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Spin transport in an Aharonov-Bohm ring with exchange interaction
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We investigate spin-dependent conductance through a quantum Aharonov-Bohm ring containing localized
electrons which interact with the propagating flow of electrons via exchange interaction of the ferromagnetic
or antiferromagnetic type. We analyze the conductance oscillations as a function of both the chemical potential
(particle concentration) and external magnetic field. It is demonstrated that the amplitude of the conductance
oscillations in the ballistic regime is determined by the value of the noncompensated spin localized in the ring.
The results are in agreement with the concept of fractional quantization of the ballistic conductance, proposed

by us earlier [Phys. Rev. B 71, 113311 (2005)].
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I. INTRODUCTION

Recent progress in nanotechnology allowed to prepare
quasi-one-dimensional (1D) semiconductor systems contain-
ing high-mobility charge carriers, which exhibit ballistic
behavior when the decoherence time is longer than the
characteristic time needed for an electron or a hole to pass
through the structure. In this case, the transport of charge
carriers in such systems is of coherent nature. Since the
ballistic transport is not accompanied by the Joule losses,
the conductance of the quasi-1D semiconductor systems in
a single-mode regime at small drain-source biases depends
only on the transmission coefficient describing the elastic
scattering in the ballistic region."? The latter is determined by
the geometry of the system and can depend on such parameters
as the Fermi energy of the carriers and external electric or
magnetic fields.

In some cases, the scattering becomes spin dependent. This
happens if the ballistic region contains confined electrons
thus possessing a noncompensated spin which interacts with
the spins of the propagating electrons. A standard textbook
example of this phenomenon is Kondo effect manifesting itself
in transport through an individual quantum dot connected to
one-dimensional leads.>* Another example is the formation
of the “0.7 anomaly” in the ballistic conductance of an
individual quantum point contact (QPC) split off from the
first step in the quantum conductance staircase.>”’ Although
the exact mechanism of the formation of the “0.7 anomaly”
is still a matter of debate,® several experimental observations
have indicated the importance of the spin component for the
behavior of this feature. First, an electron g factor is found to
raise from 0.4 to 1.3 as the number of occupied 1D subbands
decreases.’ Second, the height of the feature attains to a value
of 0.5 in a strong external magnetic field.”'?

These results have defined the spontaneous spin polariza-
tion of a 1D gas in a zero magnetic field as one of the possible
mechanisms of the appearance of the 0.7 anomaly.''"'> The
model of a quantum point contact containing only one
localized electron is rather perspective for explanation of
the feature.'®!” The localized spins affect the propagating
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carriers via exchange interaction of either ferromagnetic or
antiferromagnetic type. Since it is defined by the mutual
orientation of spins, the transmission coefficient through the
QPC becomes spin dependent. If the QPC contains a single
localized electron, the eigenstates of the system consisting of
localized and transmitted electrons are of singlet and triplet
states. If the energy of the triplet state is lower than the energy
of the singlet state, the potential barrier for the carriers in the
singlet configuration becomes higher than one for the triplet
state. Therefore, at small concentrations of carriers, the ingoing
electron in the triplet configuration passes the barrier, while the
carriers in the singlet configuration undergo reflection, thereby
defining the principal contribution of the triplet pairs to the
total conductivity. In a zero magnetic field, the probability of
realization of the triplet configuration equals to % against J—‘
in the case of the singlet one; thus, the full conductance in
the regime considered equals G = 0.75(2¢*/h).'® In contrast,
if the singlet configuration is energetically preferable, the
conductance equalsto G = 0.25(2¢2/ h)."”'8 If the uncompen-
sated spin of electrons localized in the QPC, J > % the quanti-
zation pattern becomes more complicated, and the value of the
fractional plateau becomes G = (J + 1)/(2J + 1)(2¢2/ h) for
the ferromagnetic interaction and G = (J)/(2J + 1)(262/ h)
for the antiferromagnetic interaction.'®

Spin-related effects become even more pronounced in the
ballistic transport through non-single-connected objects, such
as Aharonov-Bohm (AB) rings. Spin-orbit interaction of the
Rashba type in the AB ring induces the Aharonov-Casher (AC)
and Berry phase shifts between the spin waves propagating
in the clockwise and anticlockwise directions, which results
in the large conductance modulations due to the interference
of the spin wave functions. Experimental observation of
the AC oscillations?® in the gate-controlled AB rings has
been reported for both electrons?!?> and holes.”> Moreover,
formation of localized states with uncompensated spin can
be also expected to affect the transport properties of the
rings. It was shown that insertion of a quantum point contact
(QPC) in one of the ring’s arms changes the conductance
pattern of the AB ring significantly due to the exchange
interaction between the electron localized inside the QPC and
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a propagating electron. It manifests itself in the formation of
“0.7 feature” on the quantum conductance staircase of the
whole ring structure.?*

