Renormalization of triplet populations of
a spin dimer in zero magnetic field with
quantum transport

Cite as: Low Temp. Phys. 45, 165 (2019); https://doi.org/10.1063/1.5086406
Published Online: 30 January 2019

V. V. Val'kov, and S. V. Aksenov

® & @

View Online Export Citation CrossMark

L

ARTICLES YOU MAY BE INTERESTED IN

Scaling laws under quantum Hall effect for a smooth disorder potential
Low Temperature Physics 45, 176 (2019); https://doi.org/10.1063/1.5086407

On the issue of universality of critical exponents in the quantum Hall effect mode
Low Temperature Physics 45, 181 (2019); https://doi.org/10.1063/1.5086408

Peak-effect in the magnetization of a superconducting compound (PbzSny_3) 0.84Inp.16Te
Low Temperature Physics 45, 189 (2019); https://doi.org/10.1063/1.5086409

7))
9
(7))
o)
L
a ¥
()
e
=)
e
(C
e
Q
o}
;
[t
3
(o
d

LOW TEMPERATURE TECHNIQUES

OPTICAL CAVITY PHYSICS

MITIGATING THERMAL
& VIBRATIONAL NOISE

a
Qo
e
o
0
o
m
z
a
m
k4
>
<]
m

X
o
r4
-
>
z
>
2z
wn
—
0
(=
<
m
7z
_{
2]

Low Temp. Phys. 45, 165 (2019); https://doi.org/10.1063/1.5086406 45, 165

© 2019 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1084806&setID=375689&channelID=0&CID=358174&banID=519826882&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=6fa38045c0ae70c68d90aeb81e4b15a4d919e89b&location=
https://doi.org/10.1063/1.5086406
https://doi.org/10.1063/1.5086406
https://aip.scitation.org/author/Val%27kov%2C+V+V
https://aip.scitation.org/author/Aksenov%2C+S+V
https://doi.org/10.1063/1.5086406
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5086406
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5086406&domain=aip.scitation.org&date_stamp=
https://aip.scitation.org/doi/10.1063/1.5086407
https://doi.org/10.1063/1.5086407
https://aip.scitation.org/doi/10.1063/1.5086408
https://doi.org/10.1063/1.5086408
https://aip.scitation.org/doi/10.1063/1.5086409
https://doi.org/10.1063/1.5086409

Low Temperature
Physics

ARTICLE scitation.org/journal/ltp

Renormalization of triplet populations of a spin
dimer in zero magnetic field with quantum

transport

Cite as: Fiz. Nizk. Temp. 45, 192-203 (February 2019); doi: 10.1063/1.5086406 @ li'l @

Submitted: 20 December 2018

View Online Export Citation CrossMark

V. V. Val'kov®’ and S. V. Aksenov”’

AFFILIATIONS

L.V. Kirensky Physics Institute, Federal Research Center Krasnoyarsk Scientific Center, Siberian Branch of the Russian Academy

of Sciences, Krasnoyarsk, 660036, Russia

2AEmail: v @iph.krasn.ru
P)Email: asvB6@iph krasn.ru

ABSTRACT

Based on the nonequilibrium Keldysh technique in the atomic representation, the effect of inducing a varied population of
magnetic states of a spin dimer interacting with electrons transported through a system in a zero magnetic field was studied.
In order to find the filling numbers of the quantum states of the system under the strong nonequilibrium condition, a system
of kinetic equations was derived and solved by the method of nonequilibrium diagram technique for Hubbard operators.
Numerical analysis of these equations made it possible to reveal nonequilibrium renormalizations when accounting for

strong spin-fermion correlations.

Published under license by AIP Publishing. https://doi.org /10.1063 /1.5086406

1. INTRODUCTION

In recent times, research has been actively conducted to
identify effective methods of managing quantum transport of
electrons through atomic-scale structures by means of external
fields. Systems containing internal degrees of freedom that can
participate in the processes of charge transfer are the most
promising. The chief motive for the application of such systems
is associated with the fact that a state transition of a subsystem
of internal degrees of freedom due to a directed effect can
affect the intensity of quantum transport, and thereby modify
the volt-ampere characteristics of the atomic structure.

A system containing doping magnetic ions can serve
as an example of a similar system. The electrons located in such
a system affect the states of magnetic ions due to s - d(f)
exchange interaction. Therefore, electron transport is accom-
panied by processes of inelastic dispersion, which can signifi-
cantly change the transport characteristics of the system.
This conclusion is important for practical operation, as it
opens up broad opportunities for management of electron
transport due to the action of external fields on the internal
degrees of freedom."”

The calculation of the volt-ampere characteristics of
systems with internal degrees of freedom is a significant
problem because the Hamiltonian, taking account of inter-
actions between subsystems, is non-diagonal in the usual
representation of Fermi and Bose operators of secondary
quantization. Therefore, the expansion of the theory of per-
turbations with the usual approach contains a large number of
seed amplitudes of dispersion that significantly complicates
the summation of the diagrammatic expansions.

