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Abstract—Magnetic tunnel junctions with an Fe; O, top elec-
trode have been fabricated. High resolution transmission electron
microscopy (HRTEM) shows that in as-deposited state, Fe and FeO
phases exist at the interface. These two phases are believed to have 5004
formed as a result of the unstable plasma condition at the start
of the Fe; O, deposition. A relatively low magnetoresistance ratio
(MR) (3.5%) and low switching field (Hc2) (40 Oe) is observed
which is associated with the fact that the FeO phase magnetically
isolates the Fe phase from the Fg0, phase at the interface. After B
annealing at 150°C for 5 h, the MR as well as the switching field 2004,
(Hc2) increases by a factor of two. HRTEM shows that the FeO
phase at the interface has transformed into Fe and Fg, in the
annealed sample, resulting in the increased MR (7.0%) and higher
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switching field (Hc2) (300 Oe). However, annealing does not com- 25 30 35 40 45 50 55 60 65 70
pletely remove Fe at the interface, thereby limiting the MR. 2 Theta
Index Terms—Half-metallic, magnetic tunnel junction, mag- Fjg. 1. Glancing-angle XRD patterns of f@, films with different
netite, magnetoresistance ratio. thicknesses.
I. INTRODUCTION ence of interfacial Fe and FeO is related to the magnetic and

o ] o magnetoresistive behavior of the junctions.
S A RESULT of their high spin polarization (100%),

haIf-_metaIIic materials havi_ng only one spin—subband at Il. EXPERIMENTAL PROCEDURES

the Fermi level are very attractive as electrodes in magnetic_ o _ _ _
tunnel junctions (MTJ) [1]. Several materials such as HeuslerSingle-layer thin films of FgO,, with thicknesses in the
alloys (NiMnSh), chromium dioxide (Cr§), Pervoskites 'ange of 20-150 nm, and layered stacks of' Ta 5 nm/NiFe
(Lao.7Sf.3MnO;), and magnetite (R©,) are expected to be 10 NM/AIQ, 2.5 nm/Fg0O, 30 nm/Ta 5 nm, with F€0, as
half-metallic [2]-[4]. Among these, E©, has the highest the top layer, were deposited on oxidized silicon substrates.
Curie temperature (858 K) and is therefore considered to be tHee substrates were ultrasonically cleaned in acetone and
most promising choice for tunneling magnetoresistive devic@{ohol for 15 min and r;nsed in deionized (DI) water. The
[4]. However, recent studies show that the observed MR ratio}8Se pressure was>3 10~ torr. The deposition pressure and
much lower than expected whens@ is used as an electrodel€mperature were 5 mT and room temperature, respectively.
[5]-[7], and, in fact, in some cases an MTJ fails to form [8]. Td he thin barrier layer of AIQ was formed by plasma oxidation
date, at least three reasons for the low observed MR have b8&g-5 nm of metallic Al for 70 s, prior to the deposition of the
suggested: 1) a disordered spin structure at the interface!@f magnetite electrode. The magnetite layer was fabricated by
Fe;0; that reduces the spin polarization [5]; 2) some reductidgactive sputtering of Fe in flowing oxygen. Oxygen and argon
of Fe;0; due to the Al may introduce other phases such as @ses were introduced through the top of the chamber and
and FeO, resulting in a reduced MR [4], [5]; and 3) a magnetig€ir flow rates were 6.8 sccm and 27 sccm, respectively. The
dead layer at the interface of the @ [9]. It should be noted Patterning of the junctions was accomplished through the use
that all three of these effects are associated with the interfac8f @ shadow mask during deposition. The phase identity and

In this study, the structure and magnetic properties glze Microstructure of the films were mvestlgatgd by HRTEM _and
films deposited via reactive sputtering are investigated. In paf=ray diffraction (XRD). For the XRD studies, the incoming
ticular, the AIQ./Fe; O, interface is examined using high resoluP€am was incident at a glancing angle of*0.5he magnetic

tion transmission electron microscopy (HRTEM), and the preBLOperties of the samples were measured using an alternating
gradient magnetometer (AGM) in fields up to 2 kOe. The

transfer curves of the junctions were measured by a four-point

measurement in fields up to 1000 Oe.
Manuscript received January 6, 2003. This work was supported by the Pitts-
burgh Digital Greenhouse and the Data Storage Systems Center at Carnegie
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Fig. 2. (a) Plan view transmission electron micrograph, and (b) selected area H (Oe)
diffraction pattern (SADP) and the intensity profile along the radius direction b
[10] for a 100-nm-thick FgO, film. (b)

