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1. INTRODUCTION

Advances in experimental studies on the nanome�
ter scale in recent decades have necessitated a theo�
retical description of quantum transport in nano�
structures. A large number of available publications in
this field reflect the considerable effect of transported
particles on the conducting properties of nanoobjects.
A striking example of this effect is the Coulomb
blockade that appears as a result of Coulomb repul�
sion between electrons in nanoobjects and a tunneling
electron [1–3].

In such a situation, transport is largely determined
by inelastic processes associated with modification of
a structure’s potential relief due to interaction with a
transported electron. In particular, inelastic effects
associated with electron–phonon interaction and
strong electron correlations are clearly manifested in
the transport characteristics of molecular contacts.
The inelastic nature of quantum transport in such
structures is responsible for the nonlinear behavior of
the I–V characteristics and conductivity, as well as
negative differential conductivity, dynamic switching
and switching current noise, current hysteresis, heat�
ing of a molecular contact, and the emergence of the
Kondo resonance [4–7]. Nontrivial properties of
conducting molecular contacts make such systems
interesting as prospective parts of nanoelectronics
devices [8].

The idea of using spin degrees of freedom as addi�
tional channels for data storage and transmission has
been significantly developed in contemporary experi�
mental and theoretical studies and has facilitated an

individual trend known as spin electronics [9, 10]. In
this field, inelastic spin–spin interactions also play a
significant part. In particular, it is well known that the
magnetization of a ferromagnetic nanolayer in zero
magnetic field can be controlled via the s–d(f) interac�
tion between the spin moments of conduction elec�
trons and the spin moments of atoms. The action of
torque on the magnetization of a ferromagnet was pro�
posed as a mechanism triggering magnetization rever�
sal [11, 12]. Later, a volumetric mechanism of non�
equilibrium spin injection was worked out [13, 14].
Other examples of the effect of the inelastic s–d(f)
exchange interaction on the conducting properties of
nanoobjects are experiments and theory in scanning
electron microscopy which investigate the transport
properties of single magnetic atoms and their com�
plexes containing a small number of atoms adsorbed
on a metal substrate in strong magnetic fields at low
temperatures [15–18].

In recent years, transport phenomena relating to
molecular electronics as well as spintronics have been
intensely investigated. For example, the effect of
inelastic spin–spin and electron–phonon interactions
in the case of magnetic electrodes are manifested in
the electron population, density of states, spin�depen�
dent current, and tunnel magnetoresistance [19, 20].
Thus, analysis of effects of inelastic spin�dependent
transport in magnetic nanostructures such as single
atoms or clusters on metal surfaces [21] or magnetic
molecules [22] appears promising. Such systems may
exhibit strong anisotropy sufficient for sustaining sta�
ble spin orientation at low temperatures. Considerable
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anisotropy of individual atoms in such nanoclusters is
interesting as a possible way to reduce magnetic bits to
sizes smaller than those at which the domains of mod�
ern thin�film magnetic materials become unstable at
room temperature. Analysis of the effect of external
magnetic field on the conductivity of systems with
well�pronounced magnetic anisotropy is of vital
importance.

In this paper, we report on the results of calculating
the transport characteristics of a nanostructure repre�
sented by a system of spin dimers and placed between
metal contacts in an external magnetic field. A spin
dimer in the ground singlet state with excited triplet
states is a widespread configuration of the spin sub�
system for a number of molecules and molecular
structures. Inelastic scattering of conduction electrons
from the potential relief of such a nanostructure
appears due to spin–spin s–d(f ) exchange interaction
between the spin moments of the transported particles
and the spin moments of dimers. However, the inelas�
tic scattering in this case does not cause energy dissi�
pation; i.e., transport is coherent and can be described
using the Landauer–Buttiker formalism [23, 24].

2. FORMULATION OF THE PROBLEM
AND HAMILTONIAN

Let us consider a spin�polarized electron current
through two planes of magnetoactive atoms forming a
system of spin dimers, which for brevity will be
referred to as a setup. We assume that the setup is
located between metal electrodes, which in turn are
connected to electron reservoirs in the form of macro�
scopic metallic junctions. The diagram of the setup is
shown in Fig. 1. Since reservoirs are macroscopic con�
ductors much larger than the electrodes, the electrons
entering a reservoir are thermalized and have the tem�
perature and chemical potential of the junction prior
to their return to the setup. Thus, a junction must be
reflectionless. This means that an electron incident on
the junction is absorbed completely and thermalized
prior to its re�emission into the setup [25]. The elec�
trodes are assumed to be ideal and can generally be
prepared from various metals.