At the same time, it is necessary to emphasize the impor-
tance of accounting for such processes of dispersion, as
they induce the transitions of the system to excited states.
As a result, the tunnel current flux is accompanied by redis-
tribution of the population of energy states of the system.
Here, the total distribution of the filling of these levels may
differ substantially from the initial equilibrium.” In actual
operation on a sample system with doping magnetic ions
forming a spin dimer, the nonequilibrium renormalizations
of the states of the magnetic subsystem induced by an elec-
tric current are examined.
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It should be noted that, as a whole, management of the
spin states of atomic-scale systems is one of the important
problems in such areas as quantum calculations and applica-
tions in the information storage realm.* In addition, this
aspect is integral to the analysis of fundamental processes and
phenomena. One of them is the Kondo effect, the properties
of which, in particular, depend significantly on the value of
the spin moment of the base state of the system interacting
with metal contacts.” In the absence of a magnetic field,
several mechanisms were examined earlier that make it pos-
sible to affect the spin states of zero-dimensional objects.
Such control can be carried out at quantum points due to
the change in form of the locking potential created by elec-
trodes of the gate. As a result, for an even number of elec-
trons at a point, it is possible to observe a change of the
base state from singlet to triplet.® It is known that in struc-
tures with spin S >, the degeneracy of 2S +1 states can be
removed by creating magnetic anisotropy. In turn, this can
be induced by the stretching of a molecule,” spin-orbital
interaction,® or the effect of the environment.” We will
show in this article that the processes of nonequilibrium
inelastic transport are capable of causing a nonuniform
probability of realization of the spin states of the structure,
which can be interpreted as the action of the effective mag-
netic anisotropy. In order to describe this effect, a system of
kinetic equations was derived and solved for the filling
numbers of the system, including a spin dimer, and numeri-
cal analysis was performed.

2. MODEL OF A SYSTEM WITH A SPIN DIMER

In order to study the nonequilibrium characteristics of a
subsystem of the spin dimer located in the system and subject
to the effect of flowing electrons, we will examine the most
essential interactions that occur in a system such as that
shown in Fig. 1. The link of the left contact with the system is
executed by electron tunneling from the extreme site of
contact at the first site into the state with energy &4,. Tunnel
coupling with the right contact is carried out analogously,
with the only difference being that the second site of the
system participates during the tunneling. In the system, a
subsystem of two mutually interacting localized spins is
present. Then, the s - d(f) exchange communication of the

FIG. 1. Device model with two sites and two doping spins. The left contact
(f,) is connected by a tunnel with the first unit of the system, and the right
contact to the second unit (tz). An electron incident to the system site (at
the first site in the diagram) correlates with the doping spin by means of the
s — d(f) exchange link.
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localized spins with transported electrons results in dimer
excitation and modification of its characteristics. Execution of
such a system can be achieved by means of adsorption of
molecular structures into the region between the contacts.
Another possibility is associated with the creation of a system
with the participation of transitional ions with an unfilled d-
or f- cover.

Heisenberg exchange interaction operates between the
localized spins. It is assumed below that this interaction is of
anti-ferromagnetic type. If there are no electrons on the
system, the spin dimer is in a singlet state. The energy level of
a triplet term is separated from that of a singlet term by the
value of the exchange energy I.

Due to s - d(f) exchange interaction, an electron incident
to the site of the system from the contact correlates strongly
with the state of one of the localized spins. This results in the
fact that, in general, when there is a tunneling electron in the
system from the contact, the magnetic state of the system
will change. This occurs because the processes of electron
transport via the system will be accompanied by excitations of
the magnetic degrees of freedom. Hence, the transport of
electrons will occur with the significant effect of the pro-
cesses of inelastic dispersion of electrons in the internal
degrees of freedom of the system.

In order to resolve the question of accounting for the
effect of the processes of nonelastic dispersion of elec-
trons to the characteristics of the electron transport of the
system, we will use the method of nonequilibrium Green
functions, which we construct based on the atomic repre-
sentation. For this purpose, the nonequilibrium Green’s
functions are defined through the Hubbard operators.
Here, it will be shown that the theory of perturbations can
be reformulated so that only the tunneling processes will
define the dispersion matrix on the Keldysh contour. We
will conduct the study of the nonequilibrium properties of
a spin dimer within the Hamiltonian

H=Ho+T+V. )
The first term

Ho + Ay, + Hr + Hp )
corresponds to the left and right contacts

I:IL = Z &Lk(jczgckO'Y I:IR = Z&Rpcd;cdpm (3)
ko po

as well as to the system, which is described by means of
the Hamiltonian

2

HD = Z {Z gdcagah + UTL[TH”} +tg Z (aﬂsazc + a;cah)

=1

2
+ Upning + Z{A(Glsl) — guBHSlZ} + I(S1Sz).
=1

“)

Low Temp. Phys. 45, 000000 (2019); doi: 10.1063/1.5086406
Published under license by AIP Publishing.

