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Rapid Domain Wall Motion in Permalloy Nanowires Excited by a Spin-Polarized Current
Applied Perpendicular to the Nanowire
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We study domain wall dynamics in Permalloy nanowires excited by alternating spin-polarized current
applied perpendicular to the nanowire. Spin torque ferromagnetic resonance measurements reveal that

domain wall oscillations at a pinning site in the nanowire can be excited with velocities as high as

800 m/s at current densities below 107 A/cm?.
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Domains in ferromagnetic nanostructures are candidates
for information storage [1,2] and processing [3]. To be
technologically useful, magnetic domains must be easily
manipulated. One way this can be accomplished is by
moving the magnetic domain wall (DW) separating two
oppositely magnetized domains. Since manipulation of
individual DWs in nanostructures with magnetic field
[4,5] is technically challenging, DW motion induced by
spin torque (ST) from spin-polarized current has emerged
as a promising alternative [6]. The effects of ST on DW are
most readily studied in the ferromagnetic nanowire geome-
try with electric current applied along the nanowire [7—15].
However, spin torque exerted on a DW in this geometry is
small because the angle between the current polarization
direction and magnetization is small everywhere in the
DW. As a result, high current density (>10% A/cm?) is
required to achieve DW velocities in the technologically
useful range of ~10% m/s [16].

High DW velocities (180 m/s) at relatively small cur-
rent densities (=5 X 107 A/cm?) have been observed in
spin valves with current flowing in the plane of the mag-
netic layers [17]. This high efficiency of the current-
induced DW motion [7] was attributed to transfer of an-
gular momentum from the fixed layer to the DW in the free
layer of the spin valve mediated by the component of spin
current perpendicular to the layers. Khvalkovskiy et al.
[18] also numerically studied DW motion in spin valve
nanowires with current flowing perpendicular to the spin
valve layers (CPP geometry). This work predicted that DW
velocities of ~102 m/s can be achieved at current densities
of ~107 A/cm? in the CPP geometry [19].

In this Letter we make measurements of CPP DW
dynamics in the Permalloy (Py = Nig4Feq) layer of
CosoFesy/Cu/Py spin valves patterned into 5 um long
and 90 nm wide nanowires. The nanowires are defined
on metallic Cu/Ta/Ru films serving as bottom leads, and
500 nm wide Ta/Au top leads are used to apply current
perpendicular to the spin valve layers as shown in Fig. 1.
The device in Fig. 1 is made in a multistep nanofabrication
process starting from a Ta(5)/Cu(30)/Ta(3)/Cu(30)/
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Ta(5)/Ru(10)/Cu(3) / CosyFeso(7) / Cu(5) /Py(3)/Cu(5) /
Ru(2.5)/Ta(2.5) multilayer (thicknesses in nanometers).
The multilayer is deposited onto a thermally oxidized
silicon substrate by magnetron sputtering and annealed at
225 °C for 2 h. The Py layer magnetization measured with
vibrating sample magnetometry (M, = 430 emu/cm?) is
reduced compared to the bulk value due to magnetically
dead layers at the Cu/Py interface and interdiffusion of Cu
and Py [20].