The further description will be carried out in the
tight binding approximation. In addition, we will dis�
regard jumps and exchange interactions in directions
perpendicular to the x axis. Thus, the transport of the
electron ensemble in the system under investigation is
reduced to the passage of an individual particle
through an individual 1D chain. The individual chain
is formed by the regions of left and right metal elec�
trodes as well as the central part of the nanosetup (spin
dimer). In the entire chain, the spacing between the
sites is assumed to be the same (a). The Hamiltonian
of an individual chain can be written in the form

(1)
Ĥ ĤL ĤR ĤLD ĤDR+ + +=

+ ĤDe Ĥsf ĤD U n( ).+ + +

Here, the first two terms are the electron Hamilto�
nians L and R of the left and right junctions, respec�
tively, which can be written in the following form in
the tight binding approximation in the secondary
quantization representation:

(2)

(3)

where  (cnσ) is the production (annihilation) opera�
tor for a conduction electron with spin σ at the nth site
of the junction α (α = L, R), and ε

ασ
 = ε

α
 – geμBHσ

and t
α
 are the one�electron spin�dependent energy at

a site in an external magnetic field H and the hopping
integral at the α junction. The z axis is oriented along
the magnetic field. The third and fourth terms describe
the jumps of a conduction electron between the setup
and the junctions,

(4)

(5)

The fifth term of the Hamiltonian describes the behav�
ior of electrons in the setup,

(6)

ĤL εLσcnσ
+ cnσ[

σ n, ∞–=

0

∑=

+ tL cnσ
+ cn 1– σ, cn 1– σ,

+ cnσ+( ) ],

ĤR εRσcnσ
+ cnσ[
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∞
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+ tR cn 1+ σ,
+ cnσ cnσ

+ cn 1+ σ,+( ) ],

cnσ
+

ĤLD tLD c1σ
+ c0σ c0σ

+ c1σ+( ),
σ
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ĤDR tDR c3σ
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Fig. 1. Profile of a nanosetup including metal junctions.
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The inelastic character of electron transport is

related to the term  in the total Hamiltonian (1),
which is responsible for the s–d(f ) exchange interac�
tion between the spin moments of conduction elec�
trons and the spins of the dimer,

(7)

where Asf is the parameter of the s–d(f ) exchange

interaction and , , and  are the spin operators
of the dimer at the nth site.

Operator  in Hamiltonian (1) describes the
exchange interaction between the spin moments of the
dimers in the setup, as well as their Zeeman energy in
magnetic field H. In the isotropic case, this operator
can be written in the form

(8)

where I is the parameter of the exchange interaction
between the dimer spins. From here on, we will
assume that I > 0. This means that an exchange cou�
pling of the antiferromagnetic type exists between spin
moments. Consequently, in relatively weak magnetic
fields (gDμBH < I), the ground state of a dimer corre�
sponds to the singlet state.

The last term in the Hamiltonian characterizes the
potential energy of electrons in the external electric
field produced by potential difference V across the
junctions. It is well known that the shape of the I–V
characteristic depends to a considerable extent on the
specific profile of the potential in the region between
the electrodes. For simplicity, we will confine our
analysis to the transport characteristics, assuming that
the potential varies linearly in the central region.

3. STATIONARY STATES

In writing the solution to the Schrödinger equa�
tion, we must take into account the change in the state
of the spin dimer, which is induced by the action of an
electron flying near it. Analysis of the s–d(f ) operator
shows that the term proportional to σzSz induces the
transformation of the dimer from the singlet state D00

into the triplet state D10 without changing the spin pro�
jection of the electron being transported, while the
term proportional to σ–S+ is responsible for the trans�
formation of the dimer from singlet state D00 to triplet
state D11 with a simultaneous change in the spin pro�
jection of the transported electron. Therefore, the
complete Hilbert space is the product of the subspace
for the electron being transported and the subspace of
the spin dimer. As the basis of the Hilbert space, we
choose the basis of states each of which characterizes
the spin state of the transported electron at site n, as

