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Abstract. We consider electron-electron interaction effects in quantum point
contacts on the first quantization plateau, taking into account all scattering processes.
We compute the low-temperature linear and nonlinear conductance, shot noise,
and thermopower, by perturbation theory and a self-consistent nonperturbative
method. On the conductance plateau, the low-temperature corrections are solely
due to momentum-nonconserving processes that change the relative number of left-
and right-moving electrons. This leads to a suppression of the conductance for
increasing temperature or voltage. The size of the suppression is estimated for a
realistic saddle-point potential, and is largest in the beginning of the conductance
plateau. For large magnetic field, interaction effects are strongly suppressed by
the Pauli principle, and hence the first spin-split conductance plateau has a much
weaker interaction correction. For the nonperturbative calculations, we use a
self-consistent nonequilibrium Green’s function approach, which suggests that the
conductance saturates at elevated temperatures. These results are consistent with
many experimental observations related to the so-called 0.7 anomaly.
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1. Introduction

Conductance quantization in a quantum point contact (QPC), first observed in 1988([1],
constitutes a classic textbook effect of mesoscopic physics. On top of the integer
conductance plateaus G = nGy (where Gy = 2¢%/h) observed as a function of gate
voltage V,, many experiments have found a temperature-dependent suppression of the
conductance appearing in the first half of the conductance plateau. This shoulder-like
feature is seen at elevated temperature 7' (or finite voltage V') near the first quantized
plateau[2] [l [4], accompanied by a shot noise reduction[7]. It appears approximately
around 0.7 Gy, and has therefore been named the 70.7 anomaly” [2, [3 [4], 5], 6, [7 [§].
Despite the conceptual simplicity of a QPC and the fact that the 0.7 anomaly has been
observed in a variety of material systems by different groups over more than a decade,
still no generally accepted microscopic theory exists, apart from an overall consensus
that one is dealing with some spin-related effect.

While phenomenological models[9], assuming the existence of a density-dependent
spin gap, can provide rather good fits to experimental data, the presumed static
spin polarization due to interactions within the local QPC region is not expected
in the presence of unpolarized bulk reservoirs. Along this line of thinking, it was
recently conjectured that spin symmetry-broken mean-field or density functional theory
calculations are unable to recover the correct 17" dependence of the conductance[l10] [11]
12]. A number of microscopic theories assume the existence of a quasi-bound state in
the QPC region, leading to a Kondo-type scenario, as encountered in transport through
interacting quantum dots[13], [14]. Such a quasi-bound state was indeed found in spin
density functional theory (SDFT) calculations[I3], and models based on this picture
appear to reproduce several essential observations related to the 0.7 anomaly. However,
different SDFT works also reached different conclusions[IT, [I5]. Further proposals
involve phonon effects[16]. Several publications have suggested that electron-electron (e-
e) interactions alone may already result in a reduced conductance in a QPC at elevated
temperatures, without the need for additional assumptions of spin polarization or a

localized state[17, [18, 19, 20, 211, 22, 23].

1.1. Main ideas and results

Motivated by this body of experimental and theoretical work, we reconsider the role of e-
e interactions for electronic transport properties in QPCs, starting from the assumption
that in the low-temperature limit, a QPC is well described by a single-particle saddle-
point potential. We then include e-e scattering, and, in particular, all momentum-
nonconserving processes, where the number of left- and right-moving electrons does
not have to be conserved in the scattering process, see figure [[l). These processes are
not allowed in infinitely long translationally invariant (single-mode) quantum wires.
However, the lack of translational invariance for a QPC connected to reservoirs permits
such processes here. In other words, momentum is not a good quantum number
for a QPC, and therefore interactions processes can violate momentum conservation.
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Figure 1. Ilustration of the two-electron momentum-nonconserving scattering
processes that give rise to a correction to the transport properties at the beginning of
the first plateau. The full (black) lines represent incoming electrons, while the dashed
(red) lines are the outgoing electrons. The thick (blue) lines define the edge of the
QPC. Only scattering between different spins is present to leading order in T'/Tf due
to the Pauli principle.

Momentum-nonconserving processes are most relevant in the low-density regime, where
the Fermi wavelength is comparable to the QPC’s length, which is set by the curvature
of the saddle-point potential and/or the distance to the gate electrodes[24]. Indeed,
our quantitative analysis of the matrix elements for these processes (see below) shows
that the effect of momentum-nonconserving scattering can be substantial, and implies
that the conductance is significantly reduced at elevated temperatures, where the phase
space for inelastic scattering is increased. We find that the breaking of translational
invariance, and hence the backscattering rate, is most dramatic near the onset of the
plateau, and then gradually decreases for larger electron density in the QPC.

We start from the assumption that the low-temperature limit of a QPC at the
first quantized plateau is well described by a Fermi-liquid picture with propagating
single-particle states[25]. Throughout the paper, we consider only a single transverse
channel being transmitted. Without interactions and at low temperatures, T < Tk
(where €% = kpTFf is the local Fermi energy, see (I8) below), the conductance is given
by the standard Landauer-Biittiker[26] formula, I©®© = Gy7Zo(Er)V, where V is the
voltage difference across the contact and Gy = 2¢%/h. In this paper, we are interested in
the properties at the plateau, i.e. when the zero-temperature transmission probability
is close to one, 7y ~ 1. At zero temperature, electrons do not experience inelastic
scattering from either phonons or other electrons. However, as temperature increases,
phase space also increases for such scattering events. The effect of phonon scattering
has previously been studied by Seelig and Matveev[I6]. Here, we address the question
of inelastic e-e scattering, which can cause electron backscattering. For example, two
incoming electrons from the high-bias side can interact in the contact and scatter, so
that one electron is backscattered while the other is transmitted. These processes are
later denoted as b(1) and shown in figure [II Also shown is a backscattering process
for two electrons[I8], which we denote as b(2). Both processes will lead to a current
reduction.

The matrix elements for the momentum-nonconserving processes can, to leading
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Figure 2. Illustration of the effective 1D potential of the QPC and the transmitting
wavefunction ¢ ,. The wavefunction shows an enhanced weight in the contact region,
which loosely speaking reflects the fact that electrons spend more time there. This
so-called semiclassical “slowing down” is the main reason for the finite values of the
backscattering processes shown in figure[ll cf. also [2I], and will be discussed in section

order in the single-particle reflection Ry = 1 — 73, be calculated using the fully
transmitting wavefunctions. To good approximation, these can be described as WKB
states in an effective 1D potential Vj(z), which is a combination of the potential barrier
and the confinement barrier[25], see section [2 and figure 2l The WKB states at energy
E have the form

prnfo) = [y (in [ o' pta)/n). 1)

where the local momentum is p(z) = \/2m[E — Vy()], m denotes the effective mass,

and 1 = + is the propagation direction.

For a contact with 7, ~ 1, we may estimate the leading-order e-e interaction
correction to the current by using Fermi’s golden rule. To that end, we compute the
rates for the two scattering events shown in figure [Il and add them up, with a weight
factor keeping track of the respective contribution to the current. This gives the e-e
interaction correction to the current in the form (e > 0)

10 =TS vz vy)p et 2)
12,172/

X 711712(1 — ny)(l — n2/)5(E1 + Eg — Ell — EQ!),

where we use the short-hand notation 1 = {F4, 7y, 01}, with ¢ being the spin index, and
sums run over the quantum numbers of the scattering states,

IENEED DI ®)
1 o1=tm==%

In (), the occupation factors n; are given by Fermi-Dirac distribution functions defined

by the respective reservoirs,

1
ny = fg(R)(El) =

eBr—hprr)/keTrr) 4 1’

(4)
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where one should use py, for right-movers (7, = +1) and pug for left-movers (7, = —1),
and we have allowed for different temperatures in the two leads. Furthermore, in (2J),
the factor (ny + 1o — m1 —12) /4 accounts for the change of the relative number of right-
and left-moving particles from initial to final states. Equation (2]) is also found from
rigorous perturbation theory in the Keldysh formalism, see section [3] where the matrix
elements V' (12,1'2") are specified in ([44]). As expected, they contain both a direct and
an exchange term, which is important for the behavior in a large spin-splitting magnetic
field. The magnitude of the relevant coupling strengths is carefully estimated in section
23

Based on (), for 7y = 1, we obtain the linear conductance at low temperatures in
the form

G/Gy=1+G?/Gy=1— Ay(xT/TE)?, (5)

where a realistic estimate for a typical GaAs QPC indicates that A, ~ 1 at the beginning
of the plateau. The result (@) has also been reported in [21I], where the QPC was
modeled using a kinetic equation. Their prefactor A, is proportional to an unknown
“relaxation time in the leads”, a quantity that does not appear in our theory. Instead
Ay is directly connected to the inelastic e-e interaction processes. We find that A,
rapidly decreases when moving along the plateau, see also figure Bl The dimensionless
coefficient A, includes the effects of both the b(1) and the b(2) backscattering processes.
It is also interesting to consider the interaction correction at spin-split plateaus, i.e.
for large magnetic fields. Here the energy dependence of the matrix element V' (12,1'2')
becomes important for equal-spin scattering, since exactly at the Fermi energy the direct
and exchange terms cancel for equal spins only (see section B.2). Hence, e-e scattering
corrections in the spin-polarized case are much smaller. In fact, the leading contribution
turns out to be of order (T/T%)*, and the prefactor is smaller than A;,. Physically, this
can be understood in terms of the Pauli principle. This qualitatively agrees with the
experimental observation that almost no conductance suppression at the e*/h plateau
occurs.