45, 000000-166


https://aip.scitation.org/journal/ltp

Low Temperature

Physics

Tunnel coupling between contacts and the system is described
by the operator

T=T.+Te+he =) tuci s+ D trpChotze +hc.  (5)
ko po

The operator V takes account of the potential difference
enclosed in the system. Keeping in mind the invariance of the
potential in the contacts and in the system, as well as associ-
ating the reference point of the potential reading with the left
contact, we derive

2
V=>"%"(eV/2aas+ > (eV)dydps. 6)
=1 o© Po

These designations were used above: ¢, (dps) is the
electron destruction operator in the left (right) contact with
wave vector k(p) and spin projection o; &, = €k — gellgHo —
u, &Rpc = epp — 6geligH — p are the one-electron energies in
the left and right contact respectively, read out from the
level of the chemical potential p and taking account of
energy splitting by the projection of electron spin o=+ in
the magnetic field, g. is the electronic g-factor in the con-
tacts, and pp is the Bohr magneton. Hereafter, it is assumed
that the contacts are single-zone paramagnetic metals. The
parameters entering into the Hamiltonian of the system
have the following physical sense: &3, =€4 — gettyp Ho — p is
the spin-dependent energy, calculated from the chemical
potential, of an electron located at one of the sites of the
system in an external magnetic field H: g4 is the seed single-
electron energy; n, =ai, ;s is the operator of the number
of electrons at the system site with number | and spin pro-
jection o; aj, ai, is the operator of the generation (destruc-
tion) of an electron in the system at the site | with spin
projection o; the parameter U characterizes the Hubbard
repulsion of two electrons with opposite spin projection
located at one site. n;=n;; +ny is the operator for the full
number of electrons at the system site with index number
l. The parameter U;, defines the intensity of the Coulomb
interaction of the electrons located at the first and second
site of the system. The effect of a magnetic field on the
power structure of a subsystem of localized spins with an
effective g-factor is described by means of the penultimate
term in (4). The interaction between the spin degree of
freedom of a transported electron and the localized spins
of the system, carried out via the s - d(f) exchange link, is
characterized by the parameter A, where S; is the vector
operator of the localized spin of the system, and oy is the
vector operator of the spin of the transported electron. As
is known, the scalar product ¢S contains operator terms
corresponding to accounting for spin-flip processes when
there is a simultaneous change of projections at doping
spins and at the electron.

ARTICLE scitation.org/journal/ltp

3. TUNNELING PROCESSES IN THE ATOMIC
REPRESENTATION FOR THE SYSTEM

The existence of internal degrees of freedom of the
system results in the electron located within it interacting
both with the charge and with the spin degrees of freedom.
The presence of a large number of various seed amplitudes of
dispersion results not only in considerable complication of
the expansion of the theory of perturbations, but also in the
problem of calculating the explicit form of Fermi and spin
operators in the representation of the interaction. This is
associated with the non-equidistant structure of the spec-
trum of Fermi (or spin) excitations of the operator Hp. Hence,
direct use of the diagram technique in terms of the operators
of secondary quantization becomes impossible due to the
absence of a Wick’s theorem for the means of the product of
such operators.

The resolution of this difficulty is associated with creat-
ing an atomic representation and writing the Hamiltonian of
the system in it, as well as the tunneling operator. With this
objective, we introduce the functions | ¥, ), which are the sol-
ution of the Schrodinger equation for the system:

I:ID‘\Pn> :En‘\Pn>y n=12, ..., Np. (7)

The set of functions | ¥y), | ¥1) | ¥ND) can be examined as
the basis of a Hilbert space in which the operators pertain-
ing to the system are operative. We introduce the Hubbard
operators'?""!

X" = W) (Wm|, my,m=12, ..., Np, (8)
which are operative in the Hilbert space of the system. In
particular, the effect of these operators on the base states is
defined in simple form as X"™ | ¥),) =8y, | ¥n).

The first advantage of this representation is associated
with the fact that the transition to it results in the diagonal
form of the Hamiltonian HD:

Np
HD = Z Eann- (9)
n=1

A second important feature of the atomic representation
is associated with the fact that the explicit form of the
Hubbard operators in the representation of the interaction
X"M(t) = Ug(t)X™™ Up(t) is easily calculated. Here, there arises
the customary time dependence under the exponential law:'""

X"(t) = exp(i(En — Em)t)X"" = exp (loEt)X"™.

Here, a form of writing that is convenient for further
exposition is used: E is understood to be an Np-dimensional
vector (E;, Ey, ..., Exp), and o an Np-dimensional vector, the
ith component of which is defined by the difference of two
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Kronecker symbols: oi(n, m)=8;, - 8&m. Then, the scalar
product oE =E, - E,, = Eo if o = 05(n, m), i.e, if a corresponds
to the transition between states ¥,, and ¥,..

The simplicity of the time dependence of the Hubbard
operators in the representation of the interaction shows an
obvious path toward the creation of a theory of perturbations,
with the use of the diagram technique for these operators,
since Wick’s theorem exists for them.

The introduction of matrix elements for the operators of
electron destruction with spin projection o at the first and
second sites,

7/16(1,1’ m) = (l{""|a16|‘ym> = 716((1)1

720(”1 m) = (an|a2cx‘\Pm> = 7/20(0(), (lo)

makes it possible to express the Fermi operators through the
Hubbard operators in compact form

A = Z ylc(a)xav Qo5 = Z 720(a)xav o= 0L(,'/”'n)' (11)

Here and thereafter, for brevity, the expression for summa-
tion on the index « is used, understood as in fact summa-
tion on the pair of indexes n and m of the atomic states of
the system.

