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APPLIED PHYSICS LETTERS 87, 222114 (2005)

Ferroelectric switch for spin injection

M. Ye. Zhuravlev, S. S. Jaswal, and E. Y. Tsymbala)

Department of Physics and Astronomy and Center for Materials Research and Analysis,

University of Nebraska, Lincoln, Nebraska 68588-0111
R. F. Sabirianov

Department of Physics, University of Nebraska, Omaha, Nebraska 68182-0266
(Received 27 May 2005; accepted 5 October 2005; published online 23 November 2005)

A method for the switching of the spin polarization of the electric current injected into a
semiconductor is proposed, based on injecting spins from a diluted magnetic semiconductor through
a ferroelectric tunnel barrier. We show that the reversal of the electric polarization of the
ferroelectric results in a sizable change in the spin polarization of the injected current, thereby
providing a two-state electrical control of this spintronic device. We also predict a possibility of
switching of tunneling magnetoresistance in magnetic tunnel junctions with a ferroelectric barrier
and coexistence of tunneling magnetoresistance and giant electroresistance effects in these
multiferroic tunnel junctions. © 2005 American Institute of Physics. [DOIL: 10.1063/1.2138365]

Spin injection into semiconductors has recently aroused
significant interest due to potential applications in spin elec-
tronics, promising to incorporate spin degrees of freedom
into existing semiconductor technologies (for a recent re-
view, see Ref. 1). The feasibility of using semiconductors is
supported by their capability to carry highly spin-polarized
currents over long distances,’ by ferromagnetic ordering of
3d transition metal dopants in diluted semiconductors,3 and
by the successful demonstration of electrical spin injection at
room temperature.‘l_6 The major thrust of the most investiga-
tions is to achieve the highest-possible spin polarization of
the injected current.”® Meanwhile the possibility to switch
the spin polarization between two values might be an impor-
tant issue for the future spintronic devices.

In this letter we propose a method for the switching of
the spin polarization of the injected current. This method is
based on injecting spins from a diluted magnetic semicon-
ductor through a ferroelectric thin film which serves as a
tunneling barrier for injected carriers. We show that the re-
versal of the electric polarization of the ferroelectric film
leads to a sizable change in the spin polarization of the tun-
neling current. This provides a two-state electrical control of
the spin polarization, including the possibility of switching
from zero to nonzero or from negative to positive spin po-
larization and vice versa.

The proposed method is based on using a ferroelectric
tunnel junction that represents a ferroelectric barrier separat-
ing two electrodes.” The possibility of using ferroelectrics as
tunnel barriers is supported by recent experimentalm’11 and
theoretical findings, suggesting that ferroelectricity persists
down to a nanometer scale. Recent experiments indicate that
the electrical resistance in metal/ferroelectric/metal junctions
with ultrathin barriers depends on the orientation of the elec-
tric polarization which can be switched by an applied electric
field."> Based on these results, in our previous work we have
predicted the existence of a giant electroresistance (GER)
effect in ferroelectric tunnel junctions.9 The GER originates
from the change in the potential profile induced by the po-
larization reversal in the ferroelectric barrier due to the dif-
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ferent screening lengths in the electrodes with unequal
charge densities.

In this letter we investigate how the change in the poten-
tial profile caused by the switching of the electric polariza-
tion affects the conductance of the minority- and majority-
spin carriers injected from a diluted magnetic semiconductor
(DMS) through a ferroelectric (FE) barrier to a nonmagnetic
(normal) semiconductor (NS). We consider a semi-infinite
DMS electrode placed in the half-space z<<0 (layer 1), a FE
barrier of thickness d (layer b), and a NS electrode placed in
the half-space z>d (layer 2). We use a free-electron model
within an effective mass approximation to describe the elec-
tronic structure of the system. The exchange splitting of the
free-electron bands in the DMS is introduced via exchange
splitting parameter A, such that the spin-dependent potential
in the DMS layer is given by V{=V,+1/2A,,, where o is the
spin index (o= |, 1). Since the Fermi energy, Ep, is constant
throughout the structure, the electronic potential in the NS
electrode, V,, with respect to V; is controlled by the carrier
concentrations in the DMS and NS electrodes. The barrier is
represented by a rectangular potential of height U with re-
spect to Er, which implies that the work functions of the two
electrodes are assumed to be the same.

