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Spin-transfer-torque induced switching is investigated in 200 nm diameter circularly shaped, perpendicular magnetized nanopillars.
A synthetic antiferromagnet, consisting of two Co/Ni multilayers coupled anti-ferromagnetically across a Ru layer, is used as a
reference layer to minimize the dipolar field on the free layer. The free layer is a single 4×[Co/Ni] multilayer. The use of Pt and Pd
was avoided to lower the spin-orbit scattering in magnetic layers and intrinsic damping in the free layer, and therefore, reduce the
critical current required for spin-transfer-torque switching. The intrinsic Gilbert damping of a continuous 4×[Co/Ni] multilayer film
was measured by ferromagnetic resonance to be α = 0.022, which is significantly lower than in Pt or Pd based magnetic multilayers.
In zero magnetic field the critical current required to switch the free layer from the parallel to antiparallel alignment is 5.2 mA,
and from antiparallel to parallel alignment is 4.9 mA. Given the volume of the free layer, VFL = 1.01×10−22 m3, the switching
efficiency, Ic/(VFL × µ0Hc), is 5.28×1020 A/T·m3, twice as efficient as any previously reported device with a similar structure.

Index Terms—Magnetic and Spintronics Material, Spin transfer torque, magnetization reversal, Perpendicular Magnetic Anisotropy

I. INTRODUCTION

S
PIN transfer torque random access memory (STT-RAM) is

one of the most promising emerging non-volatile memory

technologies. It has a potential to be used as universal memory

due to its high recording density, fast write/read speed (a few

ns), unlimited endurance, excellent scalability and low power

consumption [1]. Spin transfer torque is mostly studied in

nanopillars that consist of two ferromagnetic layers separated

by a thin non-magnetic layer. The first ferromagnetic layer,

the reference layer (RL), is used to polarize the current which

then passes through the non-magnetic (NM) layer without a

significant change in polarization and interacts with the second

ferromagnetic layer, the free layer (FL). This interaction leads

to a transfer of angular momentum from the polarized current

to the FL that is manifested as a torque on the FL. If the

polarized current density is large enough, the spin torque

will induce magnetization reversal in the FL [2], [3]. The

device resistance depends on the relative orientation of the

magnetic layers, the associated physical effect is giant mag-

netoresistance, GMR [4], [5], if NM is metallic, or tunnel

magnetoresistance, TMR, if NM is an insulator [6]. In STT-

RAM, information is recorded by inducing magnetization

reversal in the FL. GMR or TMR is then used to detect the

magnetization direction of the FL [7], [8].

The GMR effect is observed in two geometries, CIP (Cur-

rent In Plane) and CPP (Current Perpendicular to Plane). In the

CIP geometry, the current flows mainly in the NM layer due

to its lower resistivity than that of the magnetic layers, which

gives a non uniform current density. However, in the CPP

geometry, the current flows in the whole layered structure and

therefore the spin dependent scattering can be utilized more

efficiently [9].

Corresponding author: M. Arora (email: mmonika@sfu.ca).

The TMR sensors are successfully applied to the read heads

for the high density hard disk drives of areal density over 200

Gbit/in2. For the devices with a TMR ratio of 50%, the RA

product is of the order of 0.4 Ω(µm)2. The intrinsic sensor

quantity RA is the product of the resistance R and the area A

through which the current flows [10], [11]. To achieve higher

areal density exceeding 500 Gbit/in2, much lower RA product

is required. A fully metallic CPP GMR devices with low RA

product (≈ 0.05 Ω(µm)2) may offer an alternative to the TMR

sensors [9].

The main challenges for implementing STT writing mode

in high density and high speed memory is the reduction

of the critical current density, Ic, required to switch the

magnetization of the FL while maintaining its thermal stability.

In the macrospin approximation, the critical current required

for spin-transfer reversal of the FL from the parallel (P) to

anti-parallel (AP) and from the AP to P state is given by [12]

Ic ≈

(

2e

~

)

αMsVFL

g(θ)p
Heff (1)

where Ms, α, and VFL are the saturation magnetization,

Gilbert damping constant, and volume of the FL, respectively,

p is the spin polarization of the current collinear with the RL

magnetization, and g(θ) is an asymmetric pre-factor depending

on the relative angle between RL and the FL [13], where θ
can be either 0 for the P state or π for the AP state.

STT-RAM devices with both RL and FL with perpendicular

magnetic anisotropy (PMA) are desired to lower Ic [14], [15].

The effective field acting on the perpendicularly magnetized

FL [14], HP→AP
eff = −Hk⊥ + µ0Ms + Happ + Hdip and

HAP→P
eff = Hk⊥ − µ0Ms + Happ + Hdip, has contributions

from the perpendicular uniaxial anisotropy field Hk⊥, demag-

netizing field µ0Ms, applied field Happ, and the dipolar field
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Fig. 1. Schematic representation of the film structure, Ta/Cu/SAF/Cu/FL/Ta.

from the reference layer Hdip.