Figure 2(a) shows the resistance of the device as a
function of magnetic field applied parallel to the nanowire.
The giant magnetoresistance (GMR) data in Figs. 2(a) and
2(b) reveal that the Py layer undergoes reversal in the +200
to —300 Oe field range whereas the CosyFes, layer
switches at —900 Oe. Figure 2(b) shows a major GMR
hysteresis loop of the Py layer (£600 Oe). An intermedi-
ate resistance (IR) state in this loop arises from DW trap-
ping near the middle of the top lead. The DW is trapped in
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FIG. 1 (color online). (a) Schematic of a CosyFesy/Cu/Py spin
valve in the shape of a 90 nm wide nanowire with a 500 nm wide
top lead. A domain wall in the Py layer is trapped at a random
pinning site under the top lead while the CosyFes, layer is
uniformly magnetized. (b) Scanning electron microscopy image
of the device, showing the spin valve nanowire, the top lead, and
the bottom lead. (c) Transverse domain wall profile in the Py
nanowire obtained from micromagnetic simulations.
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the same state in a minor hysteresis loop (£200 Oe) in
Fig. 2(c). All measurements reported in this Letter are
made at 7 = 80 K in order to prevent thermally activated
depinning of the DW from the IR state observed at 300 K.
We expect the DW velocities at 7 = 300 K to be similar to
those measured at 7 = 80 K [21]. For the thin-film nano-
wire geometry of the Py layer, only a transverse DW is
expected to be stable [9]. We confirm this through micro-
magnetic simulations using the OOMMF code [22]. The
equilibrium configuration of the DW in the Py layer given
by the OOMMF simulations is shown in Fig. 1(c).
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FIG. 2 (color online). (a) Magnetoresistance hysteresis loop of
the CosyFes)/Cu/Py nanowire spin valve for magnetic field
applied parallel to the nanowire axis. The Py layer undergoes
magnetization reversal in the +200 to —300 Oe field range
whereas the CosyFes, layer switches abruptly at —900 Oe.
Major (b) and minor (c) hysteresis loops of the Py layer dem-
onstrate that a DW (intermediate resistance state) can be trapped
near the middle of the top lead in a field range from —250 Oe to
+100 Oe. (d) V,4.(f) response curve measured at —50 Oe with
the DW trapped under the top lead and at 1 kOe with uniformly
magnetized Py layer. A resonance at 4 GHz is observed when the
DW is present under the top lead. The solid line shows a
response curve fit calculated from Eq. (4) with an added constant
plus 1/f background. This fit assuming zero fieldlike torque
(¢ = 0) gives the best fit parameters P = 0.65, A = 2.0, and
a = 0.09. (e) Response curves calculated with the same parame-
ters as in (d) except for nonzero values of the fieldlike torque
(£ >0). (f) The response curves calculated from Eq. (4) and
from micromagnetic simulations at [, = 0.5 mA are nearly
identical demonstrating the validity of the rigid DW approxima-
tion for small-amplitude DW oscillations.

We excite motion of the DW trapped in the IR state by
applying an alternating current with rms amplitude 7,
between the top and the bottom leads of the device. This
current applies ac ST to the DW and induces oscillations of
the DW position along the nanowire. The DW oscillations
give rise to spin valve resistance oscillations, 6R,., due to
the GMR effect, and a rectified voltage, Vg, ~ I,.0R,., is
generated by the device. Measurements of V. give infor-
mation on the current-driven DW velocity. In our measure-
ments, we sweep the frequency of the ac current f in the
0.5-10 GHz range and measure V. as a function of fre-
quency [23,24]. The amplitude of the DW oscillations
reaches a maximum at the resonance frequency f of the
DW determined by the strength of the pinning potential,
and a resonance peak is observed in the measured response
curve Vg (f).

Figure 2(d) shows V,.(f) response curves measured in
the middle of the field range where the IR state is stable
(H = —50 Oe) with the DW trapped in the pinning poten-
tial and at H = 1 kOe with uniform magnetization of both
Py and CosyFes, layers. The —50 Oe response curve
shows a resonance at 4 GHz due to the DW oscillations
in the pinning potential. We also observe a low-frequency
signal, which we attribute to the DW creep in inhomoge-
neities of the pinning potential [19,25].

The dependence of the DW velocity on current is given
by the measurements of Vy.(f) as a function of I,.. The
maximum DW velocity v, = 27foAz(f,), where
Az(fy) is the amplitude of DW oscillations at resonance,
is obtained from the data in Fig. 2(d) [24]:

V2V (fo) L.
I, AR’

Az(fo) = ey
where L. = 500 nm is the width of the top lead and AR =
37 mQ) is the resistance difference between the parallel
and antiparallel states of the spin valve.

