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Electrically controllable spin filtering and switching in multiferroic tunneling junctions
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We present a theoretical investigation of an electrically controllable spin filter based on multiferroic tunnel-
ing junction. This spin filter combines the exchange splitting of ferromagnets and asymmetry in energy
potential due to the screening of ferroelectric polarization charges at electrodes. Transfer matrix calculations
show an enhanced spin filtering efficiency, depending on the magnitude and orientation of ferroelectric polar-
ization. A transition from a positive tunneling magnetoresistance to a negative one is also found. Furthermore,
an electric controllable switching between multiple resistive states via magnetoelectric coupling is also de-

scribed; this will open a different logic programing in future spintronics.
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Spintronics devices require highly spin-polarized
electrons.! To achieve this goal, several approaches are cur-
rently investigated. The most direct way is to use fully spin-
polarized ferromagnets known as half metals, including
doped manganites, double perovskite manganites, CrO,,
Fe;0,, and Heussler alloys.”> However, the above-mentioned
so-called half metals are limited by either the low Curie tem-
perature or the rapid decrease of spin polarization with the
increase of temperature, making them extremely difficult to
realize in practice.!'> Another way is to use the magnetic-
insulator-based spin filter. Spontaneously polarized materials
through which electrons cross by tunneling may be applied
in electronic devices.’> Multiferroics are unique materials
that can display simultaneously electric and magnetic
order.5~1¢ The coupling between electric and magnetic orders
in multiferroics is a fascinating effect, which is interesting
both for its fundamental physics and potential technological
applications. In particular, the coexistence of ferroelectric
and ferromagnetic orders will provide a unique opportunity
for encoding information independently in electric polariza-
tion and magnetization to obtain four different logic states.
Recently, multiferroic tunneling junctions have been success-
fully fabricated.'”'® These multiferroic junctions are differ-
ent from a previous proposed case, where a ferroelectric
layer is sandwiched between two magnetic semiconducting
electrodes.’ The first case was demonstrated in a spin-filter
device of Au/BiMnO;/La,;Sr;,sMn0;.!7 Compared with
previous magnetic insulator, BiMnO5 has a much higher Cu-
rie temperature as well as a larger exchange splitting.'* How-
ever, the 50% tunneling magnetoresistance (TMR) observed
at 3 K is not so significant.!” Obviously, ferroelectricity of
BiMnOs should play a crucial role, but the detailed modeling
is still absent. On the other hand, multiferroic BiFeO;
has been successfully combined with half-metallic
Lay;;Sr;sMnO+."3 In contrast to BiMnO;, BiFeO; is
ferroelectric but weak ferromagnetism. Ferroelectricity alone
does not provide spin-polarized electrons.* Nevertheless, it
would be interesting and important to know whether the
weak ferromagnetism of BiFeO; will be compensated by
its high electric polarization in BiFeOs-based spin filter.
Ferromagnetic-ferroelectric LajBipoMnO; seems to be a
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good candidate. However, the strong bias dependence of
TMR and the large difference in the resistance between
two coercivities (multiple resistive states) in the
Lay ;Biy ¢MnOj3-based tunneling junctions make the situation
more complicated.'® Theoretical understanding of the elec-
tron transport through these multiferroic tunneling junctions
is of the same importance as previous theoretical approaches
for giant magnetoresistance in metallic multilayers and TMR
in spin valve. Nonetheless, such a theory is still lacking.

In this paper, we present a theoretical investigation of
electron transport through multiferroic tunneling junctions.
An ultrathin multiferroic barrier, separating two different
metal electrodes [a nonmagnetic metal (NM) and a ferromag-
netic conductor (FM)], serves as the spin polarizer. The tun-
neling conductance is calculated with the standard transfer-
matrix method.'>? The combination of the screening of
polarization charges in metallic electrodes and exchange
splitting of barrier is found to lead to an enhanced spin-
filtering effect, even in weak ferromagnetic systems. A tran-
sition from positive TMR to negative one is also observed. In
addition to these fascinating physics resulting from these two
independent ferroic orders, an electrically controllable
switching between multiple resistive states can be realized,
when magnetoelectric coupling is considered. This will open
a different logic programing in future spintronics.

