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1. Introduction

Crystalline MgO-based magnetic tunnel junctions
(MTJs) have attracted much attention due to their large
room-temperature magnetoresistance (MR) over 100%
[1-4] and potential applications to magnetic random access
memories [5-6] and read sensors in high-density magnetic
recording [7-8]. Giant tunneling magnetoresistance (TMR)
of several 1000% in MgO-based MTJs was theoretically
predicted in the fully epitaxial Fe(001)/MgO(001)/Fe(001)
MT]J in 2001 [9-10], and TMR of 180% at room tempera-
ture (RT) was experimentally demonstrated in a fully epi-
taxial Fe(001)/MgO(001)/Fe(001) MTJ fabricated by mo-
lecular beam epitaxy [1]. Subsequently, Djayaprawira et al.
reported that non-epitaxial CoFeB/MgO/CoFeB MT]Is pre-
pared by magnetron sputtering method also shows a very
large MR ratio more than 200% at RT [3]. The impact of
the report on practical application is that the MgO-based
MT]J using CoFeB was prepared onto a thermally oxidized
Si wafer by the magnetron sputtering method, which
enlightened the prompt applicability to the mass produc-
tion.

To date, three possible explanations have been sug-
gested on the mechanism of the large TMR on the
CoFeB/MgO/CoFeB MTlJs [3-4, 11-12]: i) CoFeB contain-
ing about 20 at.% boron is amorphous in the as-deposited
state, i) MgO grows with (001) texture on amorphous
CoFeB layer, and iii) the amorphous CoFeB layers appar-
ently crystallize after high-temperature annealing and their
crystalline orientation is bcc (001) out-of-plane. Based on
these microstructure studies, it can be considered that the
crystalline structure of bcc CoFe(001)/MgO(001)/bce
CoFe(001) is responsible for high TMR as predicted in the
epitaxial Fe(001)/MgO(001)/Fe(001) system. In order to
satisfy this, besides the out-of-plane (001) texture, the
in-plane rotational epitaxial relationship also is required.
Here, we report our detailed study on the crystallization
process of CoFeB ferromagnetic layers above and below
the MgO barrier layer in MTJs fabricated by the magnetron
sputtering and clarified the epitaxial relationship between
crystallized CoFe and MgO.

2. Experimental
An MTJ sample with a stack configuration of Ta(10
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nm)/PtyMns;(15 nm)/Co;gFesp(2.5 nm)/Ru(0.85 nm)/
(CozsFeps)goBo(3  nm)/Mg(0.3  nm)/MgO(1.5 nm)/
(CozsFens)goBag(3 nm)/Ta(10 nm)/Ru(7 nm) was deposited
onto thermally oxidized Si(001) wafer using a magnetron
sputtering system (Canon ANELVA C-7100). The base
pressure before deposition was lower than 7x10” Pa. All
the metallic layers in the stacks were deposited by dc sput-
tering in Ar or Kr atmosphere, and the MgO layer was de-
posited directly from a sintered MgO target by rf sputtering
in an Ar atmosphere. The substrate temperature during
deposition was maintained at RT by indirect water-cooling.
After deposition, the sample was vacuum-annealed at
360°C for 2 h in a magnetic field of 8 kOe in order to in-
duce a chemical ordering of the antiferromagnetic PtMn
layer and a crystallization of the amorphous CoFeB layers.
The MR ratio and RA (resistance area product) were char-
acterized by current-in-plane tunneling (CIPT) method [13].
Structural analysis of the sample was carried out by
high-resolution  transmission  electron  microscopy
(HRTEM).

3. Results

Figure 1(a) shows a cross-section HRTEM image of the
MgO-based MTJ whose MR and RA were found to be
213% and 11359 Qum?, respectively, by the CIPT method.
It can be confirmed that the MgO layer is highly textured
polycrystalline with (001) out-of-plane preferred orienta-
tion, and the interfaces between layers are atomically sharp
and flat. Based on the atomic plane stacking sequences,
either AAA... or ABABAB..., and measuring the intera-
tomic spacing, it is possible to define the in-plane orienta-
tion of MgO grains shown in squared area (b) and (c),
which are pointing out of panel along with [100] and [110],
respectively. The in-plane crystallographic directions of
CoFeB layer in the squared area (b) and (c) are confirmed
to be [110] and [100], respectively, by atomic stacking se-
quences and interatomic spacing measurement. It is further
verified that this in-plane crystallographic direction is
closely related to that of MgO layer, and furthermore grain
boundary of crystallized CoFeB coincides with that of
MgO layer. Considering crystallography of these layers, we
suggest the grain-to-grain epitaxy through a 45° rotational
epitaxy rather than cube-on-cube epitaxy between MgO



grain and crystallized CoFe grain, in that bcc
CoFe(001)[110]// MgO(001)[100]. The rotational epitaxy is
the only way to reduce a lattice mismatch down to 4.9%
from a huge lattice mismatch of about 32% between MgO
(a = 0.421 nm) and CoysFeys (@ = 0.283 nm). Figures 1(d)
and 1(e) show the corresponding schematic projections to
the lattice patterns seen in Figs. 1(b) and 1(c), respectively.
Each of these schematics represents the pseudomorphic
epitaxial grains when the electron beam is projected paral-
lel to CoFe[110]/MgO[100] and CoFe[010]/MgO[110].
This means that the grain-to-grain epitaxy is realized be-
tween the crystallized bcc CoFe and the (001) textured
MgO layers by the 45° rotational epitaxial relationship and
a large number of pseudomorphic epitaxial columnar grains
with  the grain-to-grain epitaxy exist in the
CoFeB/MgO/CoFeB MTIJ. In short, the epitaxial relation-
ship of bcc CoFe(001)[110]/MgO(001)[100] is realized
within each columnar grain, which is satisfying the struc-
tural prerequisite of coherent tunneling predicted in the
theories [9-10]. The detail of the 45° rotational epitaxy be-
tween the crystallized bcc CoFe and the (001)-textured
MgO layers is explained elsewhere [14].
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Fig. 1 (a) Cross-section HRTEM image of the CoFeB/MgO/
CoFeB MTIJ annealed at 360°C for 2 h.. Diagrams (d) and (e)
show the corresponding schematic projections of the lattice pat-
terns seen in areas (b) and (c) in the HRTEM image, respectively.
The indices represent the azimuthal direction for each crystal.
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3. Conclusions

We showed the existence of the pseudomorphic epi-
taxial columnar grains in the CoFeB/MgO/CoFeB MT]J,
each of which has an epitaxial relation ship of bcc
CoFe(001)[110]//MgO(001)[100]//bcc CoFe(001)[110]. It
originates that CoFe crystallizes out from the interface with
the (001) textured MgO layer by solid-state nucleation and
grain growth during high-temperature annealing. Within
each of this columnar grain, we suggest that the coherent
tunneling, which is a prerequisite for huge TMR predicted
by theoretical calculation, is realized.
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