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We discuss by analytic means the theory of the high-density limit of the unpolarized two-dimensional electron
liquid in the presence of Rashba or Dresselhaus spin-orbit coupling. A generalization of the ring-diagram
expansion is performed. We find that in this regime the spin-orbit coupling leads to small changes of the
exchange and correlation energy contributions, while modifying also, via repopulation of the momentum states,
the noninteracting energy. As a result, the leading corrections to the chirality and total energy of the system stem
from the Hartree-Fock contributions. The final results are found to be vanishing to lowest order in the spin-orbit
coupling, in agreement with a general property valid to every order in the electron-electron interaction. We also
show that recent quantum Monte Carlo data in the presence of Rashba spin-orbit coupling are well understood
by neglecting corrections to the exchange-correlation energy, even at low density values.
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I. INTRODUCTION

The effect of the spin-orbit coupling in semiconductor
heterostructures, and more specifically the role of the Rashba
spin-orbit interaction induced by the asymmetry of the
transverse confining potential in electronic two-dimensional
systems,! has attracted in recent years great interest. While a
main motivation lies in the potential of new applications,”™
based on the control of the single-particle spin-dependent
dynamics through electrical gating,”'? the corresponding
many-body problem is of fundamental relevance and not yet
fully investigated.

The two-dimensional electron liquid, in the presence of
Coulomb interaction and a rigid neutralizing background,
is a classic problem in solid-state physics, if the simplest
effective mass approximation is assumed for the kinetic term.'!
On the other side, concomitant band-structure effects have
often large observable consequences.'®!?!3 The special form
of a generalized spin-orbit coupling applicable in a number
of cases is described in Ref. 14, together with a detailed
analysis of the exchange energy. Several other aspects of
the electron-electron interaction in the presence of spin-
orbit couplings were addressed in Refs. 15-32, for example
the quasiparticle properties,'>1602326-2832 the Hartree-Fock
phase diagram,'”?>23 the spin susceptibility,'>?3-3%32 and the
plasmon modes.!®2!2431:32 We restrict ourselves here to pure
Rashba,! or equivalently Dresselhaus,?*** spin-orbit coupling.
In this case, quantum Monte Carlo data for the total energy
were recently obtained in Ref. 25. Numerical results for the
total energy also appear in Ref. 29, within the random-phase
approximation (RPA). We focus in the following on the
high-density limit, when the effect of the Coulomb interaction
can in general be studied perturbatively.

The leading correction to the noninteracting energy is the
exchange contribution, while higher order terms correspond
to higher powers of the standard density parameter ry [see
Ref. 11 and Eq. (3) below]. The first two terms of the small r;
expansion of the correlation energy in two-dimensions are well
known in the absence of spin-orbit coupling.®> They consist of
the second-order correlation energy and a r In ry contribution
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which is obtained as an infinite sum of diverging ring diagrams.
The elegant resummation procedure patterns the treatment of
the leading Inr correlation energy in the three-dimensional
case.’® An exact formula for the polarization dependence of
the r, Inr; contribution was recently derived in Ref. 37.

Here, an additional dependence on the (dimensionless)
Rashba coupling & is present. However, the strength of the
spin-orbit interaction is more appropriately expressed in terms
of a parameter g which is proportional to r,; [see Ref. 14
and Eq. (4) below]. Hence, an additional density dependence
is introduced by g. This makes the effect of the spin-orbit
interaction small, since the correction to the total exchange-
correlation energy is multiplied by a factor at most of order
g? (i.e., an even power in the spin-orbit coupling), which is
vanishingly small at high density. Therefore, an accurate result
is obtained perturbatively. In fact, a general argument for the
energy expansion was derived in Refs. 23 and 28 and implies
that the g2 term is actually vanishing (see also Ref. 29).

In this paper, we analyze how the high-density expansion of
the energy is modified in the presence of spin-orbit coupling.
The explicit analytic form of the leading exchange-correlation
correction is obtained in the following and found indeed to
be proportional to g*lng, from the exchange energy. The
second-order correlation energy is studied numerically, as in
the case without spin-orbit interaction, and the extension of
the ring-diagram sum is also discussed, and shown to display a
nonanalytic behavior in the limit of small 7, and g. Corrections
to these higher order contributions are also found to be of
higher order than g2, as expected, and can therefore be usually
neglected. Finally, while the main body of the paper is devoted
to the asymptotic expansion at small r, (a regime often relevant
for heterostructures with large spin-orbit coupling), we also
analyze the quantum Monte Carlo results of Ref. 25, which are
all at r; > 1. We propose here a simple interpolation formula
for the energy which is in remarkable agreement with the
numerical data.

