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A chiral quasiparticle wave packet (c-QPWP) is defined as a conventional superposition of chiral quasiparticle
states corresponding to an interacting electron system in two dimensions (2D) in the presence of Rashba spin-orbit
coupling (RSOC). I investigate its internal structure via studying the charge and the current densities within the
first-order perturbation in the electron-electron interaction. It is found that the c-QPWP contains a localized
charge which is less than the magnitude of the bare charge and the remaining charge resides at the system
boundary. The amount of charge delocalized turns out to be inversely proportional to the degenerate Fermi
velocity vo(=y/a? + 2u/m) when RSOC (with strength «) is weak, and therefore externally tunable. For strong
RSOC, the magnitudes of both the delocalized charge and the current further strongly depend on the direction of
propagation of the wave packet. Both the charge and the current densities consist of an anisotropic r 2 tail away
from the center of the wave packet. Possible implications of such delocalizations in real systems corresponding
to 2D semiconductor heterostructure are also discussed within the context of particle injection experiments.
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I. INTRODUCTION

The interplay of the chirality and the electron-electron (e-e)
interaction is a very important issue from both fundamental
and applied perspectives in many-body quantum systems. Bare
electron develops chirality when its spin (o) and momentum
(p) get locked because of the presence of spin-orbit (SO)
coupling [1,2]. Moreover, in an interacting electron system
the presence of SO coupling brings an additional energy scale,
apart from the Fermi energy and the Coulomb energy which
were already present. The analysis of different phases in the
interacting electron systems usually starts from a Fermi-liquid
theoretic point of view [3,4]. In the presence of SO coupling,
the interplay of all the above-mentioned energy scales leads to
the formation of new phases of matter [5—10]. In this regard, a
theory of the chiral Fermi liquid (CFL) has been put forward
recently along the line of the conventional Landau Fermi-liquid
theory by focusing on the presence of Rashba SO coupling [11].
The central pillar in this CFL theory is the existence of chiral
quasiparticles which are valid only near the Fermi surfaces of
the respective Rashba subbands [11].

The Landau Fermi-liquid theory is formulated in terms of
the distribution function of quasiparticles n(k, r), and this can
be obtained from the well-established microscopic calculations
[3,12]. This distribution function is generally considered as
a semiclassical quasiparticle wave packet (QPWP) of mean
momentum Kk, mean position r, and charge e (being equal to the
charge of the bare particle). However, it has been shown that the
QPWP develops a nontrivial internal structure because of the
electron-electron interaction. This internal structure leads to
the delocalization of charge and current in the QPWP state [13].
Ina spin-% Landau quasiparticle wave packet (Landau-QPWP)
with spin o =1, the charge density consists of a localized
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(spherically symmetric) part corresponding to a charge ¢’
such that “’; # 1, and the rest of the charge (1 — %) < 1 gets
delocalized and uniformly distributed at the surface of the
large volume [13]. Moreover, the Landau-QPWP contains a
localized spin o’ > 1, leading to the spin-charge separation in
the Landau-QPWP [14]. The bare particle wave packet (in the
absence of electron-electron interaction), on the other hand, is
structureless with a charge equals unity (% = 1) and spin of

magnitude % localized within the spatial spread of the wave
packet. It has been pointed out that because of this nontrivial
internal structure of a QPWP in the presence of e-e interaction,
the above-mentioned distribution function n(k, r) cannot be
interpreted as a QPWP [13,14].

The concept of QPWP is important in the tunneling ex-
periments in relation to reflection and transmission through a
barrier [15,16]. Experimentally, it has been found that there
exists a finite probability of finding both the electrons on
the same side of the barrier when those two are injected
from two different sources separated by the barrier [15]. This
phenomenon has been attributed as due to the fundamental
wave-packet nature of the electron quasiparticles [16].

Furthermore, in real systems the SO coupling remains an
important character [17-19]. In noncentrosymmetric semi-
conductors, bulk SO coupling becomes odd in electron’s
momentum and this is known as the Dresselhaus coupling
[20]. In two-dimensional (2D) semiconductor heterostructures
with structural inversion asymmetry the SO coupling becomes
linear in electron’s momentum and the corresponding SO
coupling is well known as the Rashba SO coupling (RSOC)
[21-24]. Systems with RSOC have been investigated quite
extensively, even at the single-particle level, to uncover ap-
pearances of a rich variety of exotic quantum phases [19]. In
particular, in 2D heterostructures, the experiments are usually
performed in a well-controllable manner and the strength
of the SOC can be tuned externally [19,25]. Moreover, the
interplay of SO coupling and electron-electron interaction also
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brings unconventional long-range order in the system and,
interestingly enough, the SO coupling itself gets renormalized
by the momentum-dependent screened Coulomb interaction
[26-36]. However, the quasiparticle properties largely remain
unaffected by the interplay between them in the Fermi-liquid
state [37—40].

In view of the importance of both the presence of SO
coupling and the wave-packet nature of the quasiparticles
in the real systems, in this paper I consider the issue of
delocalization of charge and current in the chiral QPWP
(c-QPWP) corresponding to the Fermi liquid in the presence
of Rashba SO coupling which is relevant in the 2D electron
liquid appearing at the inversion layer of semiconductor het-
erostructures [11,41]. To the best of my knowledge, the effect
of the SOC on the internal structure of the QPWP has not been
investigated in the literature to date.

In this paper, I define a c-QPWP of specific chirality “s”
corresponding to the CFL as a conventional superposition
of chiral quasiparticle states. Here, I have investigated the
important role played by the RSOC in the internal structure
of such c-QPWP by studying the expectation values of the
Fourier transform of the charge density operator 71(q) and
current density operator 7(q) in the c-QPWP state in the limit
|q] — 0. The important results obtained in this paper are as
follows. It is found that both 7i(q) and f(q) are discontinuous
at ¢ = 0 which signals to the fact that the charge and current
associated with the c-QPWP are delocalized to infinity, i.e.,
to the boundary of a thermodynamically large system. This is
because of the effect of the e-e interaction, as found in the case
of Landau-QPWP [13,14]. However, in the presence of SOC
the magnitudes of the delocalized charge and current depend
on the strength of the SO coupling and also on the direction of
propagation of the wave packet. Both weak and strong SOC
have been considered. Furthermore, in the present case, the
fact that strength of the RSOC is externally tunable makes
the magnitude of the delocalized charge and current externally
tunable. The dependence of the delocalized charge and current
on the strength of RSOC is expected to aid the experimental
detection of the delocalization effect. On the contrary, the
case of a conventional Landau Fermi liquid lacks any tuning
parameter similar to the strength of the RSOC. Therefore, the
observations of the localized charge and current carried by the
Landau-QPWP have been extremely difficult [14].

The paper is organized as follows. The charge and current
densities of a c-QPWP have been presented in Sec. II. In
Sec. III, I calculate the amount of charge and current de-
localized to the boundary and in Sec. IV, I discuss some
experimental implications. The results are discussed in Sec. V
and calculational details are presented in the Appendices.

II. CHARGE AND CURRENT OF A CHIRAL
QUASIPARTICLE WAVE PACKET: GENERAL
FORMULATION

In this paper, I consider the Hamiltonian corresponding to
the 2D CFL which is described by
H =
with

Hy + Hiy

(a)

FIG. 1. (a) Dispersion relation & ; vs k, and 12}., where the z axis
represents ék,s = i‘;‘z, and k, = % and 12}, = :l—; (b) Fermi surfaces
are concentric circles, k- is the radius corresponding to s = +1, and
ky is the radius corresponding to s = —1. Quasiparticle picture is
valid only near the Fermi surface, quasiparticle being schematically

shown as red circle and blue dot on the respective Fermi surfaces.