Below we also provide results for the interaction corrections to other experimentally
relevant quantities, such as shot noise, the thermopower, and the nonlinear conductance.

The effect of e-e backscattering is thus most important at the beginning of the
2¢? /h plateau. On the other hand, for elevated temperatures, it leads to a breakdown of
perturbation theory. Therefore, a crossover to a different type of behavior must appear.
From equation ([l), the temperature scale for this crossover is expected to be

5

T ~ . 6
o (6)
Contrary to the usual situation encountered in mesoscopic physics, the nontrivial
question to be answered thus concerns the high-temperature limit (but still T < T%).

To investigate this question, we have studied a local interaction model by means of a
nonequilibrium formalism, employing a self-consistent Born approximation (SCBA) for
the self-energy. In this case, our numerical results suggest that the linear conductance
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approaches a saturation value g, = G /Gy of order gs &~ 1/2 at high temperatures. The
saturation is physically due to the fact that e-e scattering processes within the QPC
region fully equilibrate outgoing electrons, which also suggests that gy is non-universal
and thus depends on the detailed form of the various e-e couplings. We mention in
passing that a high-7T" saturation of the conductance has also been reported for long 1D

wires[17] 27],

1.2. Structure of the paper

The structure of this article is as follows. In section 2] we define the model of the
QPC, and provide estimates for the parameters involved. In section B this model is
treated by lowest-order perturbation theory, and the interaction corrections to linear
and nonlinear conductance, shot noise, and thermopower are computed. A simplified
version of the QPC model with a local e-e interaction potential is then considered within
a nonequilibrium formalism in section [4], leading to a self-consistent numerical approach.
This allows us to go beyond lowest-order perturbation theory, albeit in an approximate
fashion. We briefly conclude in section Details of the calculations can be found in
two appendices. In intermediate steps, we sometimes set i = 1.

2. Model and estimates

2.1. Model

We consider a two-dimensional electron gas (2DEG) with a single-particle potential U(x)
forming the QPC, where x = (z,y). Close to the middle of the constriction, x = (0, 0),
the potential is assumed to be described by a saddle-point potential[28] 29]

U(x) = Uy — %mwixz + %mw;gﬁ, (7)
where x (y) is along (perpendicular to) the transport direction of the QPC. The QPC
is thus characterized by the frequencies w, and w,, or, equivalently, by the length scales
l, = \/h/mw, and {, = \/h/mw,. Transforming the 2D Schrdodinger equation into 1D,
the y-direction simply gives transversal 1D subbands (modes) labeled by n =0,1,2.. ..

Therefore the effective 1D Schrédinger equation for mode n has a potential given by
1
Volx) = hwy(n+1/2) + Uy — §mwix2, (8)

and the well-known transmission probability through the nt mode is[28]

= : . (9
1+ exp[—27(E — hwy(n + 1) — Up)/hw,]

This transmission coefficient leads to the low-temperature conductance quantization in

a QPC.

In this paper, we focus on the situation when the Fermi energy is tuned such that

7.(E)

only the lowest transversal state n = 0 propagates through the constriction, and does so
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with transmission close to unity, Zo(FEr) ~ 1. Therefore only the first (spin-degenerate)
mode n = 0 is included in the 1D Hamiltonian H = Hy + H;. The noninteracting part
is

H=Y [ s 0k@) (g Vo)) 0, ), (10)

and the Coulomb interaction gives
1 / /
=5 3 [ ded vl @ id, (W (o) (0, 0, (1)

where 1 (z) (¢,(x)) is the creation (annihilation) operator for the n = 0 mode. The
effective (unscreened) 1D interaction W (z,2") can be found by integration over the
transverse eigenstates in the lowest mode, xn—o(y) = exp(—y?/202)/(x'/*\/?,). This
gives
2 1\2
e (x — ')
WI,ZE/:—M(i), 12
(@) dmegkn/ 2l 402 (12)
where x denotes the relative dielectric constant, M (z) = e*Ky(z), and Kj is the (zeroth-
order) modified Bessel function of the second kind. This model of the interaction
W (x,z') depends only on the difference x — 2/, and therefore appears not to break
translational invariance. However, when including the scattering states, the effective
interaction will break translational invariance, see the discussion in section below.
For energies above the barrier top, the scattering states can be approximated by
the WKB eigenstates ([II), and we can thus expand the 1D fermion operators as

-y / 0E opo(z) cp . (13)

n==1
where the energy integral is from the top of the single-particle potential to infinity,
and cp, , is a scattering-state annihilation operator with anticommutation relations
o CE,J],J,} = 0y 00,0:0(E — E'). The noninteracting Hamiltonian then effectively
becomes

- ZElcich (14)
1

where we again use the short-hand notation 1 = {Ey,n1,01}, see [3). Similarly, the
interacting part reads

1
H[ = 5 Z W1/2/712 CJ{/C;/CQCD (15)

1,2,1/,2/

with the matrix elements
Wirar 12 = 0510y, 00204 /dxldl’z SO*El,,nl,($1)SO*E2,,n2, (22)
X W(xlax2)90E1,m(x1>90E2,772(x2)' (16)
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These matrix elements are discussed in section 2.3 For later purposes, it is also useful
to introduce the corresponding matrix elements without the spin factors and taking the
energies at the Fermi surface,

Wé?/)nzlﬂ’lﬁh = /dxldx? SO*EFﬁh/ (xl)‘p*EFmgf (@)
X W($17I2)80EF,171 (56’1)<PEF,772(352)- (17)

Throughout the paper, we distinguish between the Fermi energy Er in the equilibrium
leads and the local Fermi energy % in the QPC,
1
g =FEp — U — S hwy = kpTh. (18)
The single-particle thermal smearing of the conductance plateau occurs on the energy
scale €%, and therefore we are here only interested in effects at lower energies, i.e.
T < Tf.

2.2. Hartree-Fock approximation

In order to determine the saddle-point potential ([7]), one should in principle solve for the
potential self-consistently, including the screening by surrounding gate electrodes and
mean-field interaction effects. For the electrons in the constriction, the latter amount
to the Hartree-Fock approximation,

Hinr =3 [ do [ doViral, 203 ) 2. (19)
where the self-consistent Hartree-Fock potential is

Vipo(z,2') = 6(z — ') / "y W (x,2")ng(2")

= W(z, ) (0l (2)¢s (7)), (20)

with n,(z) = (1 (2)1,(z)). The self-consistent mean-field theory was discussed in [10],
showing that the mean-field result for the T-dependence of the conductance is markedly
different from both the experimental observations and the finite-1" corrections due to
inelastic e-e processes studied in this paper.

To illustrate this point, let us consider the Hartree approximation. Then the change
of the local density n(x) with increasing temperature follows by using a Sommerfeld
expansion. Noting that the chemical potential is set by the electrodes and can be
assumed constant in this temperature range, we find to lowest order in temperature

n(x) = no(x) [1 —~ ;—z (%)1 , (21)

where ng(x) is the T = 0 density. First, we note that the density decreases with
increasing temperature, because the 1D density of states decreases with increasing
energy. When (2]]) is inserted into the Hartree potential, i.e. into the first term in
(20), the temperature correction yields an additional contribution to the saddle-point
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potential Vy(z). Expanding this result around the relevant barrier region x = 0, the
potential correction can be written as

Vi (x) = 0Uy + Amngﬁ + O ((z/20,)"). (22)

Thereby the Hartree correction can be captured by a temperature-dependent
renormalization of the barrier height Uy — Uy + dUy(T) and of the curvature w, —
1 — A(T)w, of the saddle potential in the transport direction. Explicitly, in terms of
Meijer’s G-function[30], we find
) ; (23)
2

— kBT 2 hwx 3/2 3,2 (.UGZF
5U°:‘W<m) (—) @2 | oz

N— =
N|—= =
w

xT

with the energy scale
1 e?