The detailed outline of the paper is as follows: In Sec. II we
formulate the problem and establish our notation. We review
the properties of the noninteracting system and the known
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results for the exchange-correlation energy in the absence of
spin-orbit coupling. We also define here the corrections to the
exchange-correlation energy of the electron liquid due to the
spin-orbit interactions, which are the main focus of our work.
We first show in Sec. III that such corrections are generally
small, by reminding the reader about some useful exact
properties of the perturbative expansion®>?® and by an analysis
of the quantum Monte Carlo results of Ref. 25. We then
explicitly determine such corrections in the high-density limit
of the electron gas. The exchange energy, the second-order
correlation terms, and the classic ring expansion of Ref. 35 are
revisited and extended in Sec. IV where we obtain the change
of the exchange-correlation energy and of the momentum
space occupation to leading order in the spin-orbit coupling.
Both analytical and numerical results are provided, which are
summarized in Sec. V. In this last section, an alternate physical
limit is also discussed. Finally, the details of a number of
calculations have been provided in Appendices A, B, and C.

II. FORMULATION OF THE PROBLEM

The system is described by the Hamiltonian

A N e?
H_ZHO +2Z|f,~—fy|’ M
i i#]j
where terms related to the presence of a uniform neutralizing
background have been omitted for simplicity. The single-
particle operator Hj is given by
A p>
Hy=_—+« (6pry - 6)fﬁx)’ 2)
2m
where we consider electrons confined in the (x,y) plane and
G x(y) are Pauli matrices. The spin-orbit term is usually referred
to as a linear Rashba spin-orbit coupling and is generally
present when the confining potential in the z direction of
a quantum well is asymmetric.'! An equivalent term, the
Dresselhaus spin-orbit coupling, arises instead for a lack of
inversion symmetry in the crystal structure.’> We consider
Eq. (2) as a model case, although a similar analysis can be
carried out for other types of spin-orbit interaction, relevant in
other experimental cases.'*-1%14
We use in the following dimensionless units. The properties
of the electron liquid are completely determined by

ha 1

and ry = ,
\/ nna%

where & is a dimensionless spin orbit coupling and r, the usual
density parameter, with ap the effective Bohr radius and n the
number density. It is also useful to introduce the following
dimensionless coefficient g:

a= A3)

e2

¢ = 2ar,, )

which better than & represents the strength of the spin-orbit
term. In fact, g is approximately equal to the ratio of the
spin-orbit energy to the kinetic energy, which are respectively
proportional to g/r? and 1/r? [see also Eq. (10)]. The wave
vectors are expressed in terms of the Fermi wave vector kp =
+/2mn and the energies are in Ry units. Finally, throughout the
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paper we often use the notationp = k + qand p’ = k' — q (so
that q will not explicitly appear in many expressions).

A. Noninteracting electrons

The noninteracting problem is completely determined by
g. The eigenstates of Hy can be written as

eik»r +1 eik-r
@k, +(r) = WoTe (l-eiqbk) = —lk+), 5

where L is the linear size of the system and ¢ is the angle
formed by k with the x axis. The eigenstates have spin
quantized perpendicular to the wave vector k, as described
by the spinor functions |k+) [which are defined by Eq. (5)].
The corresponding eigenenergies (in Ry units) are equal to
r% €+ (k) where

(k) =k F gk (6)

We also define the generalized chirality x, which deter-
mines the occupation functions (k) in momentum space.!”-??
The two relevant regimes are depicted in Fig. 1. At high
density (second panel of Fig. 1), two bands are occupied and
x coincides with the regular chirality: x = x;x: , Where Ny
is the total number of electrons in each band. The occupation
takes the form

na()=0(/1+x —k) for 0< x <1, 7

where 6(x) is the usual step function. At low density (first
panel of Fig. 1), the higher band is empty and the occupation
function reads

ny(k)=0x+1-k —0(/x —1-k), ®)

where x > 1. We note that Eq. (8) corresponds to a ring in
momentum space and the regular chirality is 1 in this case,

€
1 A ky

FIG. 1. Two different ways of occupying noninteracting chiral
states in k space.
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irrespective of the precise form of the occupation. The Fermi
surfaces are determined in all cases by the radii

ky =+/|1 £ x| )

The noninteracting energy at generic x is expressed as
follows (when x < 1):

L+ x* 2¢/I1+xP—=VI1—xP
EO(gaVSaX)Z }"2 __\/ 3\/ .

N

2 (10)
The first term is the kinetic energy, and one has to replace
1 + x? with 2y if x > 1. The second term is the spin-orbit
energy. The noninteracting ground state is specified by the
value of x which minimizes Eq. (10) for given values of & and
ry and is therefore uniquely determined by the parameter g of
Eq. (4):

J1—8 for 0< g <2,
X =15V "¢ § (11)
£ > V2.

°+ giz for g
The corresponding ground-state energy is obtained accord-
ingly:

&o(g,rs) = Eo(g.rs: x0(8))- 12)

B. Exchange-correlation energy

The exchange-correlation energy of the electron liquid
without spin-orbit coupling is a relatively well known
quantity.'! The perturbative expression at high density reads’”
(for the unpolarized case)

8v/2

2
Exelry) = _3 \/_

2
—0385— —(10—-3m)ryInry+ ...,
I 3
(13)

where the first term is the exchange energy. The constant results
from the numerical integration of the second-order correlation
energy, and the last contribution is obtained from the infinite
sum of diverging ring diagrams, similar to the original
calculation for the three-dimensional case.3® At generic values
of the density, E(ry) is obtained numerically with the Monte
Carlo method!'-3® (see however Ref. 37 for the polarized case).

