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We report the free layer switching field distributions of spin-valve nanopillars with perpendicular

magnetization. While the distributions are consistent with a thermal activation model, they show a

strong asymmetry between the parallel to antiparallel and the reverse transition, with energy

barriers more than 50% higher for the parallel to antiparallel transitions. The inhomogeneous

dipolar field from the polarizer is demonstrated to be at the origin of this symmetry breaking.

Interestingly, the symmetry is restored for devices with a lithographically defined notch pair

removed from the midpoint of the pillar cross-section along the ellipse long axis. These results

have important implications for the thermal stability of perpendicular magnetized magnetic

random access memory bit cells. VC 2012 American Institute of Physics. [doi:10.1063/1.3681792]

Magnetization reversal in magnetic nanostructures has

been studied extensively, both to gain a better understanding

of the underlying magnetic interactions,1 as well as to opti-

mize the energy barrier for magnetic storage applications.2

Nanopillars with perpendicular magnetic anisotropy are of

particular importance to magnetic random access memory

(MRAM) applications.3,4 The all-perpendicular geometry

yields reduced critical switching currents (Ic), high barrier

height (U), and good efficiency (e.g., small Ic/U).5–7 This ge-

ometry also gives rise to an out-of-plane dipole field from

the polarizer, which can shift the center of the free layer

minor hysteresis loop by a considerable fraction of the room

temperature coercive field.

Generally, the interactions between layers in a spin-

valve are described by a single dipole field. This considera-

tion is sufficient to understand the shift of the center of free

layer minor hysteresis loops and is relevant to determine

regions of bistability for spintronic applications. However,

the field from a uniformly magnetized polarizer at the height

of the free layer may vary by more than 100% between the

center and the edges of a spin-valve nanopillar. The inhomo-

geneity of the polarizer field may play a larger role in the re-

versal of the free layer than can be described by a single

dipole field. This can be addressed through study of the sta-

tistics of magnetization reversal for different transitions of

the free layer with respect to a fixed polarizing layer

magnetization.

In this letter, we present switching field distributions for

switching the free layer in all-perpendicular magnetized

spin-valve nanopillars. We measure the probability of

switching as a function of applied fields under a linearly

ramped external field. The resultant switching field distribu-

tions are strongly dependent upon the rate of thermally acti-

vated magnetization switching, which depends sensitively on

the energy barriers separating metastable and stable magnet-

ization states. We demonstrate that switching field distribu-

tions are a powerful tool to investigate the reversal

transitions of a nanomagnet, and show the influence of sam-

ple geometry and orientation of the polarizer magnetization

in all-perpendicular spin-valve nanopillars.

Our spin-valve nanopillars are magnetic multilayered

films with strong uniaxial anisotropy perpendicular to the

plane and have been described previously.6,8,9 The free layer

is a Co/Ni multilayer and the polarizing layer is a Co/Ni Co/Pt

multilayer with a sufficiently higher coercive field to be con-

sidered fixed for all of our measurements (see Fig. 1(a)). The

FIG. 1. (Color online) (a) Schematic of a spin-valve nanopillar, (b) scanning

electron microscopy image of pillar cross-section for 50� 300 nm2 ellipses

showing no notch, a single notch, and double notch pairs, and (c) a typical

resistance versus perpendicular applied field hysteresis loop for a sample

with no notch pairs.a)Electronic mail: db137@nyu.edu.
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layer stack is comprised of Ta(5)/Cu(30)/Pt(3)/[Co(0.25)/

Pt(0.52)]� 4/Co(0.25)/[Ni(0.6)/Co(0.1)]� 2/Cu(4)/[Co(0.1)/

Ni(0.6)]� 2/Co(0.2)/Pt(3)/Cu(20)/Ta(5) (layer thicknesses

in nanometers). These films have been patterned into

50� 300 nm2 ellipses by a process that combines electron

beam and optical lithography. We will present results on pil-

lars with zero, one or two lithographically defined notch

pairs on each side of the long axis of the ellipse, as shown in

Fig. 1(b).

