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Spin-torque switching of perpendicular anisotropy nanopillar spin valve devices with synthetic
antiferromagnetic reference layers is presented. The use of composite reference layer reduces the
dipolar interaction with the free layer yielding two remanent states. We derive a complete
current-field phase diagram including minor loops of the free layer where we determine the relative
dipolar fields and effective spin polarization of the reference layer in both the parallel and
antiparallel configurations. We find the magnetic response of the reference layer relatively
insensitive to the spin polarized current which may prove advantageous for spin-torque
applications. © 2010 American Institute of Physics. [d0i:10.1063/1.3441402]

Magnetic nanopillars made from a spin valve structure
(two ferromagnetic layers separated by a nonmagnetic layer)
are candidates for spintronic memory devices *~ with recent
focus on devices where a spin-polarized current is used to
reverse the relative magnetization orientation of the laye:rs.3’5
For most of the applications being considered, reductions in
the critical currents for magnetization reversal are still
needed.’ Devices with perpendicular magnetic anisotropy(’_10
are one approach for reducing the critical currents, as the
required current is directly proportional to the thermal stabil-
ity of the free layers.7 However, in perpendicular anisotropy
devices the strong dipolar interaction between the reference
and free layer biases the free layer. With decreasing device
size this bias is sufficient so that for zero applied field only
one magnetic state is accessible’ limiting memory applica-
tions. In addition, experimental studies of the current-field
phase diagrams of magnetization switching in perpendicular
magnetic anisotropy nanopillars has yielded results that dif-
fer from expectations based on simple macrospin models
which may result, in part, from dipolar interaction between
the layers.6 In order to address these issues we present the
experimental current-field phase diagram for perpendicular-
anisotropy nanopillar devices with synthetic antiferromag-
netic (AF) reference layers that significantly reduce the di-
polar interactions between the layers.

In the macrospin approximation at zero temperature the
critical current for spin transfer reversal of the free layer is
given by

Ieo= <2—€)—“MSVH (1)
Cco— % g(g)p eff

where Mg and V are the saturation magnetization and volume
of the free layer, « is its damping constant, p is the spin
polarization of the current, with g(6) expressing the depen-
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dence on the relative orientation angle of the magnetization
vectors.'! In the case of perpendicularly magnetized layers
the effective field acting on the free layer H.y=(Hx—47Mg
+H,p,+Hyip) has contributions from magnetic anisotropy
field Hy, demagnetizing field —4mMy, applied field H,,,, and
the dipolar field from the reference layer Hdip.6’7 To make a
meaningful comparison of intrinsic properties of different
materials, the switching currents when H,,,+Hg;,=0 should
be compared. One can apply an external field to balance
the dipole field but for device application it is preferred to
engineer the reference layer to reduce Hgp, For in-plane
magnetized devices this is most commonly done using a
synthetic-AF reference layer made of two AF-coupled mag-
netic layers to compensate the dipole fields.>'? This has the
additional benefit that the reduced net moment of the refer-
ence layer makes it less sensitive to perturbation coming
from external magnetic fields.

The nanopillar structures used in our studies
are  ([Co/Pd]Xx4/Co)/Ru([Co/Pd] X 2/[Co/Ni]x2/Co)/
Cu/([Co/Ni] X 2/[Co/Pd]). The layer thicknesses for each
component are Co(3 A)/Pd(7 A), Co(1.5 A)Ni(6 A),
Co(3 A), Ru(9 A), and Cu(40 A). The films were grown by
dc magnetron sputtering onto Si(100) wafers with a 2000 A
thermal oxide and a Ta(30 A)/Cu(350 A)/Pd(30 A) buffer
layer and were capped with a Cu(150 A)/Ta(30 A) layer. The
reference layer structure consists of the two magnetic layers
AF-coupled by a thin Ru layer, where the bottom one is
made of Co/Pd multilayer only for higher anisotropy while
the upper reference layer has a composite [Co/Pd]/[Co/Ni]
multilayer to enhance the polarization acting at the free
layer.6 Magnetometry measurements of the as-grown films
find the reference layer is fully compensated with a small AF
coupling (~60 Oe) between the top reference layer and the
free layer. The nanopillars were patterned by e-beam lithog-
raphy in shapes of ellipses or rectangles, as described
elsewhere.’ The device described in detail here has the shape
of an ellipse with dimensions of 100X210 nm?, however
similar results were observed in other shaped devices. All of