On the other hand, the exchange-correlation correction due
to the spin-orbit coupling is to date not accurately known. We
introduce the following definition:

E(g,rs) = 50(8%)+5xc(rs)+55xc(81rs), (14)

where the noninteracting energy is given by Eq. (12)
and §&.(g,ry) represents the correction to the exchange-
correlation energy associated with the spin-orbit coupling.
The latter is generally neglected, for example in density
functional studies including spin-orbit interactions.>*’ A
partial justification to this procedure is given in Ref. 28, which
shows that this correction is actually vanishing to quadratic
order in g for the particular case of the Rashba or Dresselhaus
spin-orbit interaction. However, such a correction is not zero in
general and can reasonably lead to important effects in the case
of large g (e.g., at low density) or for other types of spin-orbit
interaction.'*
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Formally, under the assumption that the system behaves
as a Fermi liquid, the total energy of the interacting system
can be obtained as a perturbative expansion (see next section)
constructed from a particular noninteracting state, as for
example the one used to obtain Eq. (10). Therefore, in the case
with spin-orbit coupling, the total energy acquires an additional
dependence from the chirality y of the noninteracting state
used in the perturbative expansion. This does not need to be
the starting noninteracting ground state. As a consequence, we
can quite generally write the total energy as

5(ga”saX) = go(garsax) + Exc(rs) + 55xc(g’rs’X)» (15)

where £(g,rs, x) is given by Eq. (10). The dependence of the
total energy on y, at given values of g and ry, is also obtained
in the Monte Carlo study of Ref. 25, where x corresponds to
the occupation of the initial trial wave function. The data are
reproduced in Fig. 2 .

The actual value of the interacting generalized chirality
x(g,rs) is obtained by minimization of Eq. 15, which also
yields the corresponding ground-state energy Eq. (14). It
is important to realize that there are the two different
contributions to 8§&.(g,rs). The first one is given directly by
8&xc(g,rs, x(g,rs)), while the second one arises from the renor-
malization of x (i.e., the repopulation) in the noninteracting
energy Eo(g,7s,X)-

III. FORMAL PROPERTIES OF THE DIAGRAMMATIC
EXPANSION

We report here, in view of their usefulness, two exact results
concerning the perturbative expansion of the energy and the
quasiparticle self-energy. These results have been obtained in
Refs. 23 and 28 for a generic two-body potential v(g). The
first of the two results pertains to all diagrams D contributing
to the total energy and reads

9>D
9%x

_ D
0 d%g

D
0 dxag

(16)

0
This allows one to infer that, for small g and yx, the total

correction to the exchange and correlation energy must behave
as

88 x)=Clg— X’ +..., (17

where in general C is an unknown constant.
The second result concerns the self-energy X, (k,w) which
is seen to satisfy a similar exact relation to linear order in g:
0%, (k,w) K 0X0(k,w)
g |, 2 9k

(18)

where ¥ (k,w) is the (interacting) self-energy in the absence of
spin-orbit coupling (i.e., g = x = 0). This relationship allows
us to write

S (k.0) = (k - %w) o (19)
From this formula we conclude that to linear order in g all
quasiparticle properties (e.g., the lifetime'®?%?7) on the Fermi
surfaces ki ~ 1 & § are the same as in the absence of spin-
orbit coupling.
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For applications of these exact results we refer to Ref. 16,
which shows the validity of Eq. (19) within the RPA, and
to the numerical calculations of the quasiparticle lifetime
of Refs. 26 and 27 The total energy was obtained in the
quantum Monte Carlo study of Ref. 25 and we present
in Fig. 2 their numerical data, together with the simple
approximation of setting §&c(g,rs,x) = 0 in Eq. (15). The
value of the exchange-correlation energy & (r;) in the absence
of spin-orbit coupling is taken from Ref. 38. As seen, not
only are the data at higher density (r; = 1) in very good
agreement with the curves obtained neglecting §&c(g,7s, X),
but also the low-density data are well described by this
approximation. This implies that the spin-orbit coupling shift
of the exchange-correlation energy is generally small. Notice
that the accuracy of the numerical data does not allow us to
extract the constant C of Eq. (17) as function of r,. This we
were able to obtain analytically in the limit of small ry, as
described in the following sections.

IV. PERTURBATIVE CONTRIBUTIONS OF THE
COULOMB INTERACTION

We examine in this section how the first terms of the high-
density expansion are modified by the spin-orbit coupling. In
particular, we discuss the exchange energy, the second-order
correlation energy, and the sum of the ring diagrams. One has
to notice that, if the bare value of the spin-orbit coupling & is
kept constant, the r; — 0 limit also corresponds to a vanishing
strength of the spin orbit coupling g. This is clear from Eq. (4)
and is simply understood as follows: At high density the
spin-orbit energy grows as ahikr, but becomes negligible with
respect to the kinetic energy, which is proportional to k.

