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agnetically engineered magnetic tunnel junctions
M (MTJs) show promise as non-volatile storage cells in
high-performance solid-state magnetic random access
memories (MRAM)'. The performance of these devices is currently
limited by the modest (<~70%) room-temperature tunnelling
magnetoresistance (TMR) of technologically relevant MT]Js.
Much higher TMR values have been theoretically predicted for
perfectly ordered (100) oriented single-crystalline Fe/MgO/Fe
MTTJs. Here we show that sputter-deposited polycrystalline MTJs
grown on an amorphous underlayer, but with highly oriented (100)
MgO tunnel barriers and CoFe electrodes, exhibit TMR values of
up to ~220% at room temperature and ~300% at low temperatures.
Consistentwith thesehigh TMRvalues, superconducting tunnelling
spectroscopy experiments indicate that the tunnelling current has
a very high spin polarization of ~85%, which rivals that previously
observed only using half-metallic ferromagnets® Such high values
of spin polarization and TMR in readily manufactureable and
highly thermally stable devices (up to 400 °C) will accelerate the
development of new families of spintronic devices.
The basic element of an MT] is a sandwich of two ferromagnetic
(F) electrodes separated by a thin insulating tunnel barrier'.
The tunnel current through the barrier depends on the relative
orientation of the magnetic moments of the electrodes, giving rise
to a TMR, typically defined as (R,—Rp)/Ry, where R,, and R, are
the resistances for anti-parallel (AP) and parallel (P) alignment
of the magnetic moments, respectively’>. The magnitude of the
TMR is directly related to the spin polarization of the tunnelling
electrons®, which itself is determined by the spin dependence of the
density of states near the Fermi energy of each of the ferromagnetic
electrodes, and the tunnelling matrix elements for these electrons’.
Thus, the higher the tunnelling spin polarization (TSP), the higher
the TMR, so that there has been considerable interest in nominally
half-metallic ferromagnetic electrodes, such as the manganite
perovskites* ' and CrO, (ref. 2). However, although TMR values
of ~1,000%%!" and TSP values of ~70%' have been measured at
low temperatures in tunnel junctions with electrodes formed from
the perovskite manganites, very small effects are found at room
temperature, only partly accounted for by the low Curie temperature
of these ferromagnets.
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By contrast, conventional ferromagnetic metals formed from
Fe, Co and Ni have much higher Curie temperatures—well above
room temperature. Just as important, by using the phenomenon of
oscillatory interlayer coupling in transition metal multilayers'?, useful
magnetic structures for technological applications can be readily
magnetically engineered from thin layers of these ferromagnets'.
However, after several decades of work, the highest TSP found in
technologically useful tunnel junctions incorporating these metals
is ~55% for alumina tunnel barriers"¢, with corresponding TMR
values in MT]Js of up to ~70% at room temperature'.

Alumina tunnel barriers are amorphous. It has been predicted
that crystalline tunnel barriers may give rise to much higher TSP and
TMR values because of a highly spin-dependent evanescent decay
of certain wave-functions, with particular transverse momentum
values, across the tunnel barrier’. In particular, calculations for
perfectly ordered (100) oriented Fe/MgO/Fe MTJs, suggest TMR
values of hundreds or even thousands of percent, for sufficiently
thick MgO tunnel barriers'®"’. If these giant values could be realized,
the impact on various information storage technologies would be
immense, for example, MRAM with read performance an order
of magnitude greater than current prototypes. This has motivated
intense research activities over the past several years on epitaxial
MT]Js grown on single-crystalline substrates using molecular beam
epitaxy deposition techniques. None of them'®?, however, has
demonstrated TMR values much higher than those that can achieved
with alumina tunnel barriers (88% versus 70%). Here we show
MTTJs with giant TMR values several times higher than previously
observed, fabricated using simple sputter-deposition techniques at
ambient temperature on amorphous substrate layers. Moreover, these
devices show remarkable thermal stability making them suitable for
integration with CMOS circuits for MRAM applications.

