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Fe/MgO/FeCo(100) epitaxial magnetic tunnel junctions prepared
by using in situ plasma oxidation

S. Mitani,® T. Moriyama, and K. Takanashi
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-8577, Japan
and CREST, Japan Science and Technology Corporation, 4-1-8 Kawaguchi, Saitama 332-0012, Japan

(Presented on 14 November 2002)

Fe/MgO/FeCo epitaxial magnetic tunnel junctio®dTJs) were prepared on MgO(10Gingle

crystal substrates by using situ plasma oxidation for the formation of MgO barriers. The epitaxial
relationship of Fe(001)/MgO(001)/FeCo(00land F¢100]//MgQO[110])//FeC¢100] in the
junctions was observed by reflection high-energy electron diffraction. Tunneling transport was
clearly observed at low temperatures below about 150 K, and the barrier height of MgO is estimated
to be 0.9 eV, which is smaller than the value expected from half of the band gap of bulk MgO.
Tunnel magnetoresistance of 23% and 20% was observed at 4.2 and 77 K, respectively. The results
suggest that plasma oxidation is useful for fabricating epitaxial magnetic tunnel junctiord00®
American Institute of Physics|DOI: 10.1063/1.1557338

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

Epitaxial magnetic tunnel junctio®TJs) have opened Fe/MgO/FeCo M.TJS were prepared on I\{(@Ol)smgle

. . . . _ crystal substrates with molecular beam epitaxy equipment
new perspectives in spin-dependent tunneling transpdrt. (Eiko EB-5K). A flat Fe bottom electrode of 200 A in thick-
For example, large tunnel magnetoresistafi®dR) was ob- o5 was formed on a MgO(00dubstrate by electron beam
served in epitaxial MTJs, e.g., Fe/MgO/Fd@@0f and  deposition of Fe at room temperatufeT) and postannealing
Ga,_Mn,As/AlAs/Ga,_,Mn,As(100)° The large TMR ef-  at 200 °C. The surface roughness evaluated by atomic force
fects are supported by theoretical calculations, and huggicroscopy (observation area: 21 um?) was ~5 nm in
TMR (~1000%)is predicted in an ideal Fe/MgO/E®00) peak-to-peak roughness, which is comparable to that of MgO
MTJ .20 Epitaxial MTJs also have an advantage in control-substrates. A 8 A thick Mg layer was deposited on the Fe
ling structures of a nanometer scale. Quantum well effects oRottom electrode at RT, and was subsequently oxidized in
TMR are successfully observed in MTJs with a few atomicOXygen-argon plasma for 1 to 2 min, where the oxygen-argon
layer thick nonmagnetic layer epitaxially grown on the bot-Plasma was generated by applying 10 W rf power to 4 Pa
tom ferromagnetic electrodd. Controlling the insulator Ar-20%0, gas. Since the number density of Mg atoms in

thickness and roughness brings about an antiferromagnetM,go is 25% larger than that in pure metal Mg, the nominal
coupling in Fe/MgO/Fe/Co MTJ. thickness of a MgO layer made frooma& A Mg layer is

MgO is one of the most attractive materials suitable forConSIdered to be 6.4 A=8/1.25). 19 and 2.6 A thick MgO
. . . . layers were prepared by three and four times repetition of
an epitaxial insulating barrier because of the small lattic

. 910 Shis process. A 200 A thick EgCos, layer as a top electrode
mismatch for Fe(3.7%) and the large TMR:*'° Compared 5 deposited on the MgO barrier. When the samples for

to amorphous Al-O barriers, however, the preparation progansport measurements were prepared, a couple of shadow
cess of epitaxial MgO barriers has been little investigatedmasks were used for the cross-pattern of MTJs. Changing
Owing to the difficulty in formation of epitaxial MgO barri- shadow masks was performed without exposing sample sur-
ers, very few experimental results have been reported to dataces to air. The junction area was 0.8.8 mnft.

on the preparation and TMR of epitaxial MTJs consisting of ~ Crystal structures and epitaxial growth were monitored
Fe (or Fe alloy)electrodes and a MgO barri&?'**>To our by in situ reflection high-energy electron diffraction
knowledge, sizable TMR has been obtained only by two re{RHEED). Magnetic properties were characterized with a su-
search groups in the Fe/MgO/Fe@00) MTJs prepared by Perconducting quantum interference deWiQUID) magne-
using laser ablation and molecular beam epitskyn this tometer.. Electrical resistance and TMR were measured by a
study, we have attempted to prepare Fe/MgO/FeCo epitaxi&onventional dc four-probe method.

