
ISSN 1063�7761, Journal of Experimental and Theoretical Physics, 2013, Vol. 116, No. 5, pp. 854–859. © Pleiades Publishing, Inc., 2013.
Original Russian Text © V.V. Val’kov, S.V. Aksenov, E.A. Ulanov, 2013, published in Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2013, Vol. 143, No. 5, pp. 984–990.

854

11. INTRODUCTION

The possibility of probing nanosystems with the
needle of a scanning tunneling microscope (STM) has
made the transition to studying the charge and spin�
dependent transport at the level of individual atoms
and molecules real [1–8]. In particular, it has been
shown in recent years that it is possible in principle to
determine the spin configuration of atomic and
molecular systems and to control their spin state via
the inelastic action of a current due to an exchange
interaction between the carrier spin moments and the
localized spins of the structure [9, 10]. Such electric
control allows one to count on the application of mag�
netic nanoobjects as logic and memory elements [8,
11] and as basic elements for quantum computing
[12]. Using STM has allowed one to observe experi�
mentally the Zeeman splitting of energy levels in an
individual manganese atom [1], to confirm the anti�
ferromagnetic nature of the exchange coupling in
chains of atoms and magnetic molecules based on
transition metals [2, 4, 7], and to establish a magnetic
anisotropy for such systems with spin S > 1/2 [3, 6].
The transport properties of single magnetic molecules
in tunneling contract with electrodes appear attractive
from the viewpoint of future applications of molecular
spintronics. Calculations for a break�junction geome�
try showed that a single magnetic molecule could
function as a spin filter if it was bridged between para�
magnetic metal electrodes [13]. In addition, this mol�
ecule operates on the principle of a spin diode if it is

1 The article is based on a preliminary report delivered at the 36th
Conference on Low�Temperature Physics (St. Petersburg,
July 2–6, 2012).

between ferromagnetic electrodes with different car�
rier spin polarizations [14].

In the case of a strong coupling, the formation of a
multiparticle ground state according to the Kondo
scenario is responsible for the appearance of a reso�
nance peak in the differential conductance of a mag�
netic nanoobject at low temperatures [15, 16]. How�
ever, it was shown in [17] that this feature could have a
significantly asymmetric shape. This is because there
is interference between the system’s states corre�
sponding to two channels for electron tunneling
through a magnetic impurity: the first—through the
discrete state of the d orbital of a cobalt atom and the
second—directly into the continuum states of the
conduction band of a gold substrate. The described
mechanism proposed by Fano [18] is possible only in
the case of coherent electron transport achieved
through the short lifetime of conduction electrons on
the d orbital of cobalt [19].

Here, we analyze the appearance of Fano reso�
nance features in the electron tunneling transport
characteristics for two atomic�scale spin structures
that have been actively investigated in recent years in
experiments with the application of STM. The first
spin system is a single impurity with single�ion anisot�
ropy. For this system, the spin�flip processes due to the
exchange interaction with the electron being trans�
ported can induce the Fano effect in a certain energy
range. In this case, the transport characteristic of the
magnetic impurity contains an asymmetric peak. As
the second spin structure, we chose a spin dimer in
which the spin moments are coupled by an antiferro�
magnetic interaction. Just as in the first case, the spin�
flip processes play a significant role in producing the
Fano effect and modifying the transport characteris�
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tics of the spin dimer. We studied the influence of the
gate electric field and magnetic field on the realization
of Fano resonances. We calculated the magnetoresis�
tance of a system containing one of the spin structures
under consideration as an active element by the Land�
auer method.

2. THE HAMILTONIAN OF A SYSTEM
WITH A MAGNETIC IMPURITY

Consider the quantum transport of an electron
through a region containing a magnetic impurity with
spin S = 1 in tunneling contact with one�dimensional
metallic electrodes. In this case, the left and right elec�
trodes correspond to the STM needle and the metallic
substrate, respectively. The tunneling coupling to the
right lead in our experiment is achieved through the
adsorption of magnetic atoms on a dielectric nano�
layer. This situation in the strong�coupling model
(tight�binding approximation) is shown in Fig. 1.