Moreover, the formation of the localized spin state can in
principle strongly affect the pattern of the ballistic conductance
of the ring as a function of the external magnetic field applied
perpendicular to its interface. The presence of the vector
potential in this case leads to the oscillatory dependence of
the conductance on magnetic flux through the ring with a
period of the elementary flux quantum &y = h/e known as
Aharonov-Bohm oscillations.2>~2® In addition, in the experi-
mental measurements of the dependency of conductance on
the external magnetic field, the component associated with
the Altshuler-Aronov-Spivak (AAS) oscillations?® has been
routinely observed. These oscillations have a period ®¢/2 =
h/2e and in semiconductor rings they can be attributed to
the processes of the round-trip interference.’’ The interplay
between the spin-related phenomena and the pattern of the AB
oscillations was a matter of extensive studies. In particular,
it was shown that the spin-orbit interaction can drive the
transition from the weak antilocalization (WAL) to the weak
localization, which was observed as the crossover from the
positive to the negative magnetoresistance.?’?!-3132 It affects
periodicity of the AB oscillations.**>> On the other hand,
the possible effect of the exchange interaction between
the conductance electrons on ballistic conductance in the
presence of a magnetic field has never been considered in the
literature to the best of our knowledge.

In this work, we analyze theoretically spin-dependent trans-
port in a double-slit AB ring with confined delocalized spin-
polarized electrons which interact with conductance electrons
passing through the ring in the ballistic regime. The localized
spins affect the propagating carriers via exchange interaction
of either ferromagnetic or antiferromagnetic type. Since it is
defined by the mutual orientation of spins, the transmission
coefficient through the ring becomes spin dependent, which
is reflected in the dramatic changes of the patterns of the
conductance as a function of the Fermi energy and external
magnetic field.

II. MODEL

A sketch of the device we consider is presented in Fig. 1.
It represents a quantum AB ring containing spin-polarized
interacting electron gas supplemented with two metal leads
which serve as a source and a drain of electrons from the
two opposite sides. Both the ring and the leads are considered
1D for simplicity, in order to make semianalytical treatment
possible. This approximation is legitimate as long as the Fermi
energy and the leads’ cross-section area are small enough and
the condition that only the lowest subband of the dimensional
quantization is occupied holds: mL>Ez /n?h? < 1.2

The AB ring and the leads are connected by means of two
identical QPCs, scattering on which is considered to be of
elastic nature, and spin independent, thus we assume that the
spin of a carrier is conserved while passing through the QPCs.
Thus, the propagating electrons are supposed to interact with
the localized spin only in the region of the ring.

In our calculation we consider the case of zero temper-
ature, hence the charge carriers (electrons) have a steplike
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FIG. 1. (Color online) Sketch of the system: a double-slit AB
ring with localized electrons interacting with the propagating charged
carriers via the Coulomb and exchange interactions. The amplitudes
of the waves which enter into equations for the determination
of transmission and reflection probabilities are shown. A and B
correspond to the transmission and reflection amplitudes. Due to
the exchange interaction between propagating electrons and spin-
polarized electrons in the ring, these amplitudes may become spin
dependent as discussed in the main text.

distribution in the leads. The drain-source voltage V; is also
considered to be small enough, eV; <« Ef. Thus, only those
electrons whose energy lies in the vicinity of the Fermi surface
take part in the spin transport. The radius of the AB ring R
is taken much smaller than the inelastic scattering length to
ensure the validity of ballistic transport approximation and use
of the well-known Landauer-Buttiker approach to calculate the
conductance.>®3’

III. FORMALISM

The main parameter of a QPC is the amplitude of elastic
backscattering of a carrier propagating inside the lead: o,
|o| < 1, determined by the system geometry (a QPC becomes
fully transparent if o = 0). An external magnetic field B is
applied perpendicularly to the plane of the AB ring. This field
influences both the spatial and spin coordinates of the electrons
propagating inside the AB ring and the leads and thereby
defines the Aharonov-Bohm phase shift and the Zeeman
splitting. The latter is neglected for simplicity of derivation
and transparency of results.

Let us first consider the case when the AB ring contains a
single localized electron. The full Hamiltonian of the system
in the basis of uncoupled states corresponding to the spins of
conductance (e) and localized (S) electrons (|1, 1s), 4. 45)>
1. {s)s [{. 1)) can be written in the form

H = Ho + Hint
PELy- 0 0 0
0 ZEyv- 0 0
= K2 - (D
O 0 12]11 + V+ _2Vex
0 0 2V EE Lyt

where interaction of the localized and propagating electrons
inside the QPC is modeled within the framework of the
Heisenberg exchange Hamiltonian

Hint = Vdir - 2Vexae -J. (2)

Here, Vg, characterizes the Coulomb interaction between the
moving and localized electrons plus the effect of the applied
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gate voltage; Vex corresponds to the exchange interaction;
V* = Vg, & Vix; the spin operators o, and J correspond to
the propagating and localized electrons, respectively.

Hamiltonian (1) can be easily diagonalized by the canonical
transformation,?* and we obtain

PELve 0 0 0
0 Eiy- 0 0
H = hzkz _ ’ (3)
0 0 Eiy- 0
0 0 0 EE Ly,

where we used the notation V3 = Vg, — 3 V.