In using the atomic representation, the tunneling opera-
tor entering the dispersion matrix takes on a form that is con-
venient for creation of the theory of perturbations,when the
operators of the transition between atomic states are present
in explicit form:

Tu(t) = Z k()71 (0)Cieg (X7 (1)
ko0

+ ) trp(Dv20(0)C o (OX*() + hoc. (12)

po,o

For the system being examined by us, the complete number
of states |¥n), m=1, 2,..., Np is equal to 64. In the mode
of strong correlations, the parameter of Hubbard repulsion
U and the value of the inter-node Coulomb interaction
U, exceed considerably the values of the other power param-
eters of the system. This makes it possible to be limited to
only such states of the system as contain no more than one
transported electron. There are 20 such states.

In order to describe them, we introduce the generation
operators f, and f3, and destruction operators fi, and fo, of
localized fermions with spin projection o at the first and
second sites of the system.

Then, the sector of the Hilbert space of the Hamiltonian
of the system that does not contain transported electrons
corresponds to states of the dimeric system. The singlet state
of the system is written as

1) = %Uﬁfzﬁ CRADI0), Ei=3y4, (3)

ARTICLE scitation.org/journal/ltp

where |0) is the vacuum state. The three triplet states of this
sector are defined by the expressions

2) = \/%(fﬁfzﬁ +fifinlo),

13) = firf2;10), 14) = fiif2;10)

(14)

and have energy E;=1/4. Among the 16 states of the
one-electron sector, eight states correspond to even and odd
states with total spin S;=3/2. We show the four even states
in a form that facilitates simply calculating the parameters of
the representation

I5) = 1—=2L3), |6) = "L |5),
A V2 ) V3 )
_S¢ a) +ag

where

. 2
S; = (fifi +ajiaz),

N 2
St = (Fifiu + aja5)-

The four odd states with S;=3/2 are defined by the expressions

4 —ay _ S
) = S 12), [12) = o) — 9 14)
V3T V2 ’

According to the addition rule for moments in quantum
mechanics, there are doublet terms among the one-electron
states of the system. Two even (g) and two odd states (u), with a
projection of total spin Sf =1/2 relative to the even doublet and
odd doublet terms, is written as

1/2,1/2)% =3 Clolficfacti; + fisfaaa3)I0) + Ciglay) + az))fyif310),

1/2,1/2)% = CE(fibfosads — fibf305))10) + Cii(@) — a3))f;if;10).
[¢3

(17)

Then, the remaining eight states are numbered as follows:
[13) = [1/2,1/2)9, [14) = S{|13) [15) = |1/2,1/2)9, |16) = §{|15), (18)
17y = [1/2,1/2)", [18) = 7 |17) |19) = |1/2,1/2)*, |20) = S{[19). (19)

These designations were used in writing the expressions in (17):
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1 bf 1 a5
+ _ g + _ 9 +
Coi = t 2z Gy = t Az Cig

1 bt 1 at
 _ + _ +
CuT - i\/zz?{’ Cul - i\/izziiﬁ cuu

where

=+
- §l-

N

‘g|+‘
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o
S

L ZE =@ + 0 + ()
(20)

o
=i

72 =@t + 03 + )

-+

N

ag = (vg T A)vg F I F 2ta), bgi =(I+2tg)(vg F I F 2tq), cgi =A(vg T A),

+
af =y F AWV FIF 2t), bE = (1 2tg)(vu F 1 £ 2ty), ¢X = A(vy F A),

@)

Vo = V(A — 1= 260 + A+ 260), vi = /(A — T+ 260)2 + A(I - 2t).

Then, within the accepted numbering of one-electron states,
their energies are written as

A+1 A+1 v
Es) = &4 t— flh E3(15) =§¢+T + 597
A+1 v
Era9) = &4 - * 5“ (22)

Taking account of the explicit form of the base functions of
the system, it is not difficult to show that the parameters of
the representation of the operator a;; through the Hubbard
operators are defined as follows:

1 1
Y1¢(3, 5) = Yn(& 9) = \/—72, YIT(Zv 6) = 711(2, 10) = ﬁ’
C*(*) _ c*(*)
0 7) = 1 1 = 1, 1805) =
C*(*) _ C*(*) c*(*) (23)
1,17(19)) = L "W v (2. 13(15)) = — %9
Yn( (19) NG Yn( (15)) NG
SR

111(4, 18(20)) = v2yy,(2, 17(19)).

For the system considered by us, |y2; (0)| = |11 ()|, where for
half of the transitions, y2; (o) = —yy; (o). These properties of the
parameters of the representation will be used further when
finding the current and the kinetic equations. The parameters
Y12y (o) are calculated similarly.

