula is the primary tool for
investigating retardation effects. It is usually assumed to be a
model independent method of analyzing measured reflectivity
and Raman scattering spectra in terms of the w-dependent
memory function M, (w) [13-18]. However, in most cases of
general interest the extraction of M,(w) from experimental
data depends on details in the boson mediated electron-electron
interactions, on general properties of the crystal potential,
as well as on the very nature of the local field effects.
Consequently, such an analysis is usually incomplete and often
inadequate. Therefore, to study the interband conductivity, or
the excitations across the charge-density-wave (CDW), spin-
density-wave (SDW), or superconducting Bardeen-Cooper-
Schrieffer (BCS) gap or pseudogap, we need general enough
self-consistent kinetic equations and much more sophisticated
procedures for solving these equations than that usually used
to derive the generalized Drude formula.

Lightly doped graphene is an important weakly interacting
two-band system in which the threshold energy for interband
electron-hole excitations is of the order of optical phonon ener-
gies, the optical phonon energies are quite large, and the intra-
band and interband contributions to the dynamical conductiv-
ity tensor are expected to be decoupled from each other [19,20].
The structure of the dynamical conductivity is similar to that of
typical CDW/SDW pseudogaped systems, and, consequently,
lightly doped graphene is a convenient model system for reex-
amining different open questions regarding electrodynamics
of conduction electrons in such multiband electronic systems.

In this paper we use the generalized self-consistent field
method [usually called the generalized random-phase approx-
imation (RPA)] to derive the memory-function conductivity
formula for the intraband conductivity and to determine the
structure of the intraband memory function in heavily doped
and lightly doped graphene. The results are compared to
both the results of the common variational method for the
dc conductivity [10] and to the results of a more accurate
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approach based on the quantum kinetic equation [6,21]. It is
shown that the scattering by phonons leads to the redistribution
of the conductivity spectral weight over a wide energy range in
a way consistent with the partial transverse conductivity sum
rule. The intraband memory function has the same structure as
that obtained by means of the quantum kinetic equation.

The paper is organized as follows. In Sec. II we briefly
describe all elements in the total Hamiltonian for conduction
electrons in a general multiband case. To make the reading of
the paper easier, we give in Secs. [l and IV an overview of both
the macroscopic identity relations among the exact elements
of the real-time RPA irreducible 4 x 4 response tensor and the
microscopic version of the same identity relations. The partial
effective mass theorem and the related transverse conductivity
sum rule are shown to play an essential role in determining the
proper structure of the memory-function conductivity formula.
This transverse conductivity sum rule can also be useful in
reexamining gauge invariance of the conductivity formula
obtained by means of the common current-current approach
[22-24] or by different charge-charge approaches [25,26]. In
Secs. IV and V we discuss general properties of the generalized
self-consistent RPA equations and the quantum transport
equations. These two equations are used in Sec. VI to derive
the intraband memory-function conductivity formula and the
leading contributions to the intraband memory function. The
relation between the memory-function conductivity formula
and the generalized Drude conductivity formula is briefly
discussed in Sec. VII. In Sec. VIII, the numerical results
for the real and imaginary parts of the intraband memory
function are presented for heavily doped graphene for typical
values of the model parameters. In Sec. IX we consider
the two-band conductivity in lightly doped graphene. In this
section the emphasis is on the appropriate parametrization
of the low-energy intraband conductivity tensor and on the
connection between the effective generalized Drude formula
obtained in this way and the aforementioned partial transverse
conductivity sum rule. Section X contains concluding remarks.

II. MODEL HAMILTONIAN

In electronic systems with multiple bands in the vicinity
of the Fermi level, conduction electrons are described by the
Hamiltonian [6]

H=HS'+ H" + H|, + H|, + H} + H™. (1)
The bare electronic contribution
HE' =" [0 () + ]y, crno @)
Lko

represents noninteracting electrons in such a multiband case.
Here sg(k) is the bare electron dispersion measured with
respect to the chemical potential © in the band labeled by

the band index L. Hé’ " is the bare phonon Hamiltonian

1 4

h 2,1

HY" = ; oz, PraPia + Mg g1 ()
given in terms of the phonon field u, ¢/, and the conjugate field
Diq'» @xq 18 the bare phonon frequency, A is the phonon branch
index, and M, is the corresponding effective ion mass.
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The electron-phonon coupling Hamiltonian can be shown
in the following way:

iy = 5 0 0] g e
la = VN AT Ph—q ) Lk +qlo C Lk
AL kq'c

where u,q = /(R/2M)wyq)(brg + bi_q,) and k, =k+q'.
This expression includes the scattering by acoustic and optical
phonons. On the other hand, the scattering by static disorder
is given by

L'L i
H|, = Z Z VEL Ky K)C o ClLko 5)
LL kq'o
Finally, the electron-electron interaction Hamiltonian
1 LLLL
! 1
B Y Y e
LL'L\ L} kk'q oo’
i
X cL,kJrqocz]k,g,chlkr+qg/chg (6)

describes all nonretarded electron-electron interactions.

The coupling between conduction electrons and external
electromagnetic fields is obtained by the gauge-invariant tight-
binding minimal substitution [21,27-30]. The result is H** =
H™ + H5*, where

1 -
HY =3 Vo @h(—a) - - ) AT @ (-0,
q v
@

&2
HY = 5 3 AT @ — d)AG (@)7ep(—4:2)
qq'ap

(o, =x,y,z in a general three-dimensional case). Here
Ve(q, w) and A®*'(q, w) are, respectively, the Fourier trans-
forms of the external scalar and vector potentials, while the
corresponding screened potentials are labeled by V'*°'(r,¢) and
A" (r,r). The total charge density operator in the coupling
Hamiltonian (7) is

p@ = Jo@=>Y eq" (kKki)c]y,crnig.  (8)

LL ko
The structures of the corresponding current density operator
Jo(q) and the bare diamagnetic density operator Pus(q;2)
are similar. Finally, eq"*'(k.ky) = JEE (kky), JEE (kky)
and )/aLﬂL/(k, k,;2) are the bare vertex functions in question.
Hereafter, the dispersions 82(k) and all these vertex functions

are taken as known functions (for doped graphene see, for
example, Ref. [21]).

III. KUBO FORMULA FOR CONDUCTIVITY TENSOR

Electrodynamic properties of multiband electronic systems
are naturally described in terms of the screened dynamical
conductivity tensor

~ S R
Uaﬂ(q,w)=ﬂ/0 dtem”v(fﬂ(—q,o);Ja(q,t))- €))

This relation is known as the Kubo formula for conductiv-
ity [1]. The conductivity tensor oqg(q, @) is simply the RPA
irreducible part of G,s(q, w). In those multiband electronic
systems in which Lorentz local field effects are absent (the
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two-band model for 7 electrons in graphene from Sec. VIII
being an example), the result is

R o1 . "
0up(q. @) = B /O dt 6 < (Tp(~0.0% Ju(@ Dl (10

This form of o,s(q, w) holds in the single-band case as well,
because there are no local field effects in this case.

One usually uses the definition relation (10) and the two
basic relations from macroscopic electrodynamics,

tot 1 ATOt
B = V@D 1A (1
or c at
dp(r,t
VI + "g ) o, (12)

to show o,4(q, w) in terms of the elements of the real-time
RPA irreducible 4 x 4 response tensor

Vi (q.r) = —%e(t)<[fﬂ<q,z>,fu(—q, ODinea ~ (13)

(u,v =0,x,y in graphene, and u,v = 0,x,y,z in a general
three-dimensional case) and the real-time current-dipole corre-
lation function 7, 5(q,0), rather than in terms of the correlation

functions (f,g(—q,O); fa(q,t))med. The result is [1,5]

To0(q, @) = é ; Top(Q, w)qp = Zﬁ Ga0up(q, ©)qp.
(14)
0@ 0) = - ;[naﬂ(q, ©) — Tup@]gp
=) 0up(@, 0)gp, (15)
aaﬂ«f ®) = 745(Q, ©). (16)

Here we have introduced the notation f&(q) = —13(1 (q), where
P,(q) is the dipole density operator and P-L'(k,k,) is the
corresponding dipole vertex function [21]. Equation (14), for
example, shows that the conductivity tensor o,4(q, w), divided
by iw, is nothing but the second-order coefficient in the Taylor
expansion of the charge-charge correlation function myy(q, @)
with respect to gy

In the simplest case with longitudinal electromag-
netic fields, where q = g,é,, the conductivity tensor from
Egs. (14)—(16) becomes

Oaa(qQ, ®) = qinao(q, w) = ;—‘Znoo(q, ®) = Toa(q, o).
Oaa(q. ©) = é[naam, ®) — Taa(@)]. (17)

Since 0,4(q, ) is a nonsingular function of q and w for all q
and o, the elements of the 4 x 4 response tensor are expected
to have the properties

Im{mya(q, w)} X .