Hamiltonian H corresponds to the new eigensates of
the coupled system: [1) =|[1, ts), 12) = . {s), [3) =
7 (1Mo bs) + 1o 1), 14) = (11 bs) — 14, 15)). The
first three states above correspond to the triplet configuration,
whereas the fourth one to the singlet configuration. These
modes are characterized by the following wave vectors:

2m
ki = h_z [ — Vair + Vex], “@
|
G ~ e
2nm

Bnk
+[Psy|Acysi—ers, R + Psy(|Aeyst—eyst (R + |Ae¢ST—>e¢S¢(k)|2)]< l)
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2m
kg = \/h—z[u — Vair — 3Vex]. )]

In a zero magnetic field, the singlet and triplet state en-
ergies are split by 4V Obviously, the energetic dispo-
sition of the states depends on the sign of the coupling
constant Ve: for “ferromagnetic” coupling (Ve > 0), the
triplet configuration becomes preferable energetically; the
opposite case is valid for the “antiferromagnetic” coupling
(Vex < 0).

Due to the processes of exchange interaction between
the localized and freely propagating electrons, the latter can
either conserve their spin projection or undergo a spin flip.
The probabilities of these processes depend on the mutual
orientation of the two spins as well as on the exchange matrix
element V. If the spins of the localized and propagating
electrons are parallel, only spin-conservative processes are
allowed. On the other hand, if the spins are antiparallel,
a spin-flip process becomes possible. Using the formalism
of Ref. 24, we can write the expression for the ballistic
conductance of the AB ring with exchange interaction (at finite
temperature) as

* 2 2 2 BnkT
[Pst|Acrstoerst(K)° + Psy(|Aeysi—eysy (|7 + [Acyspoel st (K)19)]
0

ou

ou
on

d
+[Psy|Actsy—erst (K)F = PsylAeyspoersy (K7 [mﬂu)(?—ﬁ) - nk¢(ll«)<—>:|k dk}. (6)

In this formula, we made an assumption that spins of
the propagating and localized electrons are uncorrelated. In
principle, this is not always correct. The effect of strong
correlations between the localized electrons in the ring and
transport electrons in the leads becomes particularly important
for the case of antiferromagnetic interaction below character-
istic Kondo temperature. In this regime, Kondo cloud will be
formed around the ring, magnetic moment will be screened,
and transport properties drastically modified. For Vi < 0,
thus, our approach is valid above Kondo temperature only,
which anyway can be assumed to be very small (it is about 1 K
for quantum dot systems and can be expected to be even smaller
for our structure where all characteristic energies are reduced
due to larger size of the system).>® For the ferromagnetic case,
there is no analog of Kondo effect and one can expect that
qualitatively our results remain valid in the whole range of the
temperatures.

In Eq. (15) we have introduced a number of parameters.
The mean number of electrons with a definite spin projection
and wave vector in the leads ny4 | reads the same if we do not
account for the Zeeman effect:

My = T 0
efsT +1

Kt
o

Here, u is the chemical potential in the quantum wire. Pgj
and Py are probabilities of the localized electron findings in
spin-up and spin-down states, given by the formulas

e8sB/ksT

Psy = e8isB/ksT - g—gupB/ksT’ ®)
e—8&msB/ksT

©)

SV cansB/ksT { g—gunB/ksT’

and in the case of absent Zeeman splitting, Pgy = Py, = %

Parameters A (namely, A.ts51501851,  AerSi—etSys
Actsi—elsts Aeisi—elsys Aelst—elsts Aelst—etsy) are the
amplitudes of transmission through the AB ring, and the
subscripts denote the spin states before and after the scattering
event. To find the transmission amplitudes, we will address
the scattering matrix approach discussed in Refs. 24 and 34.
As the spin projection is assumed to be conserved during the
scattering of a particle by the QPCs, the transport of particles
with opposite spin projections through QPC can be treated
separately.>%40

The amplitudes of the transmitted and reflected waves can
be found from the conditions of the conservation of the flux
at the contacts connecting the AB ring and the leads. As we
account for the exchange interaction inside the ring, we should
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consider separately the cases when the spins of the propagating
and localized electrons are aligned parallel or antiparallel.

A. Single localized electron

First, let us consider the case in which the spins of both
the propagating and the localized electrons are parallel, thus
electrons are in the triplet configuration. Note that as exchange
interaction conserves the total spin projection of the interacting
electrons, in this case the spin- flip processes are impossible,
and orientations 14 and || can be treated separately. The
problem thus effectively reduces to one for the transport of the
spinless particles. Introducing the spin-independent scattering
matrix for the contacts S, one can obtain the following system
of linear algebraic equations connecting the transmission
and reflection amplitudes A = Acysp—epst = Aeysi—eys) and
B = BeTST—WTST = Beisi—wisi with the amplitudes of the
waves propagating in the ring b;,c; (j = +,—), shown in
Fig. 1:

b_ byt” roe t byt”
Al=38 0 =|l¢e o ¢ 0 ,

Cct c_T, t & r c_T,

by b_t~

B|=35§. 1 (10)
c_ crt’

The QPCs connecting the ingoing and outgoing leads to the
ring are considered to be identical. The scattering matrix
is characterized by the parameters r,7,€,0 which have the
following physical meaning. The parameters » and ¢ are
reflection and transmission amplitudes of the QPCs inside the
AB ring; o is the reflection amplitude from the lead to itself
and ¢ is the transmission amplitude from a lead to the AB ring
or from the AB ring to a lead. The scattering amplitudes r, 7,
o, and ¢ are assumed real numbers. These parameters depend
on the properties of the junction, in particular on the band
mismatch between the leads and the AB ring that is electrically
induced by the gate voltage. The condition of flux conservation
resulting in the Hermiticity of the scattering matrix allows us
to reduce the number of its independent elements. According
to Buttiker,*! the following parametrization can be used:

A+ A1 — 262

2 k
—hi + Ao/l — 262
1= > ; an

o =MV 1—2e2,

where A;, = *1. Therefore, the effect of the QPCs on the
scattering of a particle in the AB ring turns out to be defined by
only one parameter: ¢ € [—1/\/5, 1/J§]. The case ¢ = 1/\/5
corresponds to the fully transmitting contact, and the case
& = 0 to the fully reflecting one.