Typical resistance versus field curves are shown in Fig. 1 for three
similar MTJs with lower ferromagnetic electrodes formed from Fe
and Co,Fe,, patterned by in situ shadow-masks to give junction
areas of 80 x 80 pm?. Very large TMR values ranging from ~120%
to more than 165% at room temperature are found. The MTJs were
prepared, nominally at ambient temperature, by sputter deposition
using a combination of ion-beam and magnetron sputtering.
The lower ferromagnetic electrode is formed by first depositing an
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Figure 1 Giant room-temperature TMR. Plots of TMR versus field for MTJs with structures as follows (all thicknesses in angstroms): a and b, 100 TaN / 250 IrMn/ 8
CogyFe,s/ 18 Fe/ 27 MgO/ 100Cog,Fe;s/ 100 TaN. ¢ and d, 100 TaN / 250 IrMn/ 8 Cog,Fe,¢/ 30 CooFesy/ 29 Mg0/ 150 Cog,Fe,s/ 100 Mg. e and f, 100 TaN / 250 IrMn/ 8 Cog,Fe ¢/
30 Co,oFe;y/ 31 Mg0/ 150 Cog,Fe;/ 125 TaN. The corresponding final anneal temperature T,, after which the data is measured at room temperature, is shown in the figure.
The field range in a, ¢ and e is sufficiently broad that both the switching of the exchanged biased lower ferromagnetic electrode and the upper ferromagnetic electrodes are
seen, whereas data in b, d and f correspond to a minor hysteresis loop where the field range is limited so that only the upper electrode switches. The exchange bias field

is larger in a than in ¢ and e because of the thinner ferromagnetic electrode in a. The resistance and RA values of the MTJs in high field and after annealing at the highest
temperature shown are: a and b, 720 Q and 4,600 kQ um?, ¢ and d, 30  and 175 kQ um?, e and f,10,250 Q2 and 65,600 k2 um?, respectively. Note that the junction in e
and f has a resistance ~400 times higher than that in ¢ and d but the TMR data are very similar after annealing to the same temperature of 360 °C.
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Figure 2 Highly oriented (100) MgO tunnel barrier. Transmission electron
micrographs of magnetic tunnel junctions. a, Low-magnification image showing
the growth of ultra-smooth underlayers formed from TaN, Ta, IrMn and CoFe,

each readily distinguishable, which form a template for the growth of the (100)
oriented MgO tunnel barrier (lightest layer), b and ¢, High-resolution images along
the [110] zone axes showing atomically resolved lattice planes with (100) planes
perpendicular to the growth direction. The (100) planes in the grain in the centre of
¢ are rotated by ~—15°. Diffractograms show that the MgO lattice is compressed
in-plane by ~2% with respect to bulk MgO (dj,, ~ 1.46 + 0.02 A versus 1.49 A),
presumably due to strain from the lower CoFe electrode (djy, ~ 1.40 + 0.02 f\) and
that the [011] MgO axis is aligned along CoFe [001], as previously observed for
epitaxial growth of MgO on Fe(001)®. The MgO lattice is correspondingly expanded
out of plane by ~2.5% (MgO: dyy, = 2.16 + 0.02 A).

underlayer of 100 A TaN on an amorphous layer of SiO, formed on
a Si(100) substrate. An antiferromagnetic layer of 250 A Ir,,Mn,,
which is used to exchange bias the lower ferromagnetic layer', is then
deposited by ion-beam sputtering, followed by the ferromagnetic
layer, which is formed from a bilayer of 8 Coy,Fe, and either 18 A
Fe (Fig. 1a and b) or 30A Co,Fe;, (Fig. 1c—f). The MgO tunnel
barrier is formed by reactive magnetron sputtering in an argon—
oxygen mixture (3 mtorr). Growth conditions were optimized to
give nearly stochiometric MgO. The barrier was also prepared by a
variety of other techniques including ion-beam sputtering, thermal
evaporation and electron beam evaporation. The usage of shadow-
masked junctions allows us to explore a wide variety of deposition
conditions and techniques and to optimize each one. The upper
ferromagnetic electrode is formed from a layer of CogFe s with
capping layers formed from TaN or Mg. The highest TMR values
were found for MT]Js with Co-rich Co—Fe electrodes. MT]Js with Fe
electrodes systematically gave lower TMR values.