Ĥsf

Ĥsf
Asf

2
����� cn↑

+ cn↓Ŝn
–

cn↓
+ cn↑Ŝn

+
+( )[

n 1=

2

∑=

+ cn↑
+ cn↑ cn↓

+ cn↓–( )Ŝn
z
],

Ŝn
+

Ŝn
–

Ŝn
z

ĤD

ĤD I S1 S2⋅( ) gDμBH S1
z S2

z+( ),–=

well as one of the four states of the spin dimer. For this

reason, this basis will be denoted as , where

 corresponds to the state of the spin dimer with the

total spin angular momentum J and projection Jz of
this angular momentum onto the quantization axis z
and  is the vacuum state indicating the state of the
system without an electron. In the chosen notation,
the four states of the dimer are described as

(9)

where we have used the Dirac ket vectors . Each
of these four ket vectors describes a state in which the
first spin of the dimer has projection σ1 and the sec�
ond, σ2.

In accordance with the system of notation adopted
here, the solution to the Schrödinger equation in the
case when the electron transported from the left junc�
tion has spin projection σ = +1/2, and the spin dimer
is in the single state can be written in the form

(10)

The admixture of triplet states of the dimer is
described by the two last terms and is associated with
the above�mentioned processes induced by the s–d(f )
exchange interaction of the electron with localized
moments of the spin dimer.

We will assume that the electron ejected from the
left junction has a wavevector kL. Then the expressions
for the partial amplitudes for the left (n ≤ 0) and right
(n ≥ 3) junctions can be written in the form

(11)

where r00, r10, and r11 are the amplitudes emerging due
to reflection from the potential structure of the dimer,
which is in the singlet and triplet states, respectively;
t00, t10, and t11 are the amplitudes describing transmis�
sion of the electron, in which the dimer remains in the
singlet and triplet states, respectively; and kL, kR, qL,
qR, pL, and pR are the wavevectors. The meaning of the
subscripts on amplitudes r and t is analogous to that of
the indices for the spin wavefunctions of the dimer.
The wavevectors introduced above are connected with

DJJz
cnσ

+ 0| 〉

DJJz

0| 〉
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2
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1

2
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D11 ↑↑| 〉, D1 1–, ↓↓| 〉,= =
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n
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+ D11 ] 0| 〉.+
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ikLna
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ikLna–

,+=

un↑ r10e
iqLna–

, vn↓ r11e
ipLna–

;= =

n 3: wn↑≥ t00e
ikRna

,=

un↑ t10e
iqRna

, vn↓ t11e
ipRna

;= =
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the electron energy in the left junction by the disper�
sion relations

(12)

Analogously, we can write the following relations for
the right junction:

(13)

Equating the partial amplitudes at orthogonal basis
elements for n = 0, 1, 2, 3 in the Schrödinger equation,
we obtain the missing 12 equations (A.1) with allow�
ance for various spin configurations of the system,
which are given in the Appendix.

To calculate the I–V characteristic, we must also
know the solutions in the case when an electron with
the spin moment projection σ = +1/2 is ejected from
the right contact. In this case, relations (12) and (13)
remain in force, and the wavefunction of the system
can be written in the form

(14)

where

(15)

An additional system of 12 equations (A.2) is given in
Appendix. In expressions (12), (13), (A.1), and
(A.2), the energy is renormalized as follows: E 
E + 3I/4 + μBH.

It should be emphasized that our further analysis
will be confined to the unimodal regime. This corre�
sponds to the situation when an electron with a preset
energy value impinging on the setup from the left
(right) electrode is described by a state with a single
fixed value of wavevector kL (kR). At the same time, for
waves reflected from the setup, states with different
values of wavevectors are admixed. This is due to the
existence of internal degrees of freedom for the dimer
setup. Owing to the s–d(f ) exchange interaction, the
internal degrees of freedom participate in scattering
and induce additional states of the system as a whole.
Thus, the presence of several subbands in the energy
spectrum of electrons for the entire system, which dif�
fer in quantum number values of the total spin angular

