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Abstract—Using a self-aligned fabrication process together with
multiple-step aligned electron beam lithography, we have devel-
oped a nanopillar structure where a third contact can be made to
any point within a thin-film multilayer stack. This substantially en-
hances the versatility of the device by providing the means to apply
independent electrical biases to two separate parts of the structure.
Here, we demonstrate a joint magnetic spin-valve (SV)/tunnel junc-
tion structure sharing a common free layer nanomagnet contacted
by this third electrode. A spatially nonuniform spin-polarized cur-
rent flowing into the free layer via the low-resistance SV path can
reverse the magnetic orientation of the free layer as a consequence
of the spin-torque (ST) effect, by nucleating a reversal domain at
the spin injection site that propagates across the free layer. The free
layer magnetic state can then be read out separately via the higher
resistance magnetic tunnel junction (MTJ). This three-terminal
structure provides a strategy for developing high-performance ST
magnetic random access memory (ST-MRAM) cells, which avoids
the need to apply a large voltage across a MTJ during the writ-
ing step, thereby enhancing device reliability, while retaining the
benefits of a high-impedance MTJ for read-out.

Index Terms—Magnetic memories, magnetic tunnel junctions
(MTJs), nanofabrication, spin torque (ST).
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I. INTRODUCTION

ECENT advances in the fabrication of magnetic tunnel

junctions (MTJs) with high tunneling magnetoresistance
(TMR) have led to the successful development and commer-
cialization of magnetic random access memory [1] (MRAM).
This memory technology incorporates fast read/write speeds
with low power consumption and nonvolatility, making it suit-
able for a multitude of applications. Presently, MRAM write
schemes involve the use of magnetic fields generated by elec-
tric currents to change the free layer magnetic state of MTJs
functioning as memory bits. However, this strategy will en-
counter difficulties with bit selection and power dissipation [2]
as the bit size scales to smaller dimensions. An alternative writ-
ing scheme [3]-[5] currently being explored involves the use
of a spin polarized electrical current to reverse the magnetic
bit through an exchange of spin angular momentum, otherwise
know as the spin-torque (ST) effect [6]-[9]. In ST devices stud-
ied to date, a large voltage must be applied across the MTJ
to generate the current densities required for fast ST switching
(~105-10" A/cm?), and this can compromise device reliability
due to wear out by dielectric breakdown. Here, we demonstrate
a three-terminal device in which a middle electrode can be con-
tacted to a thin magnetic layer that serves simultaneously as a
free layer for both an MTJ (on one side of the structure) and
an all metallic spin valve (SV) (on the other side). A relatively
small voltage applied to the low-resistance SV can drive suffi-
cient current to write the state of the free layer by ST switching,
and the free-layer orientation can then be read out separately
by the tunnel junction, a strategy that not only eliminates issues
arising from MTJ wear out, but also avoids the possibility of
inadvertent bit reversal occurring during a read cycle.

II. DEVICE FABRICATION

The implementation of our device concept [shown schemat-
ically in Fig.1(a)] involves patterning a nanopillar with
exchange-pinned reference layers below (RL1) and above (RL2)
a third ferromagnetic free layer (FL) whose magnetic moment is
free to rotate and reverse its orientation. We deposited an insu-
lating MgO barrier between RL1 and FL and a Cu spacer layer
between FL and RL2, creating a system with an MTJ and an
SV sharing a common free layer. Subsequent nanofabrication
steps created a middle electrode connected directly to the free
layer, so that simultaneous, independent measurements could be
made of the MTJ and SV. ST effects occur by flowing current
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(color online) (a) Concept for a three-terminal nanopillar structure—a combination SV/MTJ device sharing a common magnetic free layer (FL). Current

passed between the top and middle electrode can reverse the magnetization of this common layer through ST, while detection of a reversal is achieved by measuring
the resistance of the MTJ between the middle and bottom electrodes. This read/write strategy eliminates barrier breakdown issues with the MTJ. The magnetizations
of the SV and MTIJ reference layers are pinned AP with respect to one another. (b) TEM cross section of an EBL-defined test structure patterned simultaneously

with the elliptical devices.

between the top and middle electrodes, such that electrons flow
through RL2 and laterally across the free layer in order to reach
the middle electrode.