Quasistatic measurements of the sample magnetoresist-

ance were taken at room temperature using a lock-in detec-

tion scheme, with a 10 kHz excitation current of

Iac¼ 100 lA rms (the room temperature, zero-field switching

current, Ic � 5 mA� Iac). Minor loops of the free layer

were recorded using a linear ramped magnetic field with a

constant rate v¼ 100 mT/s, as shown in Fig. 1(c). Our sam-

ples have a room temperature coercivity l0Hc� 100 mT and

an average dipole field l0HD� 20 mT, which is defined as

the shift of the center hysteresis loop at room temperature.

Switching field distributions were acquired by ramping the

applied field many times and recording the total field at

which the free layer reverses, defined by the field at which

there is a step change in sample resistance. For each sample

studied here, we have recorded over 10 000 switching events

for switching parallel (P) and antiparallel (AP) to the fixed

reference layer.

The survival function PNS for the AP and P states are

displayed in Fig. 2. All data sets are plotted against the abso-

lute value of the net field defined as, H¼Happ�HD. All data

sets intersect around 50% probability, which is by definition

of the dipole field HD. We note that for these measurements

we should expect identical switching fields for switching

parallel or antiparallel to the polarizer, except for a constant

shift due to the dipole field of the polarizer. However, the

AP ! P switching field distributions are consistently wider

than the P ! AP distributions in all devices except for the

single notch pair sample. This effect only depends on the rel-

ative orientation between the layers, as we have observed

that reversal of the polarizer preserves the asymmetry

between AP and P states (see Table I).

We now examine the distributions more closely by fit-

ting the cumulative distributions to a thermal activation

model. At nonzero temperatures, there is a finite probabil-

ity that magnetization reversal takes place by thermal acti-

vation over a field-dependent energy barrier. Assuming

thermal activation over a single energy barrier, at fixed

temperatures and fields one can define a rate of escape as

C(H) ¼ C0 e�bE(H), where C0 is the attempt frequency,

b¼ 1/kBT and kB is Boltzmann’s constant. The form of the

energy barrier, E(H) is E(H)¼E0(1�H/Hc0)g, where

g¼ 1.5,10,11 E0 is the energy barrier at zero field, and Hc0 is

the zero-temperature coercive field.12 The cumulative

probability to remain in a metastable magnetization state

under finite field, l0 H, is exp½� 1
v

ÐH
0

CðH0ÞdH0�, where v is

the ramp rate of the magnetic field. This expression for the

probability of not switching the magnetization at finite

field has been attributed to Kurkijärvi for superconductors

and will be termed the Kurkijärvi model.13,14 Figure 2 por-

trays the Kurkijärvi fits to switching field distributions as a

function of total applied field.

Consistent with the differences in the measured switch-

ing field distributions, the energy barriers that we have

extracted from fitting the distributions for C0¼ 1 GHz and

v¼ 100 mT/s are dissimilar for all transitions except for the

single notch pair junction. The best-fit parameters E0 and

Hc0 are listed for all samples in Table I. Most striking is the

dissimilarity between energy barriers for the double notch

pair pillar of 67kBT for AP ! P and 145kBT for P ! AP

transitions (T¼ 300 K).

Magnetization switching by coherent rotation should

only result in a shift in the coercive field by an amount

equal to the averaged polarizer field across the free layer.

However, it has been indirectly observed8,15,16 and more

recently confirmed with simulations and imaging that

magnetization reversal in thin-film nanomagnets (cross-

sectional areas Z502 nm2) proceeds by sub-volume nucle-

ation followed by the propagation of domain walls.17,18

Our results indicate that the magnitude and direction of the

polarizer dipole field influences the region where magnet-

ization reversal is initiated.

We propose a simple interpretative model for the asym-

metry in reversal starting from AP or P states. Starting from

the AP state, the inhomogeneous field assists in nucleation at

the far edges going from AP! P. Then going from P! AP,

the large opposing field at the edges increases the barrier for

FIG. 2. (Color online) The survival function PNS for the AP and P states for

a 50� 300 nm2 junction with (a) no notch, (b) one notch pair in the center,

and (c) double notch pairs on each side. Data is measured against total field,

defined as applied field plus a dipole field from the polarizer. AP ! P data

(for sweeping in the negative field direction) has been reflected about zero

field to compare with the P! AP data. Symbols are measured data and solid

lines are calculated from the Kurkijärvi model.