Furthermore, since x(g,7;) is given in first approximation
by the noninteracting expression Eq. (11), this limit corre-
sponds also to a vanishing value of y ~ g. Therefore, we will
obtain an expansion of Eq. (15) in the small parameters ry, g,
and y, which are all of O(ry).

Using the result of the previous section at small g and x
one can infer that to a generic contribution of order O(r}') (in
the absence of spin-orbit coupling) corresponds a correction
o r"(g — x)* which is vanishing to lowest order for the
ground-state energy. Therefore, the leading analytic contri-
bution to 8&.(g,rs) in Eq. (14) is O(rglg“) =0 (r;1+4654).
This argument is valid for the exchange energy and the
second-order correlation terms. On the other hand, due to
their nonperturbative resummation of all orders, the series of
diverging ring diagrams requires a more careful analysis.

A. Exchange energy

The exchange energy is the main contribution of the
electron interaction at high density. The Hartree-Fock approx-
imation of the two-dimensional electron liquid in the presence
of spin-orbit coupling was already studied in our previous
work.!#2223 We derive here the explicit form of the exchange
correction for the specific case of Rashba or Dresselhaus
spin-orbit coupling. This is expressed as follows:'*

8E(x)

s

8EW (g,ry) = (20)
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FIG. 2. Numerical data (solid dots) from Ref. 25 for the total
energy £(g,rs, x) of Eq. (15), as functions of x and at different values
of g and r;. We obtain the solid lines by setting §&.(g,7s,x) = 0 in
Eq. (15) and using the value of &,.(ry) of Ref. 38. For reference,
the empty dot in the top panel is the noninteracting energy without
spin-orbit coupling (at g = x =0 and ry, = 1).

where §&,(x) is plotted in Fig. 3. The expansion of §&,(x) at
small y is given by

V2 x 23
&) = —x* mE+ =) +..., 21
) T <n8+12>+ 20

where higher order terms are O(x%). The term quadratic in x
is missing, in agreement with Eq. (17) (with C = 0).
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~0.0005
-0.001
o -0.0015
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-0.0025

FIG. 3. Correction to the exchange energy (in Ry units at v, = 1)
for the unpolarized state with Rashba spin-orbit coupling, at finite
values of x. To obtain the value for generic r, one simply divides by
1y [see Eq. (20)].

By making use of Egs. (10), (14), (20), and (21), one obtains
that the energy is minimized when

V2 g 13
) = l— ——rg*(In2+ = o
x(g.rs) xO(g)[ i 8 (n8+ 6>+ }

(22)

an expression that represents the analytic form of the small
enhancement of the chirality numerically obtained in Ref. 14.
The relative correction is of order O(rf) and, as anticipated, it
is quadratic in the spin-orbit coupling.

In calculating the correction to the total energy, one has to
notice that y(g) is a stationary value of the noninteracting
energy, and therefore the corrections to the noninteracting

energy due to the renormalized value of y are of order

O(M) = O(r®) and can be neglected. The leading term

rs?
is therefore given by

Sgix)(g’rs) =

C

V2g* (]

g 23
42y, 23
a8r, +12>+ @3

8

which represents the leading contribution to the exchange-
correlation energy correction. We discuss next the higher order
correlation terms.

B. Second-order correlation energy

The second-order correlation energy &£,(g,x) is obtained
by standard perturbation theory. In the intermediate state two
electron-hole pairs are present, such that occupied states with
wave vectors Kk, Kk’ and chiral indexes u, ¢’ have scattered to
new unoccupied states

(k,pu) = (p,v) and (K,u") — (p',v), (24)
where p =k + q and p’ = k' — q. As it is well known, there
are two different ways to scatter back to the original states. For
direct processes

(p.v) > (k,u) and (p',v") — (K',u), (25)
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g/\2

FIG. 4. Plot of the second-order correlation energy for the non-
interacting ground state, as function of g. The generalized chirality
is x = xo(g) and the range of both plots is such that g < /2, which
gives x < 1. The top panel shows the direct term £P(g, x0(g)) and
the lower panel the exchange term &5 (g, xo(g))- The points represent
numerical results from Monte Carlo integrations of Egs. (26) and
(28), and the solid lines serve as a guide for the eye.

