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We significantly reduce the critical current Ic0 for the onset of spin torque switching of the free layer
in nanometer-scale in-plane magnetized spin valves by partially cancelling its intrinsic
demagnetization field through the utilization of Co/Ni multilayer free layers. The out-of-plane
magnetic anisotropy arising from the Co/Ni interfaces reduces the effective demagnetization
field �Heff� while not significantly affecting the thermal stability of the free layer. A
zero-thermal-fluctuation critical current density Jc0�2�106 A /cm2 is determined through both
current ramp rate and nanosecond pulse measurements, and comparisons with large Heff control
samples confirm that this strategy is efficient in substantially decreasing Ic0. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3107262�

Spin torque �ST� induced magnetic moment reversal has
been intensively studied, since its theoretical prediction1,2

and experimental confirmation,3,4 in large part because the
ability of spin-polarized currents to switch the orientation of
a nanomagnet rapidly and reversibly could find broad
application in magnetic random access memory �MRAM�.5–7

For the successful realization of ST-MRAM, a low critical
current �Ic� for ST reversal is crucial, both for compat-
ibility with highly scaled complementary metal-oxide-
semiconductor technology and for low power consumption.
For conventional in-plane magnetized nanomagnets in zero
magnetic field, Ic is expected to have the form �in the mac-
rospin limit�4,8

Ic �
2e

�

�MSV

g���P
�Hc +

Heff

2
� , �1�

where � is the Gilbert damping, MS is the saturation magne-
tization of the switching layer, V is its volume, P is the spin
current polarization, g��� is a ST efficiency, Hc is the in-
plane coercive field, and Heff is the effective out-of-plane
demagnetization field. Since Heff is usually of the order of
1 T, much greater than Hc, ordinarily it is the large value of
Heff that restricts efforts to reduce Ic. In contrast, the nano-
magnet’s thermal stability is determined by Hc, independent
of Heff.

7 One strategy that has been attempted for reducing Ic
while maintaining thermal stability is to utilize magnetic ma-
terials with perpendicular magnetic anisotropy �PMA�, with
a sufficiently large out-of-plane anisotropy field HK� that in
equilibrium the magnetization points out of plane.9–13 Ic then
has the same field dependence as the energy barrier for ther-
mal stability. However, to date, no significant reduction in Ic
has been demonstrated experimentally with PMA ST devices
in comparison to the Ic of in-plane magnetized devices. This
is likely due to either a low spin polarization9,14 or a large
damping13 in the PMA materials that have been employed.
Another disadvantage associated with the PMA approach is
that a perpendicularly oriented fixed magnetic layer exerts a
large dipole field on the free �switching� layer,9,14 an effect
that can be eliminated for the in-plane magnetized case with

the use of properly balanced synthetic antiferromagnetic
fixed layers.

In this work, we reduce Ic by combining the magnetic
advantages of in-plane magnetized samples with capability
of PMA structures to tune the demagnetization field. Rather
than employing a material with a very large HK� that domi-
nates the intrinsic demagnetization field Hd of the free layer
to give PMA, we only partially cancel Hd with a moderate
HK�. When both the demagnetization field and an out-of-
plane crystalline �interface� anisotropy field are present, the
combined anisotropy energy of a thin-film nanomagnet is

Etot = EK� + Edemag = 1
2HK�MS cos2 � + 1

2HdMS sin2 �

= 1
2 �Hd − HK��MS sin2 � + const., �2�

where � is the angle between the magnetic moment and the
film plane. The combined anisotropy is still uniaxial �within
this first order approximation for EK��, so that in equilibrium
the magnetic moment will be either in the film plane �when
Hd�HK�� or perpendicular to the plane �when Hd�HK��.
We show that by reducing the total effective anisotropy
Heff=Hd−HK� well below Hd, while keeping Heff�0, Ic can
be reduced by a factor of 5–6. The fact that the equilibrium
magnetic moment still lies in plane provides great freedom in
the choice of the fixed layer materials and structures, making
our approach highly flexible.

