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A spintronic theory is developed to study the effect of lattice distortion on the magnetic tunnel junctions (MTJs)
consisting of single-crystal barrier and half-metallic electrodes. In the theory, the lattice distortion is described by
strain, defect concentration and recovery temperature. All three parameters will modify the periodic scattering
potential, and further alter the tunneling magnetoresistance (TMR). The theoretical results show that: (1) the
TMR oscillates with all the three parameters; (2) the strain can change the TMR about 30%; (3) the defect
concentration will strongly modify the periodic scattering potential, and further change the TMR about 50%;
and (4) the recovery temperature has little effect on the periodic scattering potential, and only can change the
TMR about 10%. The present work may provide a theoretical foundation to the application of lattice distortion
for M'TJs consisting of single-crystal barrier and half-metallic electrodes.

PACS: 85.75.—d, 73.40.Gk, 72.25.—b

Magnetic tunnel junctions (MTJs) have a great
potential in applications, and thus are important re-
search object of spintronics.['! The barriers of con-
ventional Al-O-based junctions are amorphous, and
therefore the effect of disorder scattering in the bar-
riers will lead to a suppressed tunneling magnetore-
sistance (TMR). As a result, the conventional Al-O-
based magnetic tunnel junctions cannot satisfy the
requirements of next-generation devices. On the
contrary, the barriers of MgO-based magnetic tun-
nel junctions are single crystals, so a much higher
TMR can be achieved compared with Al-O-based
junctions.l>’! For this reason, MgO-based magnetic
tunnel junctions have become the research focus of
the theory, experiment and applications.[" %! Apart
from the barriers, the electrodes are also important
for MTJs to exhibit high TMR. In particular, half-
metallic electrodes, whose spin polarization is 100%,
will lead to nearly infinite TMR at low temperature
and bias in conventional theories.”) So far, great ef-
forts have been made to research of the MTJs con-
sisting of single-crystal MgO barrier and half-metallic
electrodes.['"~ 1% In the course of experimental study,
many novel physical phenomena have been found in
this kind of MTJs. Among them, the temperature
dependence of TMR is widely investigated.'?'0:!7]
It is found that the parallel resistance (Rp)!'”l or
TMR!'%' can oscillate with temperature, which is
quite different from the MTJs with normal (not half-
metallic) electrodes. This intriguing phenomenon
is also observed in MTJs consisting of Ag barrier
and half-metallic electrodes.'*] Certainly, the physical
mechanism for this phenomenon needs to be studied
theoretically.
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Previously, we theoretically studied the tempera-
ture dependence of parallel resistance, antiparallel re-
sistance (Rap) and TMR in MgO-based MTJs with
normal electrodes.l'”) Tt was found that the effect of
the lattice distortion can be account for the temper-
ature dependence. To be specific, the effect of the
lattice distortion of the barrier can be described by
strain, defect concentration, and recovery tempera-
ture. These three physical quantities all influence the
temperature dependence through the modification of
the scattering potential of the barrier. In this Letter,
we try to extend the previous theory to deal with the
temperature dependence in MTJs consisting of single-
crystal barrier and half-metallic electrodes.

To begin with, we employ a perfect periodic po-
tential U (r) to describe the single-crystal barrier of
the MTJs. It can be written as

U =3 ot Ry -ba), (1)

I3=0 Ry

where v (r) is the single atomic potential of the bar-
rier; n represents the total number of the layers of the
barrier; Ry, = lyay + lsas, with a; and as being the
intralayer primitive vectors of barrier, and Iy and [o
the corresponding integers; ag is the interlayer prim-
itive vector of the barrier, with [3 the corresponding
integer.

Let the z-axis be antiparallel to the tunneling cur-
rent. The transmission coeflicient for the channel
of the spin-up to spin-up tunneling can be written
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(2)

where k£ denotes the incident wave vector of tunneling
electrons, and k, is its z-component, d represents the
thickness of barrier, and

pi = [k* — ki £2mh v (Ky)] vz (3a)

z 2 2 —2 1/2
0= [k — (kn + Ky)? + 2mii U(Kh)} . (3b)

Here ky, is the intralayer component of k, K, is the
intralayer reciprocal lattice vector, and v (K},) is the
Fourier transformation of v (r). From Ty, the con-
ductance G4 can be expressed as

e2 /2 27 )
Crr=gogr /0 a0 Aokt sin (20) Trr (ker, 0, 0) (4)

where e denotes the electron charge, 6 the angle be-
tween k and e,, ¢ the angle between ky and a;, and
kpt the Fermi wave vector of the spin-up electrons.
Similarly, G4, G4, and G| can be obtained. As
usual, Gp = GTT + GJ,J,, Gap = GT¢ + GiT’ Rp =
1/GP, RAP = 1/GAP and TMR = GP/GAP -1 =
Rap/Rp — 1.