© 2010 American Institute of Physics
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FIG. 1. (Color online) MR results for a 100X 210 nm? nanopillar with a
synthetic AF reference layer. The major loop is measured from positive to
negative saturation fields applied perpendicular to the film planes. The ar-
rows show the orientation of the magnetization in the three layers where the
top arrow is the free layer. Minor loops for free layer and the top antiferro-
magnetically coupled reference layer are shown.

the magnetotransport measurements are quasistatic, per-
formed using an ac-resistance bridge (excitation current of
10 wA rms, at 13.7 Hz) yielding the differential resistance
R, =dV/dl

The ac-resistance as a function of the applied magnetic
field is shown in Fig. 1 without a bias current. As the field is
lowered from positive saturation where the magnetization of
all the layers are parallel to the applied field, first the softer
of the two reference layers (the one closer to the free layer)
changes direction due to the AF exchange coupling through
the Ru spacer layer. At this point all neighboring magnetic
layers are antiparallel to each other and the resistance in-
creases to its highest value. When further lowering the field,
the free layer reverses in small negative fields becoming par-
allel with the top reference layer. This reduces the magne-
toresistance (MR) to an intermediate level because of the
MR signal from the AF-aligned reference layers. The last
resistance change comes about as the harder reference layer
is reversed by the field yielding negative saturation. The re-
sistance change coming from the reference layers separated
by the Ru spacer is roughly a third of the change coming
from the two magnetic layers separated by the Cu spacer.
The smaller effect is due to the smaller spin-diffusion length
in Ru (Ref. 13) and the lower polarization efficiency of (Co/
Pd) multilayers compared to (Co/Ni).5

Also shown in Fig. 1 are the minor loops of the free
layer and of the softer of the two reference layers. The free
layer is bistable in zero applied field, with a free layer coer-
cive field H-=250 Oe and a shift of the loop of 100 Oe
arising from a ferromagnetic (relative to the top reference
layer) coupling to the reference layer. Even though the ref-
erence layer moments are fully compensated a small dipolar
field is expected on the free layer resulting from the closer
proximity of the upper reference layer. However, the mea-
sured coupling for the AF aligned reference layer is some-
what larger than expected from micromagnetic calculations
which may result from slight differences in patterning of the
different layers. However, by adjusting the moment and
thickness of the reference layers, it should be possible to
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FIG. 2. (Color online) Current-field phase diagram for the nanopillar device
shown in Fig. 1 with synthetic-AF reference layer. (a) MR curves for posi-
tive and negative magnetic field sweeps for several values of the bias cur-
rent. (b) The average of the field sweeps at each bias current in a phase
diagram. The code gives the average device ac-resistance. The dashed lines
highlight the lateral displacement of the excitation depending on whether
reference layer is parallel and antiparallel aligned.

further reduce the contributions of the reference layers. The
minor loop of the top reference layer has a coercive field of
1.25 kOe and is shifted 2.5 kOe from zero field due the AF
coupling to the lower reference layer.

In zero magnetic field, H,y,+Hyp,=0, the critical
currents /- required to switch the magnetization from low
resistance state (parallel alignment) to high resistance state
(antiparallel alignment) and back are 1.5 mA and —1.2 mA,
respectively. The ratio I-/(VH) depends primarily on the
material parameters «, g(6), and p assuming that H scales
with the anisotropy field.” With the volume of free layer
V=525X10""% cm®, we find that I./(VH) is 11.4
X 1013 A/kOe cm?, about 2.4 times less efficient in switch-
ing than the devices reported recently.7 This efficiency de-
crease is consistent with recent results on in-plane anisotropy
devices that found a reduced effective polarization for
synthetic-AF reference layers.]4

