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We study the effect of the Dzyaloshinskii-Moriya interaction (DMI) on current-induced magnetic

switching of a perpendicularly magnetized heavy-metal/ferromagnet/oxide trilayer both

experimentally and through micromagnetic simulations. We report the generation of stable helical

magnetization stripes for a sufficiently large DMI strength in the switching region, giving rise to

intermediate states in the magnetization and confirming the essential role of the DMI on switching

processes. We compare the simulation and experimental results to a macrospin model, showing the

need for a micromagnetic approach. The influence of the temperature on the switching is also

discussed. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867199]

It has been recently reported that the magnetization of

perpendicular anisotropy heavy-metal/ferromagnet/oxide tri-

layers can be switched by in-plane injected current.1–5 This

current induced switching has been attributed to so called

spin-orbit torques (SOTs) due to the spin-Hall effect (SHE)2–6

and the Rashba effect,1,7–9 arising from spin-orbit coupling

and broken inversion symmetry at the heavy-metal/ferromag-

net interface. SOT switching has been studied theoretically6

and experimentally for Pt/Co/AlOx,1,3,7,10 Pt/Co/Pt,11

Ta/CoFeB/MgO,12 Pt/CoFe/MgO,5 and Ta/CoFe/MgO5 nano-

dots and nanostrips4,5,13,14 and may provide an efficient means

to operate ferromagnetic memories15 such as SOT-based

magnetic random access memories (SOT-MRAM) or race-

track memories.16 More recently, it has been shown that the

Dzyaloshinskii-Moriya interaction (DMI) plays an important

role in domain wall (DW) motion in such materials5,17–20 and

may also be important in SOT switching.21

The SHE in the heavy metal layer deflects electrons with

opposite spin in opposite directions, giving rise to a spin cur-

rent that is injected into the ferromagnet, exerting a

Slonczewski-like torque on the ferromagnet magnetization.3

The Rashba effect leads to a current-induced effective field

parallel to the interface and transverse to the current and may

additionally generate a Slonczewski-like torque. On the other

hand, the DMI17–19 acts as an antisymmetric exchange inter-

action that promotes non-uniform magnetization in materials

where inversion symmetry is broken due to lack of a lattice

inversion center or due to the presence of surfaces or interfa-

ces. The DMI directly competes with the exchange interac-

tion (which tends to maintain the magnetization uniform) and

when strong enough encourages the formation of rotational

magnetic textures of definite chirality, such as chiral

DWs,5,20 skyrmions,22 or spin helixes.23 SOT switching has

usually been interpreted in the framework of a simple macro-

spin model, but recent micromagnetic simulations show that

the reversal process is in fact highly non-uniform.24 In this

case, it can be anticipated that strong DMI should signifi-

cantly impact the inhomogeneous reversal process, necessi-

tating a full micromagnetic model to provide meaningful

interpretation of experiments.

Here, we study SOT switching experimentally and through

a micromagnetic model that includes the Slonczewski-like and

field-like SOTs, DMI, and finite temperature. Although the

Slonczewski-like SOT drives magnetization switching, the

field-like SOT and DMI play key roles in the switching process

and switching efficiency. We show that strong DMI leads to

metastable chiral intermediate states and introduces a stochastic

nature to the switching process. A strong field-like torque, by

contrast, promotes quasi-uniform, deterministic switching and

significantly lowers the switching threshold.

Experiments focus on perpendicular anisotropy

Ta(3 nm)/Pt(3 nm)/CoFe(0.6 nm)/MgO(1.8 nm)/Ta(2 nm) and

Ta(5 nm)/CoFe(0.6 nm)/MgO(1.8 nm)/Ta(2 nm) films sputter-

deposited onto Si/SiO2 substrates and patterned into

1200 nm-wide Hall crosses (Fig. 1(a)). See Ref. 5 for sample

details. Strong Slonczewski-like torques have been observed

in Pt/CoFe and Ta/CoFe stacks5 and attributed to large spin

Hall angles2,3 in Pt and Ta. At the same time, experiments

indicate5,25 Pt/CoFe exhibits strong DMI and a relatively

weak field-like SOT, while Ta/CoFe exhibits weak DMI and a

strong field-like SOT. These materials thus provide an oppor-

tunity to independently examine the roles of these effects on

SOT switching.