AT

NIV

which gives

1
52D(8,X) = —m
"

y n,(n, (k)1 — ny(p)I[L — ny(p)]
€v(p) — €u(k) + €v(p") — € (k)
X |(pvlkp) 1P [(p v/ [K 1) . (26)
For exchange processes
(p,v) — (K',1)
which corresponds to

1 dq
EXg.x) = — 1 |k [ aK
18X =7 2 /qlk—k’+q|/ /

3
v,

and (p’,v) — (k,u), 27

n (K)n,y (K[ —n,(p)I[1 —ny(p)]
Ev(p) - E/L(k) + 6v’(p/) - éu’(k/)
x (pvlku) (kulpv') (p'V'IK'w') (K’ [pv).
(28)

Finally, the total second-order correlation energy is

&g x) = EP (g, x) + EX (g, %) (29)
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-60¢, . . . . .
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g/\2

FIG. 5. Plot of the total second-order correlation energy
&>(g,x0(g)), with noninteracting occupation, as a function of g. The
inset shows the region of small g, when x < 1, and is obtained as the
sum of the curves displayed in Fig. 4. The points represent numerical
results, and the solid lines serve as a guide for the eye.

As in the case without spin-orbit coupling, Eqgs. (26) and
(28) cannot be evaluated analytically in general. Furthermore,
computing these multidimensional integrals with spin-orbit
coupling is complicated by the presence of singularities in the
integration domain, from the energy denominators. In fact, the
excitation energy is guaranteed to be positive when x = xo(g)
but in the general case the energy denominator can be zero
or negative. By restricting ourselves here to the simplest case
X = xo(g), which is correct to leading order at high density,
we plotin Fig. 4 the direct and exchange second-order integrals
as functions of g for g < +/2 (corresponding to x < 1). The
sum of the two is plotted in a wider range of values in Fig. 5.
We notice in Fig. 4 that in the limit g — 0 both functions £
and & display a flat behavior in agreement with the vanishing
of the g2 contribution. The direct term is larger and dominates
the sum as displayed in the inset of Fig. 5. The characteristic
behavior, similar to the case of the exchange energy (see
Fig. 3), suggests a g*In g leading term. It is also remarkable
that at large values of g the correlation energy diverges. This
limit of large spin-orbit coupling is highly nonperturbative, as
already revealed by the Hartree-Fock treatment. Within that
approximation, the noninteracting states are strongly distorted
by the Coulomb interaction and form special spin textures in
momentum space.' 7?23

Analytic formulas for the second-order correlation energy
can be obtained at small g and . Expanding to second order
yields

2
0.614—(5’TX)+..., (30)

EX(g.x) ~ 0229+ ..., 31)

in agreement with Eq. (17) (with C = —i and C = 0 respec-
tively). The explicit calculation is detailed in Appendix A.

C. Ring diagrams

The higher order terms (n > 3) in the perturbative treatment
of the two-dimensional electron liquid are in general diverging
for the bare Coulomb interaction. However, a method to
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obtain the next leading correction to the correlation energy
was devised for the three-dimensional case.* It consists of
summing to infinite order the (regularized) most diverging
diagrams so that the final result is finite.!! This method was
applied in the two-dimensional case in Ref. 35 and is extended
here with suitable modifications to include the Rashba or
Dresselhaus spin-orbit coupling.
The expression of the ring diagrams reads (n > 1)

n +OO n
£0(g 1., __&b / / g <Qq(u)rs>
R (8:7s5:X) wnr? —Zﬁﬂq
(32)

where Q,(u) is given by

Z/dk n,(k)[1
v

[e,(p) — €. (k)] (pv|ku)|?
[e,(p) — €u(k)? /4 + u?q?
(33)

ny(p)]

Sg‘)(g,rs ,x) has a (formal) dependence on r‘f’z. Except for the
n = 2 term, which is merely a compact formula for Eq. (26),
these expressions diverge. Summing them up to infinite order

we arrive at
| * O, (ury
(C/‘R(g rv,X)—m dl/t\/o‘ q dq[ln(l—l—m)
Q4w 1<meﬁ2 ”
2V/2nq "2 2V/2nq ' G4

Rather than plunge into a numerical analysis, we endeavor
next to extract the analytic behavior of this contribution on the
variables ry, g, and . We begin by assessing the behavior of
the function Q,(u) for g, x — 0. We first notice thatthe g — 0
limit of this function is not analytic. To see this consider that,
as shown in Appendix B, for fixed ¢ and g,x — 0, Q,(u)
behaves according to the general form given by Eq. (17), i.e.,
as

%ﬂ)

Q) ~ QPw) + = ——(g—x’+.... (35

where Q(qo)(u) is the value of Q,(u) for g = x =0 and
05 (u) = 828Q;2(u) . is given in Eq. (B1). On the other hand

this relationship does not hold as ¢ — O for fixed g and
x. In this case one can neglect in Eq. (33) terms involving
scattering to the opposite branch. This is justified since the
factor |(vp|uk)|? is ~1 for the intraband and ~g? for the
interband contributions. Then

Oo(u) ~ Z/ dk 2n, ()1 —n,(p)] (k — &%) cos

(k— %)2 cos? ¢y + u?

2k u 2k_ u
=—R|=—|+—R|=—])., @36
ki ks k_ k_

where R(u) =1 —1//1 + 1/u? and we have assumed x <1
so that k+ = 4/1 & x. We have also defined k1 = k+ F g/2.
In particular, by setting x = g, we obtain

mug?

