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1. Introduction

Magnetic tunnel junctions (MTJs) consisting of two
thin layers of a ferromagnetic metal and separated by
an ultrathin layer of insulating material exhibit a tun-
nel magnetoresistance (TMR) effect, associated with the
change of magnetic configuration from parallel to an-
tiparallel alignment [1]. Magnitude of the effect signif-
icantly depends on the insulating barrier. A very large
TMR ratio has been found in MTJs with epitaxial MgO
barriers [2]. In the later case, however, the TMR effect
cannot be accounted for by the simple Julliere model, and
the large TMR results rather from specific spin-filtering
properties of the epitaxial MgO barrier [3]. Owing to the
large TMR ratio, the MTJs with MgO tunnel barriers
are considered currently as highly promising systems for
various applications in spintronics devices and also in the
information technology [4, 5].

When a barrier is crystalline, and the interfaces be-
tween the barrier and electrodes are structurally per-
fect, electrons transmitted through the barrier conserve
their wave vector component parallel to the barrier plane.
However, tunnel barriers are usually not defect-free and
contain a number of impurities and other structural de-
fects. Here we consider the situation when the tun-
nel barrier includes magnetic impurities /nanoparticles —
in the following referred to also as magnetic impurities.
Electrons tunneling through the barrier can interact with
the impurities, which leads to reversal of the electron
spin. This, in turn, leads to a change in the magnetic
state of these impurities. The main objective of this pa-
per is a theoretical analysis of the influence of magnetic
impurities in the barrier on the charge and spin currents
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due to electron tunneling. We consider a nanoscopic
junction with a single magnetic impurity in the barrier.

2. Model

The total Hamiltonian H of the junction consists of
three terms,
H = Himp + Hel + Hr,
which describe the magnetic impurity, two external elec-
trodes, and electron tunneling through the barrier, re-
spectively. We assume that the highest occupied and
lowest unoccupied levels of the magnetic impurity are
sufficiently far from the Fermi level, so they do not take
part in transport for bias voltages of interest. Thus, the
charge state of the impurity is not changed when junction
is biased, and electrons tunneling through the barrier can
interact with the impurity by exchange interaction only.
Moreover, we assume that the magnetic impurity in an
unbiased junction is described by a spin operator S, and
the corresponding spin number S is also conserved. Thus,
the impurity can be described by the giant-spin Hamil-
tonian [6, 7]:
where the first and second terms describe the uniaxial
and transverse magnetic anisotropy, respectively, with D
and E denoting the corresponding anisotropy constants,
and Sy =S, + iS5, being the spin ladder operators.
In the single-electron approximation, ferromagnetic
electrodes can be described by the Hamiltonian
Hel = Z 6%063;'&%07 (2)
qko
where €]  is the single electron energy in the ¢-th elec-
trode (¢ = L for the left electrode, and ¢ = R for the
right one), k stands for a wave vector, and o is the
electron spin index. Furthermore, Egy (ai,) is the cre-
ation (annihilation) operator of an electron in the ¢-th

(196)


http://dx.doi.org/10.12693/APhysPolA.128.196
mailto:misiorny@amu.edu.pl

Spin and Charge Transport in a Magnetic Tunnel Junction. .. 197

electrode. Both electrodes are characterized by a spin-
dependent density of electron states, pZ(e). In turn,
magnetic properties of the g-th electrode can be de-
scribed by the corresponding spin polarization factor pg,
defined by densities of states at the Fermi level ug as
pq = [P (ko) — p{(10)]/ [P (10) + pT(10)]-

In the framework of an effective tunneling Hamilto-
nian, electron transport between the electrodes can be
described by the Hamiltonian [§],

Htun = tz {ad Z a’kaak’a

k!
+Za DY UQQ.S)agLaz,ﬂ}, 3)
af
where o = (0,,0,,0,) is the vector consisting of the

Pauli matrices. The first term of Eq. (3) represents direct
tunneling between the electrodes (no interaction with im-
purity), while the second term describes tunneling pro-
cesses in which electrons interact via exchange coupling
with the magnetic impurity. Strength of the former pro-
cesses is described by the product Koy, whereas of the
latter ones by K agg’. It is convenient to write agg’ in the
form ag;g’ = Vglq Qex, Where a dimensionless parameter
v, quantifies the coupling of the magnetic impurity to
the g-th electrode. Thus, K is the key barrier parame-
ter [9, 10], whereas aex/aq describes relative strength of
direct electron tunneling and tunneling with interaction
between the electrons and impurity.