V187 Ameorly,

Moreover, the dimensionless parameter A follows as
2w, W [kpT\? [hw,?
AN = 25
15wxhwx<hwx> (efm) (25)

/ /
3,2 Wy € 1 3,2 Wy €

The barrier is therefore lowered, U, < 0, while the frequency w, is renormalized to

W =

o= O

N =

smaller values, since (25)) implies A(7) > 0. The quoted expressions are useful for
Ty ~ 1, where €% > hw, /2. Inspection of (@) then shows that the net effect of the Hartree
correction is an enhancement of the transmission towards 7y = 1. As a consequence, a
conductance plateau present already at zero temperature is then essentially not affected
by the Hartree contribution as long as T' < T. A quantitative discussion of the Hartree
corrections to the saddle-point potential can be found in section below.

Concerning the Fock part, a simple qualitative approximation is obtained if the
pair potential is assumed to be a contact interaction, W (z,x') = Wyd(z — z’), see also
[10]. (This expression requires that the long-ranged tail of the e-e interaction potential
is screened by nearby electrodes.) In that case, also the Fock contribution is local, and
acts in precisely the same (but opposite) way as the Hartree potential, thereby partially
cancelling the effects of the latter. In particular, it leads to the same temperature
dependence of the corrections. We therefore conclude that the Hartree-Fock contribution
leads to a very weak temperature dependence of the conductance, which even goes in
opposite direction as compared to the effects of the inelastic e-e contributions. This
temperature dependence of the mean-field result for the QPC conductance has been
described in detail before[10], [11].

In the following, the weak T-dependence of the conductance under a single-particle
picture will be neglected, and we focus on the effects of inelastic e-e scattering. Hence
the interaction ([IT) is replaced by

5H]:H]—HI7HF. (26)
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When performing diagrammatic expansions, the first-order contribution in § H; vanishes
per definition, and the series starts with the second order in d H;, see sections [3] and [l
From now on, the Hartree-Fock part is assumed to be contained in the single-particle
potential Vy(z).

2.3. WKB estimates for e-e matriz elements

In order for our subsequent calculations to be meaningful, it is essential to first show
that the relevant e-e backscattering strengths can be sufficiently large in experimentally
relevant QPC geometries. In the following, we therefore provide such estimates and
demonstrate that in the beginning of the first conductance quantization plateau, these
couplings are indeed significant. Let us then consider an almost perfectly transmitting
QPC and calculate the matrix elements that give rise to momentum-nonconserving
scattering. For a simple estimate of the relevant e-e backscattering strengths, we now
employ the WKB wavefunctions, see section [Tl For larger reflection probability the
WKB approximation is not adequate and a more sophisticated approach must be used.

Because of the lower electron density in the QPC region, also denoted as
semiclassical slowing down[21]], interactions are strongest near the constriction, see figure
2l The single-particle eigenstates in the potential Vj(x) are given by the WKB scattering
states ([II), which are a good approximation for 7o(Er) ~ 1. The following estimates can
thus be regarded as an expansion in Ry = 1 — 7, to leading order in Ry << 1. In the
WKB approximation, the matrix elements (I7) for e-e scattering at the Fermi surface

are given by
© (MmN y Wia, o)
W/v771’772”771772 o (27Th> /dmdw p(x)p(x’)

% eim=mn) & dyp()/h it —na) J3 dyp()/h (27)
The semiclassical slowing down is reflected in the local density of states o< 1/p(z),
which is largest inside the QPC (z = 0). Here, p(x) = v/2m[Er — Vy(z)] is the classical
momentum, which we express using the 1D saddle-point potential Vy(z) in (8) as

p(x) = ;;z—:\/l + (x/a)?. (28)

The Fermi energy Er enters here via the length scale a,

by wy fiw, ’

This scale can also be related to the transmission 7y(FEr) by using (@), and hence to the
position along the first conductance plateau. Inverting (@), we find

2
a 1w, T
Bl e |
(Ey) T Wy n<1_%>’ (30)

valid for 0.5 < 75 < 1. Next, consider the integral in the phase factor of (27]),

1= [ i) = —(-9) (31)




Electron-electron interaction effects in quantum point contacts 11

ef Ty | a/ly | To(Er) fo() Wy Ay
2hw, | 23 K| 2.0 | 0.985 0.64 720 eV~ 1.1
thwy [52K | 30 | 1.0 |[3.0x1072| 34eV™t | 1.0 x 1072
fhw, | 81K | 37 | 1.0 |[1.0x107%| 1.1eV™' |15x107°

Table 1. Estimates for the interaction matrix elements W1y and Ay, see ([B3), at
three different positions on the first conductance plateau, i.e. versus the local Fermi
energy 5%. Parameters are: hw, = 0.3 meV, hw, = 0.9 meV, k = 10 and m = 0.067m..
See also figure

:iln{ %o ] [Em%-ln(fjtm)},

2 1—-17,
where £ = z/a. This expresses (27)) in a form suitable for numerical integration,

(0) _ 1 62 f
1/ Mo/ 1172 (27?71@%)2 47'('60 "iey 175727 11,572

(32)

where
1 1

1 o0 o0 ,
fm/mzumm - m/_mdgf_oodg \/§2+1\/€/2+1
(€€ (a)’

x cos[(m — m)v(&) + (2 — n2 )y ()]

with M(x) defined after (I2)). The matrix elements for the b(1,2) scattering processes
in figure [I] correspond to

0 0
Wiy = Wil oy Wiy =W, (34)

while e-e forward-scattering processes are described by W) = WJ(FOJZ ++- The couplings
Wiy enter the current through the dimensionless parameters

2
1672 1 1 e a\’
Ay = 5 (ksTpW)* = o3 [hwy Treo i, (g) o)

(35)

We now use typical experimental parameters for a GaAs QPC:[31] fiw, = 0.3 meV,
hwy, = 0.9 meV, k = 10 and m = 0.067m,.. We have numerically integrated fy) at
three different values of the local Fermi level €4, see table[ll Clearly, W1y becomes two
orders of magnitude smaller from the beginning of the conductance plateau to the end,
while Ay differs even by five orders of magnitude, see figure [3

Let us then briefly discuss the magnitude of the Hartree corrections mentioned
in section 2.2 Given the QPC parameters in figure [3] we obtain the energy scale
W = 0.31 meV from ([24). It is then possible to compare the Hartree conductance
correction to the respective inelastic correction (). For concreteness, we take T' = 0.7 K,
corresponding to T* at the beginning of the plateau in figure Bl From (23], at the
positions of the arrows in figure B we find Uy ~ —0.24 meV, —0.08 meV, and
—0.05 meV (from left to right along the conductance plateau). Similarly, ([25) gives
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Apy=11 Ay=0.010 A, =15x10"°

0 0

i_Considered energies»i 8% [me\/]

0 0.2 0.4 0.6 0.8

Figure 3. The interaction matrix elements for backscattering of a single electron
at various positions on the first quantized conductance plateau. The solid curve
shows the T' = 0 conductance vs a% for a saddle-point potential with Aw, = 0.3meV
and Aw, = 0.9meV. The decrease of the conductance in (X)) is then orders of
magnitude stronger in the beginning of the plateau. The backscattering of one
electron (Ay(1)) is significantly stronger than that of two (A4,)). Neglecting Ay(2), the
conductance corrections for the three values of Ay1) are: G?) /Gy = —2.1K™? x T2,
G /Gy =—-36x 103K 2 xT? and G® /Gy = —2.2 x 107K ™2 x T2, respectively.
For T = T*, we have G®) = Gy, and perturbation theory fails. This corresponds to
T* = 0.7K, T* = 17K, and T = 670K for the three stated values of A;;). Therefore,
it is desirable to go beyond a perturbative treatment. The quoted Ay values are
found numerically by integration of (33)).