The spin-filter tunneling junction is illustrated in Fig. 1.
The special feature that differentiates this device from con-
ventional spin filters is the unique potential profile. This elec-
trostatic potential profile is due to the screening of electric
polarization charges at electrodes, and its shape depends on
the orientation of P.* As shown in Fig. 1, a NM electrode is
placed in the left half-space x <0, a multiferroic barrier of
thickness d, and a semifinite FM electrode placed in the right
half-space x>d. m;, mg, and my, are the effective masses in
three regions. u; and uy are the Fermi energies of the left
and right electrodes, respectively. Ar and Ay represent the
exchange splitting of the spin-up and spin-down bands in FM
electrode and the multiferroic barrier, respectively. ¢; and ¢
are, respectively, the electrostatic potentials at two interfaces
relative to the Fermi level w of the system. Due to the intrin-
sic electric polarization of the multiferroic barrier, the
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P, g FIG. 1. (Color online) Schematic illustration
of our multiferroic spin-filter tunneling junction,
the charge distribution and corresponding electro-
static potential (Ref. 4), and the overall potential

profile (from top to bottom). (a) The electric po-

built-in bias voltage is d¢=¢; — . The multiferroic barrier
is assumed to be uniformly electrically polarized in the di-
rection perpendicular to the plane.* The electric polarization
P induces surface charge densities, +op==|P|, on the two
surfaces of the barrier. These polarization charges, o p, are
screened by the screening charge per unit area, + og, which
is induced in the two metallic electrodes. The barrier is as-
sumed to be perfectly insulating and thus all the screening
charges reside in the electrodes. According to the Thomas-
Fermi model, the screening potential ¢(x) is og8,e ™% /g,
when x=<0 and is —o5Sze "% /g, when x=d.* Here, &,
and &y are the Thomas-Fermi screening lengths in the NM
and FM electrodes, respectively. €; and e are the dielectric
permittivities of the NM and FM electrodes. The screening
charge og can be found from the continuity of the electro-
static potential: ag=(dP/ep)/ (8 /e + Spleg+d/ep) and &g
is the dielectric permittivity of the tunneling barrier.
Accordingly, the overall potential profile is asymmetric,
as shown in Fig. 1, because it is the sum of the electrostatic
potential ¢(z), the electronic potential in the electrodes,
and the rectangular potential profile U,. Under the applied
bias voltage V, the difference of the interfacial barrier
heights is oU=U;—-Ug=0d¢p+eV, where U,=u+¢; and
Ur=p+@r—eV. Choosing the energy zero of the system
so that u=pu;, the model Hamiltonian is given by
H,=—(#2/2m,)V*+U(x)-o,A,, with the x-dependent
potential U(x)=0 when x<0, U(x)=U,—(8U/d)x when
0=<x<d, and U(x)=6u—eV when x>d, and the spin indices
o,=0,0, where o is the conserved spin orientation in three
regions and v indicates L, B, or R. o=+ 1(T) or —1(]) means
up spin or down spin with respect to z. 6,=+1(T) or —1({)
denotes the magnetization orientation in the region v,
parallel or antiparallel to the positive z direction. Then,
o,=+1(7) or —1(]) is the relative spin orientation, parallel
or antiparallel to the given magnetization in the v region.
Without loss of generality, we fix =+ 1(T) and let 6 vary.

URI Y larization P points to the right (positive). (b) P
Up - points to the left (negative). Here, it is assumed
Un | T that two electrodes have different screening
1 lengths and &) < 6,.
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If the eigenenergy £ and the transverse momentum #iq are
conserved in this structure, the longitudinal energies in three
regions can be expressed by E,=E-#¢*/2m,. Since U, Loy
and U Ro, A€ normally larger than Ejp, the asymptotic expan-
sion of Airy’s functions gives a good approximation for the
transmission coefficient of each spin channel o under a cer-
tain magnetization @g=1 or {,20

—2é,d
16kLkR0'RKLO'BKR0' e 9B

o
TU' R((c;,q) = ) > 5 5 , (1)
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where the reduced wave vectors are®® k =N, (E))"?, kg,
—?\R(ER Su+eV+opAp)'?, Ky =Ng(Up, —Ep)'?,  and

oy =N5(Upg,—Ep)'"?, and the decaylng WKB wave vector
is
2N,

376U @

éa’B | |(ULO'B - EB)’%/2 (UR(T - EB)%/2|
Here, \,= \s"2m§/ myh* (v=L, B, or R) with m, the free-
electron mass.