The Hamiltonian of the system being studied under
the adopted assumptions can be written as

(1)

where  and  are the operators that allow for the
presence of electronic states in the left and right
semi�infinite metallic electrodes, respectively. In an
experimental situation, these electrodes can be made
of one metal. Therefore, the first two terms of Hamil�
tonian (1) are described by the expression

where  (cnσ) is the creation (annihilation) operator
for a conduction electron with spin σ on site n of elec�
trode α (α = L, R); t < 0 is the hopping parameter
between electrode sites. For simplicity, we will assume
the single�electron energy ε

α
 on a site of electrode α to

be equal to the system’s Fermi energy EF. The quantity
ε
ασ

 = –geμBHσ is then the Zeeman energy of an on�
site electron with spin σ in an external magnetic
field H. The z axis along which the magnetic field is
directed is perpendicular to the direction of electron
motion.

The third term in Eq. (1) describes the conduction
electron hops between the leads and the central region:

where tTR < 0 is the tunneling hopping parameter (see
Fig. 1),  > . The fourth term of the Hamiltonian
describing the energy of an on�site electron with spin

S has a simple form,  = . Here, in

contrast to the banks, εD ≠ EF and εDσ
 = εD – geμBHσ.

The quantity εD is known to reflect the influence of the

Ĥ ĤL ĤR ĤTR ĤDe Ĥex ĤI,+ + + + +=

ĤL ĤR

Ĥα εασcnσ
† cnσ t cnσ

† cn 1– σ, cn 1– σ,
† cnσ+( )+[ ],

n α; σ∈

∑=

cnσ
†

ĤTR tTR c1σ
† c0σ c0σ

† c1σ c2σ
† c1σ c1σ

† c2σ+ + +( ),
σ

∑=

t tTR

ĤDe εDσc1σ
† c1σσ∑

transverse gate electric field and, as will be shown
below, this field can play a significant role in observing
the Fano effect in the tunneling regime.

Given the above remarks, the interaction of the
electron being transported with the impurity is defined

by the term :

(2)

where A is the exchange interaction parameter; S+,
S⎯, and Sz are the impurity spin moment operators.

As follows from the experimental data, a distinct
magnetic anisotropy is observed in individual manga�
nese and iron atoms [3, 5]. In the simplest case, such a
system in an external magnetic field is described by the
Hamiltonian

(3)

where D > 0 is the anisotropy constant, g is the Lande
factor of the impurity. Thus, as follows from (3), the
magnetic impurity has a set of energy levels classified
by its spin projection, Sz. At D > gμBH, the singlet state
(Sz = 0) is the impurity’s ground state.

3. THE FANO EFFECT UPON TUNNELING 
THROUGH A SINGLE IMPURITY

Following the reasoning used in [20, 21], about the
form of the solution of the Schrodinger equation when
inelastic spin�dependent scatterings are present in the
system, we will seek a wave function in the form

(4)

In writing (4), we assume an electron with a spin pro�
jection of 1/2 to be injected by the left lead when the
impurity is in its ground singlet state χ0. The spin�flip
processes induce the impurity’s transition to an
excited state χ1 with a spin moment projection Sz = 0;

 is the vacuum state for the fermionic subsystem.

Ĥex

Ĥex
A
2
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Fig. 1. Single magnetic impurity with spin S located
between the left (n ≤ 0) and right (n ≥ 2) metallic elec�
trodes.
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The expressions for the partial amplitudes can be writ�
ten as

(5)

where r0(t0) and r1(t1) are the reflection (transmission)
amplitudes when the impurity is in the ground and
excited states, respectively. The wave vectors k and q
satisfy the dispersion relations

(6)

Here and below, all energy quantities are measured in
units of the band width W = 4 . In writing Eqs. (6),
we changed the electron energy by –1/2 – μBH.