A =~ 0.77,0.13, and 0.05, respectively. The Hartree corrections to the conductance are
then captured by (@), and imply an increase of the conductance. Since for all three cases
in figure B, the transmission at zero temperature is 7, > 0.985, the Hartree correction
can at most enhance the conductance by a factor ~ 1.015, which is a much smaller effect
than the inelastic corrections discussed in this paper. Note that including the Fock term
reduces the found Hartree contribution even further.

Finally, screening by higher (closed) subbands and by nearby gate electrodes
also leads to an interaction with broken translational invariance, where the effective
interaction range is set by a combination of the pinch-off distance for closed subbands
and the screening length of the electrodes. This would have two consequences, namely
(i) an overall decrease of the e-e interaction strength, and thus of the A, and (ii) an
additional source for broken translational invariance, which enhances the Ay; . The net
result of including screening by the adjacent gates and 2DEG regions is therefore not
straightforward, and a detailed electrostatic calculation is needed to gain a reliable
understanding. Since semiclassical slowing down already results in very significant
backscattering amplitudes, we focus on that in the present paper.

3. Perturbation theory

In this section, we compute the leading interaction corrections to the transport
properties of an almost perfectly transmitting QPC. As discussed in section 2, we
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treat the interaction Hamiltonian d H; by perturbation theory, yielding the current as
I=19471® 4... We here employ the Keldysh formulation to compute the correction
2) due to inelastic e-e scattering to second order in the interaction, and start with the
definition of the current
I=iey (U[J(x)[1)G= (11, t1), (36)
1
where G<(11/,tt') = i(cl,(t')¢,(t)) is the nonequilibrium lesser Green’s function (GF),
and J(z) = 2—:}“(5; — <8_x) For 75 ~ 1, we can use the WKB states in (Il) to calculate

the current matrix element,

(1T @) = by o 2L T D1 (2)

4@ Vpi(2)pr ()
X exp <% /Ody[mp1 (y) — mpv (y)]) : (37)

Here, we neglect terms proportional to d,p(z) to be consistent with the WKB
approximation. In order to also allow for different temperatures in the two leads, we

employ the nonequilibrium formalism in a slightly different way than usual[32] [33],
namely we include the different chemical potentials and temperatures in the initial
density matrix po(H). (The left/right reservoirs inject electrons distributed by Fermi
functions ({l).) The interaction Hamiltonian 6 H; is treated as the perturbation that
connects the two reservoirs. To evaluate the current, we thus write

I = Tr[p(Ho)J (x,1)], (38)
where J(z,t) is in the Heisenberg picture, J(z,t) = ¢ H/"j(z)e~ /" Here H =
Ho + 5H[, and

p(Hy) = Z_le_(HO,L—HLNL)/kBTL—(HO,R—HRNR)/kBTR’ (39)
where Npr and Hy /g are the number operators and noninteracting Hamiltonians,

respectively, for electrons coming from the left /right lead. The noninteracting (retarded,
advanced, lesser, and greater) GFs then follow in the form[32]

r/a o 1
Gy (l,w) =2mind(w — Ey),
Gy (L,w) = —2mi[l —m]d(w — E),

where n; is given in (@]). The GF’s are diagonal in spin space and identical for both spin
directions.

We now use a diagrammatic expansion of the interaction operator in terms of
contour-ordered GFs[32]. Since the first-order diagrams vanish per definition, the
leading diagrams are given by the second-order self-energy diagrams shown in figure @l
The second-order correction to the lesser GF can be found by using standard Langreth
rules[32] cf. (T3]). After some algebra, employing (@), we obtain

(1']J (2)|1 , ,
—ieY [y |E1,)_|30+ {[G5(1.0) — G5, w)| @< (11, w)

11/
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¥ = +

Figure 4. The second-order diagram included in ([@3). The first-order and all
other second-order diagrams belong to the self-consistent Hartree-Fock sector and are
contained in the saddle-point potential, see section[2.2l To avoid double-counting, they
should therefore not be taken into account here.

—2Or (11, w)Gi (1, w) + G5 (Lw)EO (11, w)} (41)

One checks that this expression conserves current by differentiating with respect to
x, and therefore we can set x = 0. Now there are two contributions to the current,
corresponding to the real and imaginary parts of [E} — Fy — i07]7!, where symmetry
arguments show that the real part must vanish. For the imaginary part, we have a
d-function enforcing £y = Ey/, which then, see ([B7), implies 1 = ny,. This leaves us
with

e
D= S (1= )DL, B £ B (1, By,
1

where we use 237 — ¥@e = 12> _ )< The lesser self-energy has two parts, the
direct and the exchange contribution, corresponding to the two terms in figuredl In the
time domain, this gives
SOCAL ) = =G5 (2,11)Gy (3, )Gy (4, 1) (Wis 24— Wi 24) Waa13.(42)
234

The expression for ¥(?> follows by interchange of lesser and greater GFs in ([#2). After
a number of manipulations, we reduce this to

em 1
%= - T Z (Wig1er — Wap 1o | 5(”1 +m9 — 1 — n2r)
1,2,1/,2/
X [nymg (1 —ny)(1 —ng) — (1 —ny ) (1 — ny )nyng
X 5(E1 -+ E2 — E1/ — Eg/). (43)

In fact, this result recovers the Fermi golden rule expression (2)), as may be seen by
combining the two terms in ([43]). We can now read off the matrix element entering (2I),

V(12,12") = Wig e — Way 1, (44)

which involves the direct and the exchange interaction.
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3.1. Conductance at low temperatures and voltages

The perturbative interaction correction (@3] to lowest order in temperature T < TF
and voltage eV < &%, is determined only by the interaction matrix elements (I7) taken
at the Fermi surface. Some algebra then gives

I(V,T) 7T\’

A eV \?
- <%+Ab(2>) (7) +0 (Wyy) »
Ep

with the dimensionless coefficients Ay 2), see ([B3)), corresponding to b(1) and b(2)

processes for electrons at the Fermi surface. We stress again that (43]) holds only to
lowest order in Ryg = 1 — 7, i.e. close to unity transmission at zero temperature. As
described in section [T}, the process b(2) corresponds to the simultaneous backscattering
of two electrons, which has been discussed on a perturbative level in [I8]. The process
b(1), where a single electron is backscattered, has not been studied before. It is here
important to note that for both processes, low-energy scattering is only possible between
opposite spins: When the energy arguments in the matrix element (44)) are taken at the
Fermi energy, the direct and exchange terms cancel each other for equal spins. The
parameter Ay is expected to dominate over Ays), and has been estimated in section
for a typical GaAs QPC. We found that Ay changes from ~ 1 to &~ 107" from the
beginning of the first quantized conductance plateau to the end, see figure 3 and table [l

From ([43]), we observe that interaction processes that do not change the number
of left- and right-movers give no contribution to the current correction I®. The
same conclusion is reached for finite-length quantum wires using a Boltzmann equation
approach[34, B35]. In particular, forward-scattering processes do not contribute to I,
even though total momentum is not necessarily conserved in these processes either. Here,
the important point is only whether the number of left- and right-moving electrons is
conserved or not. However, at higher orders, important at elevated temperatures, all
e-e interaction processes can come into play, see also Appendix A of [35].

3.2. Spin-polarized case

Next we consider the effect of interactions for a completely spin-polarized QPC in a large
magnetic field, i.e. on the e?/h plateau. For the spin-degenerate case, we found above
that to leading order in T'/T}., only opposite spins interact due to the Pauli principle.
As a consequence, the conductance correction is further suppressed for a single spin
species, as we shall show now. In the spin-polarized case, we must take into account the
energy dependence of the interaction matrix elements Wis 1,9/, which leads to a stronger
power-law suppression in temperature. The current correction to second order in the
interaction for a single spin species follows from (3)), and in linear response, we find
%= - ,;—VTQ% dE\dEydEyvdEy (Vi + Vi l?)
X n1n2(1 — nll)(l — ngl) 5(E1 + Eg — E1/ — Eg/), (46)
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where the n; are taken for ugr = py = Er. The same-spin interaction matrix elements
are

Vo2l = WEei41,B04 1,8, 41,Ey—1 — WE By,

i.e. a direct term minus an exchange term, where £y and Es are interchanged. Here, the
index Ey+ 1 [Ey— 1] refers to the b(1) [b(2)] process. To lowest order in temperature,
the leading term is found by expanding the Vj( 2 around the Fermi energy, since

Vo,2)) = O when all energies are equal to Ep. The low-temperature interaction
correction to the spin-polarized linear conductance G®) = ¢?/h is obtained as
2¢? AN
G = =By (T ) 47
h b(1) Tfﬂ ( )
where the dimensionless parameter
3272 2
By = (ks Tp)" |9, = Om)Waaryt |, | (48)

with Wiy = Wey41,8011,8,+1,5,—1 15 estimated in [Appendix Al There, we find
Byy = 0.1 at the beginning of the quantized plateau (for 7o(Er) = 0.985, corresponding
to the first arrow in figure [3]). For the b(2) process, the resulting power-law suppression
is even of higher order, since

2
(8E1 - aEz)VVb(Q)T|EF = 07 (49)

where Wiyt = Wg, 41, By11,5,—1,Ey -1 1O get ([@9), we use Wiy 119 = Way 21/, which in
turn follows from W (x, 2') = W (z', z). In conclusion, an extra factor (T'/T%)? suppresses
the low-temperature correction at the spin-polarized e?/h plateau (i.e. the large-B case)
as compared to the spin-degenerate 2¢%/h plateau (i.e. the B = 0 case).