MTJs through the use of conventional ultrahigh vacuum

deposition techniques ariil situ plasma oxidation, and have !ll. RESULTS AND DISCUSSION

characterized magnetic and transport properties of the MTJ  Figure 1 shows RHEED patterns for Fe, MgO, and FeCo
samples. surfaces in a MgO[100dzimuth in a MgO(001)/Fe(200 A)/
MgO(19 A)/FeCo(200 Ajunction. The RHEED pattern for
@Author to whom correspondence should be addressed:; electronic maithe Fe bottom electrode indicates that the Fe surface is rela-

mitani@imr.tohoku.ac.jp tively flat and a non-X 1 surface structure appears, which is
0021-8979/2003/93(10)/8041/3/$20.00 8041 © 2003 American Institute of Physics
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FIG. 1. (a) Schematic illustration of a MTJ structure, and RHEED patterns
for (b) FeCo, (c) MgO, and(d) Fe surfaces in a Mg@01)/Fe(200 A)/
MgO(19 A)/FeCo(200 A)junction. The incident electron beam is along
MgO[100].

often seen for Fe(00l)layers grown epitaxially on
MgO(001)*® The RHEED pattern shown in Fig(d) exhib-
its the formation of an epitaxial MgO barrier onto the

Fe(001)bottom electrode. This suggests that the repetition of

thin Mg layer deposition and subsequent plasma oxidation i
a useful process to form epitaxial MgO barriers in MTJs.
Epitaxial growth of the FeCo top electrode is also confirme
by the RHEED patterfiFig. 1(b)]. A few extra spots in Fig.

1(b) are probably due to reflection from facet planes of the
three-dimensionally grown FeCo layer. The epitaxial rela-

tionship of Fe(001)/MgO(001)/FeCo(001) and
Fg 100]//MgQ[ 110]//FeCq¢100] was confirmed from the
RHEED observation by rotating the MTJ sample.
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FIG. 2. |-V characteristics al=4.2 K andH=2.1 kOe in a MgQ@001)/
Fe(200 A)/Mg@26 A)/FeCo(200 Ajunction. The inset shows temperature
dependence of tunnel resistanceHat 0 Oe in the same sample.
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FIG. 3. (a) Magnetization curve af=5K and(b) TMR at T=4.2 K for a
MgO(001)/Fe(200 A)/Mg@@6 A)/FeCo(200 A)junction. The insets show
data atT=77 K.

Current—voltage I(-V) characteristics at 4.2 K for a

RMgO/Fe(200 A)/MgO(26 A)/FeCo(200 Aunction is shown

n Fig. 2. The nonlineat—V curve suggests that the electri-
cal current is due to electron tunneling between the ferro-
magnetic electrodes through the MgO barrier. The barrier
width and height estimated from the numerical fitting of
Simmons’ formuld®* to the experimental result are 22 A and
0.9 eV, respectively. The estimated barrier width of 22 A is a
little smaller than the nominal thickness of the MgO barrier
(26 A). This is interpreted by the fact that the MgO barrier is
not perfectly flat and most of the tunnel current flows
through the area where the MgO barrier is relatively thin.
The estimated barrier height is high enough to observe the
TMR effect but is much smaller than the value expected
from half of the band gap of bulk MgO. The barrier height of
0.9 eV is comparable to the value reported for a Fe/MgO/
FeCo(001)MTJ with a MgO barrier deposited by laser abla-
tion (1.1 eV)3 The tunneling transport through the MgO bar-
rier is supported by the negative temperature coefficient of
resistance below-150 K shown in Fig. 2. However, above
~150 K the resistance decreases dramatically, and the expo-
nential temperature dependence of resistance abdad K

is interpreted in terms of a thermal activation process of con-
duction electrons. A possible origin of the semiconducting
current channel that opens abové&50 K is considered to be
hopping conduction through defects in the MgO barrier. In
order to observe tunneling transport at room temperature, it
is necessary to remove the additional current channels by
improving the quality of MgO batrriers.
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Figure 3(a)and 3(b) show magnetization curves and servation. Nonlineai—V characteristics and negative tem-
TMR at V=1 mV for a MgO(001)/Fe(200 A)/MgO(26 A)/ perature coefficient of resistance were clearly observed at
FeCo(200 A)junction, respectively. It is seen that the resis-low temperatures below about 150 K, showing tunneling
tance changes corresponding to the magnetization curve, akansport in the Fe/MgO/FeCo MTJs. The barrier height of
though the switching field and the saturation field etc. are g0 is estimated to be 0.9 eV, which is smaller than the
little different between the samples for magnetization andsalue expected from half of the band gap of bulk MgO. TMR
transport measurements. Asymmetric field dependence probf 23% and 20% was successfully observed at 4.2 and 77 K,
ably originates from exchange magnetic anisotropy from amespectively. The results suggest that plasma oxidation is
antiferromagnetic oxide layer on the surface of the top elecuseful for fabricating epitaxial magnetic tunnel junctions.
trode because no protective layer is deposited. Antiparallel
alignment of the magnetizations of Fe and FeCo electrodes RCKNOWLEDGMENT
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