The parameters t* are the phase shifts between the

t
clockwise and anticlockwise traveling electron waves, cor-

respondingly:
. ed
TF =exp [z (nk,R + ﬁ)} , (12)

PHYSICAL REVIEW B 88, 195430 (2013)

where ® = 7 R?B is the magnetic flux through the ring, R is
the radius of the AB ring, and e is the electron charge. The wave
vector k, corresponds to triplet configuration of the interacting
spins and is defined by Eq. (16). In the absence of an external
magnetic field, the phase shift is equal for the electrons moving
in both the clockwise and anticlockwise directions.

Now, let us consider the situation when the spins of the
localized and propagating electrons are antiparallel, and the
spin-flip process can occur. For instance, consider the case
when the propagating electron is initially in the spin-up
state and the localized electron is in the spin-down state
(the opposite case is fully equivalent). The amplitudes of
scattering then become spin dependent and instead of the
single transmission amplitude, one needs to introduce two
amplitudes corresponding to the cases of the conservation of
the spin of the propagating electron and its spin flip A4 5 e15y
and A.ts5,-¢)s4, respectively. Therefore, the system of the
equations for the amplitudes becomes more complicated and
reads as

bt7 bt+ff+
Actsi—ersy X 0
Crt _ SO0 Ci-T,
bs_ ~\o8 bet |’
Acrsi—el st 1
Cot Cs— T,
by bt~
Betsysetsy R 1
o (20) ] a
str OS bX,'L'S
Betsy—elst 0
Cs_ Cot T
where
+ ok, R+ <2 (14)
= =exp|i (| 7wk, — 11,
t,s P 1, "

and k; ; are given by Eqs. (16) and (17). It should be noted
that as initial configuration |e1 S]) is not an eigenstate
of the exchange Hamiltonian (2), both singlet and triplet
configurations corresponding to different wave numbers of
the propagating electrons are possible inside the ring.

Together, Eqs. (15), (10), and (13) allow for calculating the
conductance in the ballistic regime.

B. The case of several localized electrons

Let us suppose that the ring contains the total spin J > %
which appears as a result of spontaneous spin polarization
provided by the exchange interactions. If the propagating
electron enters the ring, the total spin S can be either S| =
J+ % orS, =J — % The number of the possible realizations
of the state 1 appears tobe N; = 28; + 1 = 2J + 2, while the
number of the realizations of the state 2is N, = 25, + 1 = 2J.
Thus, there are 4J + 2 possible mutual orientations of the
spin of the propagating and localized electrons. For each of
them after passing the region of the ring, the spin of the
propagating electron can be either conserved or inversed due
to the exchange interaction. Using the formalism described
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in Ref. 19 for arbitrary localized spin J, at zero temperature
and neglecting the Zeeman splitting for simplicity, the ballistic
conductance of the AB ring can be represented as

2 2J
e
G _ = A_ J—m o Jem 2
7=0 4h(2]+1),§){| (=122 —mA1)=> (=1 /250 —m+ 1)

HAC1 20—t 1y (1250 —m) |
HAG 20 —my (1250 —m) |
HAG 27 -y (—1 /250 -mt D) (15)

where the amplitudes A can be found from the systems
of equations similar to (10) and (13) in the following
way. If spins of both the propagating and the localized
electrons are parallel A.451- 154, they should be substituted
by A(]/Z,J_H/Z,]) in Eq (10) and Ae¢S¢—>elSi substituted
by Ai/2,—j——1/2,—s). In the case when the spin-flip pro-
cess can occur, one should use Eq. (13) and the sub-
stitutions Aeysy—ets) = A2, 0—m—1/2,0-m)» AetSi—>elst =
A(12,7—m——1/2,7—m+1)- The amplitudes B should be changed
in a similar way.

=
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(b) Antiferromagnetic interaction (Vex < 0)

FIG. 2. (Color online) The dependence of the conductance of
the AB with single localized spin on the Fermi energy in the case
of (a) ferromagnetic (Ve > 0) and (b) antiferromagnetic (Vex < 0)
interaction between the spins of localized and ballistic electrons.
The contacts connecting the AB ring to the leads are considered to
be fully transparent, ¢ = 1/4/2. Red curves correspond to the case
of zero magnetic field (B = 0), blue curves to the case B = 1.7 T.
For B = 0, the conductance reveals the same fractional quantization
pattern as those of the individual QPC with localized spin. Magnetic
field introduces additional AB phase shifts, and conductance reveals
an oscillatory pattern.
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Besides, in the case of the localized spin J the expressions

for the wave vectors k; , are changed:

2m
kt = \/h_2 [/1' - Vdir + VCXJ]v (16)

2m
ks = \/h_2 [,LL — Viir — Vex(J + 1)] (17)

IV. RESULTS AND DISCUSSION

In the calculations presented below we used the following
set of parameters: m = 0.063 m,, Vg = 0.07¢%/t(meyR),
Vex = £0.5Vg;;. The radius of the ring was taken equal to
R =100 nm. We also considered the cases of different J
J = %,%,%,%). The temperature was set to zero. Results of
modeling are presented in Figs. 2-5.