3.8. Noise

Next we calculate consequences for another observable, namely nonequilibrium quantum
noise.  The zero-frequency shot noise follows from the (symmetrized) two-point
correlation function of the current operator. Perturbation theory yields for the
backscattering noise power in zero magnetic field

Sp(V,T) = 2¢ [QIW) (V,T) coth(eV/kpT)
+ Iy (V. T) coth(eV/zk:BT)] , (50)

where Ipy(1,2) are the current corrections due to Wy 2y quoted in ([@5) (defined positive
for V' > 0). This is nothing but the famous Schottky shot noise relation, encoding the
charge of the backscattered particles. Equation (B0) predicts an additional factor of two
for the b(2) contribution, because two electrons are backscattered in that event[18].

The direct perturbative calculation of the noise to second order in d H; then yields
the full noise power of the transmitted current in the compact form

St = S + 4GokgT — 8kgT Oy I, (51)
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where I = Ijs1) + Ips(2). This perturbative result has also been obtained in a different
context before[36]. In the limit V' — 0, one recovers the expected thermal Johnson-
Nyquist noise 4k5T[Go+G? (T)] from (), with the interaction correction G specified
in (B). Note that the last term in (&Il ensures that the correct thermal noise formula is
obtained.

Recent noise measurements on the first quantized plateau were compared to the
corresponding single-particle picture[7], and a reduced noise power was observed at the
conductance anomaly. Let us now connect (5] to this discussion. For that comparison,
according to [7], one subtracts the thermal noise and defines the excess noise as

S;p=Sr —4G(V, T)kpT. (52)
For a noninteracting system, this quantity is given by
SPP = 2GyReV coth(eV/2kT) — 2kgT] (53)

to lowest order in the reflection coefficient 75,, see reference [7]. In order to compare
our approach to (B3]), we interpret [,;/GoV in a single-particle picture as an effective
reflection probability R. Of course, this reflection is now mainly caused by interaction
processes, and R is generally larger than the true noninteracting value Ry. Therefore,
the difference between the true excess noise and its single-particle value is, in this
framework, given by

Sl MY O + Ay h(eV /kgT) (54)
2GoeV(T/TE? b LT b(2) B1l),
where
h(z) = —8x + (7* + %) tanh(z/2). (55)

From this expression, one observes that for eV < 6.507 kpT', regardless of Ayq 2,
the measured noise should always be smaller than predicted by a single-particle
analysis. This situation precisely corresponds to the parameter range of relevance for
the experimental work of reference [7], where eV < 5kgT. Our results for the noise
are therefore consistent with the conclusions reached in reference [7]. Unfortunately,
however, we cannot compare to the shot noise line profiles reported in Ref. 7, because
our results are only valid to lowest order in Ry, and such line profiles would require a
calculation as a function of Ry.

3.4. Thermopower

Another experimental observable probing the enhanced phase space for e-e scattering
at T # 0 is the thermopower S(T')[5, 37], for which perturbation theory for the spin-
degenerate case predicts

]{IB 27’(’4

S(T) = —=—= (A + A2) (T%) : (56)
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Since the noninteracting thermopower is exponentially small [oc exp(—T5/T)] at
the conductance plateau, the interaction correction completely determines the low-
temperature thermopower[34]. The enhanced thermopower (as compared to the
noninteracting one) is in qualitative agreement with experiments at the anomalous

plateau[5, [6].

4. Self-consistent nonperturbative scheme

As discussed in section [[LT], the intermediate temperature regime
T <T <T: (57)

needs to be understood beyond perturbation theory, see the caption of figureBlfor typical
values of T™. Let us first discuss, on a qualitative level, what happens in limiting cases,
where the QPC transport problem can be solved without invoking approximations.
For instance, when A1) = 0 but Aypg # 0, one can establish correspondence to
the problem of a single impurity in a Luttinger liquid with interaction parameter
K = 2, which in turn is solvable[38] and leads to the high-temperature saturation
value g; = G(T > T*) /Gy = 0 of the linear conductance. Physically, this is quite clear:
With strong b(2) interactions, all particles are backscattered for increasing phase space,
and the conductance approaches zero. Similarly, when Ay 2 = 0 but Ay # 0, ie.
when only forward scattering is present, the conductance is not affected at all, g, = 7,
for 7o ~ 1. (However, for 7, < 1, forward scattering can increase the conductance,
since such processes give an additive contribution to the usual elastic transmission.)
Unfortunately, the most interesting special case, A2y = 0 but Ayqy # 0, seems not
described by an exactly solvable model. With only strong b(1) interactions present, all
particles scatter in the QPC, but half of them are still transmitted. This suggests a
reduction of the conductance by a factor of two, gs = 1/2.

In order to make quantitative progress, we now consider a simplified model. It
is given by the noninteracting part (I0) with Vo(z) = 0. Therefore, we now have the
situation Frp = E% = ep = kgTr. Moreover, we take the interacting part (1) with a
local pair potential, see also [21],

Wz, 2') = W(z)s(z'). (58)

The local nature of the pair potential implies that all e-e interaction processes have
the same amplitude, i.e. the amplitudes for backscattering of one and two electrons
and the forward-scattering amplitudes are all equal, A, = Ao = Apya) = Apa).
This is an artefact of the oversimplified local interaction (G8]). Nevertheless, a study
of this problem is useful as it allows for an explicit calculation of the crossover from
the T? corrections to the high-temperature conductance saturation. The model cannot
be directly translated to the parameters relevant for a saddle-point QPC, because the
dependence of the different backscattering matrix elements on the Fermi energy is not
captured. Furthermore, because of the locality, the interaction potential (G8]) acts, in
accordance with the Pauli principle, exclusively among opposite spins. Therefore, the
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most important effect of a large B-field, which consists of quenching the backscattering
amplitudes, cf. section B.2] is missed. We then only consider B = 0 for the remainder
of this section. For convenience, we express the interaction strength in terms of a
dimensionless parameter,

A =mW /21*7%2. (59)
Writing A in terms of Ay, we find[39] A = /3A4,/7. On the first part of the plateau, we
found Ayqy = 1, see section 23] with 7%/Tp < 0.3. This allows for a meaningful study
of the temperature range (57) with A < 1.

In order to treat the local interaction (58, we start from the Dyson equation for
the full Keldysh single-particle GF G, (x,2';w) for spin o, which is a 2 x 2 matrix in
Keldysh space. Note that the interaction (58) does not flip the spin, and therefore the
Dyson equation is

Go (2,23 w) = Guo (7, 7' w) + Goo (7, 0; W) 26 (w) Go (0, 75 W), (60)

where the self-energy acts only at x = 2’ = 0. Moreover, both spins enter symmetrically,

Gy = G|, and we can suppress the spin index. In [Appendix B| we show that for the

interaction (G8) and a parabolic dispersion, &, = k?/2m, the current can be expressed
in terms of the local spectral function (at z = 2’ = 0) only,

1= 3 [l - el 5 (61)

where the Fermi functions are defined in (), and the local spectral function is

Alw) =1ilg"(w) = §*(w)] = =2 ImG" (w) (62)
with G(w) = G(0,0;w). The noninteracting spectral function is
Ap(w) = 2md(w) = (2m/w)Y?0(w), (63)

where d(w) is the density of states, and # the Heaviside step function. Note that the
real part of the noninteracting retarded GF Gfj(w) is nonzero at w < 0 for this dispersion

G (w) = /dk 1

21w — k2/2m + 0+
= — md(w) (O(—w) +i6(w)). (64)

In effect, the nonequilibrium current through the interacting QPC, (€1l), is fully

relation,

expressed in terms of the local retarded GF only.