TABLE I. Barrier heights and coercive fields for AP ! P, P ! AP transi-

tions for different lateral geometries. Data in parenthesis in the double notch

column reflects experiments on a double notch pair sample after reversing

the direction of polarizer magnetization. Reversal of polarizer in double

notch pair structure maintains the asymmetry in the energetics and

coercivity.

No notch Single notch Double notch

E0(kBT) AP! P 65 56 67 (70)

P! AP 96 56 145 (142)

jl0Hc0j (mT) AP! P 200 194 195 (194)

P! AP 170 194 151 (154)
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nucleation at the edges, and therefore nucleation takes place

along the edges of the device center, where the polarizer

fields are smallest. The relatively smaller energy barrier

obtained for AP ! P is a consequence of distinct reversal

processes for AP! P and P! AP transitions. Figure 3 illus-

trates the nucleation regions and variations in the polarizer

dipole field acting on the free layer.

The effect of the lateral geometry can also be considered

within this model. While the presence of one or two sets of

lithographically defined notches has only a modest effect on

the magnitude of the dipolar fields from the polarizer acting

on free layer, the notches may serve as preferential nucleation

sites in certain cases. For the sample with a single pair of

notches, it may be assumed that the free layer always nucle-

ates a reversed domain at the notches, where the polarizer

dipole field acting on the free layer is minimal and sharp

divergences in the magnetization of the free layer could intro-

duce magnetic instabilities. The single notch pair data pro-

vides the only dataset that can be fit with a single coercive

field, Hc0, which is indicative of identical nucleation regions

for AP! P and P! AP switching, in which case the dipole

field contributions to the total field are equal and opposite.

Therefore, by adding and subtracting the dipole field to the

AP ! P and P ! AP switching field data, respectively, the

barrier heights are identical. On the other hand, the distinct co-

ercive fields, Hc0, for the double notch data are suggestive of

distinct nucleation regions – nucleation in a region of rela-

tively large dipolar field for AP ! P transitions and in a

region of smaller dipolar field for the P! AP transition. Since

we have subtracted an average dipolar field from the data, we

overestimate the total local field for P ! AP transitions and

underestimate it for AP ! P transitions, which explains the

relatively lower coercive fields Hc0 for P! AP transitions.

The asymmetry in AP and P reversal processes is most

evident in the distribution widths in Fig. 2(c) and barrier

heights in Table I, where results for reversing the polarizer

magnetization also confirms the significance of the direction

of polarizer magnetization in the observed asymmetry.

Finally, while the fit parameters shown in Table I suggest a

correlation between the energy barrier, E0, and the presence

of the notches, establishing such a correlation, we believe,

requires study of a significantly larger number of devices.

For example, sample-specific nucleation sub-volumes may

be at the origin of these differences, due, for example, to

local variation in the magnetic anisotropy or exchange

interactions.

The effect of dipolar fields on reversal should be rele-

vant in any device where the polarizer field varies consider-

ably across the free layer, giving rise to distinctive switching

statistics and reversal pathways. Inhomogeneous fields could

be used to stabilize or destabilize micromagnetic states in

spin-valve nanostructures. Polarizer fields could also be

designed to greatly increase energy barriers. Also, the posi-

tion of lithographically defined notches can remove the

asymmetry in magnetization reversal processes by energeti-

cally disfavoring an alternative reversal pathway. Finally,

the use of a synthetic antiferromagnetic polarizing layer may

help make the reversal more symmetric19 or, alternatively,

the polarizer layer could be unstructured or patterned on a

larger scale than the free layer to render the polarizer field

acting on the free layer both smaller and more uniform.
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FIG. 3. (Color online) (a) Out-of-plane polarizer field at 5 nm above the

polarizing layer for a device with two pairs of notches. Numbers (1) and (2)

indicate preferred nucleation regions where the polarizer field is low and

high, respectively. (b) y¼ 0 cross-section of the polarizer field.
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