The Slonczewski-like torque in heavy-metal/ferromagnet

bilayers is described by an effective field BSL / m� ðẑ � JÞ,
where m ¼M=MS is the normalized magnetization, ẑ is film

normal, and J is the current density. A small in-plane field Bx

along the current axis (Fig. 1(b)) enables current-induced

switching of the z-component of magnetization between

mz � 61. Figures 1(c) and 1(d) show current-induced switch-

ing in Pt/CoFe and Ta/CoFe devices with Bx ¼ 50 mT for

Pt/CoFe and 10 mT for Ta/CoFe. For each point, a 250 ms

current pulse was injected, then mz was measured from the

anomalous Hall effect (AHE) voltage using a 400 Hz low-

amplitude (�109 A/m2) AC sense current and a lock-in
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amplifier. mz was measured successively in this fashion by

stepping through a range of current pulse amplitudes. The

switching polarities are opposite for Pt/CoFe and Ta/CoFe

and are consistent with positive and negative spin Hall angles,

respectively. The switching polarities reversed as expected

when the direction of Bx was reversed.

Switching in Pt/CoFe exhibited a stochastic behavior,

leading to intermediate states near the switching threshold

and occasional switch-backs at higher current densities (Fig.

1(c)). Such behavior was commonly observed in multiple

nominally identical devices, each measured several times.

By contrast, sharp switching was consistently observed in all

Ta/CoFe devices, with an absence of intermediate states

(Fig. 1(d)). To determine the importance of Joule heating,

which should be more significant in Pt/CoFe at the larger

current densities required for switching, we have quantified

the temperature rise by measuring both the device resistance

versus temperature using a low sense current and the device

resistance versus current density at a fixed substrate tempera-

ture. We find a Joule heating-induced temperature rise

DT ¼ kJ2, with k ¼ 1:3 K= 1011A=m2
� �2

for Pt/CoFe and

k ¼ 3:0 K= 1011A=m2
� �2

for Ta/CoFe. Near the switching

threshold in Figs. 1(c) and 1(d), the Joule heating is negligi-

ble for Ta/CoFe and only �5 K for Pt/CoFe, so the difference

in Joule heating for the two samples cannot explain the pres-

ence (lack) of stochastic behavior in Pt/CoFe (Ta/CoFe).

To exclude the possibility that DW pinning or geometri-

cal features in the Hall cross region contribute to the stochas-

tic behavior, we used the polar magneto-optical Kerr effect

(pMOKE) to probe mz along a straight region of the strip

(Fig. 1(a)). Figures 2(a) and 2(b) present switching phase

diagrams for Pt/CoFe and Ta/CoFe, respectively. For each

set (Bx; J), the sample was initialized in the down state with

a perpendicular field pulse. Then a 50 ns current pulse was

injected, after which mz was probed with pMOKE. The color

scale shows mz obtained from the average of ten switching

cycles. For Pt/CoFe, complete switching was observed only

for Bx > 8 mT, at any J, above which the switching current

threshold decreased approximitely linearly with Bx. A finite

transition region between non-switching and switching is

observed along the entire switching boundary. For Ta/CoFe,

switching occurs at significantly lower J and Bx, and the

switching boundary is sharp (Fig. 2(b)).

Figures 2(c) and 2(d) show for Pt/CoFe the mean mz af-

ter current injection, averaged over 50 switching cycles and

plotted versus J (Fig. 2(c)) and Bx (Fig. 2(d)) with higher

step resolution than in Fig. 2(a). From these figures, the finite

breadth of the intermediate switching region is clear. Figure

2(e) shows a histogram of mz after current-pulse injection,

for 50 individual switching cycles, with J, Bx on the switch-

ing boundary. The data indicate 100% probability to switch

into a state intermediate between “up” and “down,” suggest-

ing a stable multidomain configuration. Figures 2(c) and 2(d)

show that destabilization of the uniform state occurs sharply

at a lower threshold Bx and J, and a second threshold at

larger Bx and J exists whereupon nearly complete reversal

FIG. 1. (a) Scanning electron micrograph of device. (b) Schematic of stack

structure and experiment geometry. (c) and (d) Experimental SOT switching

for (c) Pt/CoFe, with Bx ¼ 50 mT, showing non-deterministic switching and

intermediate states, and (d) Ta/CoFe with Bx ¼ 10 mT, showing sharp

switching without intermediate states.

FIG. 2. Experimental switching phase diagrams for (a) Pt/CoFe and (b) Ta/CoFe. (c) and (d) Mean mz after current pulse application versus (c) current density

at fixed Bx and (d) versus Bx at fixed current pulse amplitude for Pt/CoFe. Histogram in (e) shows distribution in mz for 50 switching cycles for fixed Bx and J
on the switching boundary. (f) Mean mz after current pulse application versus Bx at fixed current pulse amplitude for Ta/CoFe.