We began the fabrication process by sputter depositing a mul-
tilayer stack of a thick bottom electrode (Ta/Cu/Ta/Cu/Ta/Ru)/
60 IrMn/18 CoFe/4 Ru/20 CoFeB/MgO/5 CoFe/60 NiFe/10
CoFe/32 Cu/25 CoFe/60 IrMn/60 Ru where all thicknesses are
in angstrom. The bottom IrMn/CoFe/Ru/CoFeB layers form a
synthetic antiferromagnet (SAF) that acts to provide both strong
pinning for the bottom reference layer (RL1) and to promote
the growth of the ultrathin MgO barrier, resulting in a barrier
resistance-area (RA) product of ~3 Q - um?. A CoFe/NiFe bi-
layer was chosen for the free layer material because previous
studies [10], [11] on ferromagnets with low saturation magneti-
zation M, have shown substantial reductions in the current re-
quired for ST reversal, although we have found that this choice,
coupled with the low RA barrier, resulted in a device with rel-

atively low TMR (~6%). The top CoFe reference layer (RL2)
was stabilized by exchange bias with the top [rMn layer; because
RL1 is antiparallel (AP) pinned and RL2 is simple pinned, the
magnetization of RL2 is AP to RL1. Electron beam lithography
(EBL) and Ar* ion milling were then used to pattern elliptical
nanopillars similar to those shown in Fig. 2(a), and standard
photolithography was used to pattern the bottom electrode. A
self-aligned process [12] insulated the nanopillar sidewalls with
Aly O3 while still allowing for contacts to be made to the top of
the device.

To pattern the top and middle electrodes, aligned EBL was
used to define a 40-nm-wide trench separating the right and left
sides of the ellipse, as shown in Fig. 2(b). The e-beam resist
[polymethyl-methacrylate (PMMA)] served as both a milling
mask and as a lift-off mask for the subsequent alumina deposi-
tion. Jon milling was terminated when the free layer was reached,
and the resulting trench was refilled with alumina without
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Fig. 2.

Scanning electron micrographs at different stages of three-terminal processing. (a) Nanopillar has been defined with an elliptical shape using EBL and

ion milling. (b) Using aligned EBL, a ~40 nm trench has been milled out of the center of the ellipse, down to the free layer of the device. This trench is then refilled
with alumina to isolate the left edge of the ellipse from the right. (c) Aligned EBL defines the right contact, which was milled to the free layer before depositing
the Cr/Au contact. (d) One final aligned EBL allows for deposition of the left Cr/Au contact.

breaking vacuum. Low voltage (175 V) Ar" ion milling insured
that the free layer would be undamaged by our processing and
provided the slow etch rate required to control the milling depth.
Because they were milled to different depths in order to contact
the middle and top electrodes, separate aligned EBL steps de-
fined the right [see Fig. 2(c)] and left contacts [see Fig. 2(d)]. For
both sides, the ion mills were followed by in situ 50 Cr/200 Au
depositions to insure good electrical contact. Fig. 1(b) shows a
cross-sectional transmission electron microscopy (TEM) image
taken from the center of a 4-ym-long, 200-nm-wide test device
processed in the same manner as the elliptical devices. These
long devices make TEM sample preparation far easier than it
is for the actual ellipses. Here, we note that both the insulat-
ing trench and the right contact have been milled to the top of
the NiFe layer directly above the MgO barrier (which appears
as a thin white line), demonstrating that the electrodes can be
controllably placed anywhere within the multilayer stack. The
tapered sidewalls of the layers above the MgO barrier seen in
Fig. 1(b) result from shadowing effects during ion milling that
are accentuated by the length of the 4-sm-long test line. There
is significantly less shadowing in the case of the small elliptical
patterns; so, we are confident that the actual devices have been
cleanly milled down past the MgO layer.

III. MICROMAGNETIC SIMULATIONS

To develop an understanding of the ST-driven reversal pro-
cess in this novel nanopillar system, we used a three-dimensional
(3-D) zero temperature micromagnetic simulation package [7],
[11],[13] thatincludes the Slonczewski ST term. Fig. 3(a) shows
the initial state of the free layer, where to simplify our calcu-
lations, the magnet has been assumed to be a 40 x 142.5 nm?
rectangle and the Oersted field generated by the applied current

