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We present time-resolved measurements of the displacement of magnetic domain-walls (DWs) driven

by vertical spin-polarized currents in track-shaped magnetic tunnel junctions. In these structures, we

observe very high DW velocities (600 m/s) at current densities below 107 A/cm2. We show that the

efficient spin-transfer torque combined with a short propagation distance allows avoiding the Walker

breakdown process and achieving deterministic, reversible, and fast (�1 ns) DW-mediated switching

of magnetic tunnel junction elements, which is of great interest for the implementation of fast

DW-based spintronic devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4848795]

Spin transfer torque (STT) offers a way to displace mag-

netic domain walls (DWs) and reverse magnetic elements

using only electric currents.1,2 The typical systems studied

have been nanotracks of soft ferromagnetic material, where

an in-plane current is injected to displace one or more

DWs.3–5 The required high current density and slow DW ve-

locity, however, remain significant obstacles preventing their

application in practical devices.5 In magnetic tunnel junc-

tions (MTJs), we have recently demonstrated that currents

perpendicular to the film can drive DWs orders-of-magnitude

more efficiently than the in-plane injection geometry typi-

cally studied.6–8 Through the tunnelling magnetoresistance

effect (TMR), this structure enables probing fast DW dynam-

ics and also provides an efficient reading mechanism for

future devices. We have also shown previously that DWs in

this system can be depinned deterministically by moderate

current densities (�107 A/cm2) and that they can travel at

velocities of the order of 500 m/s,8 well above the typical

velocities observed in current in-plane studies.9 In the pres-

ent Letter, we present time resolved, non-averaged (i.e., sin-

gle shot) transport measurements of the DW displacement at

high velocity. We then investigate how such high-velocities

can take place in conditions where the Walker breakdown

process is expected to severely limit the DW mean

velocity.10

The magnetic tunnel junction tracks were fabricated by

electron beam lithography and ion beam milling from a film

deposited by magnetron sputtering with structure PtMn

15/CoFe 2.5/Ru 0.9/CoFeB 3/MgO 1.17/NiFe 5/Ru 10

(thicknesses in nm) and a TMR ratio of 24% (minimum re-

sistance of 94 X). The CoFe/Ru/CoFeB tri-layer constitutes a

synthetic anti-ferromagnet (SAF), and serves both as a refer-

ence layer for the TMR effect and as a polarizer for the verti-

cally injected current. The free layer, wherein the DW is

created, is the Permalloy layer. As illustrated in Fig. 1(a), the

110 nm wide track is shaped as a wide arc so that a DW can

be injected in the free layer by applying a saturating field

(�80 mT) transversally to the track (i.e., parallel to its

width). The horizontal straight ends serve to geometrically

pin the DW and impede it from leaving the track.11 The posi-

tion of the DW can be deduced from the sample resistance:

as the DW changes position, the proportion of domains par-

allel and anti-parallel to the reference layer will change line-

arly. We deduce the DW position from a parallel resistor

formula. We observed that the DW has two stable positions

at both wire ends, labeled 1 and 2 in Fig. 1, which for a tail-

to-tail DW are, respectively, at xDW¼ 0.24 and 0.82 lm. The

DW can be switched back and forth between positions 1 and

2 by applying a small magnetic field and also by applying

short current pulses of a few MA/cm2.

To obtain a time-resolved measurement of the DW

movement, the setup of Fig. 1(a) is used.12 The top MTJ

electrode is connected to a pulse generator that produces the

driving pulse (green circuit in Fig. 1(a)). A voltmeter and a

current source are also connected for measuring the DC re-

sistance before and after the pulse. The impedance mismatch

between the driving circuit (Z¼ 50 X) and the sample in

series with the rest of the RF circuit (Z¼Rþ 50 X� 155 X)

causes the pulse to be partially reflected and transmitted. A

second pulse of opposite polarity is then added to the trans-

mitted pulse with the help of a resistive power combiner (red

circuit in Fig. 1(a)). The amplitude and shape of the second

pulse is chosen so that the resulting pulse has an approxi-

mately zero average voltage, suitable to be subsequently

amplified (þ10 dB), and registered using an oscilloscope. In

order to remove the effects of the incident pulse shape, the

signals presented here are normalized with respect to two

reference pulses obtained in the parallel and anti-parallel

saturated states by the application of a large field along the

x axis:
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s ¼ sraw � sP

sAP � sP
; (1)

where sraw is the registered signal, s is the normalized signal,

and sAP and sP are the reference signals. The tail-to-tail DW

position can then be approximated by xDW � l:s, l¼ 1.1 lm

being the track length.