(18)

7700((1, C()) X q§7 T[O(X(qa C()) X CIoza

These relations are the usual starting point for hydrody-
namic formulation of electrodynamics of conduction elec-
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trons [2,3,31]. They prove useful in systematic microscopic
studies of 0,4(q, ®) as well [6,32].

For transverse electromagnetic fields polarized along the o
axis, we can write
19)

aota(q’ w) = na&(qa 0)) = é[ﬂaa(q» w) - naa(q)]'

After performing the Kramers-Kronig analysis [1], the trans-
verse conductivity sum rule becomes a function of the static
current-current correlation function 7,4 (q),

4 / doRe(00a(Q.0)) = —47Taa(@).  (20)

o]

From the multiband version of the Ward identity relation [5],
it follows that

o2
—An Moo (q) = N (@) 3y
The quantity
|JEE (k, k)|
plot e,
(@) = ; Zez 0 e e — el
1ntra(q)+n1nter(q) (22)

in Eq. (21) is the total effective number of charge carriers,
which comprises the intraband contribution niof’ga(q) (L=L)
and the interband contribution ng‘;er(q) (L # L") [32].

For long wavelengths, the effective number ng‘ga(q)
can be rewritten in the alternative form, in terms of the
dimensionless reciprocal effective mass tensor yLE(k) =
(m/h*)d%&% (k)/dk2. In this limit, the total effective number
n (q ~ 0) becomes

nin(q ~ 0) = Zyaif(k; 2)n(K), (23)
Lka
where [5,21,29]
2|]LL/(k)|
LL _ ., LL
yEE ki 2) = yEER) + =D ey

L'(+L)
Therefore, the sum rule (20) is in accordance with the partial
effective mass theorem (24) linking the bare diamagnetic
vertex yLE(k, ky;2) ~ yLE(k;2) with the reciprocal effec-
tive mass tensor yLL(k) and the interband current vertices
JEY (I ky) & I ().
In Egs. (22) and (23), nz (k) is the momentum distribution
function defined by

1
ﬂ—thL(k,iwn) =f

(o]

d
ni(k) = ﬁALac,e)f(e). 25)

—00

Here f(¢) is the Fermi-Dirac distribution function, G; (K, iw,)
is the single-electron Green’s function, and A; (k, ¢) is the
corresponding spectral function. Gy (K,iw,) is the Matsubara
Fourier transform of G, (k,7) = — (T} [cha(r)cTLka .

The sum rule (20) must not be confused with the usual form
of the transverse conductivity sum rule, which can be found in
the literature [8,11]. The latter represents the generalization of
Eq. (20) to the case with infinite number of valence bands. In
this case, the effective number n'% (q) reduces to the nominal
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FIG. 1. The Bethe-Salpeter expression for the 4 x 4 current-
current correlation function 7, (q,iv,) [6,9,27]. The bold solid lines
represent the exact single-electron Green’s functions and the shaded
rectangle represents the exact RPA irreducible four-point interaction.

concentration of conduction electrons n [y, 2L (k; 2) = 1 for the
conduction band, in this case].

The partial version of the sum rule holds for any electronic
system with a finite number of valence bands which is
decoupled from the rest of the band structure. Evidently
the partial transverse conductivity sum rule is much more
useful in investigations of tight-binding systems with a few
bands [where n'0(q) is usually very different from n] than its
common textbook version. In this case, the left-hand side and
the right-hand side of Eq. (20) can be calculated independently
providing the direct test of the conductivity formula used in
the calculations.

IV. THEORETICAL APPROACHES

A. Bethe-Salpeter equations

In realistic electronic systems with multiple bands, the
microscopic structure of the conductivity tensor oug(q, ) is
usually determined by using the Matsubara finite-temperature
formalism [8,9,33,34]. In this approach, the correlation func-
tions 7, (q,) from Eqgs. (14)—(16) are obtained by analytical
continuation of 7, (q, iv,) (iv, = w + in), where 7, (q, iv,)
is the Matsubara Fourier transform of

1 a a
Tun(@7) = =5 (T [ (@, 1) 1o (=4 0)Dirrea- (26)

According to Fig. 1, m,,(q,iv,) is shown in terms
of the exact single-electron Green’s function G (Kk,iw,)
and the exact RPA irreducible four-point interaction
URELL(k, K, K, K, i0y4, i, iop, io,). The single-
electron Green’s function Gr(k,iw,) satisfies the Dyson
equation, and the RPA irreducible four-point interaction

J
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the corresponding Bethe-Salpeter equation [8,9,33,34]. For
many purposes, it is helpful to rewrite this Bethe-Salpeter
expression for m,,(q, iv,) in terms of G, (k, iw,) and the ex-
act renormalized vertex function X" (k ., K, iw, 4, iw,). The
Bethe-Salpeter equation for TEE(k ., K, i,y ,iw,) is closely
related to that for the RPA irreducible four-point interaction.
Finally, it is also possible to show 7,,(q,iv,) as a function
of G, (K,iw,) and ®LL (k, K ,iw,,iw, ), the quantity which is
usually called the auxiliary electron-hole propagator [6,21,32],
the three-point electron-hole propagator, or the three-point
susceptibility [35].

As long as these building blocks of ,,(q,iv,) are exact,
all Kubo-Ward relations from the previous section are ex-
actly fulfilled. This means that, in this case, the correlation
functions 7,,(q,iv,) have a form which is gauge invariant
by definition, and the charge continuity equation is exactly
satisfied. However, any approximation used to determine the
structures of Gy (K,iw,) and ®LL'(k, k; ,iw,,iw,;) leads to
some extent to the violation of the charge continuity equation.
As a consequence, we are usually forced to take care of the
charge continuity equation explicitly when solving the Dyson
and Bethe-Salpeter equations.

B. Generalized self-consistent RPA equations

In weakly interacting systems we can also use the alterna-
tive approach which represents an obvious generalization of
the common self-consistent RPA equation. In this approach
we consider the Heisenberg equation for the density operator

CTLkchqua [5,36],
9
lhgczkch’kJrqa = [CTLk(,chan,H 1. (27

In the general case, the Hamiltonian H is given by Eq. (1).
Therefore, we can use this approach to study the scattering of
conduction electrons by static disorder, by phonons, as well as
by other electrons. For example, for the relaxation processes
associated with the scattering by phonons, a straightforward
calculation leads to

[hw + S(ZL/(k, k,)+ in]c}ka CL'k+qo
= —(irke — ALkiqe) PE (ke K)Eq(q,)
+ e Crnrge  Hy (28)

[9, (k ky) = &%(k) — €% (ky)]. Here E,(r,?) is again the
macroscopic electric field, the PaL’L(k+, k) are the intraband
and interband dipole vertex functions, and /i x, = czkaqu.
To obtain the self-consistent structure of these equations,
we have to determine the right-hand side expressions in the
equations

. 0 + L .
lhg{(b}\k-&-q—k’ + bikr_k_q)c}‘kg Crwo) = [(bkk+q—k’ + b;\k_k_q)c}‘kg crwo,H],

(29)

9 ) . .
lhg{(bkk’—k + bik_kr)clkagCL’k-i—q(r} = [(bax—k + b1y 1)l 1o CLkqos H],

and retain only the contributions proportional either to cTLkg CL'k+qo O tO c,tk,a CL/k+qo- The former contributions will be referred
to as the self-energy contributions and the latter ones as the vertex corrections. When the electron does not change the band
when it is scattered by phonons and G--(k, k') &~ G; (k, k'), then the result is the self-consistent equation for the induced density
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<CTLko CL'k+qo ) o Of the form

PHYSICAL REVIEW B 95, 035403 (2017)

k, k)I”

N : Gl
[ + €91 (k. Ky) + inl{ch oy CLrqo)o = [ (ky) — npR1PEER L K Eg(quo) + 22 19 JOF

N

AK

X [Spr K, K o) (ch . crriqo)o — SLo &Ko) (ch o civig)ol.  (30)

Here

SkK.w) ="

FPw—r) + f[sel (K)]

Fr(@m—w) + f[—s€) K]

s==%1

is a useful abbreviation.