Figure 2 illustrates the influence of the many-body inter-
action on the AB ring conductance for the cases of zero and
nonzero magnetic fields.

Both direct and exchange interactions of the moving and
localized electrons form an effective potential barrier for the
particles, thus influencing the conductance. In general, there
are two such sub-barriers, corresponding to the energies Vg, —
2VexJ and Vg, + 2V (J + 1).

Figure 2(a) corresponds to the case of ferromagnetic
interaction (Vex > 0 and J = %). The behavior of G has a

l T T T T T T T
=0.8f .
=
g()éf |
o
=)
254k i
= 0.4
=
N
O 02t i

0 0l 02 03 04 05 06 07 08 09 1

B (T)
(a) Ferromagnetic interaction (Vex > 0)

l T T T T T T
=0.8f .
(\I\
<U\)l()67 |
o
o
z L i
= 0.4
=
2
| /\/\/\/\/\/\/\]

o s ‘ ‘ s ‘

0 01 02 03 04 05 06 07 08 09 1

B (T)

(b) Antiferromagnetic interaction (Vex < 0)

FIG. 3. (Color online) Conductance of the AB ring with exchange
interaction vs magnetic field for different Fermi energies: 5.0 (red
curves) and 15.0 meV (blue curves) in the case of (a) ferromagnetic
interaction (Ve > 0) and (b) antiferromagnetic interaction (Ve < 0).
The value @ =5 meV corresponds to the second steps on the
G(p) staircases [see Figs. 2(a) and 2(b)]. Therefore, the maxima
of the amplitudes of oscillations correspond to (a) 0.75(2¢?/h) and
(b) 0.25(22/h).
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FIG. 4. (Color online) The influence of the transparency of the
contacts on the conductance pattern of the ring with ferromagnetic
exchange interaction. Two cases are considered: (a) & = 0.90 x 1/+/2
and(b)e =0.35 x 1/ /2. Main plots depict the dependence G (1) for
B = 0; insets show the dependencies of the conductance on magnetic
field for u = 15 meV.

clear explanation. Let us first consider the case when magnetic
field is absent shown by the red line. The conductance G
is zero below the pu = Vg — Vex (the lowest step of the
barrier) since independently on the mutual orientation of
the spins of propagating and localized electrons, the energy
of a particle is not enough to overcome even the lowest
barrier. Further, if the chemical potential lies in the range
[Vair — Vex; Viair +3Vex] shown by two vertical lines on the
plot, the carriers in triplet configuration can enter the ring
while the carriers in the singlet configuration can not. As there
are three states corresponding to the triplet configuration and
one state corresponding to the singlet configuration and con-
tacts are considered to be fully transparent, the conductance in
these regimes equals to G = 0.75(2e2/h). If £ > Vgir + 3Vex,
the electrons in both singlet and triplet configurations can enter
the ring and conductance reaches the value of the elementary
conductance quantum G = 2¢?/ h. The conductance pattern is
thus equivalent to those revealed by an individual QPC with
localized spin studied in Refs. 17 and 19.

If one applies an external magnetic field (inducing different
AB phase shifts for the electrons moving clockwise and
anticlockwise) and interference is not always constructive, the
conductance as a function of the chemical potential reveals
oscillations instead of the plateaus. The amplitude of these
oscillations is increased from 0.75(2¢/h) to 2e?/h if the
chemical potential is increased above the value Vg + 3 V.

Figure 2(b) corresponds to the case of antiferromanetic
interaction (Vex < 0). Now, the singlet configuration becomes
energetically preferable. The conductance G is zero if the
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FIG. 5. (Color online) The influence of the exchange interaction
on the oscillatory behavior of the dependence G(B) for two distinct
values of . Red curves correspond to ferromagnetic and blue to
antiferromagnetic interaction; the black curve corresponds to the case
of absent exchange interaction. It can be seen that at medium values of
¢, the exchange interaction determines the periodicity of conductance
oscillations, varying from & /e to h/2e and h/4e.

chemical potential lies below the w = Vi 4+ 3 V. Further,
if the chemical potential lies in the region [Vyir + 3 Vex; Vair —
Vex], the conductance becomes equal to 0.25(2¢> /h) since only
electrons in the singlet configuration can enter the ring. Finally,
at u > Vg — Vex the ring becomes transparent for any spin
orientation and the value G = 2¢?/h is recovered.