has not been considered. For simplicity, we also considered only
the ST transmitted by the current flowing perpendicular to the
films, so that ST is locally exerted at the interface of the free
layer directly below RL2, as noted by the outlined region in
Fig. 3(a). In principle, one should also take into account ad-
ditional ST interactions between the current flowing laterally
across the free layer and any domain walls formed in that layer
(the domain-wall drag effect) [14]-[19]. However, we will argue
later that this effect is negligible in our devices. Fig. 3(b)-(e)
demonstrates the evolution of the reversal process for a —3 mA
current spin-polarized AP to the initial magnetization of the free
layer. Switching is initiated by the formation of a reversal do-
main beneath RL2, creating a head-to-head 180° domain wall
within the free layer. This domain wall then propagates toward
the right end of the free layer driven by exchange force, reflects
off the right edge of the magnet, and decays rapidly away as
it travels back toward the left edge, where the magnetization is
stabilized by the ST exerted on that region. Similar simulation
results are obtained for the switching of the free layer magne-
tization from an orientation parallel to RL2 to one AP by the
ST exerted by electrons flowing from the free layer to RL2.
By comparing these results to simulations with the ST exerted
on the entire free layer (i.e., as in uniform current injection
into a simple SV structure), we find that the current amplitudes
required for magnetization reversal are essentially the same,
indicating that there should be no loss of ST efficiency from
the nonuniform localized current injection in this three-terminal
device geometry.

IV. RESULTS AND DISCUSSION

Before fabricating and testing a complete three-terminal
ST device structure, we used a simplified multilayer stack of
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Fig.3. (coloronline) (a)—(e) Zero temperature 3-D micromagnetic simulations

of the SV component of the structure. The initial micromagnetic state of a
40 x 142.5 nm? rectangular nanomagnet is shown in (a) with the region where
current is injected perpendicular to the film plane indicated, simulating the
reference layer in the left contact shown in Fig. 1(a). For a —3 mA current spin-
polarized AP to the initial magnetization, a reversal domain forms underneath
the reference layer (b), and sweeps across the free layer (c)—(e). (f) Resistance
versus current for a 70 x 200 nm? elliptical SV patterned with top and middle
electrodes shown in Fig. 1(a). Here, we see that, in fact, the mechanism shown
in (a)—(e) is successful in yielding ST reversal. The parabolic background is due
to heating.

30 Ta/60 NiFe/10 CoFe/30 Cu/25 CoFe/60 IrMn/60 Ru. These
devices do not have a bottom tunnel junction, but were other-
wise identical in design to the three-terminal devices, allowing
us to use the middle and top electrodes to verify the ST effects
in the SV component of the structure. Fig. 3(f) shows a typical
resistance versus dc current scan measured at room temperature
using standard ac lock-in techniques for a 70 x 200 nm? ellip-
tical nanopillar processed as described before. During the scan,
we apply a constant magnetic field to cancel the small dipole
field exerted by the reference layer upon the free layer. Due
to the narrow channel in the NiFe layer beneath the isolation
trench, the resistance of the SV is significantly larger than is
typically observed for current perpendicular to the plane SVs.

We have verified that the current switches the full area of the
free layer (and not just the part under RL2) by using an applied
magnetic field to set the initial state of the free layer to both
the parallel and antiparallel states; the critical currents shown in
Fig. 3(f) are the same in both cases. Assuming that the left con-
tact area has an area half that of the ellipse minus half the area of
the isolating trench (~4.1 x 107! cm?), the switching currents
shown in Fig. 3(f) correspond to J. sv ~ 1.2 X 107 A/em?, in
reasonable agreement with previous ST results in simple SV
structures. This is somewhat surprising in that it suggests that
the exchange coupling of the rest of the free layer to the area
under the SV contact does not substantially impede the reversal
process. We will return to this point in the discussion later.

We note in Fig. 3(f) that the critical current amplitude for
the AP to parallel (P) transition (high to low resistance) is very
similar to that for the P-to-AP transition. Since any domain
drag effect from current flowing laterally within the free layer
would decrease the critical current for the AP-to-P transition
and increase it for the P-to-AP case, our results indicate that
ST effects on the domain wall propagation are not significant in
this device configuration. We conclude that in this device, the
ST due to current flow across a nonferromagnet—ferromagnet
interface is much more efficient than that due to current flow
through a domain wall.

Fig. 4 shows experimental results for a complete SV/MT]J
coupled structure patterned into a 70 x 200 nm? ellipse and
processed as described earlier. Measurement of the SV resis-
tance was accomplished using standard ac lock-in techniques,
while the dc resistance of the MTJ was measured simultane-
ously with a multimeter. By varying the applied magnetic field
[see Fig. 4(a)], we observe steps in resistance in both the SV
and MT]J, corresponding to magnetization reversal of the free
layer. Due to the AP alignment of RL1 and RL2 with respect
to one another, a switch to the high-resistance state of the SV
corresponds to a switch to the low-resistance state of the MTJ.