Hy =

t k2
Z |:Ck,o—800’ 2 e’

k,o,0’
+ clty(,a(r;’(,,ky - r(;vg/kx)ckqa,} (1)

where o is the strength of Rashba SO coupling (RSOC),
Hi, is the conventional e-e interaction whose precise ex-
pression is given later in (6), k> =k2 +k2, with h =
e(charge of electron) = 1, and m being the effective band mass
[11]. The quantities T* and t” are the x and y components of
the Pauli matrices, respectively, and « is taken to be positive.
The noninteracting part Hy is nondiagonal in the spin basis and
is diagonalized using the following unitary matrix:

1 1 1
UZE it it ) 2

where 6 = tan™! I]z—) is the azimuth of k. The diagonalized
noninteracting Hamiltonian reads as

Ho="Y_ el fischs, (3)
Kk,s

where & , = % + sak and s = %1 denotes the chirality or the
winding direction of the spins around the Fermi surface [11].
This dispersion relation is shown in Fig. 1(a). The normalized
plane wave states corresponding to these chiral electrons are
given by

1 1 ;
K.s) = E(_isemk)e"“, “

where the 2D volume of the system €2 has been taken to be
unity and standard periodic boundary conditions are assumed
[11]. For u > 0, the & s = w plane cuts the dispersion curves
in such a way that the Fermi surfaces corresponding to both the
Rashba subbands turn out to be concentric circles with radii
ki, as shown in Fig. 1(b). The Fermi momenta and the Fermi
velocities of individual subbands are given by k,f =m(vy F )
and vo = /a? + 2u/m, respectively, where u is the chemical
potential [11]. The strength of the RSOC is considered to be
small, thereby ensuring the Fermi velocities of two subbands
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to be the same. However, in the case of strong RSOC, the Fermi
velocities corresponding to the individual subbands no longer
remain degenerate and are self-consistently determined by the
renormalized Fermi momenta [11]. The ground state of the
noninteracting system is the filled Fermi circle since the chiral
electron also satisfies the Pauli exclusion principle. Therefore,
the ground state is constructed by filling up all the single chiral
particle states until the respective Fermi momentum, viz.,

1y =[] T1 cksck_10), (5)

K <k} K'<kp

|0) being the vacuum [11]. If there are N chiral electrons, N /2
electrons with chirality “4” shall be within the Fermi 2-sphere
(i.e., circle) of radius k7, and rest N /2 electrons with chirality
“—" shall be within the Fermi 2-sphere of radius k. Then,
one can find a one-particle state by adding a bare electron of
specified chirality above the corresponding Fermi sea, viz.,
lk,s) = c| |F), forall k > k}..

H;i, further can expressed in the chiral basis by expanding
the field operator 1 corresponding to the two-body interaction
as Y(r) = > ks Cks|K,s), and the form is given by [40]

Hiy = % Z

ki.K2,p,51,52,53,54

V51y52-53,54(k1vk27p)

T i
X Cky—p.s; Cka+p,sy Ckaz,53 Ckisa s (6)

where

V51v52153v54(k1 k2,p)
= V(P)HI + sisae’ @) 4,550/ )

+ 51525354" O o Py p) ] @)

2
N
transform of the Coulomb (2D-projected) interaction in two
dimensions (2D), where for the purpose it is sufficient to con-
sider § to be a term regularizing the Coulomb interaction so that
V(p) does not diverge as p = |p| — 0 [41-43]. By switching
on the interaction [represented by the above Hamiltonian (6)]
adiabatically the one-particle state |K,s) can be evolved into a
chiral quasiparticle state |y ) [11].

In this paper, I have calculated the charge and current
density of a c-QPWP, defined in Sec. II B, within the first-order
perturbation in the e-e interaction. For this purpose, in the
following I have rewritten the charge and the current density
operators in the chiral basis.

as the Fourier

In this paper, I consider V(p) =

A. Charge and current density operators in the chiral basis

The charge density operator 7i(q) is expressed in the chiral
representation as

ZOESY Clo—qs Oy (1 F58'e W), (®)

k',s,s’

where the charge e = 1, as I have already mentioned and k' in
the sum is unrestricted. The charge current or simply current
density operator j(q) is obtained in two steps, viz., first current
density operator is obtained in the Pauli basis, which is given

by [44]
3@ = Juin(@) + Jso(qQ)

1 ’ q T
= Y L s g

K 0,0’

+ Y (P =R qeho )

k',o,0’

where k’ in the sum is unrestricted. Because of the presence of
spin-orbit coupling, the above equation for the current density
operator consists of two parts, viz., a kinetic part jkm(q) and
a spin-orbit (SO) part jso(q). It can be easily seen that the
spin-orbit part of the current density operator is composed
of components of in-plane spin-density operators, thereby
signifying a spin-charge coupled transport [44]. Then, in the
second step, I rewrite the operator in the chiral basis, and the
kinetic part and the spin-orbit part corresponding to the current
density operator take the form

jkin(q)

= Z l(k/ - g)1[1 + 55’ OOl
m 2/2 K=g.s =i
K',s,s’
and
jso(q)

_ O ibs  in —ib_q(p 1 i oV

= Z E[S e'N(@E —19) + se x+ l)’)]Ck/_q,ka’,s/-
K',s,s’

(10)

In the following, the formal definition of a c-QPWP is intro-
duced.

B. Definition of the c-QPWP

To investigate the internal structure of a c-QPWP, in this
paper I define a c-QPWP with an average momentum kg (prop-

agating in the direction Ko) and chirality “s™ as a superposition
of the chiral quasiparticle states

W) = D Axl¥is), (11)

K, K| >k

where for simplicity the envelope function Ay is considered
to be a Gaussian Ay, = Ce <" ®%/2 for |k| > k3. Such a
definition is valid only near the respective Fermi surfaces of
the corresponding chiral subbands, and is similar in spirit to
the definition of Landau QPWP corresponding to an SU(2)-
symmetric Landau Fermi liquid [13]. The basic requirements
for the envelope function remain the same as that have been
taken in Ref. [13], i.e., Ak is a smooth function, sufficiently
sharply peaked near ko with spread a=! = Ak < ko — k.
and vanishes for k < k}.. This means that for all practical
purposes, ko ~ ki, for the c-QPWP of specific chirality s.
However, on top of these, the spread Ak <« « which further
guarantees that probability of finding a chiral quasiparticle
state of specific chirality near the Fermi surface with opposite
chirality is vanishingly small. This restriction is fundamentally
different from the restriction (in the sense of disallow) on
the intersubband transition corresponding to CFL description
[11]. Furthermore, considering a similar definition of bare

115112-3



SUBHAIJIT SARKAR

PHYSICAL REVIEW B 97, 115112 (2018)

chiral particle wave packet one can find ), |Ak|*> =1 by
normalizing the wave packet. In this way, one may think of the
factor |Ag|*> ~ (27)*8(k — Kg), in the limit Ak — 0, however,
this is not of absolute necessity. In this paper, I want to calculate
the total charge and current in the c-QPWP, by supposing
s = +1 for definiteness. However, conclusions shall remain
same for s = —1 also.

The expectation values n(q) = (W, +17(q)| Wy, +) corre-
sponding to the charge density and j(q) = (W, + |j(q)|\llk0,+)
corresponding to the current density are calculated to first order
in Hi, using the nondegenerate RS perturbation theory applied
to |k +). The presence of Rashba SO coupling does not alter
the quasiparticle properties as mentioned earlier [37—40], and
although the states |k,+) are in continuum, the divergences
originating from this are assumed to be integrable [13]. Within
first-order perturbation in Hjy, the c-QPWP is given by

Wy, 4) = Z Ak +)

k. [k|>kf

= Y Ak + k),  (12)
k,|k[>k)

where |k, +)1) = g Hinlk,+)  and  Holk,+) =
& +|k,+). The operator P = (I — |k, +)(k, +|) is the
projection operator which rules out the scattering of the state
|k,+) by Hiy to itself, and thereby gets rid of the divergences
originating from m [45].

C. Charge density of c-QPWP

The expectation value of 7i(q) in the state given by (12)
consists of three terms as shown in the following equation:

n@= Y Ar Ak —q, + li@lk+)

k. |k[ >k}
+(n(k —q, + |A(q)k,+)
+(k —q, + [A(Qlk,+)m)], (13)

where the first term represents the charge density of a bare
particle state |k,+), and the other two terms collectively
represent the first-order correction to the charge density in the
presence of electron-electron interaction. In the following, I
shall consider the cases |q| = 0 and |q| # O separately. This is
because the = 0 and q # 0 components of the charge density
operator have very different meaning. The value of n(q = 0),
on the one hand, corresponds to the average charge density of
the system, while on the other hand for |q| # 0, the quantity
n(q) describes the fluctuations in the charge density [46,47].
It is worthwhile to point out that in the analysis presented
here, the condition |q| < k¥ shall be considered. This ensures
that the Fermi-liquid picture remains valid, otherwise, if a
particle is scattered far away from the Fermi surface, then the
quasiparticle picture breaks down [3,11,41].