So far, the given relations are exact, but to make progress, one needs to approximate
the self-energy. As discussed in section 2.2] self-consistent Hartree-Fock diagrams are
implicitly included in the single-particle potential U(x), so we are left with the higher-
order diagrams representing inelastic e-e processes. Here we include the second-order
self-energy in figure Bl made self-consistent by using the full GF. Note that the self-
consistency ensures also current conservation[40]. This diagram amounts to treating the
interactions effectively within the self-consistent Born approximation (SCBA). In the
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Figure 5. The self-consistent second-order diagram for the spin direction ¢ included
in our SCBA scheme for the treatment of interactions. Double lines define full (self-
consistent) GFs, as opposed to thin lines describing noninteracting GFs, see figure [l
Note that the exchange term exactly cancels the direct contribution for same spins,
and therefore the second diagram in figure Ml does not appear here.

perturbative calculations of section [3 the noninteracting GF enters instead, cf. figure [l
In particular, the retarded component of the self-energy is
X (w) = W / dte™" [G=,(—1)G; ()G2,(t) — GZ,(—t)G; (t)G=,(t)] .(65)
0
where GS denotes the local lesser/greater GF of the interacting system. The SCBA
approach is similar in spirit to using a quantum Boltzmann equation approach with a
self-consistent two-body collision integral, see Sec. 6.7.2 in [41] for a detailed discussion.

4.1. Linear transport

We first discuss the linear conductance, where the spectral function in (6Il) can be
calculated in equilibrium. Thus, the lesser/greater GFs can be written in terms of the
spectral function,

G5 (w) = iAW) f'(w), G (w)=iAW)(f'(w) —1), (66)

where fO(w) = 1/[e=er)/kET 1 1], Note that when evaluating GS(t) as needed in (63)),
< > d —iwt S

G5 = | §re1g ) (67)

negative frequencies have to be kept, cf. ([€4]). Consequently, the self-energy and the
interacting spectral function A(w) are generally nonzero at w < 0 due to the presence
of interactions. However, the current only depends on the spectral functions at w > 0,
see ([E1)).

To solve the self-consistency problem, we have employed an iterative procedure.
Starting with the initial guess of the noninteracting GF, G(w) = Gy(w), see ([64]) and
([66), we compute X" (w) from (65)), which in turn defines a new retarded GF and a new
guess for A(w) from the Dyson equation (G0). In the linear response regime, only the
retarded part of (60]) is needed,

G"(w) = Gy (w) + Gp (W)X (W)G" (w). (68)
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With the solution to (G8]), we then compute a new estimate for 3" (w), and iterate the
procedure until convergence has been reached. In the numerical implementation, it is
essential to employ fast Fourier transformation routines to switch between frequency
and time space, cf. ([@1). This permits the fast evaluation of the self-energy (63) in
time space. For coupling strengths A < 0.8, this numerical scheme converges to a
unique solution for the spectral functions A(w), and can be implemented in an efficient
manner. For larger A\, however, several solutions may appear, and the approximation
appears to be ambiguous. We therefore do not show results in this regime. Given the
converged spectral function, we can compute the linear conductance G from (GI) by
replacing f% — f2 — eV[—0,f°(w)]. Thereby, G is numerically obtained as a function
of the dimensionless parameters A and T'/Tp.

Let us first briefly discuss the lowest-order result for the retarded self-energy ([63])
at T'= 0. The result is obtained by first inserting (66]) with A(w) — Ag(w), see (G3),
into ([67)). We find

- im \? .

G50) = (5 ) 1(1/2er0) (69)
with Gg (¢) following by overall sign change and v — I', with the incomplete gamma
functions y(«, z) and I'(a, 2)[30]. For the chosen dispersion relation, we thereby get an
UV-singular behavior in the self-energy >7(¢) from (63]), which manifests itself in the
t — 0 behavior

, —, . Mm\/2mep

Y(t—0)~-W Q(t)T 1
This divergence is also present at finite temperature, but affects only the real part of
the self-energy. The perturbative results in section [3are thus insensitive to it. However,

+ O] . (70)

when performing a nonperturbative calculation, a regularization of this UV divergence
becomes necessary, and we chose a bandwidth cutoff of the order w,. &~ 3¢ around the
Fermi level. It is numerically convenient to employ a smooth cutoff function (e.g. a
1/ cosh? filter), but the precise choice for the cutoff function does not appear to affect
our results below.

The numerical results for the linear conductance are shown in figure @l First of all,
we accurately recover the perturbation theory results at low 7". At higher temperatures,
a trend towards a conductance saturation could be conjectured from the numerical data.
On a qualitative level, this saturation value could be expected from the following simple
consideration. In the beginning of section Ml we discussed that including only one of the
backscattering processes of zero, one, or two electrons could lead to a high-temperature
saturation value of g, = 2,1, or 0, respectively. Since the point-like interaction gives the
same amplitude to all three processes, it is tempting to simply take an average of the
processes and conjecture a saturation value of €?/h for this model.

Different functional forms for G(7') have been used to fit the experimental data
for the 0.7 anomaly, including an activated 7-dependence[3] or a phenomenological
Kondo-type function[4]. We have tried to fit our numerical data to both types of



Electron-electron interaction effects in quantum point contacts 22

1.
0.9}
0.8}
0.7}
0.6}
05 .. 2 ‘3 2 2

0. 0.1 0.2 0.3 0.4

T/Te

G /Gy

Figure 6. Temperature dependence of the linear conductance G according to the self-
consistent numerical approach described in section 1] for A = 0.3,0.6, and 0.8 (from
top to bottom curve). The dashed curve gives the perturbative result for A = 0.8, dots
refer to the numerical data, and solid curves are guides to the eye only.

functions, slightly generalized to allow for different high-7" saturation values. The
activated behavior is
G(T)
Go

where g, ) characterizes the high-T" saturation value, and 7% corresponds to the crossover

=1-(1- gs,)\)e_Tf/T, (71)

temperature scale (@). The Kondo-like equation used for comparison with experimental
datald] is a scaled and shifted version of the universal scaling curve known from the
Kondo problem. (However, this type of modification is not justified within the Kondo
model, where G — 0 at high 7".) We can get reasonable fits to both of these functions,
see also [41].

As a final remark on the numerical solution of the self-consistent approach in
the linear regime, we mention that the thermopower (data not shown) exhibits a
crossover from the S oc 7% law at low T, see (B6), to a linear-in-T" behavior at elevated
temperatures.

4.2. Nonlinear transport

The iterative solution of the self-consistency problem is also possible out of equilibrium,
and thereby allows to compute the nonequilibrium current (€Il). The iteration now
has to supplement (B5]) for X" by the corresponding equations for the greater/lesser
components of the self-energy,

Y (w) = W2 / dte™' G2, (—t)GE ()G, (1). (72)
In addition, equation (6] holds only in equilibrium, and has to be generalized. From
the Dyson equation (60]), we obtain the retarded equation (G8) and (for each o) the
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Figure 7. Self-consistent numerical results for the voltage-dependence of the

nonlinear conductance G = I/V for A = 0.3,0.6,0.8 at T = 0.027 (dotted curves,
from top to bottom). For A = 0.8, also the comparison to the perturbative result
(dashed curve) is shown. For the noninteracting case, G ~ Gy for eV < 2ep (shown
as black dash-dotted curve).

relation
G5(w) = G5 (w) + Gy (w) X" ()5 (w) (73)
+ G5 ()5 ()G (W) + G5 (w) 2 ()G (w),

where the advanced components (G%, ) simply follow from the respective retarded
ones by complex conjugation, since they are defined locally at x = 2/ = 0. For the
iterative procedure, the initial values are now given by the lesser /greater noninteracting
GFs

Gs (w) = imd(w)0(w)[fr(w) + fL(w)], (74)
G5 (w) = imd(w)0(w)[fr(w) + fL(w) — 2].

The iterative scheme can then be set up in a very similar manner, and yields a self-
consistent solution for the local spectral function A(w), which in turn allows to compute
the current from (GII). As a check, in the linear response regime of small bias voltage,
we have reproduced the results of section .11

Numerical results for the nonlinear conductance G(V,T) = I/V at a very low
temperature are shown in figure[7l A clear decrease of the conductance with increasing
V' is observed, with a tendency towards saturation of the nonlinear conductance for
large voltages.