Without loss of generality, we assume that £ > 0.
If F = 0, then the eigenstates of the magnetic impu-
rity coincide with the eigenstates |m) of the S. operator.
On the other hand, the transverse anisotropy (E # 0)
leads to mixing of the states corresponding to different m.
As a result, each of the 25 + 1 eigenstates |x) of the
Hamiltonian (1), ﬁimp Ix) = E\ |x), is a linear combi-
nation of the eigenstates |m). Moreover, note that the
eigenstates |x) are nondegenerate for integer S, while a
twofold degeneracy (the Kramers doublets) survives for
half-integer S [11].

3. Transport characteristics

We assume weak coupling between the electrodes and
the impurity. Charge and spin transport can be then de-
scribed within the approach based on the corresponding
master equation. Detailed balance of electrons (e < 0)
tunneling out/to each electrode allows for writing the
charge current as I, = (IF — I}) /2, with

=333 P, {r}gﬁf’f S Ao ld >}, (4)

kk’ oo’ xx'

and the spin current as Iy = (IF — IF) /2, with
|k, lq' ko)
S DD DR

q kk' o xx’

lgkd,x) la'ka,x)
{F\q’k’a )~ Vlgwri )} } (5)

where Ay, =&y — &y, and

lgko,x) lgko,x) !
F|¢I’k:’c7 X' qu’k’a’,x’)fqd (Eia) [1_f¢I’0/ (Ez'o’)} - (6)
In the above equations P, is the probability of finding the
magnetic impurity in the state |x), and fu,(e) = [1 +

exp((e — ;Lg)/kBT)]fl is the Fermi-Dirac distribution
function, with T" denoting the temperature of the system.
Moreover, we use the notation [gka, x) = |¢ko) 4 @[X)imp
for the full state of the system. In turn, the transition
rates VV“;; in the Fermi golden rule approximation are
given by

W = 22| 1 e i) 5 E; — B, ™)

where i) and |7) are the initial and final states of the
system, respectively, while F; and F; denote the corre-
sponding energies. Finally, the spin-dependent electro-
chemical potential of the ¢-th electrode can be written
as pl = po + eng(6V + ny6V5)/2, where nym)y = +1,
Ny = *1, while 0V and 0V; represent the voltage and
spin bias, respectively.

Equations (4) and (5) involve both single-electrode
(¢ = ¢') and two-electrode (¢ # ¢') processes. In order
to make use of these equations one also needs to know
the probabilities of finding the magnetic impurity in the
state |x), which can be determined from a set of the sta-
tionary master equations

ZZ{ MR XV;’(‘Q}ZO, (8)

for each X, with the probability normalization condition
>~ Px = 1. The transition rates 7%, between two differ-

ent impurity states |x) and |x’), which accompany tun-
neling of a single electron between the electrodes ¢q and ¢/,

are given by 717, =37, >, }Zﬁ:’?’zxﬁ'

It is worth noting that Eqs. (4) and (5) are valid in the
nonlinear regime. For our purpose, however, we will lin-
earize these equations with respect to V" and 6V;. Then,

the charge and spin currents can be written as [12]:

I, = GoV + G™oV;, (9a)

I = GOV + G0V, (9b)
where G is the charge conductance, G can be called spin
conductance and describes spin current as a response to
spin voltage, while G™ and G are nondiagonal (mixed)
conductances. The later conductances are related via the
formula G = (h/2e)G™, which follows from the Onsager
relations. Detailed analytical expressions for the above
conductances can be obtained from linearization of the
expressions for the spin and charge currents [13]. These
formula are rather cumbersome and will not be presented
here. Instead, we will present some numerical results.