1. Forq=0

For |q| = 0, from (8) it is easy to recognize that s’ = s is the
only possibility which gives nonzero contribution because for
s" = —s, the charge density operator /i(q) vanishes identically.
Therefore, in this case from the above equation and (8) one can

find
ng=0= Y > APk +lc) .k +)

k,|k[>k) K5

+ ik, +lef ewslk+) FHel (14

The first term in the square brackets leads to a value N + 1,
where N represents the total number of chiral electrons present
within the Fermi circles of radii k7. The extra unit charge ob-
tained above corresponds to the added particle localized within
the spread Ak of the wave packet. The second and third terms
in the above equation are the first-order correction to the charge
density as a result of e-e interaction. These corrections can be
shown to vanish for q = 0. This happens because in this case
the e-e interaction does not lead to any state with an additional
electron-hole pair (see Appendix A 1 for detailed explanation)
[13]. Therefore, n(q = 0) = N + 1, which signifies that the
total charge of the system is a constant and hence is conserved
by the interaction. This is further apparent from the fact that the
charge density operator commutes with the full Hamiltonian.
It is worthwhile to point out that the ¢ = 0 component of
the charge density represents the average charge density of
the system because n(q = 0) = éfdzr nr)y=(N+1)/2.
However, in this paper the volume of the system (£2) has been
taken as unity and, hence, n(q = 0) = N + 1 represents the
total charge of the system. Whereas, in the case of nonzero q
the charge density fluctuation does indeed couple to states with
an additional electron-hole pair, as explained below, leading to
nonzero first-order correction.

2. Forq #0

I now calculate the charge density n(q) for q # 0. In (13),
the first term represents the charge density of a bare chiral
particle wave packet. This term can be easily calculated to
be i sk Ar_qAk3[1 + e " @=%] By noting the fact
that in the summation over kK mentioned above |k| > k;r,
one can assume 6 ~ Gx_q for |q| K k}r. Therefore, the first
term corresponding to (13) turns out to be Zk,lkl>k2’- Ay_qAk-
At this point, I define, for notational convenience, Q(q) =
Zk,lkl>k; 0k,q) = Zk,\k\)k; Al";qu. This term is analytic
atq =0, and

lim 0@ =) 1A’ =1,
k

where the above summation can, in principle, be performed
over all k states since Ay = 0 for all k < k;’. Consequently,
in this case the first term corresponding to (13) turns out to
be O(q).

The other two terms in (13) represent the first-order cor-
rections due to the electron-electron interaction as mentioned
earlier. In order to compute these two terms, one needs to
collect the scattering events those contribute. These are shown
in Fig. 2. The first-order correction |k,+) i) to the state |k,+)
appearing in (13) consists of a scattered (by the interaction)
chiral electron k — p,s;, leading to s4 =+, and a chiral
electron-hole pair of momentum p. Then, there can be two

possibilities. In the first, the operator clt,_ q.sCk’.s can annihilate
the chiral electron-hole pair as shown in Fig. 2(a). This process
leadstop=gq, s =5, 53 =5, 51 = +, and k, = K'. In the

other process, the operator Clo_q,sCK,s’ CaN annihilate a chiral
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Ms,s'(k’r qQ

k—q,+
Annihilation
of electron-
hole pair

Vis s+ (K k',q)

k, +

@

Ms,s’(k’v q)

kK'—q,s

Vor 454 (K k'—qk' -k

k—q + Kk, +

(®)

FIG. 2. Scattering processes leading to (Al). (a) Electron-hole pair annihilation by Cl/,q,sck',su (b) annihilation of a chiral hole k,,s3

and a chiral electron k; — p,s; by ci,_q‘ sCk.s- The dashed line denoted by M, (k’,q) represents the form factor (or the matrix element)

%[1 + ss'e”®-a=%)] corresponding to the charge density operator (8). This illustrates how the charge density operator takes part in the
scattering processes. Conservation of momentum and chirality index at each vertex has been taken into account. Points to note that when
M, (K',q) (rather a vector quantity in nature) is taken to be %(k/ — g)%[l + s5'e " O -0k ], the scattering processes lead to (A3), and when

taken to be %[s’e”’k’ (& —i9) + se " %-a(% + i $)], these lead to (A5).

hole k;,s3 and a chiral electron k; — p,s; as shown in Fig. 2(b).
Thisleadstop = k' — k, s = s/, s3 = 5, and 5, = +. All the
other scattering processes do not contribute because of the
restrictions imposed by the projection operator P as mentioned
earlier. Carrying out the calculations corresponding to the
scattering processes shown in Fig. 2, and adding to this the
resulting expression corresponding to the first term of (13), i.e.,
0(q), one can find, in the limit |[q| — 0 (see Appendix A 1 for
intermediate steps),

Jim @ =1- 3 |Ak|2[V<0>

k.K',s
l /
— 5[l + s cos(B — BRIV (K — k)]
K -q8(k' — k)

X A A 9
T -K-g-ak-q-sK -

m

s)

where K’ and q are unit vectors. It is worthwhile to note that
for o = 0 the chiral basis coincides with the spin basis and the
expressions corresponding to (15) coincide with the equations
obtained in Ref. [14]. The second term of (15) does not at all
depend on the magnitude |q| of the momentum q, instead it
depends only on the angle between k' and q and k and q.
Furthermore, in Sec. III, I have explained that in the limit
q — 0 the second term of (15) is indeed a nonzero and positive
quantity and, therefore, lim,q.0n(q) < 1. This signifies that
in the limit |q| — O the density fluctuation does not vanish

J

continuously and, therefore, the value of n(q) changes discon-
tinuously from N + 1 to a value which is less than 1 at q = 0.
Such a discontinuity in n(q) at ¢ = 0 indicates a delocalization
of charge as explained in Sec. III. This discontinuity is in
addition to the one that naturally arises from the uniform
charge density of the filled Fermi circle. The delocalization
shall further be explored in detail in Sec. III, and the amount of
charge delocalized will be estimated. In the following, I shall
calculate the current density in the c-QPWP state.

D. Current density of c-QPWP

In order to compute the current density of a c-QPWP, let us
first note that both the kinetic part jui(q) and spin-orbit part
jso(q) of the current density operator have the form clt,_ q.5CKs7
which is same as that of the charge density operator corre-
sponding to (8); they differ only by their form factor (or matrix
elements). This can be easily seen by comparing (10) with
(8). Therefore, both the scattering processes corresponding to
Figs. 2(a) and 2(b) remain same in the case of both the current
densities. However, in this case the dashed line representing
the matrix elements as indicated in Fig. 2 is given by %(k/ —
A1 + ss’e7"@-=%)] when one considers jxin(q) and
L[s'e N (& —i9) + se” "W -a(% 4 i $)] for the calculation of the
expectation value of jso(q). Then, by straightforward evalua-
tion of the scattering processes corresponding to both Jiin(Q)
and jso(q) one can show (see Appendix A 2) in the limit |q| —
0 that the total current density of the c-QPWP state is given by

- o . ko . K
lim j(q) = lim [jkin(q) + jso(@] = | — +ako | — Z |Agl*[ — + sak’
|q/—0 lq/—0 m m

K -q8(k' — k%) [V(©0) — A1 + s cos(@ — )]V (K — k)]

X

kK ,s

T —K) - q—alk §—sk-§

. (16)
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Since both the kinetic and the spin-orbit parts of the current
density operator commute with the full Hamiltonian, the total
current in the system is conserved, i.e., j(q = 0) = % + aKo,
where j(q = 0) represents the total current as n(q = 0)
represents the total charge. Therefore, the total current in the
system is directed along the propagation of the c-QPWP, i.e.,
along ky. It is worthwhile to repeat an important point that in
the summations corresponding to the above equations [K| > k-
and |K'| = k}.. Following arguments similar to those of the
charge density, from (16) one can see that limq ¢ j(q) #
% + oKy, thereby signaling in a discontinuity in the current
density too at ¢ = 0. This leads to a delocalized current which
is investigated in detail in Sec. III. Howeyver, it can be shown
that (see Appendix B) the following continuity equation

an(q,t)
dt

+iq - [jkin(q.1) + jso(q.1)] = 0 a7

is satisfied to first order in the interparticle interaction for every
q. This implies that at each point r in the real space the charge-
current conservation is satisfied to first order in the interaction.