Transmission electron micrographs show an excellent
morphology of the MTJ structures with extremely smooth and
flat layers as shown in the micrograph in Fig. 2a. Diffractograms
(not shown) from selected areas of the digital micrograph reveal
that the IrMn layer is f.c.c. with a (100) texture. High-resolution
micrographs show a high degree of epitaxy of the MgO and upper
and lower Co—Fe layers as shown in Fig. 2b. Both the Co—Fe layers
are b.c.c. with a (100) texture and the MgO is cubic (NaCl structure)
and also (100) textured. Although the structures are highly (100)
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Figure 3 Anneal dependence of TMR and RA measured using the current-in-
plane tunnelling measurement technique on an unpatterned MTJ film. TMR
and RAin the parallel state, RA,, measured at room temperature versus anneal
temperature. The MgO tunnel barrier is ~20 A thick. The structure is similar to that
of Fig. 1e except that the IrMn layer is ~150 A thick, the lower electrode comprises
35 A Coy,Fes,, and the upper electrode comprises 75 A of (CosoFes0)goBao- In addition
a 75 A Ru cap layer is used for improved electrical contacts. The parallel state RA
product is ~10*  um?, which is about 20 times smaller than the sample of Fig. 1c
and d due to the smaller MgO thickness. After annealing at 350 °C the TMR attains
a value of 220 + 10%.

textured they are polycrystalline with random in-plane orientations
and are structurally imperfect. For example, a significant number of
defects along the (111) planes in the IrMn layer, most likely stacking
faults, can be seen in Fig. 2a and at higher magnification in Fig. 2c.
The stacking faults propagate from the IrMn layer through the MgO
tunnel barrier to the upper CoFe layer.

The TMR of the MTTs, as deposited, is modest but is dramatically
increased by thermal annealing in vacuum at temperatures of up to
~400 °C. Typically, the TMR increases monotonically and almost
linearly with increasing anneal temperature, whereas the resistance
of the junction changes little up to a critical temperature, in the
range ~350—425 °C. Above this temperature the junction fails with a
loss of both resistance and TMR. The three junctions shown in Fig. 1
survived to anneal temperatures of ~370 °C, 380 °C and 360 °C,
respectively, with respective TMR values of 123%, 168% and 140%.

The dependence of TMR on MgO barrier thickness was explored
using both shadow-masked junctions, and, at room temperature, by
thetechnique of current-in-plane tunnelling (CIPT)*onunpatterned
films where the MgO thickness was linearly increased across the
wafer. The CIPT technique, using an array of 12 microscopic probes,
allows the study of junctions with much lower resistance—area (RA)
products (thinner MgO barriers), and has been demonstrated to
give highly reliable values of TMR, where the analysis?' exactly takes
into account the value of RA and the resistance per square R, of
the top and bottom electrodes. Both techniques give similar TMR
values for MTJs with similar RA values (~160% for RA~10° QO um?).
No significant variation of TMR with MgO barrier thickness was
found, contrary to theoretical predictions of rapidly increasing
TMR with MgO thickness for epitaxial Fe/MgO/Fe (ref. 16).
TMR values as high as 220£10% were found by CIPT for MTJ stacks
with RA = 10* Q um? after an anneal at 350 °C, as shown in Fig. 3.