092403-2 Perez et al. Appl. Phys. Lett. 104, 092403 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  18.111.44.46

On: Fri, 07 Mar 2014 17:04:27



occurs. For Ta/CoFe, by contrast, only a single threshold is

observed (Fig. 2(f)), and intermediate states are absent.

To understand this behavior, we employ a micromag-

netic model that solves the Landau-Lifshitz-Gilbert equation

dm

dt
¼ �c m� Beff þ a m� dm

dt
þ cBSLm

� m� ẑ � Ĵ
� �� �

� cBFLm� ẑ � Ĵ
� �

; (1)

with c ¼ 1:76� 1011 s�1T�1 the electron gyromagnetic ra-

tio, a the Gilbert damping constant, Ĵ a unit vector along the

current, and Beff the effective magnetic field, which includes

the external, exchange, anisotropy, demagnetizing, DMI, and

thermal26 fields. The last two terms in (1) represent, respec-

tively, the Slonczewski-like and field like SOTs,3,18,24 with

amplitudes BSL and BFL proportional to the current density.

The DMI effective field is given by18,19,27

BDMI ¼ �
2D

MS

r �mð Þẑ �rmz½ �; (2)

with D the DMI constant. Note this expression only holds

true at the interface, so it is applicable to thin films.

Appropriate boundary conditions were imposed to simulate

the DMI.27

Simulation parameters correspond to the experimental

sample dimensions 15000� 1200� 0:6 nm, Gilbert damping

constant a ¼ 0:3, saturation magnetization MS ¼ 8:3
�105 A=m, uniaxial out of plane anisotropy constant KU

¼ 4:8� 105 J=m3, and exchange constant A ¼ 1:6
�10�11 J=m. The SHE angle and DMI constants are,

respectively, taken from Refs. 5 and 25 as hSH ¼ 0:07 and

D ¼ �1:2� 10�3 J=m2 for Pt/CoFe, and hSH ¼ �0:25 and

D ¼ �0:05� 10�3 J=m2 for Ta/CoFe. BSL is computed as

arising purely from the SHE via BSL ¼ �hhSH

2jejMSt J, with e the

electron charge, �h Planck’s constant, and t the sample thick-

ness. Unless specified otherwise, all simulations are performed

at T ¼ 300 K. Simulations were performed with GPMagnet,26

a graphics processing unit (GPU)-based parallelized

commercial code, using a sixth-order Runge-Kutta method

with 5� 5� 0:6 nm cell discretization and a 1 ps computa-

tional time step.

Our first simulations aim to give insight into the influ-

ence of thermal fluctuations and DMI on switching dynam-

ics. Here, we apply a continuously swept current at a ramp

rate of 4�1010 (A/m2)/ns. With D ¼ T ¼ 0, we observe

clean switching in which the magnetization remains uniform

except for the effect of the demagnetizing field near the

edges. In this case, a macrospin model suffices to reproduce

the hysteresis loop precisely. As expected, increasing T
yields a narrowing of the hysteresis loop (Fig. 3(a)). In this

case, switching takes place via random nucleation of bubbles

which expand throughout the whole sample (Fig. 3(c)), as

described previously.24 This non-uniform switching has,

however, very little impact on the averaged mz, yielding no

remarkable effects aside from a decrease in the switching

current.

When DMI is introduced, the magnetic switching

becomes more irregular (i.e., the bubbles are distorted and

expand non-isotropically) but the switching current and the

averaged mz are barely affected for weak DMI (Fig. 3(b)).

However, above a threshold DMI constant, which we find to

be between 1 and 1.5 times
ffiffiffiffiffiffiffiffiffi
AKU

p
(in agreement with Ref.

28), the DMI is strong enough to promote non-uniform mag-

netization patterns. In particular, starting from a uniform

state at zero current, and increasing the current, we observe

the generation of a stripe-like structure, which breaks into a

deformed skyrmion lattice, eventually disappearing for high

enough currents; this effect is the responsible for the “tails” in

the hysteresis loops in Fig. 3(b). Finally, we find that the

switching current decreases with decreasing current ramp rate.