III. DELOCALIZATION OF CHARGE AND CURRENT

Delocalization of charge can be investigated by evaluating
the fluctuation in the charge density n(q) of the c-QPWP from
its value corresponding to |q| = 0. One can rewrite (Al) as
n(q) = Q(q) + An(q) for |q| # 0, and identify the fluctuation
as

An(q) = n(q) — Q(q)
=Y 0k,q)f(kq), (18)
k

where the quantity f(k,q) is given by

no(K' — q,5) — no(K',s)
k.q) = — r k
fk,q) Z(l(k/_k).q—o{(k-q—Sk/'q)

K',s m

1
X |:V(q) - 5[1 + s cos(B — )V (K — k)]).
(19)

This quantity represents the first-order contribution to the fluc-
tuation in the charge density from the perturbation caused by
the electron-electron interaction. In (18), it seems that An(q =
0) =n(q = 0) — 1 = N, however, this anomaly is a result of
the fact that there exists a discontinuity in the charge density
which is arising from the charge density of the uniformly
filled Fermi circle. Therefore, in what follows, whenever I
consider An(q = 0) it is suitably redefined by subtracting N
from it so that at |q| = 0 the fluctuation vanishes. This section
aims to show that in the limit |q| — 0, the fluctuation An(q)
is nonzero, therefore showing a discontinuity in the charge
density at q = 0.

Owing to the sharpness of the envelope function Ag the
above function (19) can be approximated in the small-|q| limit
as f(Ko,q) = f(0q,,), Where 6y, is the angle between the
vector q and ky. I consider these individuals to be of the form
ko ~ kj-(cos 0y, sin 0,) and q = g(cos ,, sin 6,). Therefore,

in the limit |q| — O the above equation takes the form

F(Oqx)=f"(Oqx,) + f~ (Ogx,). Where

(i) ==Y ([vm)_%[m cos (6o ]V (K — k(,)}

K
% : Kk’ :I(S(k A—kp) _ > (20)
7K —ko)-§—ake -q—sk'-q)
and
(6, + (6 , 0
An(q) — {()Q(q)[f ( q~k0) f ( Qakﬂ)] gio (21)

The function f°(0g,,) is a sufficiently regular function, any
divergences occurring due to vanishing denominator can be
integrable. The finite (but small) spread of the wave packet
Ak = a~ ! [see Sec. II, near (11)] ensures that the denominator
in the above equation does not vanish identically. In this
analysis, for simplicity and ease of estimation of the amount
of charge/current delocalized, I take Q(q) = 9’/ 4 je. a
circularly symmetric Gaussian function. However, the quali-
tative results do not depend on this particular choice. Using
symmetry arguments, one can write in 2D

£ (Bare) = D 7 cos(ly), (22)

=0

where s denotes the chirality index. Therefore, the first-order
correction to the charge density in the real space is given by

An(r) =) " 0(q) ficos(l6y)e"*™, (23)

q [=0

where f; = ( flJr + f;7). In calculating the sum over q’s, the
standard replacement Zq — # I d?q shall be used where
the 2D volume €2 has been taken to be unity as mentioned
earlier. Although I have considered the limit of small ¢, for
Q(q) sufficiently sharply peaked near |q| = 0 the function
Q(q) vanishes everywhere except in the limit of very small
values of |q| (Sa~"). Therefore, in the above Fourier transform,
one can take the limit q integral to be from 0 to co. Following
Ref. [13], I divide the real-space charge density corrections in
a symmetric part corresponding to / = 0 and higher harmonic
parts / # 0. Evaluating the Fourier transform, it can be shown
that
Soo 2 T
Ano@loe = 53¢ 3 with fo = fo" + fo . (24)
ma
which represents the first order correction to the localized
distribution of the charge density as shown in Fig. 3(b), being
finite at the origin and integrable. The localized charge den-
sity is therefore given by, no(r)|ioc = [Q(r) + Anp(r)|ioc] =
%e”z/az. For the charge density, the Fourier transform
corresponding to the higher harmonic terms can be evaluated
and it can be shown (see Appendix C) that the dominant
behavior at very large distance from the center of the spatial
QPWP (say r — 00) is given by
i! l
Anjzo(r) =~ P cos(10) fi— (25)

ar?’

2
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Localized charge

Delocalized charge

(a)

(b)

FIG. 3. (a) Schematic picture of the delocalization effect where deep blue dot corresponds to the peak of the Gaussian distribution and the
blue shaded area around the dot signifies the Gaussian distribution of the localized charge within the spread of the wave packet; delocalized
charge is indicated in the figure. The delocalized charge resides at the boundary of a finite system or in the case of an infinite system at a large

distance away from the center of the c-QPWP. (b) Spatial distribution of the localized charge, 1¢(r)|ic =

In the limit r — 0, the charge density correction vanishes at
least as 7' (see Appendix C). The higher harmonic part of the
charge density is explicitly written as

e~ frcos(l0y),  q #0

26
0, q=0. (26)

Anjzo(q) = {

The above equation along with (25) signify the fact that the
discontinuity at q = 0 can only provide a r 2 tail correspond-
ing to the higher harmonic part of the charge density. Because
of this typical behavior of the higher harmonic terms, they do
not represent any physical distribution of charge [13].

From (18), (22), and (23) it is easy to see that

fo
2ma?

and since Angy(q) = 0 for q = 0, it follows f Ano(r)d?r = 0.
The first term in the above equation represents a localized
charge. Therefore, the charge — fo = —( f(;r + f, ) mustreside
at the boundary. In Appendix D, I have calculated in detail the
quantities f(;r and f, , and shown that f, < O for all values of
electron gas parameter r,. In Fig. 6, both of these are plotted
as functions of the dimensionless electron gas parameter ;.
Furthermore, it is inversely proportional to the degenerate
Fermi velocity vy and therefore it depends on magnitude of
the SOC. The quantity “— f,”” represents a delocalized charge
residing at the boundary as shown in Fig. 3(a). However, in the
case of an infinite system, the boundary seems to be at infinity,
which is quite unphysical. Therefore, in Appendix E, I have
made a more quantitative estimate of the radius corresponding
to the volume over which the delocalized charge is spread
and shown that the delocalized charge indeed resides on the
boundary of a finite volume (although this volume can be
made arbitrarily large) even in an infinite system. On the other
hand, in the case of strong SOC the delocalized charge — fj
depends very strongly on the direction of propagation ky of
the wave packet (see Appendix D for detailed calculations).
Here, the quantity f7, corresponding to the delocalized charge,
results from the interaction when the added bare particle of
chirality + is dressed by % particles present within each Fermi
sphere/circle of radii k; and k.

Similarly, using (16) in the limit |q] — 0, one can define
the first order correction to the current density fluctuations as

Anor) = 0 ™% — . @7

1+ fo 7r2/a2
27a? ¢ :

Aj(@) = j(@) — (¢ + ako) = Q(@)g(6g.x,). and use symme-
try arguments to write

2(0q,) = ko Y _(21) cos(lfy), (28)
=0

where g; = (g,+ + g/ )- Here, the vector g6 x,) is given by

k' .
g’ (Qq,ko) = - Z |:Z + Olsk':|

K,s
x ([V(O) - %[1 + 5 cos (B — Ok,) |V (K — ko)]

K -qs(k — k;
X - Aq( A ¥) i )» (29)
K —Kko)-q—aky-q—sk'-q)

which can be obtained by adding (A4) and (A6) and replacing
k by Kk in the resulting equation. In this case too the sharpness
of the envelope function Ay allows the replacement. Using
the above equations and repeating the steps similar to those
corresponding to the charge density, the spherically symmetric
part of the first order correction to the current density can be
easily shown to be

7 ! e« goko — goko, (30)
ma

where a Fourier transform of Aj(q) similar to (23) has been
considered. Repeating the arguments corresponding to the
Any(r), itis easy to see that there is a current — goﬁo residing at
the boundary. The spatial behaviors of the higher harmonic part
of the current density corresponding to / # 0 are same as that
of the charge density, i.e., the discontinuity at q = 0 gives rise
to ar 2 tail in higher harmonic part of the charge density while
making it vanish as ! in the limit7 — 0 (see Appendix C). This
further ensures that the higher harmonic terms corresponding
to the current density do not represent any net physical current
available in the system. In Appendix D, I have shown that
go > Oand therefore delocalized current moves in the direction
opposite to the propagation of the wave packet. In the case of
weak RSOC, its magnitude remains the same irrespective of the
direction of propagation of the wave packet. On the other hand,
when the RSOC is strong, the magnitude of the delocalized

Ajo(r) =
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current strongly depends on the direction of propagation of the
wave packet as shown in Appendix D.