It must be recalled that (c}, ciuiqo)e = Sn L (K, q, o)
is the nonequilibrium part of the nonequilibrium distribution
function in question n*%'(k,q,w) [5,36]. Therefore, the in-
duced current density can be shown in terms of the current-
dipole correlation function 7,4(q, @) in the following way:

th(qv a)) = na&(q7 CU)Ea(q,w)
1 , ;
= Y I ke cunnano

LL" ko

= % Z Z JEE (& Kk )entt (k,q0).  (32)

LL" ko

Similarly, the induced charge density is given by

1 ’ ’
(@ o) =333 It ko ko' (kg.0).  (33)

LL ko

V. BETHE-SALPETER EXPRESSIONS FOR 7" (q, iv,)

Let us now restrict our attention to a single-band case and
explain how the simultaneous treatment of the Dyson equa-
tion, the Bethe-Salpeter equations, and the charge continuity
equation mentioned in Sec. IV A works in typical approximate
schemes. In this paper the correlation functions 7, (q,iv,) are
shown in terms of G(k,iw,) and ®,(k, K ,iw,,iw,+), and in-
stead of the Bethe-Salpeter equation for ®,(k, k. ,iw,,iw,+),
we use the corresponding quantum kinetic equation

[ihvn + 8O(k7 k+)]q)v(ka k+»i0)nvia)n+)

= 10K i) — Gl o )1y ) — (A5, i)
RS (K sieon )1k, K i ins) — xz%[g(k, icon)

1
— Gk imn )] Y = > K, K, iwn, i)

ko’ iy,

x UKy, K K, K, i@, ,i0y, i@y, io,) (34)

[eo(k, ki) = go(k) — go(k4)]. This equation is equivalent to
the original Bethe-Salpeter equation, and also represents the
generalization of the intraband part of the self-consistent
equation (30). This equation is an integral equation of a
complicated kind. For simplicity we omit here an explicit
reference to the conduction band index.

hw + in + egu(k, K') + shwk_x

1 0 ’ (€29)
s==+1 hw + m + SLL’(k ) k) + Shwkkik/

(

According to the first expression in the third row of Fig. 1,
the correlation functions 7,,(q, iv,) can be shown in the
following way [6,9,27]:

1 1
T @ivn) = = D Julk, k) gm D G, iw)G(ky iw,y)
ko

iwy

x 'Ky, K, w4, iwy) (35

1 1 o
=5 >k, ko)g Dok Ky iwn.iwny).  (36)
ko

iwy

The relation between the renormalized vertex func-
tion I'y(ky, K, iw,+,iw,) and the electron-hole propagator
D, (k, ky,iwy,,iw, ) is thus

1
q)v(kv k+aia)naia)n+) = ﬁg(kv la)n)g(k+»lwn+)
X Fl)(k+7 kv iwnJrviwn)' (37)

On the other hand, the second expression in the third row leads
to
(quiv,) 1212cb(k K, iwn s, iwn)J, (K, K)
Tw(q,1Vy) = — — , K ly 4, 1wy ) Jy » K).
wolq Vv - B LSS + +

iw,

(38)

For long wavelengths, the charge vertex Jo(ki,Kk)= e
is a constant and the current vertex J,(ki, K) & ev,(K) is
proportional to the electron group velocity v, (k). This means
that the electron-hole propagator ®,(k, kK ,iw,,iw,) can be
shown as a sum of four contributions of different symmetries,

Ok, ko ion) = Y Oupi(k, Ky ioy i), (39)

w=0,x,y,z

where @,k ki, iw,,iw,1) « Jv(ki, k) = J,/(Kk), result-
ing in

. 1 1 o
T @ivn) = — D Julk, k)5 D Dyl kyiwy, i)
ko

iw,

1 1 . .
=7 25 2 Quvier K iy i) (s ).
ko

iwy

(40)

035403-5
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Evidently for electromagnetic fields polarized along the « axis,
there are only two components in Eq. (39), i.e.,

Dy(k, Ky i iwny) = Y Pupy(K, K iwy. i, ). (41)

w=0,a

First important consequence of Eq. (40) is that the charge
continuity equation from Eq. (14) can be shown in the
following way:

1
T2 2 awuk k)@ ki) =0, (42)

ko pu=0,x,y,z

Here @, (k, k,w) is the analytically continued form of

. 1 o
@, (k, k,,iv,) = E Z D, (k, ky,iw,,iw,y), (43)
and the g, are the components of the four-component wave
vector ¢ = (w,q). Similarly, the charge continuity equation
from Eq. (15) leads to

1
T2 2 anuk K)Pupk k)

ko p=0.x.y.z

1
=00 D aplpk k)@up ki 0). (44)

ko B=x,y,z

Finally, it is important to notice that the same symmetry based
analysis holds for the intraband contributions in Sec. IV B as
well. The relation between the two notations is the following:

sn(k. q.0) = —®o(k. ko) Eo(qw). (45
o

In the Landau theory of Fermi liquids [11,36], electrody-
namic properties of conduction electrons are described by the
conductivity tensor

i
Uota(qa (1)) = —ﬂao((L a)) = ﬂa&(q, (1))

1 i
= D Jalk, ko)~ Popeg (. k). (46)
ko o

Here @4 (k, ki,w) is the solution of the Landau-Silin
kinetic equation, which is a simplified version of Egs. (30)
and (34) [6,36]. In this theory, the main simplification is in
the way vertex corrections are taken into account. Namely, for
electromagnetic fields polarized along the « axis, we can insert
the assumption (41) into Eq. (34), separate all contributions
which are odd functions of k, from the even contributions, and
use the ansatz for the sum of the second and third term on the
right-hand side of the kinetic equation which makes the sum
of the even contributions identical to the charge continuity
equation (42). In this way, Eq. (34) reduces to two coupled
equations for @gg;(k, ky,w) and P (k, kK, w); the first one
is the charge continuity equation and the second one is the
transport equation [5,11]. After retaining only the leading
contributions to the self-energy X (K, iw,) and the related
contributions to the irreducible four-point interaction, we
obtain the well-known textbook expression for o, (q, ). This
conductivity formula is known to describe well the Thomas-
Fermi static screening, the collective modes of the electronic
subsystem, as well as the dc and dynamical conductivity.
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Let us now present the formal derivation of both the
memory-function conductivity formula [Eq. (51)] and its
simplified form in which the issue of the Thomas-Fermi
static screening is taken aside [Eq. (54)]. These expressions
reduce to the well-known Fermi-liquid expressions when the
memory function M, (K, w) is approximated by its imaginary
part M[’;[ (k, w) = T'y(K) [here I',(K) is the usual notation for
the relaxation rate, which depends on k and on the polarization
index «].