Following Equation 1 the optimum STT-RAM design would

have magnetic layers with a high spin polarization and low

damping. Also, IP→AP
c has to be similar to IAP→P

c . This can

be achieved by controlling the dipolar interaction between the

RL and FL in order to compensate the asymmetry intrinsic to

g(θ).
In most of the STT-RAM devices, both RL and FL are

composed of a combination of Co/Pd, Co/Pt, Co/Ni and

CoFe/Ni multilayers to obtain the large PMA [12], [16], [17].

The multilayers containing Pt or Pd (high Z elements) have

high damping and low spin polarization, which decreases the

spin torque efficiency of STT-RAM devices. Co/Ni multilayers

are of particular interest to be used in our SAF layer design

due to the low cost of Ni compared to Pt and Pd, tunable

magnetization and PMA, low damping α and high spin polar-

ization p [14], [18], [19].

The anisotropy and damping of Co(dCo)/Ni(dNi) multilay-

ers depend on the thickness of Co, dCo, and Ni, dNi, layers.

The largest perpendicular magnetic anisotropy is obtained for

dCo = 0.2 nm and dNi = 0.6 nm, and it decreases with dCo for

dCo < 0.2 nm and dCo > 0.2 nm [20], [21]. The perpendicular

magnetic anisotropy also decreases with dNi for dNi > 0.6

nm [22]. The damping decreases with increase of dCo[18].

In this paper, we propose a design of nanopillars for STT-

RAM devices consisting solely of Co/Ni multilayers. The

extended films are highly optimized in order to maximize ex-

change coupling across the synthetic antiferromagnetic (SAF)

layer and minimize the damping and dipolar field on the free

layer. We are not aware of any investigations of devices with

a SAF layer consisting only of Co/Ni multilayers. We choose

Co/Ni multilayers with dCo = 0.2 nm and dNi = 0.6 nm in

order to maximize the PMA = 3.7 ×105 J/m3 (µ0Hk = -0.4

T), required for thermal stability of the FL.

II. EXPERIMENTAL DETAILS

The magnetic multilayer films are deposited on Si(001)

wafers by magnetron sputtering in a high vacuum deposition
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Fig. 2. Polar MOKE data of the Ta/Cu/SAF/Cu/FL/Ta structure, showing the
reversal of individual layers with magnetic field. The hysteresis loop of the
FL is also shown in the inset.

system with a base pressure of 5×10−8 Torr. The Si wafers

are covered with a 100 nm SiO2 layer to electrically isolate

the wafer and metallic films. We deposited two film struc-

tures: 1) Ta(3)/Cu(30)/SAF/Cu/FL/Ta(3)/Ru(7) for fabrication

of nanopillar devices (Figure 1), and 2) Ta(3)/Cu(10)/FL/Ta(3)

for ferromagnetic resonance (FMR) measurements. The

SAF consists of two FM layers, FM1 and FM2, anti-

ferromagnetically coupled across a 0.4 nm thick Ru spacer

layer. FM1 is composed of 4×[Co(0.2)/Ni(0.6)]/Co(0.4), FM2

is Co(0.4)/3×[Ni(0.6)/Co(0.2)]/Ni(0.6)/Co(0.6), and the FL is

4×[Co(0.2)/Ni(0.6)] (thicknesses are in nm). 3 nm of Cu

is deposited as a spacer to decouple the SAF and the FL.

The Ta/Cu bilayer structure helps set up the (111) growth

orientation for Co/Ni multilayers. For corrosion protection, the

films are covered by Ta/Ru and Ta.

The circular shaped nanopillars with SAF/Cu/FL film struc-

ture of diameter 200 nm were patterned by electron beam

lithography and Ar+ ion milling as described elsewhere [23].

Resistance of the nanopillar is measured in a 2-point geometry

using standard microwave probes. The current direction was

set so that for positive current, electrons flow from SAF to

FL. The probe station was capable of applying over 1 T field

both in-plane and normal to the film surface.

Magnetic measurements are performed on the continuous

films before patterning. Kerr measurements of SAF/Cu/FL

show that the magnetic coercivity, µ0Hc, of the SAF and the

FL in the continuous films is 0.23 T and 0.018 T, respectively

as shown in the Figure 2. The hysteresis loop of the FL (inset

in Figure 2) is shifted by less than 3 mT around zero field axis

indicating weak interaction (the RKKY like and roughness

induced magnetostatic couplings) between SAF and FL. The

field dependence of the magnetization of the FL was measured

using a superconducting quantum interference device (SQUID)

magnetometer in magnetic fields up to 7 T. The measurements

revealed a magnetization polarization of µ0Ms = 0.79 T. The

magnetic properties of the FL were also measured with FMR

with a co-planer waveguide in a field-swept, field-modulated

configuration, as detailed by Montoya et al. [24]. The FMR

measurements were performed in a frequency range between

15-32 GHz and with the DC field applied perpendicular to the

film surface. The FMR linewidth is well described by Gilbert-
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like damping.