Qo(u) >~ 4w R(u) — m,

37
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which of course is in violation of Eq. 174

As a consequence one cannot immediately infer that
Eq. (34)does in fact satisfy the general property Eq. (17).
This however proves not to be a problem since Eq. (36) only
applies within a region of g values of extension much smaller
than g and x. Accordingly, in order to obtain the leading
contributions to Eg(g,rs,x) when x,g — 0 one can safely
make use of Eq. (35) for Q,(u). Therefore, the correction to
the generic ring diagram can be formally written as

—1)" +o00 o)
SEW = ——(27”)2 (g—x)° f du /
0rs \" 05 (w)
, 38
<2f nq) 0P ) o9

to lowest order in g and x. Summing the geometric series (for

n > 2) we have
+o0
—x)? / du/

where the integral is logarithmically divergent at r;, — 0,
due to the small ¢ integration region. Therefore we can
approximate

[09w)]* 05 )
g+ oL wyr,’
(39)

8Er =

s
167 o

relnr +oo
oEp~ — 0 (g 2/ Ow)]? 08 wdu,
R 2«/5(271)4(5’ Xx) . [0y )] Q8 (u)du

(40)

where O (u) ~ 47 R(u) [with R(u) defined below Eq. (36)]

and Q8¥(u) ~ —3m|ul/(1 + u*)>/? which results from the

small g limit of (B1). We can then integrate Eq. (40) to obtain

56 — 157
40427

where as usual we neglect higher order terms in g and .

A discussion of the physically different limit of small r; and
finite g, x, for which Eq. (36) becomes applicable, is provided
in next section.

SSR(g,rs,x)=< (g—x)’+ --)rslnn, 1)

V. DISCUSSION

By adding up the contributions from the previous sections
we obtain that the total energy per particle in the presence of
spin-orbit coupling of the Rashba or Dresselhaus type has the
following form, in the limit of high density and small values
of g and x:

E(g,rs, x)
= (8,755 X)
8 23 1
V2 f mlrZ) =
37 | 487 8 12 rs
2
- [0.385 Gl O X) } [— —(10— 377)
N 56 — 157r i| i
_— rgInryg,
40ﬁn

(42)
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where the noninteracting energy &y(g,rs,x) is given in
Eq. (10). We included in Eq. (42) all the quadratic terms in x
and g as well as, for the exchange energy only (third line), the
term of order O(x*) which represents in practice the leading
correction at high densities. The fourth line shows the contribu-
tion of the direct and exchange second-order diagrams, from
Egs. (30) and (31). Finally, the last term (in the fourth and
fifth lines) represents the ring-diagram correlation energy. For
g = x = 0 this expression recovers the classic result for the
two-dimensional electron liquid of Rajagopal and Kimball of
Ref. 35.

From Eq. (42) it becomes clear that for small r; and given
spin-orbit coupling &, the largest effect of the interaction is
due to the exchange energy. In particular, we could obtain
in Eq. (22) how the best possible repopulation, i.e., the
value of x in equilibrium, is modified by the interactions to
leading order. We also determined in Eq. (23) the leading
correction of the exchange-correlation energy due to the
spin-orbit coupling. In agreement with the general property
discussed in Sec. III, such corrections are very small. Beyond
the perturbative regime, we have shown (see Fig. 2) that recent
quantum Monte Carlo data are well reproduced by neglecting
the correction to the exchange-correlation energy due to the
spin-orbit coupling. Our results lend some measure of comfort
to the otherwise uncontrolled procedure of making use of
spin-orbit coupling free exchange and correlation functionals
within density functional calculations.*4°

We end our discussion with an analysis of the formally
interesting case of the limit of small r; at finite g and x. This
corresponds to the case of a diverging bare spin-orbit coupling
constant & [see Eq. (4)], a scenario that does not apply to the
plain two dimensional electron liquid treated up to this point. In
this case the otherwise small “anomalous” integration region
contributing to Eq. (34) becomes dominant and Eq. (36) is the
appropriate form for Q,(u). While the reader is referred to
Appendix C for the details of the calculation, we give here the
result for the correlation energy to quadratic order in g and x:

rslnrs|:<208 5171) 5
6+/27 4 )¢

2 9\ , 27
(== 21645 :
(5 4>X +10( +JT)gXi|

(43)
This expression is distinct from Eq. (41) and violates the
general form o (x — g)*>. As a consequence, the quadratic
term in the spin-orbit coupling survives and the correction is
proportional to g?r, Inr, instead of g*r, Inr, (using x =~ g).
For the exchange energy and the second-order correlations the
nonanalyticity in the r;,g — 0 limit is not present, and the
same results obtained before are valid here. Despite this fact,
the ring-diagram contribution remains a subleading correction
since Eq. (43) is applicable only when g > r; which clearly
implies g*lng/ry > g%ryInry; ie., the exchange energy
correction is larger.