The TMR was found to decrease with bias voltage, as is typically
seen for MT]Js, dropping to half at a voltage of ~0.3 to 0.6 volts,
symmetrically for both positive and negative voltage. The effective
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Figure 4 Temperature dependence of TMR (filled circles) and RA (squares) for the same magnetic tunnel junctions shown in Fig. 1. a, Sample from Fig. 1c and d
(annealed at 380 °C). b, Sample from Fig. 1e and f (annealed at 360 °C) in magnetic fields of —100 and +1,000 Oe to set the state of the junction in the anti-parallel (AP) and
parallel (P) states, respectively. The TMR values are extracted from measuring the resistance versus field loop at each temperature.

height of the MgO tunnel barrier, deduced from current versus
voltage curves??, was ~1.1 to 1.7 volts, in agreement with previous
electrical studies on MgO barriers**?*!. However, these values are
much smaller than those we infer from valence band photoemission
experiments on similar MTJ structures but deposited without the
upper electrode. The latter clearly shows that the top of the MgO
valence band is ~3.5 eV below the Co—Fe Fermi energy, consistent
with the band structure of bulk MgO (ref. 26), assuming that the
Fermi level is pinned mid-gap. The significant discrepancy between
the transport and electronic structure studies suggests that the MgO
barriers contain defect states.

It has long been realized that the resistance of tunnelling
junctions®® and the TMR of MTJs can be affected by current
crowding effects if the resistance of the electrodes is comparable to
the resistance of the tunnel junction itself. For MTJs this can lead to
artificially high TMR values. Careful attention was paid to ensure
that the extraordinarily high TMR values we find are not significantly
affected by current crowding. First, the CIPT technique is immune
to this effect. Second, the high TMR values were observed for a wide
range of MgO thickness for otherwise the same electrode R, values.
In particular, as shown in Fig. 1¢—f, two junctions with otherwise the
same structure but with slightly different MgO barrier thicknesses
give the same TMR values (~140%) after similar anneal treatments
(at 360 °C). The ratio of the junction resistance to R, is ~6 and ~2,000
for these two junctions, respectively. Current crowding effects can
unambiguously be ruled out for the latter junction and are at most a
5% effect for the former?”. Moreover, high TMR values of more than
130% have been confirmed in lithographically patterned junctions
in MRAM test chips with RA ~10* Q pm? and areas as small as
0.06 um?, where again there is no possible current crowding effect.
These MTJs had ferromagnetic electrodes as thin as 15 A thick: no
significant dependence of TMR on electrode thickness was found.

Figure 4 shows the TMR and RA of the two junctions of Fig. 1c—f
as a function of temperature. The TMR increases as the temperature
is reduced attaining a value of ~300% at 4 K for each junction.
The increase in TMR results from an increase of the resistance of the
AP state of the junction R,, whereas the P state resistance R, hardly
changes at all on cooling. With increasing temperature, increasing
magnetic disorder will decrease R,, but should increase R;, whereas,
by contrast, thermal excitations across the barrier will decrease
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both R,, and R,. Thus, the weak dependence of R, is probably a
coincidental cancellation of these two effects.

The magnitude of the spin polarization of the tunnelling current
was measured at low temperature using the superconducting
tunnelling spectroscopy (STS) technique®. To use this technique
the upper ferromagnetic electrode was replaced by a thin layer of
AlySi, which is superconducting at the measurement temperature
of ~0.25K. In the presence of a large magnetic field (2 T) the
quasi-particle density of states in the superconductor is Zeeman-
split providing for spin-polarized states into which the electrons
tunnel. Thus the superconducting electrode serves as an analyser
of the spin polarization of the tunnelling current. By fitting the
conductance versus bias voltage curves the TSP can be inferred with
high precision"*"!2. Results for Fe and Co,,Fe;, electrodes are shown
in Fig. 5. As deposited, these electrodes have TSP values of ~57%
and 52%, but after annealing, these values increase dramatically,
attaining values of ~74% and 85% at anneal temperatures of 380 and
410 °C, respectively. These values are almost twice as high as those
found for the same ferromagnets with alumina tunnel barriers'S.
Moreover, these results demonstrate that a ferromagnetic metal does
not have a unique, direction-independent, spin-polarization value,
as has long been assumed. Similar conclusions have previously been
inferred from changes in the sign of TMR for junctions containing
SrTiO; barriers and Co and manganite ferromagnetic electrodes®.