"Α" = 0.022

óH0 = 0.0416 T
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Fig. 3. FMR line width versus frequency measurements of the FL. The
intrinsic damping α is calculated from the slope and ∆H0 from the intercept.

∆H(f0) = ∆H0 + α
2πf0
γ

(2)

where f0 is the microwave frequency and ∆H0 is the zero

frequency line broadening due to the long range homogeneity

[25]. From the FMR measurements we found that the magnetic

anisotropy constant of FL is Ku = 3.7×105 J/m3 and g-factor

is g = 2.193. The intrinsic Gilbert damping using Equation 2

is calculated to be α = 0.0221 and ∆H0 = 0.0416 T as shown

in Figure 3.
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Fig. 4. Major and minor magnetoresistance loops for a 200 nm diameter
pillar. Measurements performed with 0.5 mA DC current, and magnetic field
applied perpendicular to the film surface. The arrows represent the directions
of the magnetic moments of FM1 (bottom arrow), FM2 (middle arrow) and
FL (top arrow) if the magnetic field is reduced from 0.8 to -0.8 T. Dashed
line represents the change in resistance if the magnetic field is increased from
-0.8 to 0.8 T. If the applied field is varied from -0.2 to 0.2 T the change in
resistance is only due to the reversal of magnetization in the FL, red solid
line.

III. RESULTS AND DISCUSSION

The dc-resistance of a circular SAF/Cu/FL nanopillar of

diameter 200 nm as a function of the applied field perpendic-

ular to the surface of substrate is shown in Figure 4. In the

measurements, the applied d.c. current is kept constant and

equal to 0.5 mA. At positive saturation field, the direction of

magnetic moments of all the FM layers in the structure are

parallel to the direction of the applied field, corresponding

to a state of lowest resistance. As the field is reduced, the

magnetic moment of FM1 reverses first at 0.62 T due to

the antiferromagnetic exchange coupling between FM1 and

FM2. Since FM1 and FM2 have the similar film structure their

magnetic anisotropy is similar. However, the Zeeman energy of

FM1 is smaller than that of FM2 because the magnetization of

FM1 is smaller than that of FM2. For this reason, the magnetic

moment of FM1 in the SAF reverses first. The change from the

P to AP alignment at 0.62 T between the magnetic moments

of FM1 and FM2 in the SAF results in a slight increase in

resistance.

Further reduction of the applied magnetic field causes the

reversal of the magnetic moment in FL at µ0H = −0.13 T.

At this field, alignment between the magnetic moments of the

adjacent magnetic layers are AP (FM1 and FM2 are AP, and

FM2 and FL are AP) and hence resistance of the nanopillar

increases to its highest value. The orientation of magnetic

moments in the FM layers is unchanged from −0.13 T <
µ0H < −0.49 T. At µ0H = −0.49 T both magnetic layers

in SAF (FM1 and FM2) simultaneously rotate. This sets the

magnetic moment of the FL parallel to that of FM2 resulting

in a decrease of the nanopillar resistance. Even at this field

the antiferromagnetic coupling across Ru is strong enough

to ensure that mutual alignment between magnetic moments

of FM1 and FM2 stays AP. At negative saturation field, the

magnetic moments of all the FM layers are aligned with the

applied field, corresponding again to a state with the lowest

resistance. The same trend is observed when the applied field

sweeps from -0.8 to 0.8 T.

If the applied field is varied from -0.2 to 0.2 T (Figure 4

minor loop) the change of resistance is only due to the reversal

of the FL; the SAF do not reverse. A comparatively higher

field is required to reverse the magnetic moment of the FL

from P to AP orientation than from the AP to P orientation

with the magnetic moment of FM2. Both the dipole interaction

between the SAF and FL, and 0.5 mA DC current used for

GMR measurements help to stabilize the P state and therefore

shift the hysteresis loop towards negative fields.

The change in resistance due to the transition from the

P to AP alignment between the magnetic moments of FM1

and FM2 (Co/Ru/Co interface) is about two and a half times

smaller than the change in resistance due to the transition

from the P to AP alignment between the magnetic moments

of FM2 and FL (Co/Cu/Co interface). The reduced GMR at

the Co/Ru interface is due to the small difference between the

spin-polarized density of states at the Fermi level [26] and

also due to the possible inter-diffusion at Co/Ru interfaces

[27]. The larger GMR from the Co/Cu/Co system is expected

due to electronic structure at the Fermi level [13].