4. ELECTRICAL CURRENT AND KINETIC EQUATIONS

The expression for the current at the left contact J
follows from its definition

T=eNi, NL= ) ¢,
ko

(24)

where Ny, is the operator for the number of electrons at the
left contact. Then, using the rules of quantum mechanics, we
derive

= R D) =~ () — (w29

The absolute value of the charge of an electron is designated
as e. Averaging is carried out with the density matrix p(t)*"
satisfying the equation

ihop(t)/ot = [H, p(t)]. (26)
We will perform the calculation of averages arising in the
theory by means of nonequilibrium Green’s functions. Finding
these functions is associated with application of the theory of
perturbations with the Keldysh technique.'* For this purpose,
we transfer at the beginning to the density matrix p,(t),”” such
that

p(t) = Ulp,0)U,, U, = exp (itV/h). 27)
The new equation of motion for p, (t),
ihdp,(t)/0t = [Hu(0), p, ()] (28)

is defined by the Hamiltonian H, (t) = Hy + T,(t), in which the
tunneling operator

Tu(t) = Z tLK(t)c‘k*Galu + Z tRp<t)d;Ga25 +h.c. (29)
ko po

has an explicit time dependence defined by the functions
tLK(t) = tix exp (—iteV/Zh), tRp(t) = tRp exp (1teV/2h)

Further transformation is associated with the transition to
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the representation of the interaction:
pu(t) = Ugpi(t)Uo, Uo = exp (itHo/h). (30)

In this representation, the current is defined by the expression

J=- % > [t Oaio), — txOahOco®)], (3D

ko

in which the sign of I in angle brackets signifies that the mean
is calculated with the density matrix, satisfying the equation

ihapy(t)/0t = [Ti(t), pi(t)] 32)

Here, the tunneling operator is carried in the representation of
the interaction

T(0) = 3ty 0010 + 3 trp(Od o (Oape() + hie. (33)
ko po

In this representation, the time dependence of the operators
of secondary quantization is defined in the usual manner.
Here, for the operators of the contacts

Cro(t) = U cioUo = Cro €XP ( — itE16/N)

the time dependence is well-known. The explicit depen-
dence on time of the operators of the system in the repre-
sentation of the interaction a;(t) = U § ai; Ug has no simple
representation. This complicates the development of a
theory based on the use of operators of secondary quanti-
zation to describe the interactions in the system. Hence, we
will hereinafter use the atomic representation to overcome
the noted difficulty.

In order to apply the Keldysh technique, we introduce
the evolutionary operator S(t,-o0), which makes it possible to
establish the association between p(t) and po

pi(t) = S(t,—0)poS™(t,~ ), po = pi(—0). (34)
Since the operator S(t,-o) satisfies the equation
1haS(t,—00)/t = Ti(t)S(t,— o), (35)

then it is possible to present that with the T-ordered exponent

S(t,— ) = Ty exp [% J TI(t)dt} (36)

—00

ARTICLE scitation.org/journal/ltp

The operator S(t,~o) solves the posed problem, since

(CiaDaro(t)) = (S™(t, — )cio(Oa(®S(E — ))o-  (37)

If we insert the unified operator S™(co,~c0) x S(co,~o0) into the
mean in the right part of this equation, then we derive

(Co()ars(0)); = (ST (00, — 20)S(e0, t)cyy(YMio(t)S(E — ))o-  (38)

The introduction of the Keldysh contour C'* " ' 7 makes it
possible to write the examined means in a form convenient for
calculation:

(Ca(D16(6))1 = (TeCpo()aio(t)Sc)o, (39)

where T is the operator of chronological ordering by time on
the Keldysh contour C, and the dispersion matrix Sc

Sc = Teexp {— % J TI(T)dT} (40)

C

is defined through the tunneling operator, in which the region
of change of the time argument belongs to the same contour.

In the representation of Hubbard operators for the
system, the expression for the current

= S OO0, ~ GO O] (@)

ko0

manifests a structure that makes it possible to use the
diagram form of the theory of perturbations in which only the
tunneling operator plays a perturbation role. In order to for-
mulate such a theory, we will introduce the nonequilibrium
Green’s functions constructed on Fermi operators and on
Hubbard operators, as well as mixed functions containing the
product of a Fermi operator and a Hubbard operator

Gi?(o(n T,) = _’i'(TCcko'(Tll)C;c(r/b»Oy
Dgfﬁ('tv Tl) = _i<TCx&(Ta)X7B(TIb)SC>07
R (5, 7) = —i{TcCro(12)X*(¥s)Sc)o,
R® (r, 7) = —U{TcX*(ta)ci (Pb)Sc) s

o,ko

(42)

where the indexes a, b = +,~ designate the branch of the Keldysh
contour on which the times 1, and 7, vary, respectively.

As a result, the formula for the current assumes the fol-
lowing form:
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h Z tLKYlG((X){e.Lth/Z RII& oc(t t+ 8)
ko,
—e V2R ot t+ 8)}, 8 — +0. (43)
“h Z Z J oot Vio(@)Y1o(B) [GLKG (
ke of e
where
viN . Mk 1—"Nike
Giico(©@) = 0— e — 18 0— g +18’
GEK_U((D) = ZninLKO'S((D_ éLKG)’ GEIz—c(m) =
_ €Lks — W]\ 7!
NiKs = {1+exp[—T ]} .