VI. MEMORY-FUNCTION CONDUCTIVITY FORMULA

The present derivation of the memory-function conductivity
formula follows the same general path as the textbook
derivation of the transport coefficients in the Fermi liquid
theory [11]. We consider the quantum kinetic equation for
Dy(k, k4 ,iw,,iw,+) in the presence of the electromagnetic
field polarized along the « axis, and use the ansatz

— W hII(K, K iy i) Popa) (K, Ky iy i) (47)

for the sum of the last two terms on the right-hand side of the
equation. In this way, this integral equation transforms into an
ordinary equation

[ihvn + 80(k7 k+)]q>0(k’ k+,i(l),1,ia)n+)
+ ATk, k+viwnaia)n+)q>0[a](k» Ky, iw,,iw,y)

1
= ;L[Q(k, iwy) — Gk iwn )] Jo(Ky, K). (48)

It is easily seen that summation over k and iw, leads
to Eq. (42). Therefore, the ansatz (47) is consistent with
t}vle charge cgntinuity equation. Here I1(k, k;,iw,, iw,+) =
2(K, iw,) — (K, iw, 4 ) is the electron-hole self-energy and
the unknown quantity 3 (K, iw, ) is the modified single-electron
self-energy.

The next level of approximation is to replace the
electron-hole self-energy Il(k, k;,iw,,iw,+) by the quantity
which depends only on the difference of two electron
frequencies and on the direction of the wave vector q = g, &,
[that is, TI(K, ky,iw,,iw,1) & My(K, iv,)]. Then the kinetic
equation becomes

[ihv, + eo(kK, k)] ®o(kK, k+aiwn,iwn+)
+ hMoz (k, i‘)n)qDO[ot](ka k+,ia),1,ia)y,+)

1
= E[g(k, iwy) — Gk iw, )] oKy k). (49)

Summation over iw, is straightforward now. After
using the momentum distribution function n(k) from
Eq. (25) and the electron-hole propagator ®o(k, k;,w) =
Zw:o,a Dok, ki, ) from Eq. (43), we obtain

o Ve (K)Popo)(K, Ky, @) — [0 + My (K, 0)] Do) (K, K, 0)
e
+ ﬁ[n(k) —n(ky)]
= oo (K, Ky ,0) — go Vo (K)Poja1 (K, Ky, 0). (50
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This equation is decomposed into the odd contributions
and the even contributions. The right-hand side and the
left-hand side expressions must vanish independently, and
we obtain two equations, which can be easily solved, for
example, for ®g, (K, ki, w). By substituting this expression
for ®go (k, ki ,w) into the definition relation (46), we obtain
the memory-function conductivity formula

1 1 ik
%@@:Vzmmmmw%ﬁﬂ§2
ko +5

how
" holho + hM(k, )] — g2k, k)’

619}

The function M, (K, w) is usually called the memory function.
In the static limit, the result is the static Thomas-Fermi
dielectric susceptibility

1 nk) —nk,)
—dmmoo(q) = 4’ kz Tl =k Y

which is proportional to the density of states at the Fermi level
1 on(k)
—— - , 53
P = kZ( ago(k)> (53)
as well as to the square of the Thomas-Fermi wave vector krg.

In the Drude limit (hw)* > £Z(k, k), on the other hand, the
result is

i1 an(k) mug (k)
Oa @) =7y kz (‘ 380(k)) ® + 12 M, (k, ©)
)
_ zi mvi(}g(_M)
mV 4= deo(k)

1 M, (K,
x ,(1—x2 ( w)+--->. (54)
w+ I w

It must be emphasized that in the Drude limit the same result
follows after using the approximation ®y(k, k; ,iw,,iw,+) =~
Dore1 (K, Ky, iwy,,iw,+) in Eq. (49). This type of approximation
is widely used in the textbook discussions of the transport
equations [10,11,36].

It is also important to notice that the A0 term in Eq. (54)
describes the ideal conductivity, i.e., Re{ao(tg (q,w)} x S(w),
and that the corresponding integrated spectral weight is in
agreement with the intraband part of the sum rule (20). The
corrections, starting with the A2 term, lead to the redistribution
of the spectral weight over a wide frequency range (see
Sec. VIIT A).

A. Low-order perturbation theory

The usual way to determine the structure of the memory
function M, (k, ) is to compare the expansion of the conduc-
tivity tensor (54) in powers of A> with the usual (low-order)
perturbation expansion of m,o(k, t) from Eq. (26) in powers
of A’ [6,32]. Here 1A' is the perturbation parameter in the
perturbation H' = \'H| + (\')*H,, and H| = H|, + H/,.

The evaluation of M, (K, w) is very difficult in general.
However, to obtain the leading terms from the common Fermi
liquid theory, it suffices to work out the diagrams shown in
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T
J
I :; Jp + c oo

FIG. 2. The expansion of the correlation function 7,,(q,iv,)
in powers of A’ [\ is the perturbation parameter in H = A'H| +
(M)*Hj] [5.6].

1
J

Fig. 2 and identify the function M,(k, w), which is now a
complex function of w. The results are [5,6]

Vo (k’)>
Vo (K)

s'"{ (s’ wax—x)+ fseo(K)]}
DI hor+in+seok, K)+5 e w

s==+1s'==+1
L ol ()
=- D IGi k. K)| (1 —va(k)>

AK/
« Z Z o)+ flss'eo(kK)]
hawo+in+seo(k, K)+s'hwx ik

s=%x1s'==%1

1
EMP (K, 0) = —— Gk K1 -
2k, w) N? (kK|

1 ~ / /
= > Gk, K)PS(k, K ) (55)
LK

and

oo’ 2 1 /
M _[va(k) + U(x(k+)

MM, 0) = = ) =2 D

k'qo’
— Va(K') — va (k) fleo(K)] — fleo(K )]}

y Z FPlo®, , K)] + fleo(ks)]
hw + in + seo(k, K') + seo(K/, ky)

s==1
(56)

for the scattering by phonons and by other electrons [the
indices [2] and [4] stand for (1) and (X')*, respectively].
Here f b(w) is the Bose-Einstein distribution function, and
hw(k, K) = g9(K) — go(K’). It should be noted that the (Hl/b)2
contribution originating from the scattering by static disorder
is described by Eq. (55) as well. The result for these scattering
processes (labeled by the index A = 0) is found by taking
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the limit wow—x — 0 and |Go(k, k)2 Y, 8" f2(s' wow—k) —
[V (k, K>

As shown in Refs. [6,37], this form of the memory
function M, (K, iv,) can be obtained from I1(Kk, Ky ,iw,,iw,4.)
by measuring the energy of the electron in X (k,iw,+) [hole
in X (k, iw,)] with respect to the energy of hole (electron), and
not with respect to the chemical potential w; that is

Ma(k, iv,) = E[k, eoks)/h — iv] — E[ky e0(k)/h + iv,].
(57
This relation, together with Egs. (55) and (56), illustrates how
the modified self-energy X (K, iw,) is related to the single-
electron self-energy 2 (K, iw, ). For example, for the scattering

by phonons, the (1')? term follows after replacing the coupling
constant |G, (k, k)|? in

1
121 _ N 2
AZH (K, ) = N gk, |Gk, K|

o Z FPom—x) + flseok)]
ho +in — eo(K) + p + shwyue—x

s==%1

(58)

by |Gk, K)> = [G(k, K)[1 — va(K)/v,(K)] and the
chemical potential u in the denominator by gy(k).

The extra factor [1 — v, (K')/v,(K)] in Eq. (55) causes a
reduction of the forward scattering contributions (k" ~ k) in
Yk, iw,) with respect to X(k, iw,). A direct consequence
of this effect is the fact that the intraband memory-function
conductivity formula is characterized by two different damping
energies; the first one, >k, w) in nLk), describes the lifetime
of the electron, and the second one, X (k, w) in Im{M, (K, w)},
the corresponding relaxation time, with /(k, w) > Xi(k, ).

The extra factor [va(K) 4 vo(K) — ve(K) —
Ve(Ki)]/ve(K) in MIM(k,w) has even stronger effect.
Evidently in the electron-electron scattering channel, not
only the forward scattering contributions but also the
normal backward scattering contributions drop out of the
function M, (k, w). Only the umklapp backward scattering
contributions remain.

