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The possibility of high-density information encoding in magnetic materials by topologically stable

inhomogeneous magnetization configurations such as domain walls, skyrmions, and vortices has

motivated intense research into mechanisms enabling their control and detection. While the uni-

form magnetization states can be efficiently controlled by electric current using magnetic multi-

layer structures, this approach has proven much more difficult to implement for inhomogeneous

states. Here, we report direct observation of fast reversal of magnetic vortex by electric current in a

simple planar structure based on a bilayer of spin Hall material Pt with a single microscopic ferro-

magnetic disk contacted by asymmetric electrodes. The reversal is enabled by a combination of the

chiral Oersted field and spin current generated by the nonuniform current distribution in Pt. Our

results provide a route for the efficient control of inhomogeneous magnetization configurations by

electric current. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902997]

The development of miniaturized magnetic devices1,2

has been enabled by the possibility to directly manipulate the

uniform magnetization state by electric current due to the

transfer of angular momentum (or spin) from one (“fixed”)

magnetic layer to another (“free”) layer.3,4 However, this

mechanism is generally inefficient for nonuniform magnet-

ization states due to the reduced efficiency of spin transfer

and difficulty in imparting the desired configuration both on

the fixed and the free layers.5

Fast and efficient magnetization reversal by current has

been demonstrated for uniformly magnetized structures.6–8

However, control of nonuniform magnetization states, such

as domain walls,9 skyrmions,10 and magnetization vortices,11

by electric current has proven more challenging,12,13 because

of the difficulty in imparting the desired configuration both

on the fixed and the free layers, as well as reduced efficiency

of spin transfer in nonuniform configurations. The interest in

these nonuniform configurations is motivated by their topo-

logical stability, making them insensitive to small perturba-

tions and permitting closely packed arrays to be

implemented for high density information storage.14–21

Here, we demonstrate the possibility to efficiently

reverse the chirality of the magnetic vortex by current in a

simple planar device based on a bilayer of Pt with a permal-

loy (Py) magnetic disk. The operation of our device is facili-

tated by the asymmetric Cu electrodes attached to the Py/Pt

disk (Fig. 1(a)). The device structure consisted of a bilayer

of a 8 nm thick Pt and 7 nm thick Ni80Fe20¼Py patterned

into a disk with diameter of 820 nm, with two 100 nm thick

Cu electrodes deposited on top. One of the electrodes forms

a sharp point at the center of the disk, while the other forms

a semi-circular contact around the rim. When a voltage is

applied between the electrodes, current flows radially

through the disk (red arrows in Fig. 1(a)), producing two

effects that enable vortex reversal. First, the spin Hall effect

in Pt22,23 generates a spin current with a chiral distribution of

spins. The resulting spin torque (ST) exerted on the magnet-

ization of Py due to the outward current flow stabilizes the

clockwise vortex state, as viewed from top in Fig. 1(b), and

destabilizes the counterclockwise state. Conversely, inward

radial current stabilizes the counterclockwise and destabil-

izes the clockwise vortex state, resulting in the reversal of

chirality when the current is reversed. In addition to ST,

radial current produces an Oersted field with the same chiral

symmetry as the magnetic vortex (green circular arrow in

Fig. 1(b)). In our device configuration, both of these contri-

butions stabilize the same chirality of the vortex state.

The reversal was detected by two complementary tech-

niques. The first technique relied on a combination of aniso-

tropic magnetoresistance of Py and the chirality-dependent

response of the vortex state to external field. As illustrated in

the top view schematic of Fig. 2(b), the core of the counter-

clockwise vortex is displaced to the left (right) by the upward

(downward) field, and vice versa for the clockwise vortex.

When the vortex core is displaced from the disk center to the

FIG. 1. Device geometry and the effects of the applied current. (a)

Schematic of the device: current I flows from a triangular Cu electrode into

a Pt/Py bilayer disk and spreads radially (red arrows) towards a semicircular

Cu electrode. (b) Spin current flows towards the Py disk due to the spin Hall

effect in Pt. The distribution of spins (yellow and violet arrows) is circulat-

ing around the disk following the current distribution. The black semicircu-

lar arrow shows the magnetization configuration of the vortex, and the green

arrow qualitatively shows the distribution of the Oersted field of the current.
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left in the schematic of Fig. 2(b), the Py magnetization