The Fourier images of nonequilibrium seed Green’s functions
of the right contact Gﬁl;,c (), as well as the corresponding
Fermi-Dirac function are defined analogously. The nonequi-
librium Green’s functions of the system, D} (1 - ) = -i< TcX
*(t)XP (1)Sc>, are found from the solution of the Dyson
equation (see details in Refs. 18, 19, derived based on the
renormalized dispersion matrix

Sc =Te exp{ —i J dry Jdrz > Vep(er — 12)X " (11)XP(z2) }7 (46)
of

C C

where

eV
V T1—‘['2 i

Z Yio(@)Y1o(B) e 2

“Gixo(u — T2)

Y

+ Z Yao(@)¥ao(B)thpe 2 P Crpo( —12).  (47)
po

Hence, after performing a number of mathematical transfor-
mations, we derive the final general expression that describes
an electron current through an atomic-scale system.

[le(w ev/ 2)]

1=473 ] A @@ V) -], @)
where
L12(11 Z bot16(0)¥2()o(0)/ @as ba = Ni + Nm, 0 = o+ Eq,

Ii(w) =n Z tLKS(“)— Eike) T2(0) =7 Z tRpS(w_ ev— E.:Rpc)‘
k P

(49)
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Writing the diagram row for mixed functions (see details in
Refs. 18, 19, one may show that the electron current depends
on the Fourier transforms of nonequilibrium seed Green’s
functions of the left contact G (R)ko (0 = €V /21)) and the com-
plete Green’s functions of the system D& (o),

evy) . - eV _
o )i )= Gik, (04 51 )0 @) (@)
(o) = — ke -tk
b 0= Eigo +18  @— Exo — 18’
2mi(Nixs — 1)8(0— &),
(45)

Hereinafter, we will use an approximate description of
the contacts as wide-gap metals. Then I'j, =const, and the
denominator in expression (48) can be presented as

Ao(®) = [1 - DL () — L@ + PLi@F,  (50)
where T'=T+T,.

It follows from expressions (48) - (50) that the current
depends on the filling numbers of the states of the system,
Nm (m=1, 2,..., Np), which can be found from the solution
of the system of kinetic equations of the following general
form:

= m\ __ | + uylzc(a) Ku(m)
where
Ko = Ty + Tanp + Tia(Tma + Tong)[LY — ©5,(0)L5, 1%,
O5(0) = sign[yio(e)vas(er)]. (52)

5. TRANSPORT PROPERTIES OF A SYSTEM WITH A
DIMERIC MOLECULE

The previous paragraph provided the kinetic equation (51)
that, in general form, expresses the dependence of the
filling numbers of the states of the spin dimer +electron
system on the intensity of transitions between these states,
the temperature, the characteristics of the contacts, and
the shift voltage.

In order to simplify the procedure for calculating the
integral in the right side of Eq. (51), we will make several
remarks. It follows from the form of the parameters of the
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representation (23) that y5(c) and y2.(c) can differ only by I2,(w)K
sign. Consequently, the function K,(0) does not depend D) vi6(®) = Y25(®), N = Zde “Y:(a) 1((”)(@2)(0)),
on the root vector a. Further, let there be p transitions of o Aso

the N, for which O, (a)=+1. Then, removing the seed
poles in the initial kinetic equation (51), we derive two var-
iants for writing the latter, depending on the transition

2) ch(a) = _YZc(a)7 Nm = z J.d(l) aY;:(a)H ZA(:()))(Kl)(O))y

type o where
2 2
N-p N N N-p N
Ao = |TT—4TT2 Y bovi(@n Y bevi(Bpa | + T2 > bovip(@)y| ,TT=[Joo J[ o =Ty,
o=1 B=N—p+1 o=1 v=1 v=N-p+1
) (54)
N—p(N)
My =T/0g, T = Myp)/0a, Ky = (T + 1"2”2)1_[12(2) + 2o (Mg + Fomy) Z DoY) a2y | -
a=1(N—p+1)
It follows from the form of the equations in (53) and the defi- The solution of Eq. (56) is written as
nitions in (54) that in the case of tunnel coupling of a mole-
cule with the contacts and low temperatures, I'js, T << E;
and the chief contribution to integrals in the right sides of N Derio(@) ST +0 Dot (Ee—eV/2
the equations lies in the vicinity of the transition energy of «, m KS 2 g o
o =-E,. Keeping this fact in mind, we copy the linear propa- r E (7
c 2 o — eV/ 2
gators Lf; 1o as follows: + ?arctg =)
by ¥1s(0)112)6() :
Liwy ~ Bl /0a + Y — o, (55)
v:E, #E, E, —Eq
Operating analogously, we find the equation for N,
where
Boiz) = bavis(@)12)e(0) + ZbBYIG(B)Yl 20(B)- b2y (@) [T Ty E, —eV/2
N, ~ —o —aretg(~———=
K 2 kS (58)
Note that the presence of transitions in the system with iden- _ Qarct E,—eV/2
tical energy was considered in the exposition of (55). As a T g o ’

result, the summation in the multipliers B® .12 proceeds
along the root vectors B, corresponding to the condition Eg =
E,. Substituting the expressions in (55) into the kinetic equa- Here, the solutions of the system of kinetic equations must
tion, we derive