5. Discussion and conclusion

In this paper, we have considered interaction effects in short QPCs. We have shown
that taking into account momentum-nonconserving processes, we can qualitatively
account for many of the experimentally observed behaviors of the linear and nonlinear
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conductance (including their magnetic field dependencies), thermopower, and shot noise
at the 0.7 anomaly. The gate-voltage dependence can also be qualitatively explained
within the present scheme. The lack of translational invariance caused by a saddle-
point potential is significant for realistic parameters often used to describe experimental
realizations of QPCs. It is, however, also noteworthy that for longer quantum wires,
where a saddle-point potential is not applicable anymore, similar backscattering effects
can be caused by the lack of translational invariance at the ends of the quasi-1D wires.

The self-consistent GF formalism for a simple point-like interaction model indicates
that the conductance may approach a constant but non-universal value of order ~ ¢2/h
at high temperatures. The precise saturation value is expected to depend on the detailed
e-e backscattering parameters, and hence on the detailed geometry of the QPC. The
saturation should appear in the temperature dependence of the linear conductance. Our
numerical data are also consistent with a saturation effect in the voltage dependence
of the nonlinear conductance, but this issue requires further study. Physically, the
saturation is caused by a relaxation of the incoming electron distribution functions due
to the interactions within the QPC region. It should therefore be possible to develop
a Boltzmann-type kinetic equation approach to describe (nonequilibrium) inelastic
scattering in a QPC, see also [21] for attempts in this direction. However, such a
development is not an entirely straightforward procedure and is outside the scope of
this article.

It is also instructive to discuss the point-like interaction model (BS) in terms
of an Anderson impurity model, see [41] for details. By spatial discretization this
Hamiltonian maps onto a 1D tight-binding chain with hopping matrix elements ¢ and on-
site interaction U acting at one site (z = 0) only. In order to have perfect transmission
at T' = 0 for the Anderson model also, the one-particle on-site energy must be canceled
out so that the local energy is ¢g = ey — ReX"(ep). We thus arrive at an Anderson-
type impurity model similar to the one used in [I3] to describe interactions in a QPC
in the Kondo regime. However, we consider a rather different parameter regime where
U is of the same order as the hybridization I' and can be parametrically larger than
the bandwidth D ~ [t|. Employing (@) with €% =~ D, the interesting temperature
range (57) translates to D?/U < kgT < D. While the Kondo model requires the
formation of a local moment, this is not the case for the present approach. It would
be interesting to explore this new parameter regime of the Anderson model by other
non-perturbative schemes developed for the Anderson model. We believe that our
theory offers a complementary approach to the 0.7 anomaly, which is not based on
the assumption of a (quasi-)bound state in the QPC. In real samples, however, extrinsic
effects (e.g. disorder) may be responsible for the presence of a bound state, and both
mechanisms may then be relevant in parallel.

To conclude, we hope that our work stimulates additional theoretical and
experimental work on interaction effects in quantum point contacts. Future theoretical
work should analyze the situation further away from the first conductance plateau, e.g.
when 7o(Er) is not close to unity[42], or the situation at higher quantization plateaus.
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In the latter case, interaction effects due to semiclassical slowing are in principle also
present on the higher conductance plateaus. However, in this case the other completely
open channels screen the effective interaction, resulting in a presumably much smaller
effect as compared to the first plateau. While we have repeatedly mentioned the
experimental observations related to the 0.7 anomaly as the main motivation for our
work, it is also clear that a realistic and quantitative description of experiments needs to
consider a more refined modelling. This is especially important for the proper description
of magnetic field effects away from the perturbative high magnetic field limit described
in section B2l Moreover, on the theoretical side, it would be highly desirable to go
beyond our perturbative calculation in a more realistic model. For instance, the gate-
voltage dependence of the conductance at elevated temperatures — giving rise to the
shoulder-like feature associated with the 0.7 anomaly — is not accessible to our theory
at the moment, neither in the perturbative regime nor for the point-like interaction
model in section [ where the gate-voltage dependence is difficult to incorporate. In any
case, we hope that the model calculations discussed here can give new insights into the
physics behind the observed anomalies in quantum point contacts.
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Appendix A. Calculation of By;) in the WKB approximation

Here we estimate [8) for the prefactor By of the T* interaction correction to the spin-
polarized conductance plateau e*/h, see [@T). The large B-field scattering amplitude
involves a derivative of the WKB states with respect to energy,

Oppn(T) = pp,(T) {—%ﬁﬁ) + %77 /Ox dy}%} .

When inserting this into (48]), we obtain
m 2 62 9] o 1
O, — O, Wiy |, = [ e [
( E Ez) b(l)T|EF (27Th) Areo /—27TH£y . - p(:)ﬁ)p(:)ﬁ’)
(x —2')? —2i /xl
x M ( e )\, dy p(y)

m m im " dy
: <2p2<xf> gt @) oA

Using the same parametrization as in section 2], this becomes
1 e? 1
(2mhw,)? 4megrl, hw, ol

(aEl - aEz)Wb(l)T|EF -
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where
1

o= \/ﬁ/ g/ \/52 F1./E7 ™ : _45/)2 (%)1

() (2) (e ) v

—|-ﬂ [sinh_l(fl) — Sinh_l(f)} Sian(f,)]] :

X

xT

The value of By) is therefore given by

B 1 a\® /w,\* e? 1 2
M0 12072 ly Wy Aegkly huw, SO

Numerical integration for the same parameters as in section (hw, = 0.3 meV,
hw, = 0.9 meV, k = 10, m = 0.067m,, and a/l, = 2) then yields By ~ 0.1.

Appendix B. Current for local interaction model

The purpose of this appendix is to derive (61) for the point-like interaction (G8). The
derivation is a rewriting of the expectation value of the current operator, see (38]) and

B3,
Iz, t) = 2—77?% Y [ @) (@ (at)) — (941 () (at)]

where x is arbitrary, ¢7(zt) is the creation operator in the Heisenberg picture, and the
spin index is suppressed. In terms of the lesser GF G<(za’,tt') = i(T(2't')p(at)), the
average value is rewritten as

aw L < (o
2m2/ 2W:}1£n)x o — 02| G (v, w). (B.1)

Since the current is independent of z, we may take x = 0 to evaluate it. To find
0,G<(x2',w) and 9,,G=(zx',w), the Dyson equation is used. The point-like interaction
(B8) allows to simplify the Dyson equation from an integral equation to an algebraic
one. Using the Langreth rules[32], we obtain for the lesser GF

G (22, w) = G (z2', w) + G (20, w) X" (00, w)G<(02, w)
+ Gg (20, w)£(00, w)G* (02, w)
+ G5 (20, w)2%(00, w)G* (02, w).

The noninteracting lesser and greater GF's g0§ (k,w) include the Fermi functions of the
leads. In k-representation, they are

Gi (k,w) = +2mid(w — x) [/ (ek), (B.2)
Gy (k,w) = —2mid(w — ex)[1 — fp/r(ex)];

where f9(ey) is used for k < 0, and f?(e;) for & > 0. The Dyson equation for G< can
also be written with the noninteracting GF Gy to the right of the self-energy, e.g. for G",
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this looks like G"(z2',w) = Gf(z2’,w)+G" (20, w) X" (00, w)G) (02, w). Differentiating the
Dyson equation with Gy on the left (right) of ¥ with respect to = (z), we get derivatives
of the noninteracting GF's only,
9:G<(00,w) = 8,G5(00,w)
+ [8$g0< (007 w)]za(oov w)ga(oov W),
8x/g< (00, w) = 8x/g()< (00, w)
+G"(00,w)X"(00, w)[0 G5 (00, w)],
where we use
> dk 1k
1. - r ! = _— =
mgrxllago(xx,w) /_OO 2w — g + 0T 0,
and likewise for the advanced GF 0,G§(z2’,w), and for differentiation with respect to '
Inserting this into [B1), and using G"(z2', w) = [G*(2'z,w)]*, X" (22!, w) = X2z, w)]*,
and 0,Gy(zx',w) = —0,Go(z2',w), we find

(I) = % 3 /_ h g—:[—axg(f(oo, W) Re[l +G7(00,0)S7(00,0)].  (B.3)

Furthermore, from (B.2)), one obtains
* dk
0,600, ) — / D G, w) ik

oo 2m
m
= 0(w) 551 fr(w) = f2 ()]
Thereby we can express the current in terms of local GFs only, G(w) = G(00,w).
Combined with the Dyson equation G" = G + G;3"G" at « = 2’ = 0, we obtain
Aw)
Ap(w)
in terms of the local spectral function A(w) = i[G"(w) —G*(w)]. After multiplication with

f(w)Re|l +G"(w)X"(w)| = b(w)

—e < 0, we finally arrive at the electric current in (61Il). Note that the current formula
(GI) can be seen as a continuous-space version of the Meir-Wingreen formulaf43] for
transport through an Anderson dot, see [41] for a detailed discussion.