In order to take into account the depolarizing field in the
ferroelectric layer and the screening fields in the electrodes
and to get the potential profile across the system we follow
the procedure of Ref. 9. The electric polarization P of the
ferroelectric creates surface charge densities, to-P=i|P , on
the two surfaces of the ferroelectric film. These polarization
charges, +op, are screened by the screening charge per unit
area + o, which is induced in the two electrodes. Assuming
that the ferroelectric is perfectly insulating and imposing the
short-circuit condition, we obtain the screening potential in
the Thomas-Fermi approximation,

05516'|z|/51 1<0
(2) o (1)
e2)= _
ogSe % i=d
82 ’ '

Here &, and &, are the dielectric permittivities of the DMS
and NS electrodes, 6, and &, are the Thomas-Fermi screen-
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FIG. 1. Schematic representation of the potential profile, V(z), in a DMS/
FE/NS tunnel junction for the electric polarization pointing to the left (a)
and to the right (b). The dashed and solid lines show the potential seen by
the majority- and minority-spin carriers respectively. The horizontal solid
line denotes the Fermi energy, Ep.

ing lengths in the two electrodes, and oy is the magnitude of
the screening charge per unit area. The latter is to be the
same in the two electrodes due to the charge conservation
condition. The screening charge og can be found from the
continuity of the electrostatic potential, resulting in

dP/Sb
Og= )
51/81 + 52/82+d/8b

2)

where g, is the dielectric permittivity of the ferroelectric bar-
rier. The screening length in the electrodes can be obtained
using the standard approach,14 which leads to the following
equations for the DMS and NS electrodes:

62 <2m1’2
477281’2 ﬁz

where m; and m, are effective masses of the DMS and NS
electrodes, respectively, and Vg:V%:Vz.IS

Figure 1 shows the overall potential profile, V(z), which
is the sum of the electrostatic potential, ¢(z), the electronic
potential in the electrodes, which controls the position of the
bottom of the bands, and the rectangular potential profile
discussed above for the FTJ. An important observation which
follows from Fig. 1 is that, for the electric polarization of the
FE barrier pointing to the left (i.e., towards the DMS elec-
trode), majority-spin carriers experience an additional barrier
compared to minority-spin carriers [compare the solid and
dashed lines in Fig. 1(a)]. This occurs if the magnitude of the
electrostatic potential at the DMS/FE interface, ¢,=|¢(0)],
is larger than the Fermi energy with respect to the bottom of
the minority-spin band, i.e., Ep— V{— @ <0. If this condition
is met, the spin polarization of the tunneling current is posi-
tive and weakly dependent on the potential barrier height. On
the other hand, for the electric polarization pointing to the
right [Fig. 1(b)], i.e., towards the NS electrode, the tunneling
barrier is the same for majority and minority spins [compare
the solid and dashed lines in Fig. 1(b)]. In this case, the
magnitude of the spin polarization of the tunneling current is
largely controlled by the exchange splitting of the bands and
the potential profile across the structure. When Ep— V%—(pl
>0, the asymmetry between II; and II; is due to the differ-
ent barrier transparencies as a result of the different band
structures of the two electrodes. Thus, by reversing the elec-
tric polarization of the FE barrier it is possible to switch the
spin polarization of the injected carriers between two differ-
ent values, thereby providing a two-state spin-polarization
control of the device.

In order to make these arguments quantitative, we calcu-
late the conductance of the DMS/FE/NS junction using the
Landauer formula,

3/2
| /
§5= ) (NEp= Vi, +VEz-Vi,}, (3)
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FIG. 2. Total conductance, G=G'+G', (a) and spin polarization (b,c) of
injected current in a DMS/FE/NS tunnel junction as a function of potential
barrier height (a,b) and the Fermi energy (c) for the polarization of the
ferroelectric barrier pointing to the left (solid lines) and pointing to the right
(dashed lines) for d=3 nm. In (a) and (b) Ez— VI:0.0G eV and V,;=V,; in
(c) U=0.5 eV and V,—V]=0.025 eV.

(Ep.Ky). 4)

Here G, is the conductance per spin per unit area, T(Er,k;)
is the transmission coefficient in the spin channel o evalu-
ated at the Fermi energy E for a given value of the trans-
verse wave vector k;. The transmission coefficient is ob-
tained by solving numerically the Schrédinger equation for
an electron moving in the potential V(z) by imposing a
boundary condition of the incoming plane wave normalized
to unit flux density and by calculating the amplitude of the
transmitted plane wave. In the calculations we assume the
exchange splitting in the DMS electrode A.,=0.05 V. The
effective masses of carriers in the electrodes are set to be
m;=my=0.2m (m is a free electron mass), and the dielectric
permittivities are &,=g,=10g, (g, is the permittivity of
vacuum). The polarization and the dielectric constant of the
ferroelectric are assumed to be P=40 uC/cm? and g,/g,
=2000 which are representative values for perovskite
ferroelectrics.'® The effective mass in perovskite ferroelec-
trics is relatively high, so we assume that m,=2m. The spin
polarization of the conductance is defined by II=G'
-G'/G1+G.