IV. REMARKS ON EXPERIMENTAL ASPECTS

The charge and current of a bare particle are sharp quantum
mechanical observables in the sense that, when a measurement
is performed using a sufficiently gentle probe consisting of
low frequency, long-wavelength external field it produces
well-defined and correct results. However, in the case of
quasiparticles, properly quantifying the charge and current
associated with it become exceedingly hard owing to the
delocalization effect in the corresponding wave packet [ 14,48].
In this case, one does not know a priori what should be
the charge of the quasiparticle wave packet [48]. In the case
of conventional [SU(2) invariant] Fermi liquid, owing to the
spin-charge separation within the quasiparticle wave packet
description the spin degree of freedom can be used to explore
the delocalization effect [14]. On the contrary, in the case of
Rashba spin-orbit coupled (chiral) Fermi liquid, since the spin
and orbital degrees of freedom are now coupled a description of
spin-charge separation is not possible. However, the presence
of an extra energy scale corresponding to the RSOC provides
us the required freedom. In this case, since the magnitude of
the delocalized charge depends on the strength « of the RSOC,
any measurement involving the localized charge is expected to
yield results which depend on «, since the total charge has
to be equal to that of the bare particle. Although the absolute
value of the magnitude of the localized charge is still ill defined
because of the presence of asymptotic r 2 tail in the charge and
current, the qualitative feature corresponding to «-dependent
delocalized (and hence localized) charge should unambigu-
ously establish the delocalization effect. It is worthwhile to
point out that the charge of a chiral bare particle wave packet
is 1.

Recently, the fundamental wave-packet nature of the elec-
tron quasiparticles has been established both theoretically and
experimentally in the context of reflection and transmission
through barriers [15,16]. Although there may be easier ex-
perimental realizations for the detection of the delocalization
effect, here I shall explain the possible implications of the
delocalization effect corresponding to c-QPWP within the
context of this experiment. In the experiment, two indistin-
guishable electrons are produced on each side of a barrier
by two independent sources, and then they are allowed to
interfere. It has been found that the probability of detecting
both the particles at the same side of the barrier is nonzero
[15]. The behavior of low-frequency fluctuations in the output
current, which measures the probability of detecting both the
electron on the same side of the barrier, has been well explained
by considering the wave-packet nature of the electrons [15].
Moreover, in the above-mentioned experiment the electrons
are essentially (Landau) quasiparticles corresponding to SU(2)
invariant Fermi liquid [16]. Therefore, the output current
mentioned above is a result of the localized charge carried by
the QPWP. In the case of Rashba spin-orbit coupled electron
liquid, both the localized and delocalized charges of the c-
QPWP depend on o as mentioned earlier, and strength o
serves as an external tuning parameter. If an experiment of

type similar to the one mentioned above is carried out on
2D Rashba spin-orbit coupled electron liquid (a chiral Fermi
liquid) where the strength of RSOC, « is tunable externally,
then an «-dependent output current would unambiguously
establish the delocalization effect. Such a chiral Fermi liquid
is commonly realized in 2D semiconductor heterostructure.

V. CONCLUSIONS AND DISCUSSIONS

In this paper, I have investigated the internal structure of a
chiral quasiparticle wave packet (c-QPWP) of average momen-
tum ko and the delocalization effect caused by the interparticle
interactions. The c-QPWP is defined as the conventional
superposition of chiral quasiparticle states. The validity of the
definition is limited near the respective chiral Fermi surfaces.
The definition of c-QPWP adopted here is very similar in spirit
to the Landau QPWP [13]. It is found that the interaction
between the chiral electrons indeed expels some charge and
current to the boundary of the system. The internal structure of
the c-QPWP has the following properties. The charge/particle
density consists of three parts: first, a spherically symmetric
part indicating a localized charge corresponding to the QPWP;
this part when integrated gives the value ¢ of its charge less
than the bare charge of chiral quasiparticle. The second partis a
higher harmonic part which vanishes at the origin and behaves
as r 2 far away from the origin. Since the higher harmonic part
corresponding to the charge density dies out far away from the
center of the QPWP and at the same time vanishes at the cen-
ter/origin, this part does not represent any net charge available
in the system. Finally, the remaining part represents the effect
of interaction and signifies a charge 1 — ¢" which resides at the
boundary of the system. Therefore, total charge in the system is
1 (modulo N, which is the total charge present within the Fermi
surface expressed in the units of electronic charge ¢). However,
the amount of charge expelled to the boundary depends on
the strength of the SO coupling and turns out to be inversely
proportional to the degenerate Fermi velocity vy when the
RSOC is weak. At this point, it is worthwhile to point out
that the effect of electron-electron interaction corresponding
to the QPWP is the delocalization of charge, which turns out
to be quite general be it a Landau-QPWP or c-QPWP. Higher-
order contributions corresponding to the perturbation are not
expected to alter the qualitative results corresponding to the
SO strength-dependent delocalization of charge [49]. Similar
decomposition of current density has been found and the spatial
behavior remains same. Fractions of current are expelled to
the boundary although the bare chiral particle wave packet is
localized. Interestingly enough, both the charge and current
corresponding to the c-QPWP contain effects from both the
Rashba subbands. Although I have started with a quasiparticle
of specific chirality, the magnitude of delocalization turns out
to be a sum total of the effect of e-e interaction both within
the subband and intersub-band. This additive nature of the
contributions (within the first-order perturbation in interaction)
from both the subbands further seems to indicate that the
delocalization of charge and current in a two-component Fermi
liquid should be similar. Therefore, the internal structure of
the QPWP corresponding to the two-component Fermi liquid
is expected to be the same [50].

115112-8



DELOCALIZATION OF CHARGE AND CURRENT IN A ...

PHYSICAL REVIEW B 97, 115112 (2018)

Furthermore, when the strength of RSOC becomes strong,
i.e., ma?/2 > p, the Fermi velocities corresponding to two
subbands no longer remain degenerate. Within first-order
perturbation, the difference between the Fermi velocities is
given by vy —v_ = % ln(:—f), where the Fermi momenta are
now renormalized one [1 f]. Howeyver, this does not alter
the qualitative nature of the internal structure of c-QPWP,
and the delocalization effect as well. Instead, this makes the
magnitudes of both the delocalized charge and the current
to depend strongly on the direction of propagation of the
wave packet. Moreover, the magnitude of both the delocalized
charge and current depend on the strength on the RSOC quite
nontrivially as shown in (D15) and (D16).

A similar analysis of the spin density and the spin current
of the c-QPWP would be more interesting, and important too
from the experimental point of view. This shall be taken up in
the future. Since spin is not a conserved quantity in the presence
of spin-orbit coupling the conventional method of continuity
equation fails in determining the form of the spin current [51].
The nonuniqueness of the definition of equilibrium spin current
in the presence of spin-orbit coupling makes the analysis more
challenging [51-53].

I now emphasize the special role played by the spin-orbit
coupling (SOC) in the delocalization effect. The SOC provides
an extra energy scale available in the system apart from the
Fermi energy and energy corresponding to electron-electron
interaction. Furthermore, the quasiparticle properties largely
remain unaltered even though the SOC is present [37-40].
The delocalization of charge and current of a c-QPWP ob-
tained here is caused by the interaction between the electrons.
However, it is only because of the presence of SOC that the
delocalized charge and current turn out to be a function of the
strength o of RSOC. This stems from the fact that because
of the SOC the orbital and spin degrees of freedom of the
electron are now locked and the Fermi surface becomes spin
split. The system develops two concentric Fermi circles with
their radii as a function of the strength of SOC. The chiral
electrons present inside both the Fermi circles interact with
the added bare chiral electron outside the Fermi circle, thereby
making the delocalized charge and current to depend on «.
On the contrary, the absence of SOC and consequently the
presence of a single Fermi surface forbid any such feature to
appear in the case of SU(2) invariant Landau Fermi liquid.
This is no ordinary effect caused by the SOC in view of the
fact that in most of the experiments with 2D semiconductor
heterostructure, the strength of the SOC is externally tunable.
Therefore, by tuning the strength « of the SOC, if one finds
an «-dependent output in an experiment performed on 2D
chiral Fermi liquid it would unambiguously establish the
delocalization effect. Experiments similar to that reported in
Ref. [15] (and theoretically analyzed in Ref. [16]) may be
performed to see if and how the measured output currents
depend on the strength of the RSOC.