Fig. 3. M-H loops of FgO, 70-nm-thick film (a) before annealing and (b)
peaks can be assigned to magnetite. The figure further sh@f" annealing.
that Fg O, can be formed in films as thin as 20 nm. The TEM
image in Fig. 2(a) demonstrates that the iron oxide film i@bove 570 C [12]. Therefore, at the low annealing temperature
polycrystalline, with a grain size that is of the order of 25 nnused here, this metastable FeO transforms into the stable Fe or
The figure also reveals clear lattice fringes within the grainBg;Oy.
indicating that the oxide is crystalline and of high quality. The Based on the TEM observations, the M—H loops of Fig. 3
SADP and the integrated intensity profile in Fig. 2(b) showre interpreted as follows. In Fig. 3(a), the low coercivity in
that, in agreement with the XRD pattern, the oxide phaske sharp region in the loop is associated with Fe since this is
is magnetite, R0, The hysteresis curves of a single-layethe softest magnetic phase among the phases seen in the sam-
Fe;O4 before and after annealing are shown in Fig. 3. Befopes. Furthermore, since the Néel temperature of FeO is 198 K
annealing, the two distinctively different switching in the meg13], FeO is paramagnetic at room temperature and results in
sured M—H loop indicated that there exist two magnetic phasegak magnetic coupling between Fe and ®g By contrast,
a soft phase and a hard phase, that are weakly coupled. Thimikig. 3(b), the disappearance of FeO upon annealing leads to
consistent with the microscopic observations that Fe ag@Fe strong coupling between Fe ands;BER and gives rise to the in-
phases are separated by a layer of paramagnetic FeO phasase in coercivity. The magnetoresistance transfer curves of
After annealing at 150C for 5 h, the two-phase behavior of thehe MTJ before and after annealing are shown in Fig. 5. All
film has given way to magnetically single-phase behavior, aseasurements were made at room temperature. There are two
seen in Fig. 3(b). The structure of the interface and the identgwitching fields, H:; and H», which correspond to the coer-
of the phases present in the magnetite layer in a layered stashty of soft (NiFe) and hard magnetic materials (Fe 0s®g),
are shown in Fig. 4. To analyze the phase, we have measurespectively. Before annealing, an MR ratio of 3.5% anrd df
the d-spacings from the fast Fourier transformation (FFT) 4D Oe are observed, which is the characteristic of the Fe phase.
high resolution image, which were used to determine the phaSénce both Fe and FeO coexist at the junction, we believe that the
Three phases are found at the interface in the unanneafeeasured MR is mainly due to Fe at lower fields. To clarify the
sample, namely Fe, FeO, ands;Bg. The Fe phase arises fromsource of the low switching field and low MR in the unannealed
the unstable plasma conditions at the start of the magnesemple, we made a MTJ of Ta 3 nm/NiFe 10 nm/AlOx 2.5 nm/Fe
deposition, and the FeO phase appears to surround the 8afim/Ta 3 nm. This junction has an MR ratio of 18% angH
Fe [Fig. 4(b)]. In our work, the FeO phase that surrounds tloé 40 Oe (not shown). The reason for the low MR ratio in our
Fe before annealing is transformed into Fe and@zewith Fe;O4 junction is the presence of FeO phase at the interface,
annealing, which is consistent with previous work [11]. Kvhich is confirmed by HRTEM. Even though an Fe electrode it-
should be noted that equilibrium FeO can be obtained ordglf can produce a relatively high MR ratio, the presence of the
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(He2) (300 Oe). However, annealing does not remove all the Fe
at the interface, which prevents us from realizing the full poten-
tial of Fe;Oy.

IV. CONCLUSION

Crystalline FgO, films have been fabricated by reactive
sputtering, and the interface of a MTJ in a layered structure
of oxidized silicon/Ta 5 nm/NiFe 10 nm/Al02.5 nm/FgO,

30 nm/Ta 5 nm has been studied. Three phases, namely, Fe,
FeO, and FgO, phases, are found to coexist at the interface.
Before annealing, the FeO magnetically decouples the Fe and
Fe;O4 phases. Before annealing, the junction has a MR ratio
of 3.5% and K of 40 Oe. Upon annealing, the FeO phase
is transformed into the Fe and §®;, leading to a strong
coupling between the Fe and J&,. Annealing also results in

a relatively high MR ratio of 7.0% and higherdd of 300 Oe.

It is concluded that the presence of FeO and Fe at the interface
of Fe;O4 with an AIO; tunneling barrier destroys the spin
polarization of the tunneling electrons, thereby limiting the MR
to a relatively low value. However, modification of the plasma
conditions at the start of magnetite deposition is expected to
lead to purely single phase $@, with high spin polarization.
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