E εL U 1( ) 2tL kLa,cos+ +=

E εL U 1( ) I 2tL qLa,cos+ + +=

E εL U 1( ) I 2 gD–( )μBH 2tL pLa.cos+ + + +=

E εR U 2( ) 2tR kRa,cos+ +=

E εR U 2( ) I 2tR qRa,cos+ + +=

E εR U 2( ) I 2 gD–( )μBH 2tR pRa.cos+ + + +=

ΨL| 〉 wn↑' cn↑
+ D00 un↑' cn↑

+ D10+[
n

∑=

+ vn↓' cn↓
+ D11 ] 0| 〉,

n 0: wn↑'≤ t00' e
ikLna–

,=

un↑' t10' e
iqLna–

, vn↓' t11' e
ipLna–

;= =

n 3: wn↑'≥ e
ikRna–

r00' e
ikRna

,+=

un↑' r10' e
iqRna

, vn↓' r11' e
ipRna

.= =

momentum  of the dimer and its projection , is
associated with the above�mentioned s–d(f ) interac�
tion. This is a distinguishing feature of our system as
compared to prevailing mesoscopic systems, in which
the multimode regime of quantum wires making up
the electrodes involves spatial quantization [25].

4. TRANSMISSION COEFFICIENT

The solution to the systems of equations derived
above determines the reflection amplitudes r00, r10, and
r11 and transmission amplitudes t00, t10, and t11. Having
evaluated these amplitudes, we can determine reflec�
tance R and transmittance T. To this end, we use the
semiclassical expressions for the incident jinc, reflected
jref , and transmitted jtr probability flux densities:

(16)

It is well known that transmittance T is defined as the
ratio of the density of the transmitted probability flux
to the density of the incident probability flux: T =

/  [26]. Accordingly, we obtain

(17)

where

(18)

are the partial contributions in the total transmittance
T from the states in which the dimer has the singlet or
triplet spin configurations, respectively. Reflectance
R = /  is defined as

(19)
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where

(20)

The number of nonzero partial contributions corre�
sponds to the number of solutions to the dispersion
equations for the wavevectors lying in the first Bril�
louin zone. Quantities R and T satisfy the total proba�
bility conservation law; i.e., R + T = 1.

Figure 2 illustrates the typical behavior of transmit�
tance T(E) and its partial components T00 = T00(E),
T10 = T10(E), and T11 = T11(E) upon a change in the
energy of incident electrons from the left electrode.
On the T(E) curve, two regions can be distinguished,
in which the dependences of these quantities on
energy differ substantially. In the region E < –0.05 eV,
the total transmittance is determined only by the pro�
cesses in which transitions of dimers to triplet states
are not observed. For E > –0.05 eV, the processes lead�
ing to excitation of dimers to the triplet states come
into play. For this reason, total transmittance T is
formed taking into account the contributions from
excited states of the electron and the dimer (dashed
and dot�and�dash curves in Fig. 2).

In the region of low energies in which electrons are
scattered from the potential profile of the dimer in the
ground singlet state, the application of magnetic field
may lead to the emergence of additional resonance
peaks as shown in the inset to Fig. 3. In the case
depicted in the figure, the emergence of one of two
peaks in the magnetic field is demonstrated when the
one�electron energy εD at the sites of the setup differs
from analogous parameters εL and εR of the electrodes.
The situation for other values of the parameters of the

R00 r00
2
, R10

qLasin

kLasin
������������� r10

2
,= =

R11
pLasin

kLasin
������������� r11

2
.=

system is qualitatively the same. The peak at E ≈
⎯0.025 eV corresponds to the right peak in Fig. 2 (E ≈
0.075 eV), which is shifted to the left upon an increase
in the absolute value of εD. The effect of induction of
transparency windows by the magnetic field was noted
by us earlier when we considered the problems of
inelastic spin�dependent electron transport by means
of model spin nanostructures in continuous media
[27, 28].

As can be seen from Fig. 4, the application of elec�
tric field induces noticeable changes in the heights of
these peaks. In constructing the curves in Fig. 4, we
assumed that the electric voltage applied to the right
junction is such that –eV = U(2) – U(1). Therefore,
μR = μL – eV, where μR and μL are the electrochemical
potentials of the right and left junctions, respectively.
This assumption will be used in further analysis in cal�
culating the current–voltage characteristics.

By varying the parameters of the system, we can
obtain an energy�forbidden band (energy range 0 <
E < 0.05 eV in Fig. 5a) for the electrons in the right
junction. Accordingly, the electrons incident on the
dimer from the left junction and having energies from
this range experience total reflection (see Fig. 5b).