We compare our data to a theoretical description of DW
dynamics in the rigid DW approximation [15]. The motion
of magnetization under the influence of ST is described by

the Landau-Lifshitz-Gilbert-Slonczewski equation
[14,18,26]:
drit *x(ﬁ a dii | (*x*)+b*)
—— = —ym —— —+a;r(m D),
7 Y « Ty j p iP
2

where m is the unit vector in the direction of magnetiza-
tion, H, is the effective field, « is the Gilbert damping

constant of Py, a; =5% is the ST coefficient, 7=
272 '

AT A=DG ) [26], A is the ST asymmetry parameter,
J is the current density, P is the spin polarization of the
current, d is the Py layer thickness, e is the electron charge,
v is the gyromagnetic ratio, p is the unit vector in the
direction of current polarization, and b; = £a; is the field-
like torque coefficient. The dimensionless parameter &
describes the ratio of the fieldlike torque to ST [27]. The
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spatial profile of magnetization in the DW is given by [14]

m. = cos(0(z)) = tanh(zo; Z), (3a)

20 — <2

m, = sin(6(z)) cos(¢) = sech( )cos(¢). (3b)
Here we use a Cartesian system of coordinates with the
z axis parallel to the nanowire, the x axis in the plane of the
Py film perpendicular to the nanowire, and the y axis along
the Py film normal as shown in Fig. 1. In Eq. (3), z is the
coordinate of the DW center, A is the DW width (A =
53 nm is given by OOMMF simulations), and ¢ is the out-
of-plane tilt angle of magnetization at the DW center. In
the rigid DW approximation (A = const), Eq. (2) can be
rewritten in terms of the DW collective coordinates, z, and
¢ [15,18,28]:

3 @b = ya, (N = i KsinCe),
(4a)
; . oH
_CVZXO — ¢+ yb; — ya;{H(A) tan() = YTZPZO, (4b)

where K = 27M? — K| is the easy-plane shape anisot-
ropy constant, daﬂ is the curvature of the pinning potential,
K| is the easy-axis perpendicular anisotropy constant [29],

&H(A) = % and &, (A) = MA-D describe the effects

A+l
of ST asymmetry [28]. The value of K| = 0.4Q27M?) is

determined from the measurements of resistance versus
magnetic field applied perpendicular to the sample plane.
Assuming a parabolic pinning potential (% = const) and
¢ < 1, Eq. (4) can be solved analytically in the absence of
spin torque and damping. This solution describes free
oscillations of the DW center, z, = Azsin(27f1), in the
pinning potential. The resonance frequency of the DW f is
determined by the pinning potential curvature [9,15,30]:

oH, _ 2w M f3
9z Ay K

(&)

The solid line in Fig. 2(d) shows a fit of a theoretical
response curve Vg (f) to the experimental data. The theo-
retical response curve is found by numerically solving
Eq. (4) and adding a constant plus 1/ noise background.
The fitting parameters used in the fitting procedure are «,
P, and A. The fit assuming zero fieldlike torque (¢ = 0)
gives P = 0.65, A = 2.0, and a = 0.09. This value of the
damping parameter significantly exceeds the typical Py
value a = 0.01. We directly measure damping of the
lowest-energy spin wave mode of the Py nanowire in the
state of saturated magnetization using a ST ferromagnetic
resonance technique [23,24,31] and find « = 0.09. This
shows that the high value of « is an intrinsic property of the
ultrathin Py film and does not originate from emission of
spin waves by the moving DW. The observed large « can
be explained by diffusion of Cu into the Py film known to

increase damping [32] and by spin pumping important for
ultrathin ferromagnetic films [33]. The theoretical fit curve
in Fig. 2(e) shows deviations from the experimental data at
frequencies above the DW resonance. We attribute these
deviations to excitation of spin waves in the Py nanowire.
We calculate the bottom of the dispersion relation of the
lowest-frequency spin wave mode in the Py nanowire to be
at 5.5 GHz [31] in agreement with the data in Fig. 2(d).

Figure 2(e) shows theoretical response curves for a non-
zero fieldlike term (¢ > 0) in the equations of motion. Our
calculations show that a nonzero fieldlike torque adds an
antisymmetric Lorentzian component to the response
curve and decreases the quality of the theoretical fit to
the experimental data. Figure 2(e) illustrates that theoreti-
cal V4. (f) curves with & > 0.1 show substantial deviations
from our experimental data, and thus our measurements set
an upper limit on the value of fieldlike torque in our spin
valve structure.

We also compare our experimental data to results of
micromagnetic simulations. The squares in Fig. 2(f) give
the response curve obtained from OOMMF simulations. In
these simulations, a spatially nonuniform field H =

ag” z that mimics the 4 GHz pinning potential is applied

parallel to the Py nanowire and ST from 7,, = 0.5 mA is
applied to drive oscillations of the DW in the nanowire.
The solid line in Fig. 2(f) obtained by numerically solving
Eq. (4) is in a good agreement with the micromagnetic
simulation results.