The Julliere model**” is often used to relate tunnelling spin-
polarization with TMR. In this model a TSP of 85% would give rise
to a TMR of ~520% at low temperatures. Furthermore, if we assume
a similar temperature dependence to that shown in Fig.4, TMR
values of more than 260% at room temperature are predicted from
the TSP values. Such TMR values are very close to the highest TMR
values we have measured in MTJs. In any case STS measurements
will likely give rise to higher TSP values than those inferred from
TMR, because the AP alignment of the ferromagnetic electrodes in
the latter is unlikely to be perfect, whereas the large magnetic fields
used in the TSP studies ensure almost complete alignment of the
ferromagnetic electrode moment with the magnetic field.

In conclusion, we have demonstrated remarkably high tunnelling
magnetoresistance values ranging from ~120% to 220% at room
temperature in sputter-deposited (100) oriented CoFe/MgO/CoFe
magnetic tunnelling junctions prepared on amorphous substrates.
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Figure 5 Measurement of tunnelling spin-polarization. Conductance versus bias voltage curves (symbols) and fits (solid lines) for STS junctions with superconducting
counter electrodes of AlgSi, and: a and b, Fe, and ¢ and d, Co,,Fe,, ferromagnetic electrodes. a and ¢ correspond to the as-deposited junctions (no anneal), and b and d
to junctions annealed at 380 °C and 410 °C, respectively. The resistance of the junctions in each case exceeds~10,000 Q. The measurements were taken at ~0.25K in a
field of 2T applied in the plane of the films. The values for the TSP were extracted by fitting the data curves with the following fitting parameters®”'2 indicated in the figure:

superconducting gap A, depairing parameter {, and spin-orbit parameter b.

Consistent with these high TMR values, superconducting tunnelling
spectroscopy experiments confirm that (100)-oriented MgO tunnel
structures have a spin polarization of ~85% at low temperature.
Improved crystal perfection and orientation are very likely to lead to
even higher TMR values. The high TMR of these structures, together
with the ability to build complex magnetically engineered structures
from these materials, suggests that these materials will have a major
impact on technologically relevant spintronic devices operable at
room temperature and above in the near future. For example, higher
signal strengths from higher TMR values might make easier the
implementation of advanced MRAM architectures such as the ultra-
dense cross-point random access memory?.

METHODS
SAMPLE PREPARATION

The STS samples were fabricated using shadow masks with a superconducting AlySi, layer formed on
top of the MgO tunnel barrier (C. Kaiser and S. S. P. Parkin, unpublished work). To prevent electrical
shorting of the MgO tunnel barrier by the AlSi layer, the edges of the lower ferromagnetic electrode,
which consisted of layers of Ta (75 to 100 A) and IrMn (250A) and either bilayers of 8 A Cog,Fe,,/ 18 A
Fe or single layers of 35 A Co,,Fes,, were electrically isolated from the AlSi layer by ~200-A-thick layers
of either Al,O, or MgO.

EXPERIMENTAL PROCEDURES
Transmission electron microscopy was carried out on a 200 kV JEOL 2010F field-emission
microscope with a lattice resolution down to ~1 A. The specimens were prepared using conventional

cross-sectioning dimpling and ion milling. The MTJs and STS junctions were annealed in a high
vacuum (~107* torr) anneal oven in a field of 0.1 T. Each of the MTJ and STS devices was annealed at
a series of increasing anneal temperatures for 30 min at each temperature indicated. Successive anneal
temperatures were increased by typically 20 °C. Note that TMR and TSP are often related by Julliere’s
formula’, TMR = 2P} P? (1 — P} P#), where P} and Py are the TSP values of the current tunnelling from
the two sides of the tunnelling barrier. The thicknesses of the layers in the MT]J samples are inferred
from mechanical profilometry measurements of the thicknesses of ~500-A-thick calibration films
deposited in the same deposition run as the MTJ devices. The CIPT measurements were carried out
on a CAPRES microprobe tool specifically developed for these measurements. The tool is limited to
measurements at ambient temperature. The TMR of the shadow-masked MTJs was measured using

a standard four-probe geometry. The shadow masked junctions had areas ranging from 20 x 20 to

80 x 80 pm?.
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