When the applied bias voltage V is small and the barrier
width d is large, the transmission at the Fermi level p with

q=0 contributes predominantly. Following the conventional

treatment,'> we obtain the zero-temperature conductance as
Gﬂ0R JZR e 9B TﬂGR( O) (3)
TV T 8hd 0

For a certain magnetization configuration, the total conduc-
tance is glven by the sum of two channels (up spin and down
spin): G'fr= =G, 0R+G % The TMR ratio is defined as
TMR=1- GM/Gﬂﬂ To show the spin-filtering effect, we 1n—
troduce two sub-TMR ratio as TMR,=1- Gﬁ / G

corresponding to the higher barrier (o=]) and lower
barrier (0'—%) respectively. Thus, we can define a ratio
a= GT T (G¥ +G|") to represent the ratio between conduc-
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tances through the higher and lower barriers. The TMR can
be reformulated as TMR=aXTMR;+(1-a)XTMR|.
Clearly, when the spin-filtering effect is very strong, a—1
(0), then TMR~TMR; (TMR), which means that tunneling
electrons are fully spin polarized and TMR is dominated by
one of the spin channels. The inverse of spin-filtering ratio
can be extended to

2 2y 2 2
1 s & kpyKp Kr) (k71 +kp)(Kgy +kRT)e‘2(§i‘§T

2 2 2 2 )d’ (4)
o ngRTKLTKRT (KLl+kL)(KRl+kRL)

and the sub-TMRs can be written as

kro—krz K12eo = krokrs

2 2
kR()' KR0'+kR6'

TMR, = , (5)

where o=-0. If spin-filtering effect is very strong, TMR
~TMR; =P Pp;, where P =(kg—kg)/kg; and Ppg
=(K12QT—kRTkR l)/(KIZQT+k§ i) are effective spin polarization, re-
spectively. Because of the positive Pg;, the sign of TMR is
dominated by the term in Ppg,

R
K = krikg o Np(@ri — V) = Ng\(ug + eV)* = A, (6)

which is related with the barrier height ¢g; induced by elec-
tric polarization.

To have some quantitative results of the above arguments,
we have calculated the spin filtering efficiency as a function
of the exchange splitting, dielectric constant, and thickness
of barrier in Figs. 2(a)-2(c), respectively. Shown in the insets
are corresponding TMR ratios. Because of the limited avail-
able measurements of parameters of the multiferroic thin
films, the parameters used in this work to describe ferroelec-
tric properties of the barrier, the barrier height, the screening
lengths of metallic electrodes, and magnetic properties of
barrier and the right magnetic electrode are chosen to be
within the typical values of ferroelectric and magnetic mate-
rials. In particular, Uy is set to 0.5 eV, which is the typical
value of ferroelectric insulator.>! The dielectric constant of
the barrier is around 2000, which represents the value of
perovskite ferroelectrics.?? §; is 0.07 nm, the typical value of
a good metal.* For magnetic metal and resistive manganites,
the screening length & is larger, and varies up to 1 nm.?? For
the exchange splitting in multiferroic barrier and right mag-
netic electrode, we use the values from Ref. 5. From Fig. 2,
one can see immediately that a significant enhancement of
spin-filtering efficiency can be achieved even in the case of
weak ferromagnetism, provided that P is positive. Three
cases are plotted, from top to bottom, P=100, O,
—-100 uC/cm?, respectively. The effects of electric polariza-
tion become more important when the barrier is thicker and
its dielectric constant is small. The electric polarization
dependence of « is given in Fig. 2(d). On the other hand,
the sign of TMR, as determined by Eq. (6), has been
displayed explicitly in Figs. 3(a) and 3(b), where one can
find that either a larger magnitude of electric polarization or
a stronger contrast between the screening lengths of
two electrodes will lead to a significant decrease of
TMR, even to a negative one. From these results, one can
conclude that the experimentally observed 50% TMR in
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FIG. 2. (Color online) (a) The exchange splitting dependence
of spin-filtering efficiency with ez=1000 and d=2 nm. (b)
Dielectric constant dependence of spin-filtering efficiency
with Az=0.01 eV and d=2 nm. (c) The thickness dependence of
spin-filtering efficiency of the barrier with &3=1000 and
Ap=0.01 eV. (d) The P dependence of spin-filtering efficiency with
ep=1000, Az=0.01 eV, and d=2 nm. In the calculation, we set
6;=0.07 nm, J&z=0.08 nm, Ar=0.09 eV, Er=0.1eV, my=mpg
=0.9m,, mg=1.1m,, and Uy=0.5 eV.