B. Self-consistent RPA approach

To understand the significance of the memory function
M, (K, w) in the language of the generalized self-consistent
RPA equations, let us consider the same case as in Sec. IV B.
We must solve the integral equation

[Aw + g9k, k1) + inldn(k, q,w)
Gk, K)?
= [n(k;) = n(0)] Pulk+, k) Ea(q.0) + ; %

x [S(k, K ,w)dn(k, q,0) — SKK',k, w)dn(k',q,w)](59)

and insert the resulting expression for 6n(k, q,w) into Eq. (32)
or (33). This problem is known as the Holstein theory for
the dynamical conductivity of normal metals (see Sec. IV in
Ref. [4]).

First, it is important to realize that multiplication of Eq. (59)
by Jo(k, ki) ~ e and summation over k leads to the charge
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continuity equation from Eq. (14). This means that the charge
continuity equation is satisfied in this case at least on average.

Multiplication by J, (k, k) ~ ev, (k) and summation over
k leads to

> eva(k)in(k, q.w)=) _ eva(k) <5n<°>(k, q.0)—dn(k, q,0)

ko ko
hAM, (K,
2 & ) ) 60)
Fo + eo(k, ky) + 7

where
n(k:) — n(k)

snOk, q,0) =
ko) = ek k) +in

Pot(k-‘rv k)EOl(q5w)a

(61)
P,(k;,K) = —ie/qq, and

1 ~
Mok, ) ~ =3 G KPSk K.0).  (62)
AK

Equation (60) can most easily be solved if we show the
nonequilibrium distribution function sn(k, q,w) in the form

oo
sn(k, q.0) =Y 2*"6n®"(k, q.0), (63)
n=0

and recognize a simple recursion relation for the coefficients
s (k, q,),

My (K, )
ho + eo(k, ki) +in

5n(2n+2)(k’ q’a)) — 8]/1(2”)(](7 q,a))

(64)

The result for the conductivity tensor is again the memory-
function conductivity formula (54).

Not surprisingly, the same result follows from Eq. (59) if
the sum of the last two terms on the right-hand side of the
equation is replaced by

1G(k, K)|?
Z R S Bl

Sk, K )i (k. 4.0). (65)

Ak

This ansatz is equivalent to Eq. (47).

VII. GENERALIZED DRUDE MODEL

When the memory function M, (k, ®) in Eq. (54) is replaced
by its average over the Fermi surface,

an(k)

My(w) = 950(k)

mvg(m(— )Ma<k, o), (66)

Jintra 1/
nins Ve
then we obtain the generalized Drude conductivity formula [6]

ie? pintra » My ()
Oga(@) = ————|1—-A"——F+---

m w+in w
l-ez nintra
S —C | T— 67
m o+ A2My(w) 67
Here
N 1 on(k)
intra 2
= — K| — 68
e Ty %’"U“( )< 38o(k)) ©%
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is the intraband contribution to the effective number of charge
carriers (22). Evidently in weakly interacting isotropic or
nearly isotropic systems the dependence of M,(k, w) on k
can be neglected. In this case, there is no difference between
the two conductivity formulas. To obtain M, (w) in this case,
it is sufficient to calculate M, (k, w) at an appropriate point at
the Fermi surface; M, (w) ~ M (Kg,w).

An alternative derivation of the generalized Drude conduc-
tivity formula is given in the Appendix. The results for the
imaginary parts of M?/(w) and M[*(w) obtained in this way
are directly related to the results of the common variational
approach for the relaxation rates [3,10]. These two expressions
represent an oversimplified (semiclassical) form of Egs. (55)
and (56). Most importantly, the f[ss’gyp(k’)] term from the
numerator of Eq. (55) is missing. For example, this means
that the scattering by soft phonons is characterized by the
factor f?(w,q) + 1/2 in Eq. (55) and by the factor f*(w;q)
in Eq. (Al1). The problem of missing 1/2 is typical of the
semiclassical approaches in which the relaxation processes
are described in terms of the collision integral.

VIII. INTRABAND MEMORY FUNCTION IN HEAVILY
DOPED GRAPHENE

It is useful first to show the dc limit of the two-band con-
ductivity formula from Ref. [32] calculated in the relaxation-
time approximation. The intraband part is given by Eq. (54)
with M,(k, w) = iT";. The results are shown in Fig. 3 in
the doping range —0.014 < Vyn < 0.014 (corresponding to
—0.5 < Egr < 0.5 eV), for both the intraband relaxation rate
h'; and the interband relaxation rate Al'; equal to 5 meV,
and for ny(k) = fr(k) = f [sg(k)] (Vy is here the primitive
cell volume). It is obvious that for |Eg| > 0.1 the intraband
contribution to oy, (w) is well separated from the interband

: : dc ~. ~dc,intra
contribution, and, consequently, 0,5 ~ o,

[ q0.5

120f ]

100F 10.4
= | | &
a 80F 103 “%
N ; 10.3 E
B [ ] =
g~ 00 1 g
© 40f 1

20f —:o.1

094 02 0 02 04 °
Fermi energy (eV)

FIG. 3. The dependence of the two-band dc conductivity o
from Ref. [32] on the Fermi energy Er (=p) in the Dirac cone
approximation at 7 = 50 and 300 K. The solid and dashed lines
represent the results of the current-dipole conductivity formula in
the relaxation time approximation, for Al'y = il'; =5 meV and
np(k) = fr(k). The interband contribution is also shown.
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Therefore, in the heavily doped regime in graphene (for the
Fermi energy | Eg| of the order of 0.5 eV or larger), the low-
energy conductivity o,,(q,w) can be represented by Eq. (54)
[or by Eq. (67), in the leading approximation]. In this case,
the dispersion of conduction electrons is gy(K) = 82*(1() in the
electron doped case and gy(k) = eg (k) in the hole doped case,
where [20]

\/gkya
- K,
2
(69)

0 kea
Epv o (K) = £11/3 + 2 coskya + 4 cos — cos

and ¢ is the first neighbor hopping integral.

A. Transverse conductivity sum rule

The dynamical intraband conductivity Re{o,,(q,w)} from
Eq. (54) calculated in the approximation used in Fig. 3,
M, (kg,w) ~ il"y, is illustrated in Fig. 4 by the solid line.
The integrated spectral weight is again in accordance with the
partial transverse conductivity sum rule (20). Namely, in this
case Re{o,,(q,w)} is nothing but the sum of simple Lorentz
functions Im{1/(w + i";)} multiplied by a function of k in
which n(k) =~ f(k), and, consequently, integration over w is
trivial.

The dashed line represents Re{o,,(q,®)} in the case in
which the scattering by acoustic phonons and by other elec-
trons is taken aside. The resulting memory function comprises
two contributions M*(k, w), where the index A = LE,HE
stands for the scattering by static disorder and by optical
phonons, respectively. The phonon frequency is taken to be
hwep(q) ~ hwy, = 0.2 €V and the electron-phonon coupling
function is |Gep(k, K)> & |Gopl?> = 0.5 eV?, resulting in
AIm{M,(kr,0)} = 15 meV again. The integrated spectral

[ T T T 'Oll T T T
1 o f
= » 0.08F
. 0.8 E 0.06F
s . % 0.04f
o © 0.04:
= 06 o2 0.02F
S c
o 0
E 0.4 energy (eV)
— disorder
0.2 B ---- disorder + phonons
0-. R L L ]
0 0.05 0.1 0.15 02 025
energy (eV)

FIG. 4. The real part of the intraband conductivity (54) calculated
beyond the Dirac cone approximation for Er = 0.5 eV and T =
50 K. Solid line: The scattering by static disorder described by
Alm{M,, (Kg,w)} ~ AIm{M,(kg,0)} = A"’y = 15 meV. Dashed line:
The scattering by disorder and optical phonons, Alm{M, (kp,w)} =
RIm{MYE(kg,w)} + AL}, with |Gp|? = 0.5 eV2, ha, = 0.2 €V, and
Kl = 7.5 meV [AIm{M, (kg,0)} = 15 meV, again]. The adiabatic
parameter n = hX' is taken to be n =20 meV, and kg = (k,,0),
ko =1.799 A"
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weight is the same as in the first case. This characteristic of
the dynamical conductivity is typical of the memory-function
approaches. The w-dependent memory function M, (Kp,)
leads to the redistribution of the (intraband) conductivity
spectral weight over a wide energy range (up to 5 eV in Fig. 4).
However, the integrated spectral weight is not changed. This is
the first important conclusion regarding the memory-function
M, (w) from the generalized Drude formula.