An overview of the device behavior can be obtained
through a current-field phase diagram by measuring the MR
curves for different injected currents. After the device is satu-
rated in a large magnetic field (+6.5 kOe), the MR is mea-
sured as the field is varied from positive saturation to nega-
tive saturation and then back [example curves are shown in
Fig. 2(a)]. The sum of the resistance obtained for both field
directions is then plotted as the current-field phase diagram
presented in Fig. 2(b). The phase diagram shows regions of
hysteretic switching of both the free and reference layers as
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FIG. 3. (Color online) Current-field phase diagram for minor loops of free
layer showing regions where the free layer is parallel and antiparallel to the
top reference layer as well the hysteretic switching between the two states.

well as peaks in the ac resistance associated with the mag-
netic excitations of the free layer.15

In Fig. 3 we plot the phase diagrams for minor loops for
just the free layer which is qualitatively similar to that pub-
lished in Ref. 7, where the reversal of the free layer is sen-
sitive to the applied current. In contrast, the field-induced
reversal of the reference layers are relatively insensitive to
the current. The vertical lines at +/—1.2 kOe in Fig. 2(b)
correspond to the reversal of the top reference layer while the
lines at +/-2.2 kOe result from the lower reference layer
(Fig. 1). As can be seen from Fig. 2(b), these reversal fields
are nearly independent of current over the entire current
range of the experiment. The only deviation is for the top
reference at large negative currents <—4 mA. At these cur-
rents we no longer see the reversal of the free layer. The
large negative current ferromagnetically couples the free and
top reference layer such that they reverse as a unit at lower
fields, +/—-0.8 kOe. Although not shown, these vertical lines
(at +/-0.8 and +/-2.2 kOe) persist for negative currents as
high as —18 mA. The fact that the AF reference layers are
insensitive to spin-torque excitations makes them suitable for
spin-torque devices. While the origin of this effect is not
clear, recent experiments and modeling of in-plane synthetic
AF layers find that they are less sensitive to spin-torque
excitations.'®"”

For large positive currents we observe peaks in R, that
arise from precessional modes of the free layer. The critical
current scales linearly with ap}salied field (with a slope of 0.8
mA/kOe) as seen previously”” and expected from Eq. (1).
For large applied field (>2.2 kOe or <-2.2 kOe) the refer-
ence layers are ferromagnetically aligned. However, there are
regions of the phase diagram [(+/-1.2)-2.2 kOe field
ranges] where the precession modes of the free layer exist
both when the reference layers are parallel and antiparallel
for the same applied field. As the reference layers switch
from parallel to antiparallel there is both a change in the
dipolar magnetic field acting on the free layer and a possible
change in the effective spin polarization from the free layer.
The change in dipolar field leads to a lateral displacement of

Appl. Phys. Lett. 96, 212504 (2010)

the excitation that results in two roughly parallel lines. These
lines are highlighted as dashed lines in Fig. 2(b). The slopes
of the lines are given by the prefactor in Eq. (1). There is a
slight 10%—-15% increase in the slope comparing the refer-
ence layer being antiparallel to parallel indicating a commen-
surate increase in the effective spin-polarization for the par-
allel reference layers. The displacement gives an estimation
of the dipolar field from the switched reference layer acting
on the free layer. For this device the excitations are displaced
about 600 Oe by changing from parallel to AF alignments of
the reference layers. However, this slightly overestimates the
dipolar field change because of the commensurate change in
the effective spin polarization.

In conclusion, we fabricated spin valve nanopillar de-
vices with a synthetic AF reference layer structure that mini-
mizes the dipolar field acting on the free layer magnetization
to about 100 Oe, allowing the observation of a bistable rem-
anent state. We observed current-induced free-layer reversal
and free-layer excitations of which depend linearly on ap-
plied field. The evolution of those excitations with current
and field provide a means to measure the individual dipolar
field contributions from the reference layers and determine
the change in the current polarization with the relative
alignment of the reference magnetic layers. While the critical
current for reversing the free layer is similar to previous
[Co/Ni]-multilayer devices, we find the synthetic AF refer-
ence layer is insensitive to applied currents making them
suitable for spin-torque device applications.
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