Figure 3 illustrates the dependence of the conductance on
the external magnetic field for different values of the chemical
potential and ¢ =1/ V2. An oscillatory behavior revealing
AB effect is observed. This happens since the conductance of
the ring is governed by the phase factors for the clockwise
(t™) and anticlockwise (t ™) propagating waves. It should be
noted that Figs. 3(a) and 3(b) are in good correspondence with
Figs. 2(a) and 2(b). The amplitude of the AB oscillations is
defined by the value of the chemical potential. It changes from
0.75(2¢2/ h) to 2¢?/ h when . increases above Vi, 4 3Viy for
the ferromagnetic case and changes from 0.25(2¢2/ h) to 2¢%/ h
when p increases above Vg — Vex for the antiferromagnetic
case.

We have also analyzed the change of the conductance
pattern if the transparency of the contacts described by the
parameter ¢ is changed. The results are shown in Fig. 4 for the
ferromagnetic case only (antiferromagnetic case is similar in
this content). The deviation from the case of fully transparent
contacts corresponding to & = 1/+/2 is revealed by the onset
of the oscillatory pattern in the dependence of the conductance
on the chemical potential. If w € [Viyir + 3 Vexs Viair — Vexls
then only electrons in the triplet configuration can pass and
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the amplitude of the oscillations is 0.75(2e2/ h). When p
exceeds the value Vg, — Vi, the ring becomes transparent
for both singlet and triplet configurations. The values of the
wave number of the ballistic electron and thus the conditions
of the constructive interference in these two configurations
are different. If the deviation from the full transparency is
small (e.g., e =0.9/ ﬁ), this results in the onset of broad
oscillations with the amplitude a bit smaller than 2e/h in
the region p > Vyir — Vex, as shown in Fig. 4(a). However, if
one decreases the transparency further, the resonances become
sharper, and the conductance pattern at ;t > Vgi; — Vex consists
of the series of well-resolved peaks of the height 0.75(2¢2/ h)
and 0.25(2¢%/h) corresponding to resonant transmission of
triplets and singlets, respectively.

In the dependence of the conductance on magnetic field
shown in the insets of Fig. 5, the decrease of the trans-
parency of the contacts leads to appearance of the higher
harmonics connected with the increased probabilities of the
round trips inside the ring characteristic to the transition
from the Aharonov-Bohm to the Aharonov-Altshuler-Spivak
oscillations, typical for the weak localization regime.?*3*

The exchange interaction strongly affects the patterns of
the dependence of the ballistic conductance on the magnetic
field due to the possibility of the opening of the additional
scattering channels. To analyze this dependence, we compared
the spectrum of the AB oscillations for the case of Vix =0
when scattering is spin conservative and Ve # 0. The results
are shown in Fig. 6 for the cases of both ferromagnetic
(Vex > 0) and antiferromagnetic (Ve < 0) interactions. One
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(b) Blue: antiferromagnetic interaction (Vex < 0)

FIG. 6. (Color online) Illustration of influence of the exchange
interaction on the dependence of the ballistic conductance on
magnetic flux through the ring G(B). ¢ = 0.35 x 1/+/2. Red curve
corresponds to ferromagnetic and blue one to antiferromagnetic
interaction; the black curves correspond to the case of absent
exchange interaction (V,x = 0). Exchange interaction increases the
importance of the higher-order harmonics due to the opening of
additional scattering channels.
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FIG. 7. (Color online) Conductance of the AB ring dependence
on the Fermi energy for different values of the uncompensated spin
localized in the ring J: J = % (red), J = % (green), and J = %
(blue) for the cases of (a) ferromagnetic and (b) antiferromagnetic
interaction. Main plots correspond to zero magnetic field. Insets
illustrate the magnetic field dependence: B = 0 (red) and B = 1.7

T (blue) for the case J = % The transparency parameter & = 1/+/2.

can see that in both cases, the importance of higher-order
harmonics grows if the exchange interaction is taken into
account. If Ve =0, first harmonics corresponding to h/e
oscillations is dominant. On the contrary, for the ferromagnetic
exchange, the third and the fourth harmonics corresponding
to the frequencies i /3e and h/4e become dominant. For the
antiferromagnetic exchange, the second harmonics with the
period i /2e characteristic for AAS oscillations gives major
impact to the conductance pattern.

Finally, we have analyzed how the increase of the localized
spin affects the conductance patterns of the AB rings with
exchange interaction. The results are shown in Fig. 7. In
the case of transparent contacts, the increase of the spin
leads to the decrease of the value of the substep from
0.75(2¢*/ h) to [(J + 1)/(2J + 1)](2¢?/ h) if we consider the
ferromagnetic interaction and increase from 0.25(2¢/h) to
[J/2J + D](2e? /h) if we deal with the antiferromagnetic
case. This is in agreement with the picture of the fractional
quantization of the ballistic conductance presented in Ref. 19.
The application of the external magnetic field leads to the onset
of the oscillatory behavior, similar to that observed for J = %
V. CONCLUSIONS

In conclusion, we have considered ballistic conductance of
an Aharonov-Bohm ring containing localized uncompensated
spin accounting for the exchange interaction between the
spins of propagating and localized electrons. We have shown
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that exchange interaction drastically modifies the conductance
as a function of magnetic field and chemical potential. The
obtained results are in agreement with the concept of the
fractional quantization of the ballistic conductance proposed
earlier.
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ACKNOWLEDGMENTS

The work was supported by FP7 IRSES project “SPIN-
MET.” R.G.P. thanks the University of Iceland for hospitality.
L.G.S. acknowledges support of the Eimskip Fund.