Compared to the extended film samples the nanopillar

displays larger coercivities for both the SAF and the FL. The

coercive field of the SAF reaches 0.49 T and that of the FL

reaches 0.098 T. The increase of the coercivity field in both

SAF and FL in nanopillars is due to size effects. In large

magnetic structures, a defect or non-uniformity can act as

a centre for a magnetic domain nucleation that causes the

magnetization reversal at magnetic fields several orders of

magnitude smaller than 2Ku/Ms (where Ku is the magnetic

anisotropy energy and Ms is the saturation magnetization of
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the magnetic structure). In nm-size magnetic structures much

larger magnetic fields are required to nucleate a magnetic

domain and cause the magnetization reversal [28] since the

energy term due to the direct exchange interaction is dominant

in nm-size structures.

The resistance as a function of d.c. current, measured at

zero applied field, is shown in Figure 5. The critical current,

Ic, required to reverse the magnetization of FL from P to AP

alignment is Ic = 6.7 mA and from AP to P is Ic = 3.3 mA.

SAF

FL
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Fig. 5. Current induced switching of the FL between P and AP states at
a zero applied magnetic field. The arrows represent the directions of the
magnetizations of FM1 (bottom arrow), FM2 (middle arrow) and FL (top
arrow).

Starting from either P or AP alignment of SAF and FL a

series of the Rd.c. versus H measurements are repeated for

different values of applied current to construct a field-current

phase diagram as shown in Figure 6. For each value of the

applied current, the field sweeps from 0.2 T to -0.2 T. It is

clear from the phase diagram that, at Happ + Hdip = 0 (Hdip =

22.5 mT), the current required to switch the FL from P to AP

is around 5.2 mA (1.66 × 107A cm−2) while to reverse the

FL from AP to P is 4.9 mA (1.56× 107A cm−2). This is due

to the spin-transfer-torque asymmetry in metallic spin-valve

systems [2].
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Fig. 6. Field-current phase diagram showing region where the FL is parallel
and antiparallel to the SAF reference layer.

Figure 6 shows the linear dependance of Ic (P-AP) (with

slope = -7.02 × 10−2 mA/mT) and Ic (AP-P) (with slope =

-6.47× 10−2 mA/mT) on the Happ for -70 mT < Happ < 20

mT. This is in agreement with the Equation 1 and allows us to

estimate the α/p ratio of the FL. This is done by substituting

the slopes of Ic versus field to the pre-factor of Equation 1. The

values of α/p calculated from our measurements are 0.33 g(π)
and 0.36 g(0). These α/p values are similar to those obtained

by Mangin et al. [14]. For Happ < -90 mT and Happ > 50

mT, Ic deviates from the linear behaviour of Equation 1, due

in-parts to the finite temperature effects [29].

The efficiency of current induced magnetization reversal of

the FL can be determined from the expression Ic/(VFLHc),

[12] where Ic is critical current, VFL and Hc are the volume

and coercivity of the FL, respectively. In our nanopillars VFL

= 1.01×10−22 m3 and Hc = 0.098 T resulting in Ic/(VFLHc)

is 5.28×1020 A/T m3. This is twice as efficient as what was

reported previously for devices with SAF reference layer [12].

In that study, the FL comprised Co/Ni and Co/Pd multi-

layers. Co/Pd multilayers have higher damping than Co/Ni

multilayers [30], [31]. We further reduced damping in our

Co/Ni multilayers by increasing the Co to Ni thickness ratio

(4×[Co(0.2)/Ni(0.6)]) as suggested by Shaw et al. [19] and

Mizukami et al. [32]. We therefore attribute the lower damping

to the increase in the efficiency (compared to Ref. [12]) of

spin-torque driven switching in our nanopillars. It is also im-

portant to mention that the thermal fluctuations affect both Ic
and Hc in a similar manner, therefore the coefficient describing

the efficiency at temperature T is Ic(T )/Hc(T ) ≈ Ic0/Hc0,

where Ic0 and Hc0 are the critical current and coercivity at

zero temperature. Therefore, in a reasonable approximation,

the ratio of Ic/Hc removes the temperature effects and remains

close enough to its zero temperature value [33], [34].

IV. CONCLUSION

We investigate current and field induced magnetization re-

versal in perpendicularly magnetized 200 nm diameter circular

nanopillars with a unique magnetic layer design: a Co/Ni

multilayer free layer (FL), and a synthetic antiferromagnet

(SAF) reference layer consisting of two antiferromagnetically

coupled Co/Ni multilayers. In our nanopillars, the dipolar

field acting on FL is only 22.5 mT, more than two times

smaller than reported in devices with a single ferromagnetic

reference layer [14]. Also, in our devices the current-induced

magnetization reversal of FL is almost twice as efficient as

reported for the devices with a SAF reference layer [12]. This

is attributed to the low Gilbert damping of our FL corroborated

by extended films ferromagnetic resonance studies.
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