B. Hartree-Fock approximation

In order to make the numerical calculations easier, the pa-
rameter 7 in M?!(kg,w) from Fig. 4 is taken to be = 20 meV.
Itis not hard to see that the physics behind such a parameter 1 is
simple. Namely, in the leading approximation, the recollection
of higher-order contributions to M (K, w) corresponds to the
replacement of the bare electron propagators in the diagrams
2A1, 2A,, and 2B in Fig. 2 by the renormalized propagators.
In the spectral representation, this leads to the well-known
Hartree-Fock approximation for M, (k, w),

H-F _ L nifq_ Ye®)
AMEF(k, w) = N§|Gk(k,k)| (1 va(k))

[0¢] d ! oo d /
x / pa / Y AK eHBK —k, o)
C00 2 J_oo 27

fP@) + f(€)

. 70
hw + in — & + ho' (70)

Here Bg(q’,w/) is the bare phonon spectral function defined by

. 0 dw BO( /’w/)
zﬁ(q,wm>:=/" 4o H@) (71)

oo 2T 1V — @

and Dg(q/,ivm) is the bare phonon Green’s function. The next
step in improving the expression (70) might be simply to
replace DY(q',iv,,) by the renormalized phonon propagator
Di(q',ivy,). This is the GW approximation for M, (K, w).
The comparison of Eq. (55), in which 7 is replaced by the
phenomenological parameter A%, with Eq. (70) shows that
Im{ZHFk, w)} ~ —%7, ie., /X' can be understood as the
phenomenological electron lifetime from A(Kk, ¢).

C. w-dependent effective mass

The most common form of the generalized Drude formula
used in weakly interacting isotropic systems is the follow-
ing [13,16]:

ie? n

m(w) o+ i/t(w)’
Here n is the nominal concentration of conduction elec-
trons/holes, t(w) is the w-dependent relaxation time, and
m(w) = m[1 + A(w)] is the w-dependent effective mass. In
weakly interacting anisotropic systems, it can be rewritten in
the form

o(w) = (72)

+ 2 intra

o MTae (73)
Moo (@) @ + 1/ Te(w)
with Mye(w) = m[1 + Ay(w)]. The comparison
with Eq. (54) shows that Ay(w)~ Ay(Kp,w). Here

Ouaa (0)) =
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FIG. 5. The real and imaginary parts of the memory function
MLE?(kg ) as a function of temperature, for kg = (k,,0), k, =
1.799 Afl,t =2.52eV, Ep = 0.5¢eV, |Coe|? = 0.025eV?, fiw,. = 30
meV, and n = 10 meV.

Mok, ) = Re{M,(k, w)}/w is the wusual notation for
the dimensionless electron-phonon coupling constant.

In order to illustrate the dependence of A,(w) in heavily
doped graphene on the model parameters, we show in Figs. 5
and 6 the real and imaginary parts of ME(kg,w) (scattering
by acoustic phonons) and ME(kg,w) (scattering by optical
phonons) for typical values of the model parameters. The
phonon dispersions are approximated by Aw,.(q) & hw,.qa,
hwep(q) ~ hwgp and the electron-phonon coupling functions
are assumed to be Gu(k, ki) ~ Cyeqa, Gop(k, Ky) X Gop.
For the values of the parameters used in Figs. 5 and 6, we obtain
A = Aq(kp,0) & 0.5, resulting in m(0) = 1.5m (the same value
of A is obtained for the case shown in Fig. 4). These two
figures show that A = AL'E + AHE is largely unaffected by both
temperature and the damping energy n = AX'.

TOF LI B L S B )]
E — Mm=20meV I
60F ---- 15 meV 160
L --- 10 meV __:/,'/_\‘\‘_.;\ ]
S 50F T 5 meV ,;"I{'/ ¥ 150 =
5 r . N o] >
g of g o 1,0 &
= 40F 440 =
22 [ 7 m
= [ i ]
= 30F ‘ 130 sz
& 20f 120 E
10F i 110
R e _;.-:—."'—."‘?‘.::./. et ]
%005 01 015 02 025 ©
energy (eV)

FIG. 6. The real and imaginary parts of the memory function
MHER2) (kg ) as a function of the parameter n = A%/, forkg = (k,,0),
ky = 1.799 Afl, t =252 eV, Eg=0.5 eV, |Gyl> =0.25 eV,
hwe =0.2eV,and T = 50 K.
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FIG. 7. The real part of the two-band dynamical conductivity
in lightly doped graphene, for Er = 0.175 eV and T = 50 K. The
scattering by static disorder is described by A’} = 1.6 meV, the
scattering by acoustic and optical phonons by Alm{MLE(kg,w)} and
RIm{MHE(kr,w)}, and AT, = 20 meV is the interband relaxation rate.
The parameters in the memory function are the same as in Figs. 5
and 6, with kg = (k,,0), k, = 1.736 Afl. Experimental results, taken
at T = 40 K, are from Ref. [19].

IX. LIGHTLY DOPED GRAPHENE

Lightly doped graphene is an interesting example of
multiband electronic systems in which the ratio between
the threshold energy for interband electron-hole excitations
(2EF) and the energy of optical phonons [Awep(q) & Newep]
can be easily tuned by the electric field effect [19,38,39].
For the scattering by phonon modes, we can introduce the
interband memory functions M:L' (k, w), L # L', by using
the procedure illustrated in Sec. VI B. These functions
are expected to have the w dependence similar to the w
dependence of the intraband memory functions MLE(k, w).
According to Figs. 5 and 6, this means that in the interband
relaxation-time approximation, Im{M:%'(k, )} ~ T, there
will be two different regimes depending upon whether 2 Er >
hwep (I'z > Ty in this case) or 2Er < hwop (Where I'y &~ T'y).
However, to better understand the relaxation processes in the
interband channel, we have to include in the self-consistent
RPA equation (30) the scattering by other electrons as well. The
detailed discussion of this question will be given in a separate
presentation [40].

Here we are focused on the interband relaxation-time
approximation, for I'j <« I';. Figure 7 shows the two-band
dynamical conductivity in such a case (Ep = 0.175 eV).
The scattering by other electrons is taken aside and the
relaxation processes in the interband channel are treated in
the relaxation-time approximation. The scattering by acoustic
and optical phonons is described in the same way as in Figs. 5
and 6 (with n = 10 meV).

This figure shows that if we are interested in low-energy
electrodynamic properties of conduction electrons in systems
in which the threshold energy for interband electron-hole
excitations is of the order of the optical phonon frequencies
(or other high-frequency boson modes), we have to subtract
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from experimental spectra both the interband contributions
and the high-energy part of the intraband memory function.
The resulting low-energy part of 0,4(q,®) can be shown in the
form

e i1 o @\ 1
Ou (O~ Ty gmva(k)< 880(k))aHE(k)
1
o+ ME(K, 0)/a"E(k)’

(74)

where oE(k) = 1 + AHE(K, 0).

The same form of olf(q,w) is expected for coherent
low-energy conductivity of various low-dimensional strongly
correlated electronic systems, such as the cuprate super-
conductors [13,17,41]. In all such cases, we can perform
the memory-function analysis based on the function (74),
estimate both ofE(k) and the frequency dependence of the
real and imaginary parts of M.E(k, w) [or their averages
over the Fermi surface o''F and MLE(w)], and identify the
most intense low-energy scattering channels. Such an analysis
must be completed with temperature measurements of the
transport coefficients, in the first place, the dc resistivity p%¢ ~
1/0LE(q,0=0). Therefore, to understand the low-energy
physics in such systems, we have to examine carefully all
scattering channels in the intraband and interband memory
functions.