To further confirm that the observed resonance in Vy.(f)
is due to DW oscillations and not due to spin wave ex-
citations, we measure the resonance frequency as a func-
tion of magnetic field H; applied in the plane of the Py
film perpendicular to the nanowire axis. This magnetic
field modifies the curvature of the pinning potential,
thereby changing the DW resonance frequency [10].
Figure 3(a) shows V4. (f) measured at several values of
H |, and Fig. 3(b) shows the dependence of f, on H . The
resonance frequency shifts with H,, and the frequency
shift is odd in H,. This odd frequency shift is a clear
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FIG. 3 (color online). (a) V4.(f) response curves measured at
several magnetic fields H | applied in the plane of the Py layer
perpendicular to the nanowire axis. (b) Frequency of the DW
resonance as a function of H,. Solid line is obtained from
micromagnetic simulations. The hysteresis in the DW resonance
frequency as a function H is due to the field-induced reversal of
the DW chirality at H; = 350 Oe.
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FIG. 4 (color online). (a) V4.(f) response curves measured at
several values of the excitation current /,.. (b) Maximum speed
of the oscillating DW in the pinning potential versus the rms ac
drive current density J,.. Squares are the experimental data,
dashed line is the rigid DW approximation result given by
Eq. (4), solid line is given by micromagnetic simulations.

signature of the DW resonance for which the sign of the
shift is determined by the DW chirality [10]. A frequency
shift symmetric with respect to H | is expected from spin
wave resonances in this geometry, and thus the data in
Fig. 3 exclude the possibility of spin wave origin of the
observed resonance. The hysteretic jumps of f, at H| =
*350 Oe correspond to switching of the DW chirality
induced by H . The dependence of f, on H, given by
micromagnetic simulations is shown in Fig. 3(b). It is in
good agreement with the experimental data.

The dependence of the DW velocity on current is given
by measurements of V4.(f) as a function of I,. shown in
Fig. 4(a). Figure 4(b) shows the maximum instantaneous
DW velocity v,,,, versus current density J,. calculated
from the data in Fig. 4(a) using Eq. (1). We observe
velocities as high as 800 m/s for J,, = 9 X 10° A/cm?.
The amplitude of the DW oscillations at v,,,, = 800 m/s
is 32 nm while the smallest DW oscillation amplitude
detectable with our technique is 1 nm.

Because the DW mass u ~ M, and the ST coefficient
a; ~ 1/M;, we expect the DW velocity to scale as 1/M3.
The DW velocity at resonance is also expected to be
inversely proportional to damping vy, ~ 1/a. There-
fore, for standard Py (NigyFe,;) material parameters
(M = 800 emu/cm?, @ = 0.01), the expected maximum
oscillating DW velocity in the CPP geometry is approxi-
mately 2000 m/s at the current density of 10’ A/cm?. DW
velocities as high as 325 m/s at a current density of
5 %X 107 A/cm? were observed in the current-in-plane ge-
ometry for samples with the standard Py material parame-
ters [34].

The rigid DW approximation predicts a linear increase
of the DW velocity with J,., but the experimental data in
Fig. 4(b) show clear deviations from the linear behavior for
Joue > 1.5 X 10° A/cm?. The origin of these deviations is
revealed by micromagnetic simulations. The results of
these simulations for v, (J,.) are shown in Fig. 4(b).
The sublinear dependence of the DW velocity on current
similar to that observed in the experiment arises from the
breakdown of the rigid DW approximation. The micro-

magnetic simulations show significant deformations of
the DW shape induced by the pinning potential at large
amplitudes of DW oscillations.

In conclusion, we make measurements of DW dynamics
in Py nanowires excited by spin-polarized current applied
perpendicular to the nanowire. In this geometry, we ob-
serve DW velocities as high as 800 m/s at current densities
of 9 X 10° A/cm?. The high DW velocities excited by
current applied perpendicular to ferromagnetic nanowires
are promising for nonvolatile memory and microwave
signal processing applications [35].
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