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We experimentally demonstrate domain wall (DW) oscillators excited by in-plane ac current

through permalloy based pseudo-spin valve wires, which contain one pair of artificial protrusions.

By measuring the spin-transfer-torque induced resonance of a pinned antiparallel transverse DW,

under transverse external fields, we show that the antiparallel transverse DW oscillates with a

resonance frequency as high as 2.92 GHz, depending on the widths of protrusions. For DW

oscillations induced by injection of dc currents, the observed peaks in dV/dI associated with the

reversible change of magnetoresistance are attributed to the reversible motions of the DW. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4770306]

Dynamics of magnetic domain walls (DW) in ferromag-

netic nanowires has undergone intensive theoretical study in

view of both fundamental research and the potential for tech-

nological applications. Several DW based devices, including

spintronic logic1 and magnetic memory devices,2,3 have

been proposed. In such devices, the DW positions are

defined by local pinning sites. These traps consist of struc-

tures as artificial notches4–6 or protrusions7–9 along a wire.

Though notches are usually more effective traps, wires with

protrusions are easier to scale down from a fabrication point

of view. The DW depinning is preferably achieved by the

spin transfer torque exerted by spin polarized currents

instead of long-range magnetic fields. In point contact10–12

or spin valve nanopillar geometry,13,14 the current is perpen-

dicular to the film plane. The spin transfer torque can com-

pensate the magnetic damping and causes the magnetization

to precess at GHz frequencies. Recently, theoretical works

on oscillators based on localized steady state DWs driven by

spin polarized dc current have been investigated.15–19 These

schemes are very desirable for applications in radio fre-

quency (rf) sources for telecommunications and rf-assisted

writing of magnetic bits in recording media.

Numerical simulation studies of the DW oscillator in

magnetic nanowires show that when the magnetic field is

above the Walker field3 and below the critical depinning

threshold, with the properly chosen magnitude and direction

of the in-plane dc current, the velocity of the DW can be

tuned to zero. The spatially localized steady state DW oscil-

lator has been generated at finite regions.16 In soft ferromag-

netic nanowires, He and Zhang15 proposed that the spatially

varying damping parameter, via gradient doping of rare earth

impurities in the wire, can be employed to control the ampli-

tude and frequency of localized DW oscillations upon the

application of a magnetic field and a dc current. Ono and

Nakatani16 suggested that a localized DW oscillation could

be induced by injecting dc currents through permalloy wires,

and the oscillation could then be converted to a microwave

signal by a magnetic tunnel junction. Recent discovery in

Ref. 17 reported that DW oscillations could be maintained

by the injection of a dc current through a geometrically con-

strained wire with perpendicular magnetic anisotropy. More-

over, the authors predicted a DW oscillator could work

under a low dc current, which excites gigahertz angular pre-

cession of a DW at a fixed position with a magnetic anisot-

ropy step created by ion irradiation.18 Martinez et al.19

analyzed an oscillator based on pinned DWs excited by dc

current in a magnetic nanowire of high perpendicular magne-

tocrystalline anisotropy with the constriction of a square-

shaped notch. In accordance with the results of theoretical

reports, the resonance frequency was also obtained in the

gigahertz level for the pinned DW as a function of ac current

frequency.20–22 However, a report of an experimental result

is missing. The fabrication of such devices from prediction

of theory is particularly hard due to the needed narrow wire

width, leading to cumbersome experimental schemes.

In this paper, we study, experimentally, the localized

steady state DW oscillator driven by spin-polarized ac current.

The DW was created and pinned at the artificial symmetric

protrusion in a NiFe/Cu/NiFe spin valve submicron wire by

application of a transverse magnetic field and was then

returned to the remnant state. A transverse field was needed in

the dc current case for observing the DW oscillation signature.

Analysis was made and compared with micro-magnetic simu-

lations to understand the underlying mechanism of the reso-

nance frequency and the observed dV/dI peaks.

