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We have developed a tunneling theory to describe the temperature dependence of tunneling magnetoresistance
(TMR) of the magnetic tunnel junctions (MTJs) with periodic grating barrier. Through the Patterson function
approach, the theory can handle easily the influence of the lattice distortion of the barrier on the tunneling
process of the electrons. The lattice distortion of the barrier is sensible to the temperature and can be quite easily
weakened by the thermal relaxation of the strain, and thus the tunneling process of the electrons will be sig-
nificantly altered with the variation of the temperature of the system. That is just the physical mechanism for the
temperature dependence of the TMR. From it, we find two main results: 1. The decrease of TMR with rising
temperature is mostly carried by a change in the antiparallel resistance (R4p), and the parallel resistance (Rp)
changes so little that it seems roughly constant, if compared to the R4p. 2. For the annealed MTJ, the R4p is
significantly more sensitive to the strain than the Rp, and for non-annealed MTJ, both the Rp and R4p are not
sensitive to the strain. They are both in agreement with the experiments of the MgO-based MTJs. Other relevant
properties are also discussed.

1. Introduction

Magnetic tunnel junctions (MTJs) have received considerable at-
tention for many years. They can be applied to the promising spintronic
devices such as high-density magnetic reading head [1]. Early experi-
mental studies were confined to the MTJs with amorphous aluminum
oxide (Al-O) barriers. In 2001, Butler et al. [2] predicted theoretically
that, if single-crystal MgO is used as the MTJ barrier, the tunneling
magnetoresistance (TMR) can reach a extremely high value. The pre-
diction was verified soon by Parkin et al. [3] and Yuasa et al. [4]. Since
then, the MgO-based MTJs have been widely investigated over the last
decade [5-14]. One of the most important and distinguished properties
of MgO-based MTJs is that the parallel resistance (Rp), the antiparallel
resistance (R4p), and the TMR all oscillate with the barrier thickness
[4,11-14], which is radically different from the case of Al-O-based
MTJs where no such oscillation is found. Those oscillations have al-
ready been well interpreted by the spintronic theory developed pre-
viously by us [15]. The theory is founded on the traditional optical
scattering theory [16]. Within it, the barrier is treated as a diffraction
grating with intralayer periodicity. It is found that the periodic grating
can bring strong coherence to the tunneling electrons, the oscillations
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being a natural result of this coherence. Besides the oscillations, the
theory can also explain the puzzle why the TMR is still far away from
infinity when the two electrodes are both half-metallic.

Experimentally, there is another important property for MgO-based
MTJs, that is, the temperature dependences of the Rp, R4p and TMR. It
is found that, as usual, the TMR will decrease when the temperature of
the system increases. However, the decrease of TMR with rising tem-
perature is mostly carried by a change in the R4p. The Rp changes so
little that it seems roughly constant, if compared to the R4p [3,17-25].
Theoretically, the modified version of the magnon excitation model
[26] is at hand for the mechanism of the above temperature depen-
dence. However, this model can not explain the TMR oscillation on the
thickness of MgO barrier. Physically, that is because it dose not include
the effect of the periodicity of the single-crystal barrier which plays a
key role in the scattering process when the electrons tunnel through the
barrier. Based on this reason, we would like to extend our previous
theory to interpret the temperature dependences of the Rp, R4p and
TMR of MgO-based MTJs.

As well known, the MgO-based MTJs are fabricated through epi-
taxial growth. Hence there will be lattice mismatch and interfacial
defects between the barrier and its neighbouring layers. Obviously,
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both of them can cause some lattice distortion to the barrier. The in-
fluences of this lattice distortion have been investigated widely by the
experiments [4,27,28]. In particular, Ref. [27] discovers that, if the
MTJ is annealed, the R4p will increase with raising of strain, which is
much more sensitive than the Rp, and if it is non-annealed, the R,p will
unchange with the strain. In addition, Ref. [28] finds that the lattice
distortion can modify the band gap of the MgO barrier. Based on those
facts, we shall take into account the effect of the lattice distortion of the
barrier upon the Rp, R4p and TMR within the framework of our previous
work. Our aim is to interpret theoretically the temperature dependences
of the RP, RAP and TMR of MgO-based MTJs. As will be seen in the
following, this effect can account for the temperature dependences of
the Rp, R4p and TMR of MgO-based MTJs.