becomes, on average, closer to the direction of the current

flow, resulting in a larger resistance due to the anisotropic

magnetoresistance of Py. Conversely, displacement of the

core to the right lowers the resistance. By applying a small

in-plane ac magnetic field and a dc current to the device, we

can induce an oscillation of vortex core, and consequently

the voltage across the device will be in- and out-of-phase

with the ac field depending on the vortex chirality. The hys-

teresis loop in Fig. 2(a) was obtained by applying the values

of current I marked on the horizontal axis, then reducing the

dc current to a small value of 0.1 mA. The ac voltage

between the electrodes induced by the vortex oscillations is

plotted on the vertical axis. The voltage exhibits hysteretic

switching to a positive (in-phase with ac field) value at

I<�2 mA and negative (out-of-phase) value at I> 2 mA,

Fig. 2(a). These results demonstrate the possibility to directly

control the vortex chirality by applying a modest electric

current of appropriate sign.24

To confirm our interpretation of electronic measurements,

we performed direct time-resolved imaging of the current-

dependent magnetic configuration using x-ray magnetic

circular dichroism (XMCD) microscopy.25,26 A sequence of

current pulses with opposite polarities was applied to the

device (top panel in Fig. 3(a)). Insets in Fig. 3(a) show mag-

netization maps acquired at different stages of reversal. At

1.2 ns after the onset of the positive pulse, the image contains

two dark regions at the edges, indicating that the reversal

occurs through the motion of the clockwise vortex towards

the top edge of the Py disk, while the counterclockwise vortex

moves in from the bottom edge. A similar interpretation

emerges from the analysis of the image acquired 1 ns after the

onset of the negative current pulse. Almost complete chirality

reversal occurs within 2 ns after the pulse onset.

Images of Fig. 3(a) provide information about the dy-

namical mechanism of the vortex reversal. For the uniformly

FIG. 2. Electronic detection of vortex reversal with an ac magnetic field. (a)

Voltage V for a Pt/Py disk measured at in-plane ac field Hac¼ 7 Oe applied

perpendicular to increasing current I (red circles) and decreasing I (black

squares), showing hysteretic voltage jumps at critical currents I¼62 mA

corresponding to the reversal of the magnetic vortex. The voltages are

induced by the changes in anisotropic magnetoresistance of the disk due to

the displacement of the vortex core caused by Hac. (b) Schematics of the

time-dependent magnetization configurations at V> 0 (upper panels, red

vortex with anticlockwise chirality) and V< 0 (lower panels, blue vortex

with clockwise chirality) at peak values (thick green arrows) of Hac(t) (green

curve). Positive and negative signs of V correspond to two magnetic vortex

states with opposite chiralities (yellow circular arrows): for anti-clockwise

chirality, the ac voltage response follows in phase with Hac, while for clock-

wise chirality, the phase of the response is opposite to that of Hac. Yellow

dots indicate the position of the vortex core.

FIG. 3. Time-resolved imaging and analysis of vortex reversal. (a) Time-dependent magnetic vortex contrast obtained from the time-resolved XMCD measure-

ments with pulsed current Ip¼612.5 mA applied to the Pt/Py disk. The XMCD images show the initial, the intermediate, and the final states during the current

pulse. The bright white (dark) corresponds to the magnetization pointing in the positive (negative) x-direction. Top panel shows the timing profile of the cur-

rent pulses. The magnetic vortex state domain contrast a is defined as a spatially averaged correlation between the projected magnetization distribution of an

ideal vortex and the normalized local intensity of the image. a> 0 (a< 0) implies an anti-clockwise (clockwise) average chirality, and a¼ 0 signifies the point

at which the vortex chirality, on average, switches to the opposite. Each data point (in Fig. 3(a)) is deduced from a single XMCD image. (b) Switching time vs

current pulse amplitude IP. Dashed line shows the exponential dependence that would be expected for a thermally activated process described by the Arrhenius

law.
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magnetized systems, the current-induced reversal is either a

deterministic or a stochastic process,27–29 depending on the

driving current and the geometry of the magnetic system. In

the latter case, the reversal time and the instantaneous mag-

netization configurations significantly vary from one reversal

to another. Therefore, deterministic switching is generally

more desirable for device applications. The contrast of the

XMCD images acquired by averaging over many stochastic

reversals would be dramatically reduced and thus, no signifi-

cant redistribution of intensity would be expected at interme-

diate times during reversal. However, the contrasts of all the

experimental images remain at similar levels, indicating that

the current-induced chirality reversal in our experiment is a

predominantly deterministic process.

To quantify the reversal dynamics, we calculated the

effective magnetic vortex contrast a of the XMCD images

(see supplementary material30). The time dependence of a,

Fig. 3(a), indicates that reversal completes in about 2 ns after

the onset of the pulse, confirming our qualitative analysis of

XMCD images. We determine the average characteristic

switching time hsi by fitting the time-dependent a with a

Weibull probability distribution function (see supplementary

material30), as shown by a red solid curve in Fig. 3(a). In dif-

ferent measurements at current pulse amplitudes between

6.9 mA and 12.5 mA, hsi approximately exponentially

decreased with increasing pulse amplitude, reaching 1.4 ns at

12.5 mA (Fig. 3(b)). This dependence provides additional

evidence for the deterministic vortex reversal. If we were to

assume a stochastic reversal governed by the Arrhenius law,

s(I)¼ s0 exp[Uo(I)/kBT], where kB is the Boltzmann constant,

T is temperature, and Uo(I) is the effective current-dependent

activation barrier,31 the exponential dependence of the rever-

sal time on the pulse amplitude would extrapolate to s0

exp(Uo(0))¼ 4.4 ns, where Uo(0) is activation barrier at

I¼ 0. In contrast, in our measurements, the vortex remained

stable at I¼ 0 over the duration of several hours, indicating a

superexponential dependence at small currents consistent

with the deterministic behaviors. Thus, the observed current

dependence does not follow the exponential form of the

Arrhenius law expected for thermal activation.