Submicron wires were fabricated by electron beam

lithography and lift-off process on Si substrates. Our sample

wires consist of a spin valve structure, NiFe(24 nm)/

Cu(12 nm)/NiFe(12 nm), and their widths are fixed at

400 nm. The length of the wires is 30 lm with a DW trap of

one artificial symmetric pair of protrusions halfway along

the wires. Fig. 1(a) shows a scanning electron microscopy

image of a sample and the schematic measurement configu-

ration. The submicron wire has variable single trap widths

w¼ 200, 150, or 100 nm, and fixed 50 nm high protrusions

on either side of the wire. The ground-signal-ground (GSG)

coplanar waveguide with Au/Cu electrode leads having a

characteristic impedance of 50 X were then fabricated by aa)Electronic mail: leesf@phys.sinica.edu.tw.
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second lift-off process for resistance measurements. The

in-plane external magnetic field Ht was applied transverse to

the wire to nucleate the DW in the trap. The oscillation of

the DW trapped around the protrusion was excited by inject-

ing an in-plane radiofrequency current Iac along the nano-

wires, and the resulting dc voltage Vdc is synchronously

obtained through a bias tee via the electrical contact probe.

This DW oscillation produced a time dependent resistance

DR from the giant magnetoresistance (MR) effect.23 If the ac

current is passed across the DW at resonance frequency fr,
the resistance reaches a maximum due to the coherent DW

oscillation.24,25

We compared our measurement results with the micro-

magnetic simulation, in which a unit cell of 5� 5� 3 nm3

and default values of material parameters for Ni80Fe20 were

used, which are MS¼ 8.0� 105 A/m, exchange stiffness con-

stant A¼ 1.3� 10�11 J/m, damping parameter a¼ 0.01, and

current polarization P¼ 0.4. The spin polarized current simu-

lations were carried out by numerically solving the Landau-

Lifshitz-Gilbert equation with a spin momentum term.26

In Fig. 1(b), we present the experimental MR results

when the transverse field Ht was applied to the sample with

w¼ 150 nm. The curve has two stable resistance states. The

low and high resistance states represent parallel and antiparal-

lel magnetization configurations of the thin and thick layers

between the voltage leads, respectively. The magnetization is

saturated at 1000 Oe. Slow increase in the resistance occurs

from 600 Oe to 0 Oe due to the contribution of the anisotropic

magnetoresistance (AMR) when the field is reduced. A large

increase at �190 Oe and a plateau of resistance is seen

between �200 Oe and �460 Oe. From �470 Oe, the resist-

ance slowly falls to the saturation magnetization state. To

understand the details of the reversal process of the magnet-

ization for the MR curve, we carried out a micromagnetic sim-

ulation using the OOMMF code. Fig. 1(c) shows the

simulated magnetization configurations of the thin and thick

NiFe layers. Starting from saturation at 1000 Oe, both the thin

and thick layers are parallel to the field. When the external

field is reversed to a negative value, we observed an anti-

parallel transverse domain wall (TDW) between the thin and

thick NiFe layers stabilized by the external field, dipole inter-

action between the two layers, and the geometric constriction

from �200 Oe to �370 Oe. The DWs are pinned at the left

side of the trap in this simulation. Experimentally, the position

of the DW depends on the details of the sample structures.

The inset of Fig. 1(b) shows a minor MR hysteresis loop

(þ1000 Oe to �300 Oe). It demonstrates that the anti-parallel

TDW between the thin and thick NiFe layers can be stabilized

in a field range from �300 Oe to þ50 Oe. At �380 Oe to

�390 Oe, the thick layer shows a vortex domain state. Since

the stray field from the thick layer vanishes after the nuclea-

tion of the vortex DW, the magnetization of the thin layer is

no longer affected by the dipolar interaction from the thick

layer. As a result, the width of the TDW in the thin layer

becomes wider. Upon changing the field from �400 Oe to

�1000 Oe, both the thin and the thick layers show a transition

to negative saturation.