In our experiment, Co/Ni multilayers were deposited us-
ing a dc sputtering system with a base pressure less than
5�10−9 torr. We employed Co/Ni multilayers because HK�

in this system can be tuned over a wide range by changing
the thickness of each layer and/or the number of repeats.15

A �Ta�5� /CuNx�20��3 /Ta�5� /Cu�3� �thickness in nanom-
eters� seeding layer was used to provide a smooth base layer
with �111� texture, as verified by x-ray diffraction. By testing
Co/Ni multilayers with different thicknesses and repeats,
we determined that a �Co�0.4� /Ni�1��2 /Co�0.4� multilayer
would achieve the desired condition that 0�Heff�Hd.
Perpendicular-to-plane M-H curves, as measured by a vibrat-
ing sample magnetometer, of continuous film samples of this
low demagnetization field �LD� material are as shown in Fig.
1�a�. For comparison, we also made a control sample com-
posed of Ni�2�/Co�1.2� whose high demagnetization fielda�Electronic mail: ll293@cornell.edu.
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�HD� M-H response is also shown in Fig. 1�a�. The demag-
netization field of the LD sample is reduced from �7000 to
�600 Oe due to the presence of the perpendicular aniso-
tropy arising from the multiple Co/Ni interfaces. The in-
plane M-H curve for the LD sample shows that the in-plane
remnant magnetization is �0.9MS, indicating a good easy-
plane anisotropy.

With the free layer composition determined we then pro-
duced multilayer stacks with the composition: seeding layer/
free layer/Cu�8 nm�/Permalloy�20 nm�/capping layer. We
patterned the stacks into elliptical nanopillars with the cross
section area �90�190 nm2 using e-beam lithography and
ion-beam etching. We also made HD control samples with
the same device size and stack composition, except that the
free layer was replaced with the simple Ni�2�/Co�1.2� struc-
ture. At least three devices of each type were measured, and
similar results were obtained for all devices of each type. In
the following we present data from one device of each type.

The field-in-plane minor magnetoresistance loop of a LD
device, taken at room temperature, is shown in Fig. 1�b�. Its
coercive field Hc is �43 Oe and the magnetoresistance �R
is �40 m	. A current scan showing ST-induced switching,
taken with the dipole field from the permalloy fixed layer
cancelled by an applied field, is plotted in Fig. 1�c�. The
quasistatic switching currents were �0.14 mA for both the
antiparallel to parallel �AP-P� switching and the parallel to
antiparallel �P-AP� switching. For comparison, the corre-
sponding minor loop and spin transfer loop for the HD
sample are plotted as the blue curves in Figs. 1�b� and 1�c�.
For the HD sample, Hc�52 Oe and �R�60 m	, and
the switching currents were IAP-P=0.81 mA and IP-AP
=−1.24 mA. We note that �R for the HD sample is about
1.5 times larger than that for the LD sample. We believe that
this difference is due to different spin polarization values in
the Co/Ni films. Although both the LD and the HD free

layers are terminated with Co, the thicknesses of the termi-
nating Co layer are different: 0.4 nm for the LD sample and
1.2 nm for the HD sample. Previous experiments have shown
that a Co thickness of order �1 nm is needed to achieve the
maximum spin filtering effect.16

To determine the energy barrier U against thermally ac-
tivated magnetic reversal and the zero-thermal-fluctuation
critical current Ic0, a ramp rate measurement was carried out
for both the LD samples and the HD samples. The results are
shown in Figs. 2�a� and 2�b�. In the thermally activated

switching regime, the switching current 	Ic
 and ramp rate İ
are related as17,18

	Ic
 = Ic0�1 −
kBT

U
ln� kBT

U

Ic0/
0

İ
�� , �3�

where T is the temperature and 
0 is an attempt rate, assumed
to be 1 ns. For each point, we obtained 	Ic
 by averaging over
25 scans. For the LD sample by fitting to Eq. �3� we obtained
UAP-P=0.88 eV, UP-AP=0.92 eV, Ic0,AP-P=0.39 mA, and
Ic0,P-AP=−0.35 mA. The corresponding parameters for the
HD sample were UAP-P=1.00 eV, UP-AP=1.08 eV, Ic0,AP-P
=1.66 mA, and Ic0,P-AP=−2.54 mA. Therefore, the critical
currents for the LD sample are reduced by a factor of �5 for
both directions compared to the HD sample, while the ther-
mal stability is compromised by less than 20%. The decrease
in the critical currents ��5�� agrees reasonably well with
the reduction in Heff��11�� after taking into account the
change in spin polarization ��1.5�� and the fact that for
Heff�600 Oe, the relationship Heff /2�Hc does not hold
precisely in Eq. �1�. �Note Hc here should be the non-thermal
fluctuation value�. The small change in thermal stability is in
good agreement with expectations based on the Hc values of
the LD and HD samples.

FIG. 1. �Color online� �a� M-H curves for Co/Ni based continuous films
measured with the magnetic field applied perpendicular to the film plane.
The red triangles correspond to a �Co�0.4� /Ni�1��2 /Co�0.4� �units in na-
nometers� film, while the blue circles represent a Ni�2�/Co�1.2� thin film. �b�
Magnetoresistance minor loop for the LD sample �red solid� and HD sample
�blue dash�, respectively. �c� Spin transfer loop for the LD sample �red solid�
and HD sample �blue dash�, respectively. All of the data are taken at room
temperature.