To gain insight into the mechanisms of vortex reversal,

we performed micromagnetic simulations of current-induced

magnetization dynamics using the simulation package

MicroMagus32,33 (see supplementary material30 for details).

To quantify our simulation results, we introduce the average

time-dependent chirality hcðtÞi defined as the normalized

spatial average of the projection of the magnetization on that

of the ideal counterclockwise vortex. The calculation that

includes only the effects of the Oersted field shows two dis-

tinct reversal stages, Fig. 4(a). In the first stage that lasts up

to 1 ns after the onset of the pulse, the chirality hcðtÞi varies

from �1 to 0. At the end of this stage, a highly inhomogene-

ous magnetization state emerges with multiple domain boun-

daries and a strongly distorted vortex (see inset map P1).

The second stage lasts almost ten times longer, up to 10 ns

after the pulse onset. During this stage, the domain bounda-

ries gradually move out and a reversed vortex state slowly

emerges after 7 ns from the upper right edge of the disk

(maps P2 and P3). These results demonstrate that the effect

of current-induced Oersted field alone is sufficient to reverse

the vortex chirality, but the calculated reversal time is signi-

ficantly longer than experimentally observed, as shown in

Fig. 3. We note that the spatial asymmetry of the reversal

process is driven by the asymmetric distribution of the

Oersted field, which is the largest under the pointed electrode

(see supplementary material30).

By including the effect of ST, the second stage of the

reversal process is significantly shortened, Fig. 4(b). hcðtÞi
increases almost up to its asymptotic value only 2 ns after the

onset of the current pulse, in agreement with the experiment.

Moreover, the map S2 of the magnetization during the second

stage shows that the reversed vortex-like state has already

formed at 2 ns, although the remnants of the original vortex

are still observed near the left edge of the disk. We note that

the domain boundaries in the map S2 are much shorter than

in the map P2 and do not extend to the edges of the disk.

These results indicate that spin transfer accelerates the forma-

tion of the reversed vortex state by efficiently overcoming the

domain wall energy. The map S2 is also consistent with the

experimental contrast maps, indicating that both the original

and the reversed vortices are present in the disk during the in-

termediate stages of reversal (Fig. 3(a)). Including the effects

of thermal fluctuations in addition to the Oersted field and ST

resulted only in a small modification of the calculated time

dependencies (dotted curve in Fig. 4(b)). Therefore, the rever-

sal is dominated by the deterministic dynamical processes

driven by a combination of the Oersted field and ST.

FIG. 4. Micromagnetic simulations of the current-induced vortex reversal.

(a) Average chirality hcðtÞi vs time t during the reversal by a pulse of current

Ip(0< t< 6 ns)¼ 13 mA, determined in the presence of only the Oersted

field, at T¼ 0 K. (b) hcðtÞi vs t in the presence of both the Oersted field and

the spin current, at T¼ 0 K (symbols) and T¼ 300 K (dotted red line). The

insets P1–P3 and S0–S3 show the maps of the magnetization M in the Py

disk during different stages of the vortex reversal, at T¼ 0 K. The initial

state at t¼ 0 ns has a clockwise chirality ðhcðtÞi ¼ �1Þ, as shown in the map

S0. The points of almost complete switching ðhcðtÞi > 0:9Þ at t¼ 7 ns and

2 ns in (a) and (b), respectively, are indicated by short vertical arrows. The

correspondence between the in-plane direction of the magnetization and the

pseudo-color is indicated on the color wheel.
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We have demonstrated fast deterministic current-

induced reversal and electronic detection of the magnetic

vortex chirality in a simple planar structure based on a

bilayer of a single magnetic disk and spin Hall material Pt.

The reversal is facilitated by the Oersted field of the current,

while the contribution of spin transfer effect due to the spin

Hall effect in Pt significantly increases the reversal speed.

These results can provide a route for the development of

magnetoelectronic devices utilizing inhomogeneous magnet-

ization configurations and simultaneously take advantage of

the Oersted field and the spin Hall effect. In particular, by

downsizing the simple asymmetric planar geometry of our

devices to nanoscale, the local radial current density and

consequently both the Oersted field and the spin Hall effect

can be significantly increased, enabling fast and efficient

control of nanoscale inhomogeneous magnetization states

such as skyrmions.

We acknowledge support from the U.S. National

Science Foundation of USA and the Advanced Light Source

at the Lawrence Berkeley National Laboratory.
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