Previously [21], we showed that at energies of the
electron being transported below the energy of the
excited state of an impurity in a magnetic field,
D ⎯ gμBH, the electron transmission coefficient T is
characterized by the Fano effect. This feature appears
as an antiresonance of the transmission coefficient
(T = 0) at t = tTR. Such a behavior is a consequence of
destructive interference between the electron waves

relating to the continuum state, , and the state

of a discrete spectrum, .

As a result of solving the Schrodinger equation for
t ≠ tTR, we will obtain the following expression for the
tunneling transmission coefficient through a magnetic
impurity in the low�energy regime, E < D + (2 – g)μBH:

(7)

n 0: wn≤ eikn r0e ikn–
, un+ r1e iqn–

,= =

n 2: wn≥ t0eikn
; un t1eiqn

,= =

E 1 kcos–( )/2,=

E D 2 g–( )μBH 1 qcos–( )/2.+ +=

t

cn↑
† χ0 0| 〉

cn↓
† χ1 0| 〉

T t0
2 τ4Dq

2 k/ τ4Dq
2 ksin

2{sin
2

= =

+ 1 τ2–( ) kcos 2εD+[ ]Dq A2+[ ]
2
},

where Dq = (τ2eiq – cosq + A)/2 – εD, τ = . It
follows from Eq. (7) that, in contrast to the situation
where t = tTR, resonant electron transmission (T = 1)
is also possible in the tunneling regime in addition to
the T antiresonance. The dotted (H = 0) and solid
(H ≠ 0) curves in Fig. 2 indicate the Fano peaks that
have a characteristic asymmetric shape with closely
spaced reflection and transmission resonances [19]. As
can be seen, the action of the magnetic field on the
Fano peak is reduced to its shift.

The expression for the Fano antiresonance
energy is

(8)

At τ � 1 and A � 1 (in energy units, A ~ 1 meV [22]),
the radicand in (8) is negative if εD = 0. Thus, the gate
electric field allows the Fano resonance energies to be
brought into the real domain in the tunneling regime
and can serve as an efficient mechanism for observing
the Fano resonances under experimental conditions,
because εD ~ 1 eV in the experiment [23].

It is worth emphasizing that the transverse part of

the operator  responsible for the spin�flip pro�
cesses plays a fundamental role for observing the Fano
effect upon transport through such spin structures. In
our case, taking into account precisely this component
in (2) leads to the “mixing” of an excited state into the
wave function (4).

4. THE FANO EFFECT UPON TRANSPORT 
THROUGH A SPIN DIMER

An important role of the spin�flip processes and
external magnetic field in the appearance of Fano res�
onance features is revealed when analyzing inelastic
spin�dependent electron transport through the poten�
tial profile of another spin structure. It is formed from
two spin moments, S1 = 1/2 and S2 = 1/2, coupled by
an exchange antiferromagnetic interaction and form�
ing a spin dimer. The Hamiltonian of a dimer in a
magnetic field can be written as

(9)

where J > 0 is the intradimer exchange interaction
parameter, g is the Lande factor of the dimer. Below,
just as in the preceding part, we will consider the case
of a weak magnetic field (gμBH < J). Therefore, the
singlet state D00 (the first and second indices denote
the total spin and its projection, respectively) will be
the dimer’s ground state.

Since the tunneling matrix element for a magnetic
atom located immediately under the STM needle is
dominant in most cases [9], our subsequent calcula�

tTR / t

Eares D 2 g–( )μBH+=

+ 1
2
�� 1 1 τ2–( ) A 2εD–( )[–{

– τ2 A 2εD–( )2 2τ2 1–+ ]/ 1 2τ2–( ) }.
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Fig. 2. Low�energy region of the dependence T(E) for the
tunneling coupling of a magnetic impurity to the electrodes,
t = ⎯1 eV, τ ≈ 0.25, εD ≈ –0.47, D = A = 0.25 × 10–3,

μBH = 1 × 10–4, g = 1.
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tions will be based on the fact that the electron being
transported interacts only with the first spin moment
of the dimer, S1. Thus, the exchange interaction