Due to the significant capacitance between the samples

lithographically defined contacts, the signal cut-off fre-

quency is �2.5–3 GHz, corresponding to s �0.4 ns, which

limits the minimum measurable transition time and causes

an underestimation of the DW velocity.

The left plot of Fig. 1(b) shows the normalized signal pro-

duced by a 10 ns, j¼�7.1 MA/cm2 pulse as a function of

time after pulse arrival.13 The DW position is indicated on the

right axis. A small bias field (HBias¼ 0.6 mT) was applied to

stabilize the two DW positions. Before the pulse, a tail-to-tail

DW had been set at position 2 and after the pulse it was at the

pinning site 1. A linear fit (orange line) was used to calculate

the transition time Dt and DW velocity v, which in this mea-

surement is 1.4 ns and 330 m/s. Positive currents produced ei-

ther no effect or a transition to the fully AP state (i.e., ejection

of the DW). The reverse experiment is shown in the right plot

of Fig. 1(b), with the DW initially at position 1 and a positive

driving pulse of j¼þ7.1 MA/cm2. It shows an opposite tran-

sition, with Dt ¼ 1:1ns and v¼ 556 m/s. We attribute the

difference in DW velocity with the direction of the current to

small differences in the shape of the two pinning sites and to

the asymmetric and inhomogeneous stray field produced by

the fixed reference layer.14

The transition time Dt and the DW velocity also change

with current density. The average DW velocity as a function

of current density is shown in Fig. 2(a), for a tail-to-tail DW

initially in position 1. It can be seen that the velocity

increases monotonically with the current density, within the

error margin, up to velocities of the order of 600 m/s. No val-

ues are shown for lower current density, as they are insuffi-

cient to depin the DW. Fig. 2(b) shows the results for the

tail-to-tail DW moving in the opposite direction. In this case,

the DW velocity is about 500 m/s and shows no significant

change with the current density. As seen before, the DW ve-

locity for a given current density and the threshold current

density for depinning vary with the sense of propagation.

This is a consequence of the stray field from the reference

layer and minute differences in the shape of the two pinning

sites. Nevertheless, the measurements of Fig. 2 for tail-to-tail

DWs and measurements with a DW of the opposite polarity

(head-to-head; not shown) reveal that there are aspects com-

mon to all measured cases. First, we observe high DW veloc-

ities (between 400 and 600 m/s) at current densities below 10

MA/cm2. This is a consequence of the high efficiency of the

spin-transfer torque of vertically injected currents, as

referred before.6–8 Second, we never observe a drop in DW

mean velocity at higher driving currents, i.e., there is no sign

of the Walker breakdown regime. The hallmark of the

Walker regime is a precessional DW movement with peri-

odic reversal of the DW propagation direction, and the asso-

ciated dramatic drop in the average DW velocity.10,15,17

Different mechanisms to suppress the Walker regime have

been proposed and demonstrated,16–18 resulting in higher

DW velocities. The Walker regime is observed when the

FIG. 1. (a) Schematic of the time-resolved, non-averaged measurement

setup, showing the curved track shape of the MTJ with the stable DW posi-

tions 1 and 2. (b) Time-resolved non-averaged measurements of a tail-to-tail

DW displacement leftwards (left plot) and rightwards (right plot). The black

line is the recorded signal normalized to the signals obtained in the fully par-

allel (red) and anti-parallel (blue) states. The right scale is the calculated

DW position. The orange line is a linear fit, used to calculate the DW veloc-

ity and transition time.

FIG. 2. Velocity of the DW versus current density for the two DW polarities

(HH and TT) and for two directions of propagation. The error bars represent

the dispersion between measurements (n¼ 4). The insets represent the initial

and final magnetization states and DW positions.
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driving torque exceeds a threshold (the Walker field or

equivalent current). The absence of Walker breakdown is

equally confirmed in the individual measurements (as in Fig.

1(b)), where no velocity reversals can be discerned.

To understand the nature of these fast DW transitions

and the absence of the Walker precession, we perform a

micromagnetic study of DW propagation in short lengths

driven by spin-transfer torque. We start by studying a

straight track and then compare it to simulations of the actual

structure shape. We use the OOMMF code19 with the follow-

ing parameters: cell-size 5� 5� 5 nm3, Ms¼ 0.8 MA/m,

A¼ 13 pJ/m, current polarization of 0.4, and out-of-plane

to in-plane torque ratio of 0.3. We observe that only the out-

of-plane torque has a significant action on the DW.6,7

First, we study the steady propagation state of current-

driven DW in a permalloy stripe of 5� 100 nm2 cross-section

(similar to our sample) and 3 lm long, initialized with a DW

0.2 lm from the border. After an initial short transient regime,

the DW either propagates at constant velocity (for an applied

current density Japp < JWalker � 11 MA � cm�2) or with peri-

odical oscillations of the instant velocity (for Japp > JWalker),

as illustrated in the inset of Fig. 3(a). The forward stride of the

DW motion during one Walker oscillation, i.e., how much a

DW moves forward before reversing its velocity, is shown as

a function of applied current in the blue line and crosses of

Fig. 3(a). As expected, it decreases with increasing applied

current.