2. Method

To begin with, let us consider a MTJ with a perfect single-crystal
barrier. As in Ref. [15], we suppose that the atomic potential of the
barrier is v(r), and that the total number of the layers of the barrier is n.
Then, the periodic potential U (r) of the barrier can be written as

n—-1
U(r) = Z Z v(r—Ry—Laz),

=0 Ry

(€8]

where R, is a two-dimensional lattice vector of the barrier:
R, = L a; + L a,, with a; and a, being the primitive vectors of the atomic
layers, and ; and |, the corresponding integers. The a; is the third pri-
mitive vector of the barrier, with & the corresponding integer. Letting
e, = a; X ay/la; X a,l, we shall set e, pointing from the upper electrode
to the lower one, which is antiparallel to the direction of the tunneling
current. As pointed out in Ref. [15], it is just the periodicity of the
potential of barrier that will cause strong effect of coherence to the
electrons passing through it. The diagrammatic sketches of this physical
picture have been shown in Figs. 1 and 6 of Ref. [15].

Now, let us consider the effect of the lattice distortion of the barrier.
Physically, the periodic potential U (r) of the barrier will be modified by
the lattice distortion, as stated in Ref. [28]. In order to elucidate the
effect of the distortion on the potential U(r), we would employ the
Patterson function approach, which is a standard and very powerful
method for studying the diffraction by imperfect crystals [16]. Within
the framework of two-beam approximation [15,16], this leads to that
the Fourier transform v(K}) of the atomic potential undergoes a mod-
ification as follows,

V(Ky) = (1 + Zécos(Kh-oc))(l—a)vo(Kh), .

where K}, is a planar vector reciprocal to the intralayer lattice vectors
Ry, ois the defect concentration, a represents the effect of strain of the
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Fig. 1. Rp and Ryp as functions of v(Kj) under different barrier thickness
d = 1.5nm, 2 nm, 2.5 nm, and 3 nm.
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barrier [16], and vy (K},) is the Fourier transform of the atomic potential
of ideal perfect barrier,
vo(Kp) = Q7! f drv(r)e Knr, 3)
Here, Q is the volume of the primitive cell of the barrier:
Q = (a; X ay)-a3.

With regard to the strain «, Ref. [29] has studied it both experi-
mentally and theoretically on some oxide heterostructures, it is found
that, within the low temperature region, the strain decreases linearly
with temperature T as follows,

T
o= ao(l—F), T<T,

c

4

where a is the strain of the oxide film at zero temperature, and T; is the
recovery temperature above which the strain disappears. Generally, T.
is around 800 K. As pointed in Ref. [29], this result can be applied to
other oxide heterostructures. Therefore, we would like to employ it to
handle the strain of MgO barrier. As to the defect concentration o, it
should be independent of the temperature because the energy to excite
defects within a lattice is too high.
Combining the Egs. (2) and (4) above, we obtain

c

V(K = |1+ 2Lcos[Kh.ao(1—£)) (1=0)vo (Kp)-
1-o T. (5)

This equation builds the relationship between the Fourier transform
v(Ky) of the atomic potential of realistic imperfect barrier and the
temperature T.

Now, according to Ref. [15], the transmission coefficient for the
channel of the spin-up to spin-up tunneling reads as follows,

1 . . : . ; .
Ty(k) = S_kz{pfet[pf—(pf) ld 4 pfex[pf—@f> ld 4 qfez[qf—(qf) 1d
ila%—, Z*d i[n< —, Z*d in% — Z*d ifa%— Z*d
+ gReila~@d 4 [pZeilpf=G2Id 4 pZeilp®~(pf1d_gZeilaf~(a®)]
(6)

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

_qfei[qf—(qf)*]d] +c.c}

p? = [KP=kj + 2mh=2v(Ky) ]2, (72)

qf = [K—(ky + Kp)? + 2mh~> v (Kp) ]2 (7b)

Here, k;, is the planar component of k. Since v(K}) is a function of T
now, the transmission coefficient T;;(k) will also be a function of T.
That is to say, the tunneling process will vary with temperature.

From T;4, the conductance G, for the channel of the spin-up to spin-
up tunneling can be obtained as follows,

e2

/2 27 5 .
=< fo de j; dg k2, sin(26) Ty; (key, 6, @),

GTT (8)
where e denotes the electron charge, 6 the angle between k and e,, ¢
the angle between k; and a;, and kr; the Fermi wave vector of the spin-
up electrons. Here, we have ignored the effect of temperature on the
Fermi-Dirac distribution of the electrons of ferromagnetic electrodes,
which is fairly weak in the present case because T < 400 K <« Tr where
Tr > 10*K is the Fermi temperature for either of the electrodes. Since
T;; is a function of T, the above equation shows that G;; will depend on
the temperature, too.

The other three conductances, G, G;;, and G|, can be obtained
similarly. With them, one can get Gp =
Gﬁ + Gu, Gap = GTi + GLT’ Rp = G;l, Rup = G;;l:, and TMR =
GP/GAP_l = RAP/RP_l'

Likewise, Gy, Gy;, and Gy, will also depend on the temperature of
the system. Physically, that arises from the fact that v(K}) varies with
temperature, as shown in Eq. (5). In a word, the four conductances,
Gy, Gy, Gy, and Gy, as well as the TMR will all change with the
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