5. CURRENT–VOLTAGE CHARACTERISTIC

Considering that the electron density associated
with a single k state in a conductor of length L is 1/L,
we find that, in the semiclassical approximation, cur�
rent ILR carried by scattering state (10) is defined as
(m = 00, 10, 11; k00 = kR, k10 = qR, and k11 = pR)

(21)ILR
e
L
��� 1

�
�� ∂E

∂k
�����⎝ ⎠
⎛ ⎞

k km=
Tm E( ) fL E( ),

k

∑
m

∑=

1.0

0.8

0.6

0.4

0.2

T

−0.10 −0.05 0.05 0.10
E, eV

0

T
T00
T10
T11

Fig. 2. Dependence of total transmittance T and its partial
components T00, T10, and T11 on the energy of an incident
electron for parameters εL = εD = εR = 0, tL = tR =
⎯0.05 eV, tLD = tDR = –0.025 eV, tD = –0.0375 eV, μBH =
0, I = 0.05 eV, Asf = 0.15 eV, and V = 0.
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Fig. 3. Dependence of total transmittance T and its partial
components T00, T10, and T11 on the energy of an incident
electron for parameters tL = tR = –0.05 eV, tLD = tDR =
⎯0.025 eV, tD = –0.0375 eV, μBH = 0.25 meV, I = 0.05 eV,
Asf = 0.15 eV, εL = εR = 0, εD = –0.09 eV, and V = 0. The
inset shows the resonance transmittance peak induced by
the magnetic field.
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where fL(E) ≡ f(E – μL) is the Fermi electron distribu�
tion function. Passing from summation over quasi�
momentum to integration over energy, we obtain

(22)

At finite temperatures, we must take into account the
electron flux from the right junction to the left one.
Therefore, the current carried by states (14) can be
written analogously to ILR, namely,

(23)

ILR
e
h
�� ETm E( ) fL E( ).d∫

m

∑=

IRL
e
h
�� ET m' E( ) fR E( ),d∫

m

∑=

where fR(E) ≡ f(E – μR) and  are the partial trans�
mittances for an electron incident on the setup from
the right electrode, which are defined as

(24)

The resultant current is defined by the expression

(25)

which is equivalent to the formula obtained using the
Landauer–Buttiker formalism [29].

Thus, electron transport in the system under inves�
tigation can be interpreted as transport through three
effective channels formed due to the existence of
excited states of the spin dimer. In each channel, con�
duction electrons have their own projections of spin
moments: in two channels, their spins are polarized
along the magnetic field, while in the third channel,
the spins have polarization opposite to the field.

Figures 6 and 7 show the typical I–V characteristic
and differential conductivity G(V) = dI/dV of the setup
using a spin dimer as the active element located
between metal electrodes. The shape of these depen�
dences implies that an increase in the Fermi energy in
the left junction qualitatively changes the I–V charac�
teristic. For small values of the Fermi energy at which
only low�energy electrons participate in transport, the

T m'
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I ILR IRL– e
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��= =

× E Tm E( ) fL E( ) Tm' E( ) fR E( )–[ ],d∫
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∑
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Fig. 4. Voltage dependence of the peak Tind induced by the
magnetic field for parameters εL = εR = –0.05 eV, tLD =
tDR = –0.025 eV, tD = –0.0375 eV, μBH = 0.25 meV, I =
0.1 eV, Asf = 0.15 eV, εL = εR = 0.05 eV, and εD = –0.6 eV.
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272

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 113  No. 2  2011

VAL’KOV, AKSENOV

I–V curve contains segments with a negative differen�
tial conductivity. This is observed in the regime in
which triplet states of the dimer are not excited and
inelastic processes are not involved. It should be noted
that the emergence of regions with a negative differen�
tial conductivity was observed, in particular, in exper�
iments using scanning electron microscopy, in which
electrons were transported through molecular com�
plexes and individual molecules adsorbed on the metal
surface [30].

In the case of high Fermi energies, when the elec�
tron energy is sufficient for transition of dimers to
excited states and the transport becomes inelastic, the
regions with negative differential conductivity on the
I–V curves disappear. In this case, the I–V character�

istics correspond to Ohm’s law to a high degree of
accuracy.