We will now consider the propagation of a DW in a

track of limited length and study the velocity of the current-

driven DW to the opposite end of the track. In all cases, we

observe a critical current density Jcrit above which the mean

velocity drops from �600 to �100 m/s. The evolution of Jcrit

with track length is shown in the orange line and squares of

Fig. 3(a). For longer tracks, Jcrit asymptotically approaches

JWalker. For shorter tracks, Jcrit is significantly larger and is

about 28 MA�cm�2 for 0.5 lm long track, i.e., 2.5 times

larger than JWalker. This can be interpreted by comparing the

track length to the Walker forward stride (orange and blue

lines of Fig. 3(a), respectively). This plot shows that the high

mean velocity in the limited tracks (below Jcrit) occurs when

the track is shorter than the Walker forward stride, causing

the DW to reach the end of the track before it starts its retro-

grade motion.

Finally, we simulate the propagation of DW in a track

shaped as our structure (Fig. 1(a)). The stray field from the

SAF reference layer was simulated separately and included

as a static field. As is the case for the experimental structure,

we observe two stable DW positions on either side of the arc

section (see insets of Fig. 3(b)), and we considered the transi-

tions between these positions. The mean velocity versus

driving current density is shown in Fig. 3(b). We observe no

motion below 3 MA�cm�2 due to the pinning. Above it, the

velocity increases up to a threshold current density (15

MA�cm�2), where it saturates at 650 m/s. In all simulations

above 20 MA�cm�2, an anti-vortex core is nucleated in the

DW, which is characteristic of the onset of the Walker break-

down process. The insets of Fig. 3(b) show snapshots of the

magnetization during this process, with the anti-vortex indi-

cated by a red triangle. This anti-vortex can detach itself

from the DW and it eventually disappears through the track

border. The curvedness of the track prevents a direct quanti-

tative comparison to the straight track model presented

above. However, the same features can be identified. For low

fields, we observe the sub-Walker regime with increasing

velocities. Above a threshold current density, the Walker

process is initiated (a vortex or an anti-vortex core is

injected), but the DW reaches the final pinning position

before a reversal of the propagation direction occurs, result-

ing in an elevated mean velocity. This threshold current den-

sity (15 MA�cm–2) is comparable to the critical current

density of the straight limited track for the same propagation

distance (21 MA�cm�2 for a 0.7 lm long track).

We have shown that vertically injected currents can

reverse a MTJ track using DWs displacement tracks in a

very short time (<1 ns) and at moderate current density

(�107 A/cm2). This is possible due to the suppression of the

Walker precession and the subsequent orders-of-magnitude

increase in mean DW velocity, an effect which is directly

connected to a limited DW propagation distance. This effect

causes the reversal time of a shorter track segment to be dou-

bly decreased: less distance to travel at higher mean

velocity.

These systems can serve as efficient memory elements.

Comparing to spin transfer torque magnetic random access

memories (STT-MRAMs) with uniform magnetization,20 the

FIG. 3. (a) Comparison of the Walker forward stride versus applied current

density Japp for the steady state propagation (blue crosses), and the track

length versus critical current density Jcrit for the propagation in a limited

track (orange squares). The vertical scales are shifted to draw attention to

the similarity of the two curves. Inset: position versus time of a DW in the

Walker regime, illustrating the Walker forward stride. (b) Average velocity

vs applied current of a DW propagating in a track of the same shape as the

experimental device. Inset: magnetization snapshots for Japp¼ 34 MA�cm�2

at different times. The black triangles indicate the DW position at the track

borders, and the red triangles indicate the injected anti-vortex. The colours

represent the in-plane magnetization angle (cyan for þx, red for �x, purple

for þy, and green for �y).
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described system has the advantage of allowing multi-bit

storage by introducing multiple stable DW positions. The

presence of a DW, however, limits the size of the structure

to at least a few DW lengths, a limitation that can be mini-

mized by using perpendicularly magnetized materials with

thinner DWs. Additionally, the deterministic switching at

moderate current densities allows faster operation speeds

than in conventional STT-MRAM, where stochastic switch-

ing times can limit the device speed and introduce writing

errors.20 Concluding, short magnetic nano-tracks reversed by

current-driven DWs are promising memory elements for

future fast spintronic devices.
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