References

[1] D.A. Wharam, T.J. Thornton, R. Newbury, M. Pepper, H. Ahmed, J.E.F. Frost, D.G. Hasko, D.C.
Peacock, D.A. Ritchie, and G.A.C. Jones, J. Phys. C 21, L209 (1988); B.J. van Wees, H. van
Houten, C.W.J. Beenakker, J.G. Williamson, L.P. Kouwenhoven, D. van der Marel, and C.T.
Foxon, Phys. Rev. Lett. 60, 848 (1988).

[2] K.J. Thomas, J.T. Nicholls; M.Y. Simmons, M. Pepper, D.R. Mace, and D.A. Ritchie, Phys. Rev.
Lett. 77, 135 (1996).

[3] A. Kristensen, H. Bruus, A.E. Hansen, J.B. Jensen, P.E. Lindelof, C.J. Marckmann, J. Nygard,
C.B. Sgrensen, F. Beuscher, A. Forchel, and M. Michel, Phys. Rev. B 62, 10950 (2000).

[4] S.M. Cronenwett, H.J. Lynch, D. Goldhaber-Gordon, L.P. Kouwenhoven, C.M. Marcus, K. Hirose,
N.S. Wingreen, and V. Umansky, Phys. Rev. Lett. 88, 226805 (2002).



Electron-electron interaction effects in quantum point contacts 28

[5] N.J. Appleyard, J.T. Nicholls, M. Pepper, W.R. Tribe, M.Y. Simmons, and D.A. Ritchie, Phys.
Rev. B 62, R16275 (2000).

[6] J.T. Nicholls and O. Chiatti, J. Phys.: Condens. Matter 20, 164210 (2008).

[7] P. Roche, J. Ségala, D.C. Glattli, J.T. Nicholls, M. Pepper, A.C. Graham, K.J. Thomas, M.Y.
Simmons, and D.A. Ritchie, Phys. Rev. Lett. 93, 116602 (2004); L. DiCarlo, Y. Zhang, D.T.
McClure, D.J. Reilly, C.M. Marcus, L.N. Pfeiffer, and K.W. West, Phys Rev. Lett. 97, 036810
(2006).

[8] F. Sfigakis, C.J.B. Ford, M. Pepper, M. Kataoka, D.A. Ritchie, and M.Y. Simmons, Phys. Rev.
Lett. 100, 026807 (2008).

[9] H. Bruus, V.V. Cheianov, and K. Flensberg, Physica E 10, 97 (2001); D.J. Reilly, Phys. Rev. B
72, 033309 (2005).

[10] A. Lassl, P. Schlagheck, and K. Richter, Phys. Rev. B 75, 045346 (2007).

[11] S. Ihnatsenka and I.V. Zozoulenko, Phys. Rev. B 76, 045338 (2007).

[12] B.R. Bulka, T. Kostyrko, M. Tolea, and I.V. Dinu, J. Phys.: Condens. Matter 19, 255211 (2007).

[13] Y. Meir, K. Hirose, and N.S. Wingreen, Phys. Rev. Lett. 89, 196802 (2002); T. Rejec and Y. Meir,
Nature 442, 900 (2006).

[14] P.S. Cornaglia and C.A. Balseiro, Europhys. Lett. 67, 634 (2004); P.S. Cornaglia, C.A. Balseiro,
and M. Avignon, Phys. Rev. B 71, 024432 (2005).

[15] C.K. Wang and K.-F. Berggren, Phys. Rev. B 54, R14257 (1996); A.A. Starikov, I.I. Yakimenko,
and K.-F. Berggren, Phys. Rev. B 67, 235319 (2003); K.-F. Berggren and I.I. Yakimenko, J.
Phys.: Condens. Matter 20, 164203 (2008).

[16] G. Seelig and K.A. Matveev, Phys. Rev. Lett. 90, 176804 (2003)

[17] K.A. Matveev, Phys. Rev. Lett. 92, 106801 (2004); M. Kindermann and P.W. Brouwer, Phys.
Rev. B 74, 125309 (2006).

[18] D. Meidan and Y. Oreg, Phys. Rev. B 72, 121312(R) (2005).

[19] D. Schmeltzer, A. Saxena, A.R. Bishop, and D.L. Smith, Phys. Rev. B 71, 045429 (2005).

[20] O.F. Syljuasen, Phys. Rev. Lett. 98, 166401 (2007).

[21] C. Sloggett, A.I. Milstein, and O.P. Sushkov, Eur. Phys. J. B 61, 427 (2008).

[22] J. Rech and K.A. Matveev, Phys. Rev. Lett. 100, 066407 (2008).

[23] A.M. Lunde, A. De Martino, R. Egger, and K. Flensberg, cond-mat/0707.1989.

[24] Note that even in the long-wire limit, an inhomogeneous interaction can cause a resistivity change,
see [22].

25] LI Glazman and R.I Shekhter, Zh. Eksp. Teor. Fiz. 94, 202 (1988) [Sov. Phys. JETP 67, 163
(1988)].

[26] M. Biittiker, Phys. Rev. Lett. 57, 1761 (1986).

[27] The new feature for QPCs comes from the momentum-nonconserving interactions, resulting in the
distinct low-to-intermediate temperature dependence G(T'). The perturbative T2 correction is
not present in the published long wire results[I7], but is expected because of the momentum-
nonconserving scattering taking place at the ends of the wire.

[28] M. Biittiker, Phys. Rev. B 41, 7906 (1990).

[29] L.I. Glazman, G. B. Lesovik, D.E. Khmelnitskii and R.I. Shekhter, JETP. Lett 48, 238 (1988).

[30] L.S. Gradsteyn and I.M. Ryzhik, Table of Integrals, Series, and Products (Academic Press, Inc.,
New York, 1980).

[31] R. Taboryski, A. Kristensen, C. B. Sgrensen, and P. E. Lindelof, Phys. Rev. B 51, 2282 (1995).

[32] H. Haug and A.-P. Jauho, Quantum Kinetics in Transport and Optics of Semiconductors, 1st ed.
(Springer, New York, 1996).

.M. Lunde, K. Flensberg, and L.I. Glazman, Phys. Rev. Lett. 97, 256802 (2006).

A
A.M. Lunde, K. Flensberg, and L.I. Glazman, Phys. Rev. B 75, 245418 (2007).

Phys. Rev. B 60, 16865 (1999).



Electron-electron interaction effects in quantum point contacts 29

[37] H. van Houten, L.W. Molenkamp, C.W.J. Beenakker, and C.T. Foxon, Semicond. Sci. Technol. 7,
B215 (1992).

[38] A.O. Gogolin, A.A. Nersesyan, and A.M. Tsvelik, Bosonization and Strongly Correlated Systems
(Cambridge University Press, 1998).

[39] This follows by matching the perturbative result ([#H]) to the corresponding perturbative result for
the point-like interaction model, G?) /Gy = —(21/3)[x AT /Tr]?.

[40] S. Hershfield, J.H. Davies, and J.W. Wilkins, Phys. Rev. B 46, 7046 (1992).

[41] A.M. Lunde, PhD Thesis (Copenhagen, 2007).

[42] For the noninteracting case, this is discussed by L.I. Glazman and M. Jonson, Phys. Rev. B 44,
3810 (1991).

[43] Y. Meir and N.S. Wingreen, Phys. Rev. Lett. 68, 2512 (1992).



	Introduction
	Main ideas and results
	Structure of the paper

	Model and estimates
	Model
	Hartree-Fock approximation
	WKB estimates for e-e matrix elements

	Perturbation theory
	Conductance at low temperatures and voltages
	Spin-polarized case
	Noise
	Thermopower

	Self-consistent nonperturbative scheme
	Linear transport
	Nonlinear transport

	Discussion and conclusion
	Calculation of Bb(1) in the WKB approximation
	Current for local interaction model