It was mentioned above that the application of mag�
netic field may lead to a nontrivial change in the trans�
port properties of the system in question. In particular,
it was shown that under certain conditions, the mag�
netic field can induce additional transparency peaks for
an electron being transported. This effect must obvi�
ously be manifested in the I–V characteristic of the sys�
tem depicted in Fig. 8. It can be seen that for voltages
on the order of a microvolt, the I–V characteristic
exhibits a strongly nonlinear behavior and the differen�
tial conductivity shown in Fig. 9 has a sharp peak.

The above results show that in the range of param�
eters considered here, the system under investigation
is characterized by an anomalously high magnetore�
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sistance MR = (G(H)/G(0) – 1) × 100%. The corre�
sponding calculations of the dependence of magne�
toresistance on the applied voltage are illustrated in
Fig. 10.

It can be seen that the change in the resistance in
the magnetic field can amount to 105%. It should be
noted that high values of the magnetoresistance are
observed quite frequently for the setups based on
nanostructural elements.

6. CONCLUSIONS

The above analysis of quantum electron transport
through the spin�dimer system has made it possible to
establish a number of features associated with the
internal degrees of freedom in the system. The main
feature is that the potential profile for an electron
being transported is formed due to the s–d(f )
exchange interaction between the spin moments of the
electron and of the nanostructure. Therefore, for the
singlet state of the dimer, in which the spin configura�
tion is described by a coherent superposition of states
with different values of the spin moment projections
on the quantization axis, the Ising part of the s–d(f )
exchange interaction leads to the formation of a com�
bination of potential profiles of the barrier–well,
well–barrier, etc. types. A specific realization of these
profiles is determined by the spin polarization of the
electron being transported. This induces the spin�
polarization dependence of the transport characteris�
tics of the nanostructure under investigation. The
transverse part of the s–d(f ) exchange interaction
induces a transition of the spin dimer from the singlet
state to excited triplet states with a simultaneous
change in the potential profile of the structure. It is
these effects that are responsible for significant modi�
fications of the transport characteristics of nanostruc�
tures upon an increase in the electron energy and
application of a magnetic field.

The admixture of excited triplet states of the dimer
subsystem leads to the formation of additional chan�

nels both in the states reflected from the structure, and
in the states determining the contribution to the trans�
mittance. In such channels, the values of quasi�
momenta for electron waves may differ substantially
from the quasi�momentum of the electron incident on
the structure due to the exchange interaction in the
dimer subsystem. In this case, the transport character�
istics of the system under investigation are determined
by the coherent superposition of states with several
quasi�momenta.

These effects determine the features of the cur�
rent–voltage characteristic of the spin�dimer system.
One of these features is associated with disappearance
of the negative differential conductivity upon an
increase in the Fermi energy. It should be emphasized
that the I–V characteristic contains segments with a
negative differential conductivity only when the Fermi
energy is relatively low and the kinetic energy of elec�
trons is insufficient for exciting the dimer subsystem.
For high values of the Fermi energy, when electrons
can transform spin dimers to excited state and initiate
the above�mentioned additional transport channels,
the differential conductivity becomes positive every�
where.

Concluding the section, let us consider the effect
associated with the emergence of additional transpar�
ency peaks induced in the spectral characteristic of the
system by a magnetic field. It was shown in the con�
cluding section of this article that this effect results in
a qualitative modification of the I–V characteristic of
the system and the emergence of colossal magnetore�
sistance. As noted above, the additional transparency
peaks appear in a magnetic field only when the spin�
flip processes are taken into account. This leads to the
conclusion that in analyzing the effects of spin�depen�
dent transport associated with the interaction of pass�
ing electron with the spin degrees of freedom of the
scattering structure, allowance for the processes lead�
ing to a change in the spin configuration of the nano�
structure may be of fundamental importance in fabri�
cating scattering nanostructures with colossal magne�
toresistance.
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APPENDIX

System of Equations for Amplitudes

In the case when an electron with a spin of 1/2 is
incident from the left electrode on the dimer in the
singlet state, the system of equations for the transmis�
sion and reflection amplitudes has the form

(A.1)

Analogously, in the situation when an electron with
a spin of 1/2 is incident from the right electrode on the
dimer in the singlet state, the system of equations for
the transmission and reflection amplitudes can be
written in the form
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