4. Results and discussion

Now, we present numerical results on the influence
of the magnetic impurity on spin and charge transport.
Since GI* = (h/2e)G™ and G is comparable to Gs, we
will present in the following only two of them, i.e. the
electrical conductance G and the mixed conductance G™.
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In Fig. 1 we show G and G™ as a function of tempera-
ture and for indicated values of the parameter o, — from
tex = 0 (no impurity) to aex = 1 — and for uniaxial mag-
netic anisotropy (E = 0) of easy-axis (D > 0) and easy-
plane (D < 0) types. The conductances are normalized
there to the corresponding values at 7' = 0.1 K, where the
excited states of the magnetic impurity are not active in
transport. For numerical calculations we assumed a mag-
netic impurity of an integer spin, S = 2, and also the uni-
axial anisotropy constant |D| = 100 eV, which is compa-
rable to those observed for single magnetic molecules [6]
and also for magnetic adatoms, e.g., Mn [14].
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Fig. 1. The effect of a magnetic impurity with S = 2

on the conductance G and G™ of a magnetic tunnel
junction. Dependence of the conductances in the par-
allel magnetic configuration, normalized to the corre-
sponding values at 7' = 0.1 K, is shown as a func-
tion of temperature for indicated values of «ex for
D > 0 (a), (b) and D < 0 (c), (d). Vertical dashed
lines represent the temperature equivalent to the zero-
field splitting: (a), (b) ZFS = 3D =~ 3.5 K and (c), (d)
ZFS = |D| =~ 1.16 K. Other parameters: K = 0.1 €V,
aq =1and pr, =pr =p=0.5.

As one can expect, the effect of excited spin states on
transport can be observed only at higher temperatures,
kT 2 ZFS, where ZFS stands for the zero field splitting,
which for D > 0 is given by ZFSpsog = (25 — 1)D and
for D < 0 by ZFSp<o = |D|. Indeed, such a behavior
is clearly seen in Fig. 1, where the normalized conduc-
tance G is constant at low temperature and then grows
as soon as the temperature becomes of the order of ZFS
(marked by the vertical dashed lines in Fig. 1). More-
over, the increase in conductance is larger for larger .y,
as one could expect. As the electrical conductance G for
D > 0 has a maximum at kT =~ ZFSp~q, Fig. la, for
D < 0 the conductance G increases monotonously with
temperature, Fig. 1c. This behavior can be understood
by taking into account temperature dependence of the
population of impurity spin states, and also the fact that

the lowest state for D > 0 corresponds to S, = £5, while
for D < 0 it corresponds to S, = 0. This difference is
also responsible for different behavior of the nondiagonal
conductance G™ with increasing 7', as shown in Fig. 1b
and Fig. 1d. However, there is now a qualitative differ-
ence, as for kgT 2 ZFS the conductance G™ grows with
increasing temperature for D < 0 and decreases with in-
creasing T" for D > 0.

The numerical results presented in Fig. 1 are for par-
allel magnetic configuration. Similar results have been
obtained also for the antiparallel magnetic configuration.
In the latter case the charge conductance G is smaller,
which means that the tunnel magnetoresistance is posi-
tive (so-called normal TMR effect). As the magnetore-
sistance is constant at low temperatures, it becomes re-
duced for kgT > ZFS, i.e., when the excited spin states
of the magnetic impurity start taking part in transport.
This behavior is physically reasonable since tunneling
processes with spin reversal reduce the spin asymmetry
responsible for the TMR effect. Similar behavior can be
observed also in the case of the mixed conductance, where
the difference in G™ for the parallel and antiparallel con-
figurations diminishes with increasing T for kg7 2, ZFS.

5. Summary

We have analyzed the influence of magnetic impuri-
ties embedded in the barrier on spin and charge trans-
port in magnetic tunnel junctions. We have shown that
the contribution of electron scattering on the magnetic
impurities depends on the type of magnetic anisotropy.
Numerical results indicate that the electric conductance
increases with temperature when the excited spin states
start taking part in transport. This takes place when
the thermal energy is comparable or lager than the zero-
field-splitting. However, the corresponding tunnel mag-
netoresistance decreases with increasing temperature for
kgT 2 ZFS. Similar behavior has been also found for
the nondiagonal conductance G™.
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