Hamiltonian  is the same in form as operator (2).
However, in contrast to the previous case, the dimer
can pass from the initial singlet state D00 to two triplet
states, D10 and D11, as a result of this interaction. This
is reflected in the form of the wave function,

(10)

Here, the partial amplitudes wn, un, and vn can be writ�
ten as

(11)

where r00(t00), r10(t10), and r11(t11) are the reflection
(transmission) amplitudes when the dimer is in the
singlet and triplet states, respectively; k, q, and p are
the wave vectors satisfying the relations

(12)

In writing these relations, we changed the electron
energy by –1/2 – 3J/4 – μBH. It follows from
Eqs. (12) that the probability density for the system to

be in the states D10  and D11  at E < J will
decay exponentially, which creates prerequisites for
the Fano effect.

The transmission coefficient through the spin
dimer at E < J is

(13)

where

(14)

Figure 3 shows the behavior of the function T(E) at
low energies. Two asymmetric Fano peaks can be seen
on the plot. The shift in the Fano antiresonance of the
first of the peaks is shown in the lower inset of the fig�

Ĥex
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† D00 uncn↑
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n

∑=

+ vncn↓
† D11 ] 0| 〉.

n 0: wn↑≤ eikn e00e ikn–
;+=

un↑ r10e iqn–
; vn↓ r11e ipn–

;= =

n 2: wn↑≥ t00eikn
;=

un↑ t10eiqn
; vn↓ t11eipn

,= =

E 1 kcos–( )/2, E J 1 qcos–( )/2,+= =

E J 2 g–( )μBH 1 pcos–( )/2.+ +=

cn↑
† 0| 〉 cn↓

† 0| 〉

T t00
2 α2

α2 1+
������������,= =

α
4τ2 Ω C2 A+( ) 2ΔC2+[ ] ksin

Ω 4C1 C2 A+( ) 3A2+[ ] 2Δ 4C1C2 A2+( )+
����������������������������������������������������������������������������������,–=

C1 1 τ2–( ) kcos 2εD, Ω+ 2C2 A,–= =

Δ C3 C2,–=

C2 τ2eiq qcos– 2εD,–=

C3 τ2eip pcos– 2εD.–=

ure. As follows from (13), its energy at H = 0 can be
found from the equation C2 + A = 0 to be

(15)

It can be seen from the upper inset that one of the
asymmetric Fano peaks disappears at H = 0. Concur�
rently, the quantity Ω is canceled in the transmission
coefficient. Having solved the equation Ω = 0, we
obtain the following approximate energy of the anti�
resonance induced by the magnetic field:

(16)

In contrast, from a physical viewpoint, switching on
the magnetic field causes the triplet state energy
degeneracy to be removed and, as a consequence, an
additional energy scale on which the electron waves
interfere emerges and a new Fano peak appears. Thus,
in the case of a dimer, the action of the magnetic field
is reflected not only in a shift of the Fano peak but also
in the appearance of an additional peak. It follows
from Eqs. (15) and (16) for the antiresonance energies
that applying the gate electric field can allow the Fano
resonance features to be observed with STM.

To assess the role of the spin�flip processes in form�
ing the Fano resonances, let us analyze several special
cases of transport through a dimer differing by the
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⎧
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Fig. 3. Low�energy region of the dependence T(E) upon
transport through a spin dimer, t = –1 eV, τ = 0.075, J =
A = 1.25 × 10–3, μBH = 1.25 × 10–4, εD = –0.498, g = 1.88.
The structure of the induced asymmetric peak is shown in
the upper inset. The shift of the antiresonance with energy
Eares1 in a magnetic field is shown in the lower inset.
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form of the exchange interactions in the system. If the

operator  has the Ising form and  remains as

before, then the initial configuration  can

pass only to the state . Consequently, one
continuum state and one localized state are possible in
the system and no new Fano resonance will be induced
by the magnetic field. Let us turn to the opposite situ�

ation where  and  have the Heisenberg and
Ising forms, respectively. In this case, the ground state
of the dimer is doubly degenerate, because two states,

 and , have the energy E00 = –I/4. However,
the action of the magnetic field does not give rise to a
new Fano peak in this case either, because there is only
one excited state, . If, alternatively, there are no
transverse components in both exchange Hamilto�
nians, then the transport will be accomplished only
through the system’s initial state. In this case, the
problem is reduced to standard particle scattering by a
potential with power A. Thus, the induction of an
additional Fano peak by a magnetic field upon trans�
port through a spin dimer is possible only when the
spin�flip processes in the system are completely taken
into account.