With linear Dresselhaus spin-orbit coupling (DSOC) in-
stead of RSOC, the results remain the same even quantita-
tively [20]. This is because, in case of DSOC, the phase 6
corresponding to the chiral bare particle states differs by /2
from the case of RSOC and phases cancel out in expectation
values of every density operator mentioned above. However,

if both DSOC and RSOC are present, the situations should
be a topic of further investigations which could be a natural
extension too.
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APPENDIX A: DETAILED CALCULATIONS OF CHARGE
AND CURRENT DENSITIES

1. Calculation for the charge density

For g = 0. In the following, I shall describe the steps to
show that in the case of ¢ = 0 the first-order correction indeed
vanishes. The physical picture behind this is the fact that
although the interaction scatters the state |k,+) to states with
an additional electron-hole pair the average density operator
does not couple to any such state. The net effect is the fact
that the interaction effect cannot provide any state with an
additional electron-hole pair. To see this, let us first note that
the projection operator P allows all the states scattered by
Hiy, except |Kk,+). Suppose Hiy scatters the state |k,+) to
states |k”,s”) with amplitude By (with restriction k" # k
and s” # +). Then, the terms corresponding to the first-order
correction become

2.2

k K.s

E T T
By (Ck,+Ck,,kar,XCk,,’sn) + H.c. |,

K" (# k),
s"(# +)

where the expectation value corresponding to the above equa-
tion is taken in the state |F'). Using Wicks theorem, one
can easily show that the above terms vanish because of the
restriction K” # k and s” # +. These lead to the result that
n(q =0) = N + 1. Furthermore, n(q) = & [ d*r e7'9"n(r)is
the Fourier transform of the charge density operator cor-
responding to the real space. With q =0 and Q2 =1, one
finds n(q = 0) = fdzr n(r), i.e., the total charge. Whereas,
in the case of nonzero q, the charge density operator indeed
represents density fluctuation which can then couple to states
with an additional electron-hole pair.

For g # 0. I now explain the intermediate steps to obtain
(15) corresponding to Sec. IIC2. In this case, one can carry
out the calculations corresponding to the scattering processes
shown in Fig. 2 to obtain

1 :
I’l(q) = Q(q) - Z Q(k’ q)z[l + Sslefl(ek/,quk/)]

k.K',s,s’
ok —q.s) — no(K',s")
w K~k -q-ak-g-sK-q
X [Vigs+(KK.q) = Vi 54 (kK —qk —k),
(A1)
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k’ + kz »S2 kz,Sz
K,s
p=0
k’,s Ky,
p=0 k' -k K, + K, +
® (a) (b)
FIG. 4. Self-energy diagrams. k-q, +
where the sum over k is restricted for values |k| > kJr In
obtaining the above expression, any occurrence of ( )2 has
been neglected by assuming g < kJF’. Here, no(k,s) denotes
the expectation values in the noninteracting ground state, and
the term [no(k" — q,s") — no(K’,s’)] appearing in the numerator ,
'qr C k-q, L3 -q,s

of the above equation determines the phase space available
for the scattering events to occur. In the limit of small |q],
this is proportional to q. This can be seen when the following
simplifications are performed in the small-|q|(=g) limit:

no(k/ - qas) - no(k/as)

§ -
= —(fk—qs — & o( 0 ) S(k' — k)

_(I/m+sa/kK - q L
T (/m+ sa/k)Hk (K = ki)

=K - q8(k' — k}),

(A2)

where terms of O(g?) have been neglected. Therefore, because
of the appearance of §(k’ — k},), the magnitude of k' in the
summation turns out to be fixed at k}, and for small values
of |q|, i.e., g K kJFr it can safely be assumed that 6 ~ O _g
With this condition, the term 1[1 + ss’e ™ -a=%"] appearing
in (8) and (10) becomes %[1 + ss’], which vanishes when
s" = —s, thereby allowing only s’ = s. This signifies that the
intersubband scattering processes do not occur. In the limit
lq|(=g) — 0, Eq. (A1) takes the form corresponding to (15)
when (A2) is incorporated in (A1).

2. Calculations for current density

By straightforward evaluation of the scattering processes
corresponding to jiin(q) as given in (10), it can be shown that

J

FIG. 5. Other scattering processes.

in the limit of very small |q],

1 1
Jin(@) =) Q(k,q)(a(k —q/2)-)_ —(k'—q/2)
k KkK',s
L oK —q.5) — no(K'.5)
Lk —k)-q—ak-§—sK-§

m

1
X |:V(q) — 5[1 + s cos(B — OV (K — k)]).
(A3)
In the limit |q] — 0, the above equation takes the form

ko oK
m | k| m

lim jxin(q) =
la=0 KK s

x [V(O) - %[1 + s cos(f — )V — k)]

K -q8(k' —kj)

X . . (A4
T -1 g—ak q-sK-9

Similarly, the expectation value of the spin-orbit part of the cur-

rent density given in (10), i.e., jso(q) = (Wi, +jso(@)| Yk,.+)
in the chiral-QPWP state, can be obtained to be

. ~ A~ f’lo(k/ - (LS) - n()(k/,s)
Jjso(@ =) Ok,q|ak— > sak’ ~ —————
; ( kZ Lk —k)-§—ak-q—sk-q

and in the limit |q| — 0, the above equation takes the form

K -q8(k' —

|:V(q) — %[1 + s cos(O — )V (K — k):|>, (AS)

|(lli|TojSO(q) = ok — Z | Ak [* sk’

1 ’
kK5 K -k -q

Then, adding (A4) and (A6) one can arrive at Eq. (16).

—ak-§—sK-Q

|:V(0) - %[1 + s cos(B — O]V (K — k):|. (A6)
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APPENDIX B: CONTINUITY EQUATION

The time evolution of the operators is considered in the interaction representation and the time-dependent charge density
operator is given by

A(q.r) = ™ A(qe M, (B1)

where 7i(q) is given by (8). A similar expression corresponding to jkin(q,t) and jso(q,t) shall also be considered in the interaction
representation in order to derive the continuity equation. The time-dependent chiral-QPWP state is given by

t
[W,,+ (1)) = (1 —i / dt' et Hime—tﬂot’) | Wi ), (B2)
0
where only the first-order contribution from the interaction has been taken into account. In order to arrive at the continuity

equation, I first derive n(q,t) = (W, +(t)|7(q,1)| Wy, + (1)), for q # 0, within the first-order perturbation theory. Using (11), (B1),
and (B2), the expression for the time-dependent charge density can be calculated to be

n(q,1) = (Wi, 1+ (] (q,1)| Wi, 1. (1))

-y Q(k,q)ei<ek_q.+ek,+>r[ = T ”O(k — 4.5) — no(K',s) |:V(q) - %[1 + 5 cos(f — OV K — k)H
k

(k' — q—alk-q—sk-q)

K.,s m

t
—i Y A Atk — g+ | e ( / dr’e"”f)f’%ime”*“”) +)

kk' 0
t
i) AL Atk —a |< | dr’e"%f’%imefHO”)e”ﬂ’ﬁ(q)e”L‘O’|k,+>. (B3)
kk' 0

In the last two terms corresponding to the above equation, only the self-energy part corresponding to Fig. 4 survives and all the
other scattering events corresponding to Fig. 5 get canceled out. Carrying out the time integration, it can be found that

n(@,n) = ) Ok, q)e! Cuor 8 (1 —it[Z(k) — T(k — q)]
k

B Z no(k/ —q,5) —no(K',s)
1

1
= Viq) — =[1 O —OIVEK —K) | ], B4
T _a(k.q_sk/.q)[ (@ — 511+ s cos(Bi — BV )D (B4)

K.,s m

where X(k) = Zk,,x[V(O) — %{1 + s cos(Bp — OK)V (K — Kk)}ng(K',s) is the first-order self-energy (corresponding to Fig. 4).
Similarly, it is easy to compute the kinetic part of the time-dependent current density which is given by

Jiin(@.1) = (Wi +(O]dkin (@, 1) | Wiy 1+ (1))

: 1 1
=Y Ok, q)e/ a8 (;(k —4/2) — it —(k - q4/2[EK) - Tk — Q)]
k

B ST 1) R

1
< - V(g) — =[1+scos(@ —G)IVEK —k)|]. (BS
%(k’—k)~q—a(k-q—skuq)[ (@) — S [ + s cos@h — BV ( )]) (BS)