X. CONCLUSION

In this article we have presented the generalization of
the common self-consistent RPA equation to re-derive the
memory-function conductivity formula in a general weakly
interacting multiband electronic system. The generalized RPA
equations are shown to be integral equations which can be
easily solved by iteration. The resulting conductivity formula
and the structure of k- and w-dependent intraband memory
function turn out to be the same as that obtained by using
a more general approach based and the quantum kinetic
equations.

The results are applied to heavily doped and lightly doped
graphene. It is shown that the scattering of conduction elec-
trons by phonons leads to the redistribution of the intraband
spectral weight over a wide energy range, in a way consistent
with the partial transverse conductivity sum rule. It is also
shown that the present form of the intraband memory function
includes the scattering by quantum fluctuations of the lattice,
at variance with the standard semiclassical expressions for
the intraband relaxation rate, where this scattering channel is
absent. Finally, it is illustrated how the effective generalized
Drude formula can be used to study low-energy dynamical
conductivity in multiband electronic systems in which the
threshold energy for the interband electron-hole excitations is
of the order of the optical phonon energies. This simplified
conductivity formula is expected to be of importance in
analyzing coherent contributions to the intraband conductivity
in different strongly correlated electronic systems, such as the
cuprate superconductors.
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APPENDIX: COMMON MEMORY-FUNCTION APPROACH

In order to re-derive the generalized Drude conductivity
formula from Ref. [3], we consider the microscopic real-time
RPA irreducible current-current correlation function 7,4 (q,?)
from Eq. (13). The integration by parts with respect to time of
the Fourier transform m,,(q,) gives [5]
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in Eq. (A2), we obtain the (H "Y? contribution to the dynamical
conductivity o,,(q,w). It is given by the Kubo formula (17)
in which the current-current correlation function 7,4 (q,®) is
replaced by its high-energy contribution

na0) = — s [0 - eR0) A
with
P2(w) = ([Jo(@), H'); [Jo(—q), H') ™. (AS)

Therefore, the common memory-function approach leads to

1 the generalized Drude formula from the main text, Eq. (67), in
naa(qva)) = - (ha))2 V[q)aa(w) - q)otot(o)]s (Al) which Ma(a)) is given by
where mo 1o ()
R u - AMy(w) = D, (w) — D, (0)]. (A6)
Doa(@) = ([Jo(@), H]; [Jo(—q), H]))i. (A2) nina e2he V[ ]
After 1nseirt1ng . . For example, for H' = Hj,, a straightforward calculation
[Vo(@), H1 ~ [Jo(q), H'] = [Ju(q@), H] + H;] ~ (A3)  gives [3]
|
1 1 ve (K)
M (w) = — v2(k - Gk, K)) ————
SO = > 2(K)(—)— Z i ) G0 KO
1 11— — ffa -
XZS[( +f)(’ D =A== f)f] (A7)
= s(ho + in) + so(K, K') + haw,g
where f = f(k), f' = f(kK),and f* = fb(a)qu). After using the microscopic reversibility principle, this expression transforms
into
’ b
EM2 () = K)(—)— 1 1= 2N G e s/ (@) . (A8
P =y va (k)(—) ;a f>f< o ) 16K ;1 SO i) + ook, K) T g Y
Similarly, for H = H}, we obtain
[4] V(K |§0(Q)| ,
hM; () = n v o (k >Z— i Y00+ ) — v K) — va k)]
2 11— 1—ffrf—1-— 1—fDf
8 Z s / A—foad—=fMfaf-—a-nNa-7rf f+’ (A9)
£ eo(k K) + £o(K, k)

where f, = f(k;)and f] = f(K,).

how + in + seo(k, K') + seo(K/, k)

It is easily seen that Eq. (AS8) is directly related to the result of the variational approach for the relaxation rate i/t [3,10]:

h 1 1 1
— =y 2 Y AU - f’)f(l -
ko

ntra
Tir Ny %4 Y

Ve (K')
vy (K)

2
) |G (K, K)[? f(,q)278[e0(k, K) + hiwy 1. (A10)

After using the thematic simplification 8(1 — f') f &~ —df (k)/deo(k) in Eq. (A8) and the relation (66), we obtain the following

expression for the k-dependent memory function:

1
EMP(k, w) = —— G,k K)*(1-
H ) === 160k K)

AK

The term f[ss’eo(k’)] from Eq. (55) is missing in both of these
two standard textbook expressions.

Ve (K')
vy (K)

P (@k—x)

) Z Z how + in + seoK, K') + s'ho—i

s==%1s'==%1

(Al1)

Another disadvantage of the common memory-function
approach is that the memory function (A6) is second order
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in perturbation H'. Consequently, to study the phenomena
such as the SDW instability [15] or the BCS instabil-
ity [17] of the electronic subsystem, the scattering by soft
phonons [14], or by intraband plasmon modes, we have
to go beyond this approximation. It is thus necessary to

PHYSICAL REVIEW B 95, 035403 (2017)

develop high-order perturbation theory for the electron-hole
self-energy which recollects the most singular contribu-
tions in a systematic way. The Green’s function method
presented in Sec. VI represents one possible way to do
this.

[1] R. Kubo, M. Toda, and N. Hashitsume, Statistical Physics Il
(Springer, Berlin, 1995).

[2] D. Forster, Hydrodynamic Fluctuations, Broken Symmetry, and
Correlation Functions (Benjamin, London, 1975).

[3] W. Gotze and P. Wolfle, Phys. Rev. B 6, 1226 (1972).

[4] P. B. Allen, Phys. Rev. B 3, 305 (1971).

[5] L. Kupéié, Phys. Rev. B 90, 205426 (2014).

[6] 1. Kupcié, Phys. Rev. B 91, 205428 (2015).

[7] P. Bhalla and N. Singh, Eur. Phys. J. B 89, 49 (2016).

[8] G.D.Mahan, Many-Particle Physics (Plenum, New York, 1990).

[9]J. M. Ziman, Elements of Advanced Quantum Theory
(Cambridge University Press, London, 1988).

[10] J. M. Ziman, Electrons and Phonons (Oxford University Press,
London, 1972).

[11] D. Pines and P. Noziéres, The Theory of Quantum Liquids 1
(Addison-Wesley, New York, 1989).

[12] A. A. Abrikosov, Fundamentals of the Theory of Metals (North-
Holland, Amsterdam, 1988).

[13] S. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and S. Tajima,
Phys. Rev. B 43, 7942 (1991).

[14] L. Degiorgi, B. Alavi, G. Mihaly, and G. Griiner, Phys. Rev. B
44, 7808 (1991).

[15] A. Schwartz, M. Dressel, G. Griiner, V. Vescoli, L. Degiorgi,
and T. Giamarchi, Phys. Rev. B 58, 1261 (1998).

[16] D. N. Basov, D. van der Marel, M. Dressel, and K. Haule, Rev.
Mod. Phys. 83, 471 (2011).

[17] S.I.Mirzaei, D. Stickler, J. N. Hancock, C. Berthod, A. Georges,
E. van Heumen, M. K. Chan, X. Zhao, Y. Li, M. Greven, N.
Barisi¢, and D. van der Marel, Proc. Natl. Acad. Sci. USA 110,
5774 (2013).

[18] M. Opel, R. Nemetschek, C. Hoffmann, R. Philipp, P. F. Miiller,
R. Hackl, I. Tiitto, A. Erb, B. Revaz, E. Walker, H. Berger, and
L. Forrd, Phys. Rev. B 61, 9752 (2000).

[19] Z. Q. Li, E. A. Henriksen, Z. Jiang, Z. Hao, M. C. Martin,
P. Kim, H. L. Stormer, and D. N. Basov, Nat. Phys. 4, 532
(2008).

[20] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,
and A. K. Geim, Rev. Mod. Phys. 81, 109 (2009).

[21] L. Kupcié, Z. Rukelj, and S. Barisi¢, J. Phys.: Condens. Matter
25, 145602 (2013).