In Fig. 4(b), we show the results of applying dc current
through the SV while reading the resistance of the MTJ. ST
reversal occurs from the high- to low-resistance state with re-
spect to the SV, and is simultaneously detected by the MTJ. The
resistance change of the MTJ initiated by the ST effect is equal
to the magnetoresistance change observed by sweeping the field,
which confirms that the ST effect reverses the entire free layer, as
predicted by the micromagnetic simulation, and does not result
in the formation of a stable domain wall in the free layer, which
would result in an intermediate resistance level in the MTJ. We
were not able to reverse the SV device configuration from the
P-to-AP state by flowing current in the positive direction (elec-
trons from free layer to RL2) due to the fact that before the
critical current was reached, the circumferential Oersted field
acting on RL2 due to the applied current became strong enough
to overcome the exchange pinning field from the top IrMn layer
and drive the magnetization of the approximately square RL2
into a vortex state. The spin-polarized current generated from
such a reference layer configuration is insufficient for reversing
the free layer, since STs exerted in different spatial regions tend
to cancel each other out. The formation of the vortex state occurs
because the reversal currents required in the full three-terminal

Authorized licensed use limited to: Cornell University. Downloaded on April 10, 2009 at 19:43 from IEEE Xplore. Restrictions apply.



194

(@)

79.24 E— !
g 79.04 L
T
25 788 — ;

Spin Valve —
L L T T T
. 220- 4
<) D
8 2154 4
C
2 210
> . .
; —
X 2054 J
-150  -100 -50 0 50 100 150
Field (Oe)
(b)
84 L) L) L) L) L)
T 824 .
% 80 \ i
78+ — Y|
H. =500e|
T T T T app
~ 220 —l
a
Q 215 -
c
8
% 210+ J
—
MTJ
€ o) MT ]
2 -1 0 1 2

Current (mA)

Fig.4. (a)Resistance versus magnetic field measured simultaneously for both
the SV and MTJ in a completed device. The steps in resistance correspond to
reversal of the free layer detected using the giant magnetoresistance (in the SV)
and TMR effects. Since RL1 and RL?2 are pinned AP with respect to each other,
the high-resistance state of the SV is the low-resistance state of the MTJ. (b)
Resistance versus current measured simultaneously for the full three-terminal
SV/MT]J. ST in this device can drive the AP-to-P transition within the SV, but not
the P-to-AP transition, because a vortex forms in RL2 prior to free layer reversal
for P-to-AP, due to the large currents required for reversal in this structure.

structures are considerably larger than observed in the isolated
SV structure measured in Fig. 3(f). We attribute this difference
to an over milling of the isolation trench in the isolated SV
structure, resulting in a thinner NiFe channel connecting the left
and right ends of the free layer than in the full three-terminal
device. As a result, the resistance of the isolated SV structure
is found to be ~40% larger than the SV component of the full
three-terminal device, as seen in comparing Fig. 3(f) to Fig. 4.
We expect thermal effects to play a more significant role in re-
ducing switching currents for the isolated SV structures due to
the higher device resistance and lack of a bottom electrode to
conduct away heat. This partially etched trench also weakens the
net exchange coupling between free layer material under the SV
contact and the rest of the free layer, which, as indicated by our
micromagnetic modeling, can substantially reduce the switch-
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ing current required to nucleate and propagate the domain wall
in the isolated SV.

V. CONCLUSION

In conclusion, we have demonstrated a fabrication concept for
inserting a third electrode into a nanopillar device, so that contact
can be made to any layer within the pillar. Fabrication of these
devices has allowed us to study ST-driven switching by nonuni-
form current injection into one side of a magnetic free layer.
Based on micromagnetic modeling, we argue that this switch-
ing occurs by the nucleation of a reversed domain under the
contact region, and then, propagation of a domain wall through
the rest of the layer driven by the pressure of the exchange field.
ST from the spin current traveling laterally through the free
layer appears to have minimal effect on the reversal process.
Free layer reversal initiated by injecting current through the SV
can be detected by the resultant resistance change in the MT]J,
allowing for an ST writing scheme without tunnel barrier wear
out issues while retaining the benefits for read-out of the large
TMR signals from MTIJs. Further optimization of this system
requires improving the resistance of the top reference layer RL2
to vortex-state formation by enhancing its exchange bias pin-
ning and/or its geometry, fabricating the MTJ with a much better
TMR and a higher, more appropriate resistance (>3000 2) for
impedance matching to a CMOS sense transistor, and choosing
the free layer material, thickness, and trench etch depth, so as to
minimize the SV reversal currents while maintaining good ther-
mal stability. This three-terminal structure offers exiting new
opportunities for examining physical effects in magnetic sys-
tems, while also providing a possible architecture for future
high-performance, high-speed ST-MRAM applications.
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