'T.J. Thornton, M. Pepper, H. Ahmed, D. Andrews, and G. J. Davies,
Phys. Rev. Lett. 56, 1198 (1986).

’D. A. Wharam, T. J. Thornton, R. Newbury, M. Pepper, H. Ahmed,
J. E. FE. Frost, E. G. Hasko, E. C. Peacock, D. A. Ritchie, and G. A.
C. Jones, J. Phys. C: Solid State Phys. 21, L209 (1988).

3D. Goldhaber-Gordon, J. Gores, M. A. Kastner, H. Shtrikman,
D. Mahalu, and U. Meirav, Phys. Rev. Lett. 81, 5225 (1998).

“D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-
Magder, U. Meirav, and M. A. Kastner, Nature (London) 391, 156
(1998).

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

°N. T. Bagraev, A. D. Buravlev, W. Gehlhoff, V. K. Ivanov,
L. E. Klyachkin, and I. A. Shelykh, Semiconductors 36, 439
(2002).

"D. J. Reilly, T. M. Buehler, J. L. O’Brien, A. R. Hamilton, A. S.
Dzurak, R. G. Clark, B. E. Kane, L. N. Pfeiffer, and K. W. West,
Phys. Rev. Lett. 89, 246801 (2002).

8For the review on possible mechanisms of the formation of the
“0.7 anomaly,” see e.g. I. A. Shelykh, M. Rosenau da Costa, and
A. C. F Seridonio, J. Phys.: Condens. Matter 20, 164214 (2008).

°K. J. Thomas, J. T. Nicholls, N. J. Appleyard, M. Y. Simmons,
M. Pepper, D. R. Mace, W. R. Tribe, and D. A. Ritchie, Phys. Rev.
B 58, 4846 (1998).

0K, J. Thomas, J. T. Nicholls, M. Pepper, W. R. Tribe, M. Y.
Simmons, and D. A. Ritchie, Phys. Rev. B 61, R13365 (2000).

"C.-K. Wang and K.-F. Berggren, Phys. Rev. B 57, 4552
(1998).

12A. A. Starikov, I. I. Yakimenko, and K.-F. Berggren, Phys. Rev. B
67, 235319 (2003).

3N. T. Bagraev, 1. A. Shelykh, V. K. Ivanov, and L. E. Klyachkin,
Phys. Rev. B 70, 155315 (2004).

14T, Rejec and Y. Meir, Nature (London) 442, 7105 (2006).

SH. Lind, I. I. Yakimenko, and K.-F. Berggren, Phys. Rev. B 83,

075308 (2011).

16V, V. Flambaum and M. Yu. Kuchiev, Phys. Rev. B 61, R7869
(2000).

17T. Rejec, A. Ramsak, and J. H. Jefferson, Phys. Rev. B 67, 075311
(2003).

13T, Rejec, A. Ramsak, and J. H. Jefferson, J. Phys.: Condens. Matter
12, 233 (2000).

T A. Shelykh, N. G. Galkin, and N. T. Bagraev, Phys. Rev. B 74,

085322 (20006).

20A. G. Aronov and Y. B. Lyanda-Geller, Phys. Rev. Lett. 70, 343
(1993).

213, Nitta and T. Koga, J. Supercond. 16, 689 (2003).

2T, Bergsten, T. Kobayashi, Y. Sekine, and J. Nitta, Phys. Rev. Lett.
97, 196803 (2006).

2N. T. Bagraev, N. G. Galkin, W. Gehlhoff, L. E. Klyachkin, A. M.
Malyarenko, and I. A. Shelykh, J. Phys.: Condens. Matter 18, L567
(2006).

2L A. Shelykh, M. A. Kulov, N. G. Galkin, and N. T. Bagraev,
J. Phys.: Condens. Matter 19, 246207 (2007).

2R. A. Webb, S. Washburn, C. P. Umbach, and R. B. Laibowitz,
Phys. Rev. Lett. 54, 2696 (1985).

260G, Timp, A. M. Chang, J. E. Cunningham, T. Y. Chang,
P. Mankiewich, R. Behringer, and R. E. Howard, Phys. Rev. Lett.
58, 2814 (1987).

7P, G. N. de Vegvar, G. Timp, P. M. Mankiewich, R. Behringer, and
J. Cunningham, Phys. Rev. B 40, 3491 (1989).

28B. J. van Wees, L. P. Kouwenhoven, C. J. P. M. Harmans, J. G.
Williamson, C. E. Timmering, M. E. I. Broekaart, C. T. Foxon, and
J. J. Harris, Phys. Rev. Lett. 62, 2523 (1989).

2B. L. Altshuler, A. G. Aronov, and B. Z. Spivak, Pis’ma Zh. Eksp.
Teor. Fiz. 33, 101 (1981) [Sov. Phys.—JETP Lett. 33, 94 (1981)].

3Jian-Bai Xia, Phys. Rev. B 45, 3593 (1992).

313, B. Miller, D. M. Zumbuhl, C. M. Marcus, Y. B. Lyanda-Geller,
D. Goldhaber-Gordon, K. Campman, and A. C. Gossard, Phys. Rev.
Lett. 90, 076807 (2003).