Figures 2(a) and 2(b) show the calculated conductance
and spin polarization of the conductance as a function of the
potential barrier height, U, in the ferroelectric barrier. Here
we assume that Ep— V{:0.06 eV and V;=V,, resulting in
carrier concentrations 7,=3.6-10" cm™, n,=3-10" cm™
and screening lengths &,=0.64 nm, &,=0.66 nm. It is seen
that, for P pointing towards the DMS electrode, the spin
polarization, I1;, is positive and is weakly dependent on U,
reflecting an additional tunneling barrier for minority spins
[Fig. 1(a)]. On the other hand, for the P pointing towards the
NS electrode, the spin polarization, I1j, is slightly negative
at not too large values of U and becomes positive at U
>0.75 eV. The latter result can be understood in terms of
spin-dependent tunneling across a rectangular barrier."”
Thus, using an appropriate FE barrier, it is possible to change
the spin polarization of injected carriers from positive to
negative and vice versa by reversing the electric polarization
of the FE barrier.
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FIG. 3. Tunneling magnetoresistance (a) and conductance, G, for parallel
magnetization of the electrodes (b) in a DMS/FE/DMS tunnel junction ver-
sus potential difference in the two magnetic semiconductors for the electric
polarization of the ferroelectric barrier pointing to the left (solid lines) and
pointing to the right (dashed lines) for d=3 nm and U=0.5 eV.

The degree of the spin polarization change in response to
the electric polarization reversal depends on the carrier den-
sity in the semiconductors. This is illustrated in Fig. 2(c),
which shows the dependence of the II; and Il on the Fermi
energy with respect to the bottom of the minority-spin band
in the DMS. When Ep< V% the DMS is fully spin polarized
and hence I, =I1;=1. With increasing the carrier concentra-
tion and hence Ep, the spin polarization drops down much
faster for the P pointing to the right than for the P pointing to
the left, resulting in a sizable difference in the spin polariza-
tions I, and II;. Therefore, by changing the density of car-
riers in the semiconductors it is possible to tune values of the
spin polarization for a two-state control of the electronic
device.

Finally, we discuss the effect of the electrical polariza-
tion reversal on tunneling magnetoresistance (TMR) in mag-
netic tunnel junctions with a FE tunnel barrier (for a recent
review on TMR, see Ref. 18). These multiferroic tunnel
junctions (MFTJ) have not yet been realized experimentally
but might be promising in providing an additional degree of
freedom in controlling TMR. Figure 3(a) shows the calcu-
lated TMR in a tunnel junction with two DMS electrodes
separated by a FE barrier. The TMR ratio was defined by

Gp—Gup

AP

TMR =

where Gp and G,p are the conductances for the parallel and
antiparallel magnetization, respectively. In the calculation we
assumed the same exchange splitting in the two DMS, A,
=0.05 eV, and varied rigidly the potential V, with respect to
V| which can experimentally be achieved by doping. As is
seen from Fig. 3(a), for V,=V, the TMR is about 30% and is
independent of the orientation of P. The increasing potential
difference in the two DMS results in the enhancement of
TMR for the P pointing to the right, whereas for the P point-
ing to the left the TMR drops down and becomes negative.
At these conditions the MFTJ works as a device which al-

Appl. Phys. Lett. 87, 222114 (2005)

lows switching the TMR between positive and negative val-
ues. As follows from Fig. 3(b), there is a sizable difference in
the overall conductance of the junction for the two orienta-
tions of polarization. This is the consequence of the GER
effect predicted in our previous work.” Therefore, there is a
coexistence of TMR and GER effects in the multiferroic tun-
nel junctions.

In conclusion, we have proposed a new device which
permits switching the spin polarization of the current in-
jected from a diluted magnetic semiconductor through a
ferroelectric barrier into a normal semiconductor by revers-
ing the electric polarization of the ferroelectric. We predicted
the possibility of switching of TMR in multiferroic tunnel
junctions (MFTJs) in which magnetic electrodes are sepa-
rated by a ferroelectric barrier and demonstrated the coexist-
ence of TMR and GER effects in these junctions. We hope
that our results will stimulate experimental studies of the
ferroelectric and multiferroic tunnel junctions for application
in spintronics.

This work is supported by NSF (Grants Nos. DMR-
0203359 and MRSEC: DMR-0213808), W. M. Keck Foun-
dation, and the Nebraska Research Initiative.
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