20
satisfy the completeness condition, i.e. > N; = 1. As seen from

N aylc(ot) 'y +Tong i=1
N ~ 20: Jd T w2+ (ko) (56) formulas (48) and (49), the total electron current is formed by

contributions from various transitions, J =) J,s. In a mode
aB

where with tunnel coupling and low temperatures, the diagonal ele-
B 7 ovma 2 R ments J,,, as well as the non-diagonal elements J,5 for which
Ky = \/(Fl +T3)(By)” + 20T2(Bg,)” E,=E, are determinative:
2,4
onc ~ 461" 1" M {arctg (M) — arctg <M> }’
hxg kS kS
babpya (0)y2,(B) E, +eV/2 E, +¢eV/2 (9
~ B 1o 1o o _ o
Jog = 4eI' 0% ()0 (B) hies {arctg( © ) arctg( © ) }
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The corresponding contributions to the differential conductivity, aJ /dV, are of the form

1

Goo ~ ZGorlrzbiYi‘G(“){

Gep & 2Gol1T207()OF (B)bo bﬁch(a)ch(B){

where Gy =e?/h is the quantum of conductivity. It is clear
from formula (60) that the maximum values of these contri-
butions are achieved at eV = +2E,. In the case of symmetrical
transport mode (I'; =T, =I'/2), they are equal to

max b2yi,() T2((Bg, 11) + (Bg, 12) )
G (Ball) +(Boc12)2 {pr 4E; ]
Gme . G, OR(A)OR(B)b. A CA ) +F2((Ba11) + (Bi2) )}

(Bull) + (B(x12) 4EZ

(61)

Let us consider the example when only a small number of
transitions is realized in a system. Here, we will adhere to the
following relationship between the power parameters: t, t; >>
A >> 1. In this manner, by changing the field on a gate, one
may control the type of the base state of the system: with an
electron or without an electron. In the calculations, all energy
values are measured in units of t. In particular, p=0. In addi-
tion, we will examine a symmetric connection of the system
with contacts. Consequently, this equality holds:

kg =T\/(Bg 11) + (B) ?/V2.

We assume that a field of the gate is attached to the system
such that there is no electron for V=0. Then, the singlet
state |1) is the base. Above this, with regard to energy, are
the degenerate one-electron levels, to which the wave func-
tions |19, 20) correspond. The triplet states of the dimer
12), 13), |4), when there is again no electron in the system,
follow. As a result, there are three transitions possible for
c=1 and c=| between the successive pairs of states of the
system: (1, 19), (2, 19), (4, 20) and (1, 20), (2, 20), (3, 19),
respectively. As transitions for electrons with an opposite
projection of spin are equivalent in the absence of a mag-
netic field, we will hereafter analyze the kinetic equations
for transitions with o =1. In addition, as the intensities of
the transitions are proportional to v%, (o) (i=1, 2) and, pro-
ceeding from (23), v%; (1, 19) =y%; (1, 20), and %, (4, 20)=v%;
(3, 19), we will assume that N3 =N4 and Njg = Nyo. For subse-
quent discussion, it is important that the energy of transitions
to the triplet states of the dimer be identical, E 519 = E4 20. At

(Eo + eV/2) + (x5)

+ . 2 2}*
(Bo — eV/2)"+ (x7)

(60)
1 1

(Ea +eV/2+ (x3)°

P+ (K3>2}’

+
(B — eV/2)

the same time, v?%; (4, 20) = 2y%; (2, 19). Then we derive
B(Tl,19)11 = B(T1,19)12 = bagyvi; (1, 19),
as well as

_nl _ 1 _ 1
= B0 = ~Biopz = ~Buzope

= (be9)+ 2ba20)1i (2, 19).

T
Baiou

As a result, the kinetic equations (57) and (58) take the follow-
ing form:

i) 1 —ev/2 E, +eV/2
Ny = o5 1+;arctg T + a ctg P e

oll oll oll

(62)
2 2 o
L {1_1mg< 7?//2) _1arctg<E+7$V/2> }
2B(x11 T Ball T Bodl
(63)

since I'B,y << 1, it follows from Eq. (62) and (63) that

1 E, + eV/2 1 .
Earctg <T;11> — §s1gn(Ea + eV/2).
In addition, the completeness condition results in the addi-
tional association N; + Ny + 2Ny +2Njg = 1.

Let us examine the solution of the system of the kinetic
equations for three cases: I) eV/2<|E;| and Ej9 (weak
voltage); II) |Ej10| < Ev/2<E;;9 (intermediate voltage); and
Ill) eV /2>| E119 | and Ez 9 (Strong voltage). With weak voltage,
the solution of Eq. (62) and (63) gives N2 =N4=Njg=0, ie,, it
follows from the completeness condition that only the singlet
state of the dimer, N;=1, is populated. In the intermediate
voltage mode, Eq. (62) written for o = (1, 19) results in the rela-
tionship Nj = Nyg. In turn, in the cases o= (2, 19) and o = (4, 20),
Eq. (63) has consequently N, =0 and N4 = 0, respectively. As a
result, we derive N;=Njg=Ny=1/3. In the strong voltage
mode, we also derive the equality N;=Nj9. Consequently,
b, 19) + 2b, 20) = =1. This makes it poss1b1e to write two equa-
tions: (N2+N19) - 2N,=0 and (N4 + ng) - N4=0. The solution
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of these equations, taking into account the completeness con-
dition, gives

Ny = ; —2v3,N; = Nyg = /2N, — N,

1 1
N3 =Nj =5 — Nig — 51— 4Npg.