328, A. Studenikin, P. T. Coleridge, N. Ahmed, P. J. Poole, and
A. Sachrajda, Phys. Rev. B 68, 035317 (2003).

$Jeng-Bang Yau, E. P. De Poortere, and M. Shayegan, Phys. Rev.
Lett. 88, 146801 (2002).

3#1. A. Shelykh, N. T. Bagraev, N. G. Galkin, and L. E. Klyachkin,
Phys. Rev. B 71, 113311 (2005).

M. Konig, A. Tschetschetkin, E. M. Hankiewicz, Jairo Sinova,
V. Hock, V. Daumer, M. Schafer, C. R. Becker, H. Buhmann, and
L. W. Molenkamp, Phys. Rev. Lett. 96, 076804 (2006).

36R. Landauer, IBM J. Res. Dev. 1, 233 (1957).

7M. Buttiker, Phys. Rev. Lett. 57, 1761 (1986).

3M. Ternes, A. J. Heinrich, and W.-D. Schneider, J. Phys.: Condens.
Matter 21, 053001 (2009).

%¥H.-L. Engquist and P. W. Anderson, Phys. Rev. B 24, 1151 (1981).

40T, Taniguchi and M. Buttiker, Phys. Rev. B 60, 13814 (1999).

41M. Buttiker, Y. Imry, and M. Ya. Azbel, Phys. Rev. A 30, 1982
(1984).

195430-8


http://dx.doi.org/10.1103/PhysRevLett.56.1198
http://dx.doi.org/10.1088/0022-3719/21/8/002
http://dx.doi.org/10.1103/PhysRevLett.81.5225
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1103/PhysRevLett.77.135
http://dx.doi.org/10.1134/1.1469195
http://dx.doi.org/10.1134/1.1469195
http://dx.doi.org/10.1103/PhysRevLett.89.246801
http://dx.doi.org/10.1088/0953-8984/20/16/164214
http://dx.doi.org/10.1103/PhysRevB.58.4846
http://dx.doi.org/10.1103/PhysRevB.58.4846
http://dx.doi.org/10.1103/PhysRevB.61.R13365
http://dx.doi.org/10.1103/PhysRevB.57.4552
http://dx.doi.org/10.1103/PhysRevB.57.4552
http://dx.doi.org/10.1103/PhysRevB.67.235319
http://dx.doi.org/10.1103/PhysRevB.67.235319
http://dx.doi.org/10.1103/PhysRevB.70.155315
http://dx.doi.org/10.1038/nature05054
http://dx.doi.org/10.1103/PhysRevB.83.075308
http://dx.doi.org/10.1103/PhysRevB.83.075308
http://dx.doi.org/10.1103/PhysRevB.61.R7869
http://dx.doi.org/10.1103/PhysRevB.61.R7869
http://dx.doi.org/10.1103/PhysRevB.67.075311
http://dx.doi.org/10.1103/PhysRevB.67.075311
http://dx.doi.org/10.1088/0953-8984/12/13/101
http://dx.doi.org/10.1088/0953-8984/12/13/101
http://dx.doi.org/10.1103/PhysRevB.74.085322
http://dx.doi.org/10.1103/PhysRevB.74.085322
http://dx.doi.org/10.1103/PhysRevLett.70.343
http://dx.doi.org/10.1103/PhysRevLett.70.343
http://dx.doi.org/10.1023/A:1025309805995
http://dx.doi.org/10.1103/PhysRevLett.97.196803
http://dx.doi.org/10.1103/PhysRevLett.97.196803
http://dx.doi.org/10.1088/0953-8984/18/45/L01
http://dx.doi.org/10.1088/0953-8984/18/45/L01
http://dx.doi.org/10.1088/0953-8984/19/24/246207
http://dx.doi.org/10.1103/PhysRevLett.54.2696
http://dx.doi.org/10.1103/PhysRevLett.58.2814
http://dx.doi.org/10.1103/PhysRevLett.58.2814
http://dx.doi.org/10.1103/PhysRevB.40.3491
http://dx.doi.org/10.1103/PhysRevLett.62.2523
http://dx.doi.org/10.1103/PhysRevB.45.3593
http://dx.doi.org/10.1103/PhysRevLett.90.076807
http://dx.doi.org/10.1103/PhysRevLett.90.076807
http://dx.doi.org/10.1103/PhysRevB.68.035317
http://dx.doi.org/10.1103/PhysRevLett.88.146801
http://dx.doi.org/10.1103/PhysRevLett.88.146801
http://dx.doi.org/10.1103/PhysRevB.71.113311
http://dx.doi.org/10.1103/PhysRevLett.96.076804
http://dx.doi.org/10.1147/rd.13.0223
http://dx.doi.org/10.1103/PhysRevLett.57.1761
http://dx.doi.org/10.1088/0953-8984/21/5/053001
http://dx.doi.org/10.1088/0953-8984/21/5/053001
http://dx.doi.org/10.1103/PhysRevB.24.1151
http://dx.doi.org/10.1103/PhysRevB.60.13814
http://dx.doi.org/10.1103/PhysRevA.30.1982
http://dx.doi.org/10.1103/PhysRevA.30.1982