Au/BiMnO;/La,/;3Sr;,3;MnO5 does not necessarily indicate a
suppressed exchange splitting in BiMnOj; or a reduced spin-
filtering efficiency.!” For the ferroelectric degree of freedom
in multiferroic barrier, spin-polarization dependence of TMR
is more complex than Julliere’s model.>* As the screening
length is considerably large in spin-polarized materials, es-
pecially for half metals,”® one can conclude that it is the
combination of the “wrong” orientation of electric polariza-
tion and large contrast between the screening lengths of Au
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FIG. 3. (Color online) (a) The exchange splitting dependence of
spin filtering efficiency for different P. 6,=0.07 nm and &
=0.08 nm. The inset shows the corresponding TMR. (b) The same
with (a) but with a stronger contrast between & §;=0.07 nm and
Og=1 nm.
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FIG. 4. (Color online) (Upper panel) Schematic illustration of
multiple resistive states, depending on the orientation of P, M and
Mpg. (Lower panel) The electric polarization dependence of normal-
ized conductance for the four resistive states. &;=0.07 nm, &g
=1 nm, £3=2000, and Az=0.06 eV. The inset shows the Ay depen-
dence of P,.

and La,;3Sr;3MnO; that leads to the low TMR in
Au/BiMnO;/La,;;Sr,sMn0;.!7 However, using Julliere’s
model,>* a suppressed spin polarization (22%) (Ref. 17) is
deduced from such a 50% TMR. Such an electric polariza-
tion dependence of TMR was observed in a later experiment
on Au/LaO.lBiolgMnO3/SrTiO3/Laz/SSrl/3MnO3, where an
almost 90% TMR was observed and the value decreases rap-
idly with the increase of bias voltage.'

With the above consideration, we now discuss the func-
tionality of this FM junction. Previously proposed magneto-
electric spintronics devices are based on the magnetic mo-
ment induced by an electric field as M« E.?> The intrinsic
electric and magnetic polarizations in multiferroics as de-
scribed above should lead to somewhat another device con-
cepts. As displayed in Fig. 4 (upper panel), there are overall
eight resistive states with four independent pairs (A, A’; B,
B’; C, C’; and D, D’), depending on the relative orientation
of neighboring magnetizations and the sign of P. Because of
the magnetoelectric coupling in the multiferroics, the P and
the M can be reversed by an electric field separately or si-
multaneously. Thus, electric-field controlled functionality
can be realized, including normal electroresistance (the tran-
sition from A to B or the transition from C to D) and more
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significant change in resistance, i.e., electromagnetoresis-
tance (the transition from A to D). The difference between
these states is complex but important for practical applica-
tion. In the lower panel of Fig. 4, we show the resistance
(normalized to its value at P,) as a function of electric po-
larization, and the inset displays the exchange splitting de-
pendence of P,, where states B and C cross. Compared with
conventional tunneling magnetoresistive elements which
have been applied in magnetic random access memory, and
also with recently proposed ferroelectric junctions, the
present multiferroic structure possesses both electric control-
lable switching and large contrast between resistive states.

It should be noted that in this work, we consider only the
general aspects of multiferroic junctions (the exchange split-
ting and ferroelectric polarization of multiferroic barrier) and
the results are qualitatively valid. The band structure of spe-
cific barrier and electrode, the charge distribution and chemi-
cal bonding at certain interfaces, and the magnetoelectric
coupling in specific multiferroics can be considered explic-
itly in future first-principles calculations. In particular, the
spiral magnetic structure in BiFeOs, the orbital ordering fer-
romagnetism in BiMnOj, and the noncollinear magnetism in
TbMnO; may play an important role on the electron tunnel-
ing across their junctions,’ the detailed calculation of which
is, nonetheless, beyond the scope of this paper. In the mean-
time, in addition to the effect of the screening potential on
the electron tunneling, other mechanisms, e.g., the effects of
strain and graded polarization at the surface, may be effec-
tive for some particular multiferroic barrier. In ferroelectric
tunneling junctions, it is found that the effect of strain will
lead to the variation of the barrier width, and consequently,
change the tunneling conductance.?® The graded polarization
at the surface is found to enhance the asymmetry of the
screening potential,”’ and consequently, an enhancement of
the tunneling electroresistance may be expected. All these
mechanisms would perhaps give a further enhancement of
the electrically controlled functionalities in multiferroics-
based devices.

To summarize, we have investigated the electron transport
through a spin-filter device that uses multiferroics as the tun-
neling barrier. The interplay between ferroelectric and ferro-
magnetic degrees of freedom gives rise to an enhanced spin-
filtering efficiency, even for the weak ferromagnetic systems.
In the mean time, an electric-field controllable switching be-
tween multiple resistive states is realized, which should play
an important role in the future spintronics.
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