(64)

Figure 2(a) gives the dependence of the filling numbers of the
system states on the energy of the source-drain electric field.
The values N; differ substantially in the three different regions
of eV: 1, IT and III. In particular, in field III, in accordance with
(64), an unequal population of triplet levels of the dimer is
observed (compare the dotted and the dot-dash curves).

@ 1

0.8

0.6

0.4

j

0.2r

0 0.01 0.02 0.03
ev,t

(b) I

1.0F

0.6

J, 107 A

0.4

0 0.01 0.02 0.03
ev,t

FIG. 2. Dependence of the filling numbers of the states of a dimer + electron
system (a) and current (b) on the energy of the electric field of the shift. Inset:
the jump of a current caused by activation of the transitions to one-electron
states of the system. Parameters: t;=1, £;=1.145, A=0.3, [=0.02.
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Figure 2(b) presents the VAC for the same set of parameters.
The curve for the current has two jumps between areas I, I
and II, III respectively. Each of these steps provides a signal
regarding the inclusion in the transport of new, not previously
populated, states. This is clear from comparison of Fig. 2(a)
and 2(b). It follows from the formulas in (59) that the height of
the steps essentially depends on Yo (o). In particular, a consid-
erable difference of the heights of the jumps in Fig. 2(b) is
explained by the fact that yZ; (2, 19) and v{, (4, 20) >> yZ; (1, 19).
We emphasize that the transitions between the various
excited system states are manifested in the transport charac-
teristics only when the nonequilibrium population of levels is
accounted for in the self-coordinated solution of the system
of kinetic equations. In the opposite situation, only steps cor-
responding to transitions from the base state are observed in
the VAC [see dotted curve in Fig. 2(b)].

If one conditionally assumes that v%; (4, 20)=v%; (2, 19),
then, the equality +/2N;-Ny = +/2N4—Ny. follows from (63).
Using the completeness condition, it is possible to show that
the unique solution of the system of kinetic equations in that
case is N2=N3=N4=1/18 and N;=Njg=N,0=5/18. Hence, if
the source-drain voltage is sufficiently strong to activate
transitions of a dimer to the triplet states, then the population
of states with spin projection S* =0 and S* = +1 is not identical,
due to the difference of the intensities of the transitions.

It should be noted that when the transition of « is non-
degenerate on energy, then for eV > 2 | E ,, |, Eq. (62) and (63)
result in the equality N,, = Ny,,, since Bg;; =b,, V2 (o). Consequently,
with the inclusion of a magnetic field at high voltages when
all possible transitions will be activated, the splitting of the
populations of triplet states of the dimer, which is similar to
the effect from creation of easy-axis magnetic anisotropy,
must disappear.’® Here, the size of the magnetic field cannot
be as small as desired, as the approximation setting of the
linear propagators in the form

by Y16(V)Y1(2)6(V)
Lfmz) ~ ban(Q)Yl(z)c(‘x)/ 0 + Z %
v:E, #E, o

is possible only if | E, - E,, | >>T, T.

Hence, it follows from the presented results that in non-
equilibrium mode there is a possibility of managing the spin
states of a dimeric molecule without the application of an
external magnetic field.

6. CONCLUSION

Results for the solution to the problem of the effect of a
current flowing through a system on the state of a doping sub-
system are presented. Two doping magnetic ions act as such a
subsystem.The exchange interaction of anti-ferromagnetic
nature operates between the spin moments of these ions.

During current flow in the system, electrons interacting
with magnetic doping ions induce transitions to the excited
states of a spin dimer. The existence of such processes results
in a significant complication of describing electron transport
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through the system under study. On the other hand, the exis-
tence of internal degrees of freedom makes it possible to
manage electron transport by means of acting on the doping
subsystem. This last aspect has important practical significance.

The reverse effect is also significant, when the flowing
current is capable of modifying the magnetic characteristics
of the doping subsystem. During operation on a specific
example, the change of population of the states of a spin
dimer due to transported electrons is analyzed. A special
feature of the effect is associated with the fact that such
change occurs in a zero magnetic field.

In order to describe the noted phenomenon in operation,
based on modern methods of research on nonequilibrium
processes, a theory of electron transport through a system
with arbitrary nonequivalence of energy levels of the system
caused by the presence of several interactions between its
internal degrees of freedom was developed.

The introduction of the atomic representation for the
Hamiltonian of the system based on Hubbard operators played
an active role in the solution of the noted problem. Such an
approach provided the possibility of an exact accounting for
all interactions in the system and in writing the corresponding
Hamiltonian in diagonal form. Here, only the tunneling opera-
tor acts as a perturbation.

The use of the nonequilibrium diagram technique for the
Hubbard operators in combination with the Keldysh technique
made it possible to derive a general expression for the current,
and also the kinetic equations for the case when the left and
right contacts are connected in a tunnel manner with different
sites of the system. As the Green functions that were found
taking into account the processes of repeated dispersion of
electrons were used, the derived system of kinetic equations is
suitable for describing the case of a strong renormalization of
the filling numbers as a consequence of the interaction of trans-
ported particles with the internal spin degrees of freedom of
the system. This made it possible to describe the effect of split-
ting the triplet states of the spin dimer in a zero magnetic field.
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