Fig. 2(a) shows the resistances as a function of the fre-

quency of ac excitation current for the samples with w¼ 200,

150, and 100 nm at zero applied field. The field sequence of

creating the pinned TDWs, as the minor loop in the inset of

Fig. 1(b), consists of saturating samples with Ht¼ 1500 Oe,

reversing the field to Ht¼�300 Oe for the anti-parallel TDW

nucleation, after which the field is set to zero. The magnetiza-

tion configuration corresponds to the state with an anti-

parallel pinned TDW at the trap as shown in Fig. 1(c) with

Ht¼�300 Oe. We sweep the frequency of the ac current

from 0.5 to 5 GHz with a fixed amplitude of Iac¼ 3 mA and

measure Vdc for Idc¼ 20 lA as a function of frequency. Back-

ground signals, measured when saturation magnetic fields are

applied as in Fig. 2(b), i.e., without any domain walls, are sub-

tracted in Fig. 2(a). A significant resonance peak is observed

in each case, which corresponds to the coherent DW oscilla-

tions in the pinning potential. The resonance frequency

increases as the width of the protrusion decreases. The reso-

nance peak appears at 1.1 GHz with a bandwidth of 165 MHz

for the sample of w¼ 200 nm. For the case of w¼ 150 nm, a

frequency peak at fr¼ 1.83 GHz is observed, and the band-

width is 90 MHz. The narrow protrusion w¼ 100 nm has a

resonance peak at fr¼ 2.92 GHz and the bandwidth is

110 MHz. The resonance frequencies of the DW oscillation

under the influence of spin-polarized current in the NiFe

nanowire are around several GHz. Such data are in good qual-

itative agreement with theoretical calculations described by

the Landau-Lifshitz-Gilbert equation with spin-transfer-tor-

que contribution.16,20,21,27 These data show that the resonance

frequencies can be controlled by modulating the width of the

FIG. 1. (a) Schematic diagram of the measurement circuit and a scanning

electron microscopy image of a single trap with a 150 nm width, the height

of the protrusions is 50 nm on either side of the wire. (b) Experimental mag-

netoresistance curves of the sample in (a) with an applied transverse field Ht.

Inset in (b): Minor MR hysteresis loop. The black arrows show the direction

of the field sweep. (c) Simulated magnetic configurations of the thin and

thick NiFe layers in the sample with w¼ 150 nm at various fields.

242404-2 Chang, Lin, and Lee Appl. Phys. Lett. 101, 242404 (2012)

 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:

140.113.38.11 On: Wed, 30 Apr 2014 07:39:54



protrusion in a fixed current density. We suggest that the

strong restoring force acting on the DW for the narrow protru-

sion, leading to higher frequency of resonance, is due to the

curvature of pinning potential.28

Fig. 3(a) shows the dependence on width of the protru-

sion of the resonance peak by simulation in hollow triangles

and experimental data in solid circles. In this simulation, the

ac current in the form of Iac(t)¼ Iac sin2pft was applied

to excite DW oscillation in the nanowire, where f is the

frequency of the ac current, Iac¼ 3 mA, and t is the time. The

resonance frequency is determined from the maximum am-

plitude of time evolutions of the DW motion29 as shown in

the inset of Fig. 3(a). The solid circles in Fig. 3(a) obtained

by measurement are in qualitative agreement with simulation

data. The discrepancy could be due to defects or edge rough-

ness in the sample.30,31 To quantitatively identify the pinning

potential profile dependence on the width of the DW trap,

micromagnetic simulations (OOMMF) have been used to

plot the curve of the potential landscape of our samples. As

in the previous study,7 the potential landscape can be sepa-

rated into three regimes for the nanowire with a symmetric

protrusion, including the side barriers H1, side wells H2, and

center barrier Hc. The absolute values of H1, H2, and Hc

increase when the protrusion becomes narrower, as shown in

Figs. 3(b)–3(d). We obtained the critical fields with different

parameters of the trap from the minor loop technique.7,32–34

The curvature of the pinning potential can be controlled by

changing the width of the protrusion, thereby changing the

DW resonance frequency. The higher resonance frequency

for the narrow trap is due to the steeper potential landscape,

which enhances the restoring force on the pinned DW.24,35

We have also performed experiments for the DW reso-

nance frequency as functions of ac current density and the

transverse external field. We found the resonance peak is

quite stable against small variation of these two parameters.

The anti-parallel TDW between the two ferromagnetic layers

forms a stable flux closure state to reduce energy because of

magnetostatic coupling, while keeping the structure of the

pinned DW unchanged. The potential landscape is hardly

modulated from the applied current up to our measuring cur-

rent and magnetic field up to 350 Oe. As a result, the eigen-

frequencies for each of the samples were observed.

Since resonant states can be achieved by ac current, we

also test whether dc currents can excite trapped DW oscilla-

tors. The differential resistance dV/dI with a fixed transverse

magnetic field Ht and in-plane dc current of the sample with

w¼ 150 nm is shown for selected values of Ht in Fig. 4(a).