We next seek to reproduce micromagnetically the pulsed

switching behavior in Figs. 1(c) and 1(d), considering 50 ns

long pulses with 1 ns rise and fall times. In the Pt/CoFe sam-

ple simulations (Fig. 4(a)), we found that the switching is

indeed not deterministic, and it starts via random nucleation

of deformed skyrmions or random magnetization reversal on

the edges of the sample. If the nucleation occurs within the

intermediate switching region, the current intensity is insuffi-

cient to make this state vanish, and the non-uniformities

spread throughout the sample. This is the cause of the inter-

mediate states observed in Fig. 4(a) (red dashed circles); for

larger currents, the probability of non-uniform state genera-

tion is higher and the magnetization eventually switches dur-

ing the pulse application, but it does not reach a fully

uniform state. After the pulse is turned off, the non-

uniformities spread, giving rise to the stabilization of these

intermediate states. In this case, we observe a metastable hel-

ical magnetization configuration (Fig. 4(c)) in the form of

stripe-like domains separated by left-handed N�eel type DWs,

as expected for strong DMI. The periodicity of the helix is

�200 nm, in agreement with the theoretical value27

FIG. 3. (a) Micromagnetically com-

puted hysteresis loops showing the

influence of the temperature on switch-

ing with no DMI for a current ramp of

4� 1010 A=m2
� �

=ns. (b) Influence of

the DMI constant D in the switching at

T ¼ 300 K. Zero temperature macro-

spin results are also plotted. (c)

Magnetization configuration during the

rising current regime for J ¼
0:44� 1012 A=m2 with T ¼ 300 K and

D ¼ 0.
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4pA=D ¼ 168 nm. If nucleation occurs outside the interme-

diate switching region (for pulse amplitudes higher than the

switching current density), we observe an isolated intermedi-

ate state (Fig. 4(a), black circle), which reverts back to the

uniform state after the application of a subsequent current

pulse of sufficiently large intensity and length.

For the Ta/CoFe samples, experiments reveal a switch-

ing current density that is lower than for Pt/CoFe by a factor

of �10. This cannot be explained alone by the higher spin-

Hall angle in Ta nor can be attributed to the DMI, which is

much weaker in Ta/CoFe than in Pt/CoFe.25 Moreover, the

anisotropy field and coercivity are nearly the same for these

two samples. The explanation of this lower switching current

threshold is instead the presence of a strong current induced

field-like SOT, measured in Ref. 5 to be BFL ’ 0:4 T per

1012A=m2, which is a factor of �20 times larger than was

measured for Pt/CoFe. In order to quantitatively reproduce

the observed switching current values in our simulations, we

consider a larger BFL ’ 2:5 T per 1012A=m2. Including this

large field-like torque in the simulations leads the magnetiza-

tion into the direction perpendicular to the injected current

during the pulse, but after the pulse, the magnetization pre-

cesses back to the uniform state, either “up” or “down”

depending on the sign of the current.

The simulations for the Ta/CoFe sample (Fig. 4(b))

agree well with the experimental results. A remarkable as-

pect of the results in Fig. 4(b) is the absence of stable inter-

mediate states in the magnetization29 due to the much lower

DMI.25 In this case, the macrospin model perfectly reprodu-

ces micromagnetic results. Equally remarkable is the influ-

ence of the strong field-like SOT on the dynamical switching

process; in its presence, the nonuniform bubble domain

nucleation observed in Fig. 3(c) is suppressed. In contrast to

the case of the Slonczewski-like torque alone, here the mag-

netization switches in a quasi-uniform manner during the

pulse without the formation of transient bubble states.

It is clear from this analysis that the switching process

has a crucial stochastic component. The thermal agitation

favors the nucleation of bubbles, which is greatly intensified

when non-uniform magnetization is promoted by the DMI

and which can be suppressed by a strong field-like SOT. We

can naively describe our sample as a tristable system; there

are three possible states, “up,” “down,” and “intermediate.”

The DMI and exchange strength determine whether the

“intermediate” state is actually a metastable state or not, as

well as the height of the energy barrier between this state

and the uniform ones. The applied current modifies the

energy barriers between the states via the Slonczewski-like

torque, and the thermal agitation is responsible for jumps

over these barriers (i.e., early switching processes).

In summary, we have experimentally studied SOT

switching of heavy-metal/ferromagnet/oxide trilayers and

evaluated micromagnetically the influence of the DMI and

field-like SOT. Both experiments and simulations reveal the

presence of intermediate states in current-pulse-induced

switching in Pt/CoFe, while hysteresis loops in Ta/CoFe are

sharp. In addition, simulations show the magnetic configura-

tion of these intermediate states is helical, demonstrating the

crucial role of the DMI in their stabilization. Macrospin sim-

ulations satisfactorily reproduce the switching characteristics

in the absence of DMI, but a micromagnetic approach is

required to fully understand the processes that take place

during the switching. Although the understanding of current-

induced magnetization dynamics in these materials is still in

its early stages, our results point out the possibility of stabi-

lizing complex magnetization patterns, such as helices or

skyrmions which present promising perspectives for high-

performance spintronics applications.
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