As a final remark, we notice that the nonanalyticity of
the ry,g — O limit discussed here becomes relevant in gated
heterostructures since the increase of the density is naturally
accompanied by a modification of the confining potential.
If smaller values of ry require higher values of the external

8ER(G s, X) = —
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electric field (e.g., proportional to the electron density'?),

larger values of the spin-orbit coupling @ are obtained at the
same time, thereby making the limit of Eq. (43) meaningful.
Furthermore, in heterostructures with a back gate, r; and & can
be controlled separately.
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APPENDIX A: DERIVATION OF EQUATIONS (30) AND (31)

We consider here the second derivatives of €2D (g,x) and
sz (g,x), given by Eqgs. (26) and (28), respectively. We start
by listing some useful formulas for spin summations:

Z H (PittiIPisipist) =2, (A1)
Pj - Pk
Zu,m]‘[ (PiptilPiittiv)) =22——,  (A2)
{i} i=1 PjPk
from which the following three identities are obtained:
k-q
D nop = uhl ek = ——, (A3)
sV
Y Upvlkw) P [(p/ v IK )
s, v, v (A4)
x(vp — pk +v'p' — W'k’ =8¢,
> (plkp) (kplp'v) (p'V' K 1) (K ' [p v)
M5V, v (AS)
X(vp — pk +'p’ — k') =0,
where, as in Egs. (26) and (28),p=k+qandp’' = k' — q.
2¢D
We now examine % ‘0. After calculating the second

derivative of the integrand, which only involves the energy
denominator, the spin summation can be evaluated by making
use of (A4). One can next evaluate the angular integration in
the dq integral, and then integrate in dk,, dk’y to obtain the
following expression:

325’) _ / dq/ dkedk. L(q.k)L(q, — k)
(q+ke—k)>
(A6)

Here L(q.k,) = f no(k)[1 — no(p)] dky, which in the interval
—1 <k, < 1 gives

0 ifg <2and k, < —%,
U(ky) if ke>-—q+1, (A7)
L(ky) — l(ky +q) otherwise,
where we defined £(k,) = 2,/1 — k2. We finally have evalu-

ated the integral (A6) and obtained a result numerically equal to
—%. The remaining second derivatives of £ can be obtained

L(q.kx) =
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from the general relation Eq. (16) but, as an example, we
calculate them here explicitly.

zgzx )0 can be simplified by making use

of (A1) and (A2). After some further manipulation we obtain
9P
dxagly

o / dq fdkfdk’ [;lo(/j_)q (k"o(ll:/))]]2
x{(k-q)[1—no(p)]s(l —k)
—(p- @ nok) (1 — p)}.
Then, after a change of variable k - —k — q = —p in the

second term in the integrand, angular integration in the dq
integral, and integration in dk, and dk’,, we obtain

(A8)

p2eD / /dk o @ —K)
ax0g |o —k2
1 —no(p) no(p)
X[(q ke — k)2 (kmk;)z} (A%

where p = /1 + g2 + 2qk,. Finally, Eq. (A9) can be trans-
formed to the opposite of (A6), by means of an integration by
parts in dk, of the two terms of the integrand and a suitable

change of variable k, — —k, — ¢ in the second one.

. It is convenient to transform terms

The last term is daj

containing double derivatives of the occupation functions in
the following way:

92n,, (k)
/f(k)a—x2 Odk =

After then performing the spin summations explicitly, a change
of primed and unprimed variables to collect similar terms, and
the angular integration in the dq integral, we obtain

92EP 1 [*dgq
= —— — | dk | dK no(kH[1 — !
g 2712/0 qZ/ / no(kH[1 — no(pH)]

> [(EM) 8(1 —k)
ok q + ks — K,
9 nok)
(g g )

_2cos(px —p) o _
kK 8(1 = ks p)],

af (k)
Z/8—5(1—k)dk (A10)

(Al1)

where in the dk, dK’ integrations, the x axis is chosen to be
along q so that p = /k% + g% + 2gk,. It is also convenient
to change the variable k — —k — q in the second term in the
large square brackets. The contributions from the first two
terms in the large square brackets involving the derivative
% =—-5(1 — p)g—’; cancel exactly the third term. In fact,
we obtain that the coefficient, multiplying the product 6(1 —
k)5(1 — p), has the following form:

ap/ok op/ok  2cos(¢x — ¢p)

gtk =k, kot k, gtk -k,
which can be simplified using k, = cos ¢y = —¢/2. Further-
more, dp/dk = (k +qcos¢y)/p =1—g?/2 and cos(¢y —
Pp)=1-— g*/2 as well. Therefore (A12) is seen to vanish
identically. The term surviving in Eq. (A11), after integrations

. (Al2)
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in dk,, dk/y, is the opposite of (A9). Therefore, we can
summarize the final result as follows:

3%y 3%y %P 1
2l =— 2| = 2| =——.  (Al3)

ag? |, Ixdgly, 9x2 o 2
We turn now to the second derivatives of &5 . The fact that
z:gggx = 0 is immediately obtained from the spin summation