Furthermore, by expressing (10) in the interaction representation one can obtain the corresponding time-dependent spin-orbit
part of the current density operator, and using (B2) it can be easily shown that

Jso(@.1) = (W, +()[Jso(@,0)| Wk, + (1))

=) Ok, q)e/Garisr (af« — itak[Z(k) — £(k — )]
k

Z . no(k" —q,s) — no(k',s)
— sak

1
= = Vig) — =[1 O —O)IVEK —K) | ]. B6
%(k’—k)-q—a(k~q—sk/-q)|: (@ — 51+ scos@h — eIV ( )D (B6)

Furthermore, it can be easily shown that X(k) — Z(k — q) = >, [no(k" — q,5) — no(k/,s)]%[l + s cos(Bw — )V (K —K),
when we neglect the difference between 6y and 6y _q for small values of |q|. This is going to be used in the continuity equation
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below. For q # 0 one can show that the continuity equation is indeed satisfied in the following way:

on(q,t)
at

+i49 - [Jkin(q,1) + jso(q,1)]

: 1 R
=iy Q(k,q)e’@”*fk-”[ — [Z(k - g) ~q+ok- q] {1 —itf[E(k) — 2k — q)]
k

B Z no(k —q,s) —no(k',s)
Lk —k)-q—ak-q—sk'-q)

k',s m

k

no(k" — q,s) — no(k',s)

1
[V(Q) - 5[1 + s cos(B — OV (K — k)“ —[Xk) — Xk - Q)]}

. ; _ 1 q
i(6k—q,+ —6k.+) _ 1 _ _
+1 E ok,q)e |:|:m (k ) q+cxk q:|{1 it[2k) — 2k —-q)}

FICE

) q+ sak’ - :| 1(k/_k).

. 1 o “
=iy Q(k,q>e’@k**‘&”[Z(—l)[a(k’ ~K)-q-ak q-sK- q)}
k

K,s

q—ak-q—sk-q

1
|:V((I) - 5[1 + s cos(Bp — )V (K — k)ﬂ

no(k’ — q,s) — no(k',s) [
= V(q)
m (k/ k) -q — sk’ - (I)

1
— 5[1 + s cos(B — )V (K — k)i| —[2k) — 2k — q)]]

. 1
=iy Ok q)eGoris [ > (= Dino — q.5) — no(K'.5)] |:V(q) — 51+ s cos(e — IV (K ~ k)]

k K,s
—[Z2&k) — 2k — Q)]} =0

since )y [no(K" — q,5) — no(K',$)]V(q) =

B7)

0. On the other hand, for q = 0 the continuity equation is trivially satisfied.

Therefore, to the first order in the interaction the continuity equation is satisfied at each point r.

APPENDIX C: CALCULATION OF ASYMPTOTIC
BEHAVIOR OF HIGHER HARMONIC TERMS

From (23), it is easy to see that

Ang(r) = e
which when evaluated leads to (24), where the Fourier-Bessel
expansion '4" = ¢!4" 800 = 3" in ] (gr)cos(10y — 16)
has been used, and J,,(gr) is the Bessel function of first kind.
Here, the angle 6 corresponds tor = r(cos 6, sin#). Similarly
forl # 0,

2
Any(r) = i’é‘li cos(16)— /me [1, 1<r—>
TT a

2a?

r2
I <272)} (©2)

where [,(z) is the modified Bessel function of first kind
[54] and in the Fourier transform corresponding to (23) only
even integer values of / survive. In the limit z — 0, [,(z) &
(G)'[T( + D]™! for all n > 0 which is satisfied for all / #
0 in the above equation [54]. Therefore, lim,_.o An;(r) ~
it f’ L cos(10) 52/ e /2a (2”),, i.e., the first-order correction
to the chaIge density is regular at the origin and vanishes as
r!. On the other hand, one can use the asymptotic expression
(in the limit of very large z) for I,(z) [54], and from the above
equation it can be easily shown that the dominant behavior for

r> ais Any(r) ~ COS(lG)

Jo / dq q Jo(qrye I/, (C1)

thereby exhibiting a2 tail.

ar?’

[
Similarly, from (28) it is easy to show that for / # 0,

2
Aji(r) = ko( ' 2 cos(t0) /e 2 1
47 a3

2a?

r2
I (Zﬂ) (C3)

Therefore, the components of the current density too have the
same behavior, i.e., they go to zero as r! when r < a and have
ar~2tail asr — oo.

APPENDIX D: CALCULATION OF f AND g,

Converting the sum corresponding to (20) into an integral
it can be shown that

1 2 1
f+ (eq,ko) = —m /(; dby |:|:V(0)—§ [1+ cos (Gkr—eko)]
, kA/ . qur
VK -k
x V( 0):| (% + %)(k/ ko) - i|
£ () = (2n)2 dek,[ V)~ [1- cos (Bk—6h,)]
K - qky
x V(k'—k ):| - o
CIEa k) g - oSl K9
(D1)
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The next step is to consider the direction K’ to be fixed so that
k' - § = cos 0y and kg - § = cos 6, q and determine f;’ using
the following formula:

A : .

= —/ dbq cos(16y) f* (9q,k0), withs = £. (D2)
7 Jo

Case 1, for a < vy, i.e., very small strength of RSOC. Using

(D1) and the above equation, and evaluating the 6, integration

first one arrives at the following expressions for f;':

. k; 2 1
R T I e
xw@@_ggﬁ
- k; 2 1
R I e

x V(k k' — k;fq,)], (D3)
where vy is the degenerate Fermi velocity corresponding to
both the subbands. This degeneracy is valid as long as the
strength of the RSOC is small compared to the Fermi energy.
In the above equations, both f;" < 0 and f; < 0 as is shown
below for our chosen form of V(g). Let us now estimate
the magnitude of the delocalized charge by evaluating the
above integrations for our chosen form of electron-electron
interactions. Using the explicit form of the potential V (g), the
quantity f; can be written as

s s 2
[1 + s cos (Gk/ - Gko)]
\/(ksp)z + (kf)? = 2kykf cos (G — bk, ) + 52
(D4

fi =

X

Evaluating the above integral, one can find the following
expression for the magnitude of delocalization of charge
resulting from the interactions coming from both the Rashba
subbands:

fi = Gy X arral k(2 ) g2
O 7 w8 dmug b+2 b+2
(D5)
and
kr kx
fo_ = __F8 + L
V0% Ay (kp)? + (kjh)?
2 2
x4V |E[-= ) —K(-= ,  (D6)
b b’
_ 2 Y /
where b = A and b’ = TRETTAE and both b and b’ are of

O(rsz), where r; is the dimensionless electron gas parameter.
Here, K(z) and E(z), withz = ﬁ in the former and z = % in
the latter, are the complete elliptic integrals of first and second
kind, respectively [54]. The quantity vy f;" corresponding to

(D5) is plotted as a function of the dimensionless electron gas

parameter ry in Fig. 6. In (D5), for very small b, the arguments
of both the elliptic integrals approach to unity, i.e.,z — 1~ and
one can utilize z = 1 — €, with € very small, to make series
expansion of both K (z) and E(z) in the leading order in € [55].
Then, simplifications lead to

Kb Jb+2f1 b b
fif =—-£t - ] LAY L +——In2+1],
Vo8 vy |2 b+2 b+2

D7)

where b &~ (rsz) and %F ~ (r,)~'. It can be easily seen from
the above formula that the delocalized charge fo+ < 0, and
is inversely proportional to degenerate Fermi velocity vy =

Va2 +2u/m. For example, for InGaAs two-dimensional
electron gas (2DEG) with r, = 0.18 and fO+ ~ —%. On the
other hand, one can replace b’ & r? for arbitrary values of b’
and k; /8 by r;l in (D6) to obtain

! Lolp(_2 k(-2 DS
+[ (‘W)‘ (‘ﬁ)] 8

The above equation is plotted also in Fig. 6, which shows
fy~ <0, forevery value ry. In the limit of very small &’ = (r,)?

using E(—z) ~ /7 and K(—2) ~ %, Eq. (D6) turns out
to be [54]

fo =—

Vor's

B kr kx
f() = __FS + L
V0% Ay (ki )? + (k))?
2 In(42/b
« | avir( [ 2 — m@v2/0D (DY)
b J2/b
which in the limit of @ <« vy takes the form f; = —# +

i 510
51045 — 0.4r? + In(r,)], and for InGaAs 2DEG we get f;

oy

i
I
]
i
]
]
]
]
i
'

FIG. 6. v fi as a function of the dimensionless electron gas
parameter r,. In the limit of r; — 0, both the values of v, f;" and
v f, diverge to —oo, however, in this limit of r, the electron density
becomes too high and the system becomes a homogeneous electron
gas (instead of being a Fermi liquid) and the Coulomb interaction
becomes very small compared to the kinetic energy of individual
particles. Typical value of r; ranges [41] from 1 to 20, however (up
to ry, = 51is shown), even for InGaAs 2DEG with r, = 0.18 one finds

fif &~ =2 and f; ~ =58 a5 mentioned above.
V0 vo

115112-13



SUBHAIJIT SARKAR

PHYSICAL REVIEW B 97, 115112 (2018)

—o= - Itis easy to recognize that the above expression of f;, is

always negative. Furthermore, f, is inversely proportional to
the vy and, therefore, depends on the strength o of the RSOC.