[22] T. Ando, Y. Zheng, and H. Suzuura, J. Phys. Soc. Jpn. 71, 1318
(2002).

[23] N. M. R. Peres, T. Stauber, and A. H. Castro Neto, Europhys.
Lett. 84, 38002 (2008).

[24] J. P. Carbotte, E. J. Nicol, and S. G. Sharapov, Phys. Rev. B 81,
045419 (2010).

[25] E. H. Hwang and S. Das Sarma, Phys. Rev. B 75, 205418 (2007).

[26] V. Despoja, D. Novko, K. Dekanié, M. §unjié, and L. Marusic,
Phys. Rev. B 87, 075447 (2013).

[27] J. R. Schrieffer, Theory of Superconductivity (Benjamin, New
York, 1964).

[28] I. Kupcié, Physica B 322, 154 (2002).

[29] I. Kupci¢ and S. Barisié, Phys. Rev. B 75, 094508 (2007).

[30] V. P. Gusynin, S. G. Sharapov, and J. P. Carbotte, Phys. Rev. B
75, 165407 (2007).

[31] D. Vollhardt and P. Wolfle, Phys. Rev. B 22, 4666 (1980).

[32] 1. Kupci¢, G. Niksié, Z. Rukelj, and D. Pelc, Phys. Rev. B 94,
075434 (2016).

[33] A. A. Abrikosov, L. P. Gorkov, and I. E. Dzyaloshinski, Methods
of Quantum Field Theory in Statistical Physics (Dover, New
York, 1975).

[34] A. L. Fetter and J. D. Walecka, Quantum Theory of Many-
Particle Systems (McGraw-Hill, London, 1971).

[35] D. Bergeron, V. Hankevych, B. Kyung, and A.-M. S. Tremblay,
Phys. Rev. B 84, 085128 (2011).

[36] P. M. Platzman and P. A. Wolff, Waves and Interactions in Solid
State Plasmas (Academic, New York, 1973).

[37] L. Kupci¢, Phys. Rev. B 79, 235104 (2009).

[38] K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, M. L.
Katsnelson, I. V. Grigorieva, S. V. Dubonos, and A. A. Firsov,
Nature (London) 438, 197 (2005).

[39] Y.Zhang, Y.-W. Tan, H. L. Stormer, and P. Kim, Nature (London)
438, 201 (2005).

[40] 1. Kupcié¢ (unpublished).

[41] J. R. Schrieffer and J. S. Brooks (Eds.), Handbook of High-
Temperature Superconductivity (Springer, New York, 2007).

035403-13


https://doi.org/10.1103/PhysRevB.6.1226
https://doi.org/10.1103/PhysRevB.6.1226
https://doi.org/10.1103/PhysRevB.6.1226
https://doi.org/10.1103/PhysRevB.6.1226
https://doi.org/10.1103/PhysRevB.3.305
https://doi.org/10.1103/PhysRevB.3.305
https://doi.org/10.1103/PhysRevB.3.305
https://doi.org/10.1103/PhysRevB.3.305
https://doi.org/10.1103/PhysRevB.90.205426
https://doi.org/10.1103/PhysRevB.90.205426
https://doi.org/10.1103/PhysRevB.90.205426
https://doi.org/10.1103/PhysRevB.90.205426
https://doi.org/10.1103/PhysRevB.91.205428
https://doi.org/10.1103/PhysRevB.91.205428
https://doi.org/10.1103/PhysRevB.91.205428
https://doi.org/10.1103/PhysRevB.91.205428
https://doi.org/10.1140/epjb/e2016-60799-9
https://doi.org/10.1140/epjb/e2016-60799-9
https://doi.org/10.1140/epjb/e2016-60799-9
https://doi.org/10.1140/epjb/e2016-60799-9
https://doi.org/10.1103/PhysRevB.43.7942
https://doi.org/10.1103/PhysRevB.43.7942
https://doi.org/10.1103/PhysRevB.43.7942
https://doi.org/10.1103/PhysRevB.43.7942
https://doi.org/10.1103/PhysRevB.44.7808
https://doi.org/10.1103/PhysRevB.44.7808
https://doi.org/10.1103/PhysRevB.44.7808
https://doi.org/10.1103/PhysRevB.44.7808
https://doi.org/10.1103/PhysRevB.58.1261
https://doi.org/10.1103/PhysRevB.58.1261
https://doi.org/10.1103/PhysRevB.58.1261
https://doi.org/10.1103/PhysRevB.58.1261
https://doi.org/10.1103/RevModPhys.83.471
https://doi.org/10.1103/RevModPhys.83.471
https://doi.org/10.1103/RevModPhys.83.471
https://doi.org/10.1103/RevModPhys.83.471
https://doi.org/10.1073/pnas.1218846110
https://doi.org/10.1073/pnas.1218846110
https://doi.org/10.1073/pnas.1218846110
https://doi.org/10.1073/pnas.1218846110
https://doi.org/10.1103/PhysRevB.61.9752
https://doi.org/10.1103/PhysRevB.61.9752
https://doi.org/10.1103/PhysRevB.61.9752
https://doi.org/10.1103/PhysRevB.61.9752
https://doi.org/10.1038/nphys989
https://doi.org/10.1038/nphys989
https://doi.org/10.1038/nphys989
https://doi.org/10.1038/nphys989
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1088/0953-8984/25/14/145602
https://doi.org/10.1088/0953-8984/25/14/145602
https://doi.org/10.1088/0953-8984/25/14/145602
https://doi.org/10.1088/0953-8984/25/14/145602
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1143/JPSJ.71.1318
https://doi.org/10.1209/0295-5075/84/38002
https://doi.org/10.1209/0295-5075/84/38002
https://doi.org/10.1209/0295-5075/84/38002
https://doi.org/10.1209/0295-5075/84/38002
https://doi.org/10.1103/PhysRevB.81.045419
https://doi.org/10.1103/PhysRevB.81.045419
https://doi.org/10.1103/PhysRevB.81.045419
https://doi.org/10.1103/PhysRevB.81.045419
https://doi.org/10.1103/PhysRevB.75.205418
https://doi.org/10.1103/PhysRevB.75.205418
https://doi.org/10.1103/PhysRevB.75.205418
https://doi.org/10.1103/PhysRevB.75.205418
https://doi.org/10.1103/PhysRevB.87.075447
https://doi.org/10.1103/PhysRevB.87.075447
https://doi.org/10.1103/PhysRevB.87.075447
https://doi.org/10.1103/PhysRevB.87.075447
https://doi.org/10.1016/S0921-4526(02)01176-6
https://doi.org/10.1016/S0921-4526(02)01176-6
https://doi.org/10.1016/S0921-4526(02)01176-6
https://doi.org/10.1016/S0921-4526(02)01176-6
https://doi.org/10.1103/PhysRevB.75.094508
https://doi.org/10.1103/PhysRevB.75.094508
https://doi.org/10.1103/PhysRevB.75.094508
https://doi.org/10.1103/PhysRevB.75.094508
https://doi.org/10.1103/PhysRevB.75.165407
https://doi.org/10.1103/PhysRevB.75.165407
https://doi.org/10.1103/PhysRevB.75.165407
https://doi.org/10.1103/PhysRevB.75.165407
https://doi.org/10.1103/PhysRevB.22.4666
https://doi.org/10.1103/PhysRevB.22.4666
https://doi.org/10.1103/PhysRevB.22.4666
https://doi.org/10.1103/PhysRevB.22.4666
https://doi.org/10.1103/PhysRevB.94.075434
https://doi.org/10.1103/PhysRevB.94.075434
https://doi.org/10.1103/PhysRevB.94.075434
https://doi.org/10.1103/PhysRevB.94.075434
https://doi.org/10.1103/PhysRevB.84.085128
https://doi.org/10.1103/PhysRevB.84.085128
https://doi.org/10.1103/PhysRevB.84.085128
https://doi.org/10.1103/PhysRevB.84.085128
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1103/PhysRevB.79.235104
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04233
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235
https://doi.org/10.1038/nature04235