FIG. 2. �Color online� Switching currents as a function of the ramp rate for
�a� the LD sample and �b� the HD sample. The red triangles denote AP to P
switching and the blue circles P to AP switching. �c� and �d�, The inverse of
pulse width as a function of the average pulse amplitude required for �c� AP
to P and �d� P to AP switching, with the red triangles for LD sample and the
blue circles for HD sample. Insets: Micromagnetic simulations for the LD
sample in �c� the AP configuration and �d� the P configuration showing that
the magnetizations in both the free and fixed layers are canted significantly
out of plane.
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A practical ST-MRAM element must undergo switching
on the nanosecond timescale, so we performed pulse mea-
surements with pulse width varying from 1 to 10 ns to study
this regime. The results are summarized in Figs. 2�c� and
2�d�. According to spin transfer theory within the macrospin
approximation, for I� Ic0 a linear relationship should exist
between the switching speed 
−1 and the amplitude of the
applied current pulse,8


−1 =
Pg�����B/e�

MSV ln�
/2�0�
�I − Ic0� , �4�

where �0 is the initial angle between the free layer and the
fixed layer. For very large amplitude and short �
=1 ns�
pulses we observe a deviation from a linear dependence on I
for both types of samples, similar to previous results,19,20 and
so we did not include the 1 ns points in the linear fits. This
deviation is perhaps due to nonuniform effects in the high
speed reversal. The values of Ic0 determined from the fits
are, for the LD sample Ic0,AP-P=0.28 mA and Ic0,P-AP
=−0.36 mA, and for the HD sample Ic0,AP-P=1.74 mA and
Ic0,P-AP=−1.79 mA. These values agree reasonably well with
the numbers obtained from the ramp rate measurements dis-
cussed above, given the possibility of differences between
the reversal processes in the two cases. The slopes �

d�
−1� /dI of the ST switching curves in the linear regime
should �according to Eq. �4�� be determined by the spin po-
larization P and the initial angle �0, for a given value of the
magnetic moment for the free layer. Since PHD is about 1.5
times larger than PLD, one might expect that the slopes
should scale the same way. However for AP to P switching,
we find �HD /�LD�1, while �HD /�LD�1.8 for P to AP switch-
ing. This difference can be qualitatively explained by micro-
magnetic simulations for the two cases.21 In both the LD and
HD samples, the Py fixed layer is expected to cant near its
edges due to the tapered sidewalls of the sample, thereby
producing a nonuniform dipole field acting on the free
layer.20 As is shown in the insets of Figs. 2�c� and 2�d�, for
the LD device the low value of Heff allows the edges of the
free layer magnetization to curl or cant significantly out of
plane in response to this dipole field. However, for the HD
sample �not shown�, due to the larger Heff no significant curl-
ing is observed in simulation. For the LD sample, in the AP
state the fixed layer and the free layer will curl in the oppo-
site direction, hence resulting in a large initial angle �0, while
for the P state the curling will be in the same direction,
giving a small �0. This difference in �0 can affect the switch-
ing speed.20 The canting in the LD sample can also account
for the reduction in the coercive field and in thermal stability.

A further demonstration that the reduction of Ic is due
to the decreased Heff rather than other factors comes
from samples with the free layer composition
�Co�0.4� /Ni�1��4 /Co�0.4�, with Heff�1000 Oe. Measure-
ments on a device with this free layer yielded Ic0,AP-P
�0.95 mA, Ic0,P-AP�−0.62 mA �ramp rate method�, and
Ic0,AP-P�0.6 mA and Ic0,P-AP�−0.4 mA �pulse method�.
Given that the total magnetic moment of this sample is
roughly twice that of LD and HD samples discussed above,

these critical currents are also in good agreement with
Eq. �1�.

In summary, we have fabricated spin valve devices with
an in-plane magnetized free layer that has a low effective
demagnetization field. The zero-thermal-fluctuation critical
current Ic0 is reduced by a factor of 5–6 in comparison to
high Heff control samples that have the same total magnetic
moment, while the thermal stability is almost the same. A
further reduction by a factor of 2–4 in Jc would be expected
if the spin polarization could be optimized �for example, by
use of a magnetic tunnel junction rather than a spin valve�. If
this is successfully achieved, this type of structure should
allow Jc to be reduced into the 5�105 A /cm2 regime,
where a practical ST-MRAM technology could be imple-
mented.
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