Following the steps similar to that corresponding to the
charge density, and using (A3) and (A5), it can be easily shown
that

Aj(@) = 0(@)[g" (Pqk0) + & (0g.x,)] Where

K’ A 1
g (Ogx) = — Z (Z + sotk/> |:V(0) 3

k/
x [1+ s cos (6 — O,) V(K — ko)}

5 K -qs(k — k)
(K —ko) - §

— . (DI0)
—aky-q—sk'-q)

By fixing the Ko, i.e., the direction of propagation of the wave
packet as the reference axis, the term cos(6x — 6k,) can be
replaced by cos(f ) in the second one of the above equations.
Then, converting the sum into integral over dk’ and doing the
k’ integration, the above equation turns out to be

2 g
kb

g’ (bq,) = / dO L (cos O £ + sin O $)
0 47

(1 + scosby)
V)

x .
(1 — cos bk, ) cos Bq — sin G, sin Oy

X

+ (k)2 — 2k8.k7: cos By + 62

cos by

(D11)
Then, it is easy to determine the following:

2 7 co8 O X(1 + 5 cos Oy)
0 \/(k;—) + (k;)2 — Zk}k;r cos O + 82

. sin O (1 + s cos O)

\/(kéF)z + (k;)Z - Zképk; Ccos Gk/ =+ 52

(D12)

where the second integration vanishes as the integrand is an
odd function, and we get the following expressions for g;” and
g » respectively:

1 T c0s O/ (1 + cos Oyr)
= —— do
g() - k’ )
2ﬁn 1+ b —cosby
/ (cos O (1 — cos@k/)>
= dby
27 /(k )2 + (k+)2 1 + b’ — cos Qk
~ 1 / d6n <cos O (1 — cos Okr)>
Zﬁn 0 JI+V —cosbe )’

where it is assumed that o < vg. If we assume that b ~ b/,
then the value of gy = gg' + g; can be found to be

~1]-1)

oQ
=)
I

(D13)

K(325)
1 (b+2)((b+ D[);(%)

gozﬁn Vb +12

(D14)

For any finite but small values of b, the argument of the
complete elliptic integral 0 < z(:ﬁ) < 1 and in this interval
K(z) > E(z2) [54], thereby signifying go > 0. On the other
hand, when one considers b = 0, corresponding to ry = 0, one
gets a divergent go, however, this limit corresponds to the
high density electron gas and the Coulomb interaction does
not operate and, consequently, the Fermi-liquid picture is no
longer required. It is worthwhile to point out that typical value
of ry corresponding to 2D electron liquid (2DEL) ranges [41]
from 1 to 20.

Case 2, for strong RSOC. In the case of strong SOC,
when ma?/2 > u > 0, the Fermi velocities corresponding
to both the Rashba subbands no longer remain degenerate and

the renormalized Fermi velocities follow, ”0 =1+ L In(= K ),
where vy &~ « and usually § ~ krg, with ktp being the Thomas—
Fermi wave vector [11]. However, the fact that quantlty +is

O(rs‘l) is enough for our purpose. Then, from (D1) and (D2)
it can be shown that

N k]t 2 1
£ g /0 d@k/[V(O) — E[l + cos (B — Ok, ) ]
x V(kik — k}”f(g):|,
= ky (v_ — V4 COS 9k0)
0

_47T2[(U+)2 + (v2)> — 2v4v_ cos by, |

2
X / dby [V(O)—%[l—cos (ek,—eko)]V(k;ﬁ'—k;RO)].
0

(D15)

The rest of the calculations simply follow the steps which have
been followed in obtaining Egs. (D4), (D5), and (D6), and one
can again show that both fO+ and f; < 0. From the above

equations, it is clear that f," |, =0) X when the c-

kF
T an2(v_—vy)
QPWP is propagating along the “+-ve” x axis and f; |, =) X
ky

(13 ”
T 4n2(v_+vy) —ve X

the c-QPWP is propagating along the

axis. Furthermore ]. I have used the

o lewg=m) [ 2a In@ma? /1)
s ‘(gk(]:o) 2w a+In(2mo/82%)
facts that in the strong RSOC [11], kf ~ p/a < kp ~ 2ma
and vy =~ «. It is easy to recognize that for small §(<2maw)
one gets f l@,=0 < fo l@,=r Which indicates that in the
case of strong RSOC, the magnitude of the delocalized charge
depends quite strongly on the direction of propagation of the
c-QPWP. A similar analysis can be performed for the current
density too and one finds

+ 1 T cos O (1 + cos Gy)
& = ——— dbg s
227 Jo 1T+ b —cosby
_ ki (v- — vy cosby,)

g =
’ 27,/ (kp)? + (kF)?[(v)? + (v-)? — 2v4v_ cos b, |

(D16)

/‘ (cosé’kr(l —cos@k))
X d@kr .
0 1+ b — cosb
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It can now be easily shown by following the steps correspond-
ing to the Case I (corresponding to weak RSOC) that go > 0.
However, it is easy to see from the above equations that the
magnitude of both the delocalized charge and current strongly
depend on the direction of propagation k of the wave packet
since the angle 6y, determines the magnitudes in this case.
The above equations further indicate that both the delocalized
charge and current turn out to be nontrivial functions of the
strength o of the RSOC.

APPENDIX E: ESTIMATION OF VOLUME OVER WHICH
CHARGE IS DELOCALIZED

In this Appendix, I estimate the 2D volume (area) over
which the charge of a c-QPWP is delocalized. This is related to
the finite time scale x ~! (corresponding to the factor e ") of the
“adiabatic switching on” of the interaction [13]. By the time the
interaction is switched on, the chiral electrons with character-
istic Fermi velocity v reach a distance Rgeioc ~ v+k . Here,
the Fermi velocities v correspond to the chiral quasiparticles
with chirality s = %1, respectively, as mentioned earlier. The
length scale Rgycjoc represents the radius of the area over which
the charge of the c-QPWP is delocalized. However, the time
scale k~! corresponding to the adiabatic switching on must be
smaller than the lifetime 7 of the quasiparticle, i.e., k! < 1.
This ensures Rgeloc S v+T, where 77! = Im[Z,(k)]. In the
case of small RSOC corresponding to v+ = vy, the 7! turns

out to be

(AR ma? a [m Ak
TR —+—In{-/—)—In|— |,
2nm | 2 2 4V 2 8 2um
(ED)

where Ak = (kg — k;f) and /i = 1 (here, kr corresponding to
Ref. [40] is identified here as /2um and § of the same as 5k)
[40]. Therefore,

1 mao? a 'm
Rae £ 2802 5 + 50 m (/5

-1 <—Ak )i|1 (E2)
" 8v2um ’

which signifies that the quantity Rgcjo depends on the strength
of the RSOC. The spread of the localized part of the c-QPWP
is, on the other hand, given by R}, ~ (Ak)~'. Furthermore, it
is easy to see that Rgejoc/Rioc >> 1 in the limit of sufficiently
small Ak (— 0) which is ensured by the choice of quasipar-
ticles sufficiently close to Fermi surface. In this case, one can
make the length scale Rgeoc corresponding to the volume over
which the charge of c-QPWP is delocalized arbitrarily larger
than the length scale R),. corresponding to remaining localized
charge [for the present case, represented by the Gaussian
charge distribution corresponding to Fig. 3(b)].
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