5. ANOMALOUSLY HIGH 
MAGNETORESONANCE DUE

TO THE FANO EFFECT

In conclusion, note that the demonstrated influ�
ence of a magnetic field on the Fano resonances can be
responsible for the appearance of an anomalously high
magnetoresistance. Figure 4 shows the current–volt�
age characteristics of a system with a single magnetic
impurity calculated by assuming the states near the

Ĥex ĤD

cn↑
† D00 0| 〉

cn↓
† D10 0| 〉

Ĥex ĤD

↑↓| 〉 ↓↑| 〉

↑↑| 〉

Fano peak to be current�carrying ones (see the posi�
tion of the Fermi energy, EF, denoted by the dashed
straight line in Fig. 2). We calculated the current–volt�
age characteristic within the Landauer approach,

(17)

where fL(E) ≡ f(E – μL) and fR(E) ≡ f(E – μR) are the
Fermi electron distribution functions in the left and
right leads, respectively, with electrochemical poten�
tials μL = EF and μR = EF – eV. The transmission coef�
ficient was calculated by taking into account the
applied external electric field eV in Hamiltonian (1).
As can be seen from Fig. 4, there is virtually no current
at H ≠ 0, because the electron energy is in the Fano
antiresonance region. The difference in the behavior
of the differential conductance, G(V) = dI/dV, leads us
to conclude that such a device has a magnetoresis�
tance due to the Fano effect, MR = [G(H)/G(0) – 1] ×
100%. Its value in the case under consideration
reaches almost 100% (see the inset in Fig. 4).

6. CONCLUSIONS

We investigated the effects of inelastic spin�depen�
dent tunneling transport through atomic�scale spin
structures: a single magnetic impurity and a spin
dimer. These structures have a set of ground singlet
and excited states. The exact solution of the Schrod�
inger equation within the strong�coupling method
allowed the transmission coefficients through spin
structures characterized by the presence of Fano reso�
nance features to be calculated. We pointed out that
under the assumption of a tunneling coupling between
the electrodes and the spin structure, the Fano antires�
onance energies become complex in the absence of a
gate electric field. Allowance for the spin�flip pro�
cesses in the system was shown to play a fundamental
role for realizing the Fano effect in the case of a mag�
netic impurity and inducing the Fano peak by a mag�
netic field in the case of a spin dimer. We showed
within the Landauer formalism that the influence of a
magnetic field on the Fano resonances could be
responsible for the appearance of an anomalously high
magnetoresistance in a device in which the spin struc�
tures considered acted as active elements.

ACKNOWLEDGMENTS

This work was supported by the “Quantum Mesos�
copic and Disordered Systems” Program of the Pre�
sidium of the Russian Academy of Sciences, the “Sci�
entific and Scientific�Pedagogical Personnel of Inno�
vational Russia for 2009–2013” (state contract
no. 16.740.110644) Federal Goal�Oriented Program,
and the Russian Foundation for Basic Research
(project p_sibir nos. 11�02�98007 and 12�02�31130).
The work of one of the coauthors (S.V.A.) was sup�

I V( ) e
h
�� ET E( ) fL E( ) fR E( )–[ ],d∫=

I, pA

0
−40

1.0−1.0

−20

40

−0.5 0.5

H = 0
H ≠ 0

20

V, µV

0
−99.980

−99.985

−99.990
−1.0 −0.5 0.50 1.0

V, μV

MR, %

Fig. 4. Current–voltage characteristic of a system with a
magnetic impurity for the parameters of Fig. 2, EF =

0.115 × 10–3. The system’s magnetoresistance is shown in
the inset.