(AS) and the mixed derivative is also found to vanish upon spin
summation. Finally, the second derivative with respect to x is
found to be vanishing after rather cumbersome manipulations.
These results are consistent with the general property (16) and
we conclude that

32Ef
0g2

oS
0 dxag

. 32Ef
0 x>

=0. (A14)
0

APPENDIX B: SECOND DERIVATIVES OF THE
RING-DIAGRAM CONTRIBUTION

We consider here the second derivatives with respect to g
and x of Q,(u), defined in Eq. (33). We begin by noting that

320,(u)
0g?

dk
_ 16 f ool = no(p)lg +2k)
0
(l] + ka)Z B 12u2
X 9
[(q + 2ky)? + 4u?)3

where we have set x = g =0 and performed the spin
summation (which gives a factor of 2). Consider now the mixed

(BI)

derivative
82Qq(u) . dk us(1 —k)
o oY e

5(1 —
- %no(m] (vp — k)| (plkia)

4(g + 2k)? — 4u’]
X .
(g + 2ky)? + 4u?)?

By change of variable k — —k — q and relabeling pu <> v
in the second term of the integrand (from the large square
brackets), we can cancel the no(p) contribution in the first
term. Finally, the spin summation can be performed by using
Eq. (A3) and the integration in dk gives

(B2)

y&w)_/MMm¢m+hmw—%2M
agax 1o Jo g [(g+2cosp)>+4uP T
(B3)
The last second derivative, with respect to x, gives
82Qq(u) dk[&(1 —k)—8(1 —k)
—_— = —_— 1 -
o | / . [ ) [1 —no(p)]
§'(1—p)—68(1 —
_8d=p - ( p)no(k)
_ 80 —k)éd —p) 8(q + 2ky)
2 (q + 2k,)? + 4u?’
(B4)
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The derivatives only involve n,(k)[1 — n,(p)], which results
in the large square brackets. The third term in the integrand
is vanishing, since p = ¢ = 1 implies g + 2k, = 0 (note that
p = k + q and q is along x). Furthermore, we can change the
variable in the second term and cancel the ny(p) contribution
of the first term. Therefore, the large square brackets simplify
to [8'(1 —k)—38(1 —k)]/4 and the integration in dk is
immediate. The final result coincides with the opposite of
Eq. (B3). Consider now the change of variable cos ¢ — k,,
which gives

_/I%Mh (q + 2k,)* — 4u*
o Jog/T— K2 1(q + 2ke)? + 4u?P

/lthlkza (q + 2ky)* — 4u?
-1 q . akx [(q + 2kx)2 + 4I/t2]2
U dk,
=32/
-1 9

(g + 2k, )? — 12u?
[(q + 2ke)? + 4u??’

9% Q,(u)
dx?

1 — k2(q + 2ky)

(B5)

where we integrated by parts in the second line. No-
tice that for ¢ >2 (see Appendix A) [dkyno(k)[1 —
no(p)l =2,/1 —k2. This establishes the equivalence
of Eq. (BS) and (B1) for this case. The equiva-
lence of the two expressions holds also at g <2,
as can be seen applying the change of variable k, — —k, — g
in the integration region —1 < k, < —% of (B5). Therefore,
we conclude that

320, (u)
dg?

—_ aqu(M)
0 dxag

_ aqu(u)
0_ ax?

0% (u) =

0
(B6)

This is in agreement with Eq. (16) and leads to (35).

APPENDIX C: PHYSICALLY ALTERNATE LIMIT r, — 0
FOR FINITE g, x

In this appendix we analyze the r; — 0 limit of Eq. (34) for
fixed values of g and yx . In this situation the relevant integration
region in dq is of order ry < g,x around g =0, and an
“anomalous” quadratic correction in g to the final result for
the energy is obtained [see the discussion after Eq. (35)]. The
calculation can be patterned after that carried out in the absence
of spin-orbit coupling, as for instance done in Ref. 35. In this
case one can perform the integration in dg (up to an arbitrary
upper limit much larger than r,) and extract the coefficient of
the r, Inr, contribution by writing

re Inry +oo ;
Erlg.rs ) = — / (o) du, (C1)

3V2Q27)* -

which gives the standard result — %5(10 — 37m)ry Inr, by using
Qo(u) = 47 R(u). Using for Qo(u) the expression of Eq. (36)
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instead, the result can still be obtained analytically as in
Ref. 37, i.e.,

s Inrg Kk
5R(87VS,X)2—V nr |:(10—Sn)<_++~_—)

6+/27 S o
e Flly ko) + 3k Flk_k )}
e )T T T

PHYSICAL REVIEW B 83, 235309 (2011)

where we have defined the following function,

2
Fx,y)=4(x+y)—nx —4xE (1 — y—z)
X
2x2 arccos &

e
VEx=y)x+y)

in terms of the elliptic function E(x), defined as in Ref. 42.
arccos £ arccosh

Notice that one can use the identity S = o when
y > Xx.
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