All curves display reversible peak structure at different dc

current. Similar behavior is also obtained in samples with

w¼ 200 and 100 nm. As shown in the inset of Fig. 4(a), our

data show a step of resistance, which is about one tenth of

the total MR ratio in Fig. 1(b), and the corresponding peak in

dV/dI at Ht¼ 210 Oe. Because this step is reversible with

applied current, it is not due to the spin transfer torque

induced DW motion propagating through the whole wire. It

has been taken as evidence of current induced coherent DW

oscillations between the pinned regimes.36 We plot the criti-

cal current Ic corresponding to the peak in dV/dI at different

absolute values of the external field Ht from 200 Oe to

460 Oe as shown in Fig. 4(b). The error in Ic, mainly due to

uncertainties in geometry, is about 10%. From these results,

we defined the boundary for excitation of the DW oscillation

by dc current. The critical current varied symmetrically,

which is expected from the DW trap with a symmetric poten-

tial landscape.7

The map of dV/dI versus transverse field and dc current

as well as the phase diagram are shown in Figs. 4(b) and

4(c), respectively. These data indicate there are three

regions for different behaviors of Ic versus Ht. For region A

FIG. 2. (a) Experimental measurement of the ac current induces resonance

excitation of pinned DW trapped at the protrusion. Resistance change as a

function of ac excitation current frequency for the submicron wires contain-

ing artificial symmetric protrusions with three different widths of protrusion

w¼ 200, 150, and 100 nm. (b) The response curve measured at the saturation

field with a uniform state of submicron wires (without DW). The DR is

observed unchanged with frequency for each of the samples.

FIG. 3. (a). Resonance frequency of pinned DW dependence on the width of

trap w, the solid circles and the open triangles indicate the experiment and

simulation results, respectively. The inset shows the simulated time evolu-

tions of the DW motion with w¼ 150 nm. (b)-(d) Potential landscape of

pinned DW from micromagnetic simulation with three different width of

protrusion w¼ 200, 150, and 100 nm.
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(anti-parallel TDW), the external field Ht is from 200 Oe to

370 Oe. The Ic slightly increases with increasing Ht. We

obtain a linear variation with a small slope. In this situation,

there is only one pinned DW oscillator at the trap in the

soft NiFe layer responsible for the behavior. The transverse

component of DW magnetization and Ht are in the same

direction. The DW is slightly wider when Ht is parallel to

the wall magnetization. From the theoretical calculation,37

the value of critical current Ic when the DW starts to oscil-

late is proportional to the DW width. Our data are consist-

ent with theoretical predictions. Region B is very narrow,

380 Oe �Ht � 390 Oe, where Ic sharply increases in the

original current direction. As shown in Fig. 4(a) for

Ht¼ 380 Oe, we find another peak appears at the opposite

current direction. Simulation results show the nucleation of

a vortex DW (VDW) in the hard layer, which is pinned at

the right side of the trap for this current and field.

We suggest this new peak is due to a VDW oscillator in

the hard NiFe layer induced by dc current at the large trans-

verse field, and the sign of Ic is determined by the VDW

pinned location. In region C (parallel TDW) for 400 Oe �Ht

� 460 Oe, both peaks sharply decrease with increasing Ht.

The peaks of the soft layer are at the opposite current direc-

tion. From the results of the simulation, we find the TDW of

the soft layer is twisted to the right side of the trap. In this

situation, the DW oscillation was necessarily excited by dc

current in the opposite direction. Unfortunately, the signal to

noise ratio is too small to be resolved on frequency, and time

domain measurements for the dc current induces localized

DW oscillations. More efforts are needed to obtain direct

observations of the dc current induced dynamic of DW

oscillators.

We have demonstrated that the DW oscillators can be

resonantly excited at the GHz frequency level by in-plane ac

current at remnance after an applied transverse field. A

strong pinning potential via artificial symmetric protrusions

is used to localize the DW, and the oscillation of the wall is

simply induced by the injection of in-plane ac current. The

well-defined eigenfrequency is dependent on the width of the

protrusion. The DW oscillator excited by the injection of

in-plane dc current, proposed theoretically in these samples

has been studied. We found the boundary for exciting DW

oscillation by dc current with a transverse field.
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