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 116  No. 5  2013

SPIN�FLIP INDUCTION OF FANO RESONANCE 859

ported by a grant from the President of the Russian
Federation (MK�1300.2011.2).

REFERENCES

1. A. J. Heinrich, J. A. Gupta, C. P. Lutz, and
D. M. Eigler, Science (Washington) 306, 466 (2004). 

2. C. F. Hirjibehedin, C. P. Lutz, and A. J. Heinrich, Sci�
ence (Washington) 312, 1021 (2006). 

3. C. F. Hirjibehedin, C.�Y. Lin, A. F. Otte, M. Ternes,
C. P. Lutz, B. A. Jones, and A. J. Heinrich, Science
(Washington) 317, 1199 (2007). 

4. X. Chen, Y.�S. Fu, S.�H. Ji, T. Zhang, P. Cheng,
X.�C. Ma, X.�L. Zou, W.�H. Duan, J.�F. Jia, and
Q.�K. Xue, Phys. Rev. Lett. 101, 197208 (2008). 

5. A. F. Otte, M. Ternes, K. von Bergmann, S. Loth,
H. Brune, C. P. Lutz, C. F. Hirjibehedin, and A. J. Hei�
nrich, Nat. Phys. 4, 847 (2008). 

6. N. Tsukahara, K. I. Noto, M. Ohara, S. Shiraki,
N. Takagi, Y. Takata, J. Miyawaki, A. Chainani,
S. Shin, and M. Kawai, Phys. Rev. Lett. 102, 167203
(2009). 

7. S. Loth, K. von Bergmann, M. Ternes, A. F. Otte,
C. P. Lutz, and A. J. Heinrich, Nat. Phys. 6, 340
(2010). 

8. S. Loth, S. Baumann, C. P. Lutz, D. M. Eigler, and
A. J. Heinrich, Science (Washington) 335, 196 (2012). 

9. J. Fernandez�Rossier, Phys. Rev. Lett. 102, 256802
(2009). 

10. J.�P. Gauyacq, F. D. Novaes, and N. Lorente, Phys.
Rev. B: Condens. Matter 81, 165423 (2010). 

11. L. Bogani and W. Wernsdorfer, Nat. Mater. 7, 179
(2008). 

12. M. N. Leuenberger and D. Loss, Nature (London) 410,
789 (2001). 

13. S. Barraza�Lopez, K. Park, V. Garcia�Suarez, and
J. Ferrer, Phys. Rev. Lett. 102, 246801 (2009). 

14. M. Misiorny, I. Weymann, and J. Barnas, Europhys.
Lett. 89, 18003 (2010). 

15. J. Park, A. N. Pasupathy, J. I. Goldsmith, C. Chang,
Y. Yaish, J. R. Petta, M. Rinkoski, J. P. Sethna,
H. D. Abruña, P. L. McEuen, and D. C. Ralph, Nature
(London) 417, 722 (2002). 

16. W. Liang, M. P. Shores, M. Bockrath, J. R. Long, and
H. Park, Nature (London) 417, 725 (2002). 

17. V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
and N. S. Wingreen, Science (Washington) 280, 567
(1998). 

18. U. Fano, Phys. Rev. 124, 1866 (1961). 
19. A. E. Miroshnichenko, S. Flash, and Y. S. Kivshar, Rev.

Mod. Phys. 82, 2257 (2010). 
20. V. V. Val’kov and S. V. Aksenov, JETP 113 (2), 266

(2011). 
21. V. V. Val’kov, S. V. Aksenov, and E. A. Ulanov, Bull.

Russ. Acad. Sci.: Phys. 76 (3), 362 (2012). 
22. M. Misiorny, I. Weymann, and J. Barnas, Phys. Rev.

Lett. 106, 126602 (2011). 
23. J. Gores, D. Goldhaber�Gordon, S. Heemeyer,

M. A. Kastner, H. Shtrikman, D. Mahalu, and U. Mei�
rav, Phys. Rev. B: Condens. Matter 62, 2188 (2000).

Translated by V. Astakhov