It is worth noting that, for the MTJs with half-
metallic electrodes, there are no spin-down electrons;
ie., G4 = G}, = 0. In the conventional theories, the
conductance Gy is also equal to zero due to the energy
conservation, which means that Gap = 0 and TMR =
+o00. However, in the present theory, the energy of the
tunneling electron can be non-conserved according to
the Bethe theory and two-beam approximation,!'? 2]
which has been discussed in detail in Ref. [22]. There-
fore, the incident electrons will possess enough en-
ergy to transit into the spin-down band of the lower
electrode when v (Kjp) > A — p.  This leads to
Gap = Gy # 0. As a result, the TMR can be fi-
nite if v (Ky) > A — u, and the physical picture has
been sketched diagrammatically in Fig. 1. It can ex-
plain the problem why the experimental TMR has still
been far away from infinity even both electrodes are
half-metallic. In the following, we only discuss the
case of v (Kp) > A — u, because otherwise the TMR,
will be infinite as stated in Ref. [22].

As pointed out in Ref.[19], the periodic poten-
tial U (r) will be modified by the lattice distortion.
Through the Patterson function approach, the distor-
tion brings the modification of the Fourier transform

v (Ky) of the atomic potential as follows:

v(Ky) = 1+21iacos(Kh~ao (1;;))]
(1 —0)vo (Kn), (5)

where o is the defect concentration, aq is the strain
of the barrier at zero temperature, T¢ is the recovery
temperature above which the strain disappears, and
vo (K1) is the Fourier transform of the atomic poten-
tial of ideal perfect barrier. Equation (5) builds the
relationship of v (K7},) and the lattice distortion. The
modification of v (Kj},) by the lattice distortion will
then alter the conductances and TMR, according to

Eqs. (2)-(4).

Fig.1. The diagrammatic pictures for MTJs consisting
of single-crystal barrier and half-metallic electrodes: (a)
in the conventional theories, Gap = 0 and TMR = 400,
(b) in the present theory, if v (Ky) > A —p, Gap # 0 and
TMR is finite, (c) in the present theory, if v (K},) < A—p,
Gap = 0 and TMR = 4o00. The carp represents a tun-
neling electron, and the “dragon gate" represents a single-
crystal barrier.

Next, we display and discuss the calculation re-
sults. The parameters of the half-metallic electrodes
are set as follows: the chemical potential p is 7eV,
and the half of the exchange splitting A is 12eV. The
parameters of the barrier are set as follows: Kj =
2.116 x 101m~1, and v (K},) = 15.3€V.

As the foundation of the latter studies, we would
like to investigate the dependences of Rp and Rap on
v (Ky). The results are shown in Fig.2, where the
thickness of the barrier varies from 1.5nm to 3nm.
It can be seen from Fig. 2 that the Rp oscillates with
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v (K}), which comes from the inference among the
diffracted waves as pointed out in Ref.[19]. How-
ever, the Rap does not oscillate with v (K},), which
is different from the case in Ref.[19]. This is because
that p* and ¢® will always be imaginary for G| due
to u < A. These results suggest that both the Rp
and Rap can be regulated by v (K}). According to
Eq. (5), the lattice distortion and temperature will
modify v (Ky), and further alter Rp and Rap. This
is just the physical mechanism for the effect of lattice
distortion on TMR. At present, only Rp and TMR
can oscillate with v (K},), and thus oscillate with tem-
perature. This can explain the intriguing phenomenon
stated in the introduction.
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Fig. 2. Rp and Rpp versus v (K}, ) under different barrier
thicknesses d = 1.5, 2, 2.5 and 3nm.
Now, we discuss the effect of the defect concentra-
tion, the strain and the recovery temperature on the
MTJs.
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Fig.3. (a) Rp and Rap versus Ky, - ap at 300K, (b)

TMR versus K}, - ag at 300K, (c) Rp and Rap versus
the temperature under different Ky, - ag = 7/6, 7/3, and
w/2, (d) v (K}) versus K}, - ap at 300 K, where o = 0.08,
Tc = 800K, and d = 1.5nm.

First, we would like to study the effect of the
strain. The results are depicted in Fig. 3, where K}, -aq
varies from /6 to 7/2, o = 0.08, Tc = 800K, and
d = 1.5nm. Figure 3(a) shows the dependences of
Rp and Rap on the strain when T' = 300K. It can
be found that both the Rp and Rap increase with

the strain, which is quite different from the oscillat-
ing phenomenon in MTJs with normal electrodes. For
Rap, this is because it decreases with v (K},) and also
v (KY,) decreases with K, - g monotonously as shown
in Figs.2 and 3(d). For Rp, this is because, in the
present case, v (K1) decreases more slowly when com-
pared to the MTJs with normal electrodes. Therefore,
Rp only varies within the increasing region. Interest-
ingly, TMR oscillates with the strain which can be
seen in Fig.3(b). This originates from the oscillat-
ing behavior of Rp on v (Kjy), and is in agreement
with the experiments.!'°'*] As shown in Fig. 3(b), the
TMR can change about 30% by varying the strain.
In addition, the temperature dependences of Rp and
Rap under different strain are also studied, which are
shown in Fig.3(c). It can be seen that Rp oscillates
with the temperature whereas Rap monotonously de-
creases with it. This can be understood from Eq. (5)
that v (K3,) is a monotone increasing function of tem-
perature. From Fig. 3(c), it can also be seen that both
Rp and Rap become more sensitive to temperature
when the strain becomes larger. This can also be un-
derstood from Eq. (5) that v (K},) will be more sensi-
tive to temperature if a larger strain is applied.
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Fig.4. (a) Rp and Rap versus o at 300K, (b) TMR ver-
sus o at 300K, (c) Rp and Rap versus the temperature
under different ¢ = 0.06, 0.08, and 0.1, (d) v (K}) ver-
sus o at 300K, where K}, - ag = /3, Tc = 800K, and
d=1.5nm.

Second, we investigate the effect of the defect con-
centration. The results are depicted in Fig. 4, where o
varies from 0.01 to 0.16, K}, - ap = 7/3, Tc = 800K,
and d = 1.5nm. Figure 3(a) shows the dependences
of Rp and Rap on the defect concentration when
T = 300K. It can be found that Rap decreases with
o whereas Rp oscillates with . For Rap, this is be-
cause it decreases with v (K}) and v (K},) increases
with ¢ monotonously. For Rp, this is because the
v (Ky) varies more strongly with o than with the
strain, as can be seen in Fig. 4(d). In such a wide range
of v (Ky), the oscillating behavior of Rp on v (Ky)
will exhibit. Combining the results of Rp and Rap,
the TMR will oscillate with o, which can be seen in
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Fig. 4(b). Due to the strong influence of defect con-
centration on v (K},), the TMR can change about 50%
by varying the defect concentration. In addition, the
temperature dependences of Rp and Rap under differ-
ent defect concentrations are also studied, which are
shown in Fig.4(c). It can be seen that both the Rp
and Rap monotonously decreases with the tempera-
ture. The behavior of Rap can be easily understood.
For Rp, it should oscillate with the temperature as
stated above. However, in the present case, Rp only
varies within the decreasing region of the whole oscil-
lating period. From Fig.4(c), it can also be seen that
both Rp and Rap are not sensitive to temperature.
This can also be understood from Eq. (5) that v (Ky,)
will be not sensitive to temperature if both the defect
concentration and the strain are not high.
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Fig.5. (a) Rp and Rap versus T¢ at 300K, (b) TMR

versus T at 300K, (c) Rp and Rap versus the temper-

ature under different Tc = 600K, 800K, and 1000 K, (d)

v (Ky) versus Tc at 300 K, where Ky, -ap = /3, o = 0.08,

and d = 1.5nm.

Finally, we discuss the effect of the recovery tem-
perature. The results are depicted in Fig. 5, where T
varies from 600K to 1000K, K}, - ap = 7/3, o = 0.08,
and d = 1.5nm. Figure 5(a) shows the dependences
of Rp and Rap on the recovery temperature when
T = 300K. It can be found that both the Rp and
Rap quite slowly increases with T¢. This happens
because the v (K},) varies little with T¢ at present,
as can be seen in Fig.5(d). As a natural result, the
TMR oscillates with T but the amplitude is less than
10%, which can be seen in Fig. 5(b). In addition, the
temperature dependences of Rp and Rap under dif-
ferent recovery temperatures are also studied, which
are shown in Fig.5(c). The situation and discussion
are analogous to Fig. 4(c).

In summary, we have developed a tunneling theory
to study the effect of lattice distortion on the MTJs
consisting of single-crystal barrier and half-metallic
electrodes. In the present theory, the energy of the
tunneling electron can be non-conserved, and there-
fore, TMR can be finite if v (K}) > A — p even both

the electrodes are half-metallic. Meanwhile, the lattice
distortion is described by three physical parameters,
i.e., strain, defect concentration and recovery temper-
ature. All the three parameters will modify the pe-
riodic scattering potential, and further alter Rp and
Rap. Finally, we have discussed respectively the effect
of the three parameters on the MTJs. It is found that:
(1) The TMR oscillates with all the three parameters.
(2) The strain can change the TMR about 30%. (3)
The defect concentration will strongly modify the peri-
odic scattering potential, and further change the TMR
about 50%. (4) The recovery temperature has little
effect on the periodic scattering potential, and only
can change the TMR about 10%. Among the three
parameters of the strain, defect concentration and re-
covery temperature, the effect of defect concentration
is the strongest, while that of recovery temperature
is the weakest. These results may possess theoreti-
cal guidance to the further research and applications
for the MTJs consisting of single-crystal barrier and
half-metallic electrodes.
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