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Dynamics of Magnetic Domain Walls
Under Their Own Inertia

Luc Thomas,* Rai Moriya, Charles Rettner, Stuart S. P. Parkin*

The motion of magnetic domain walls induced by spin-polarized current has considerable potential
for use in magnetic memory and logic devices. Key to the success of these devices is the precise
positioning of individual domain walls along magnetic nanowires, using current pulses. We show that
domain walls move surprisingly long distances of several micrometers and relax over several tens
of nanoseconds, under their own inertia, when the current stimulus is removed. We also show that the
net distance traveled by the domain wall is exactly proportional to the current pulse length because
of the lag derived from its acceleration at the onset of the pulse. Thus, independent of its inertia,
a domain wall can be accurately positioned using properly timed current pulses.

material becomes spin-polarized along the

local magnetization direction. When the cur-
rent traverses a magnetic domain wall (DW), spin
angular momentum is transferred from the current
to the magnetization, thereby inducing a torque on
the DW and leading to DW motion (7, 2). Such
spin-transfer torque (STT)—driven DW motion has
distinct characteristics that make it very useful for
magnetic memory-storage devices (3). In particular,
two or more adjacent DWs can be moved in the
same direction, contrary to the case when DWs are
driven by a magnetic field. Advances in our under-
standing of current-driven DW dynamics have
resulted from various experimental (4—/3) and theo-
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retical (/4-18) studies. However, many aspects
of the underlying physical mechanisms remain
unclear. An important question, from both fun-
damental and technological standpoints, is whether
DWs, driven solely by current, exhibit inertial ef-
fects similar to those observed when they are driven
by a magnetic field (/9).

Two contributions to STT have been identi-
fied: the adiabatic and nonadiabatic (field-like)
contributions (/4—18). The inertial response of the
DW depends on the relative magnitude of these
two terms. Their relative contributions can be
quantified by the ratio B/a, where B and o are
dimensionless constants that reflect the strengths
of the nonadiabatic STT and the Gilbert damping,
respectively. Although there is still considerable
debate as to the precise origin and value of p/o,
many experimental studies have concluded that
B/a > 1 for various magnetic materials (10, 20-24).
Under these circumstances, theory predicts that

DWs should exhibit inertial effects when driven
by current (/4-18). Inertial effects have indeed
been reported, but only when DWs are excited
while confined at a trapping site (3, 20, 25-28).
In contrast, recent reports of current-driven prop-
agation of DWs over long distances of several
micrometers indicate that the distance traveled by
DWs in response to current pulses varies linearly
with the length of the pulse (5, /3). This would
seemingly indicate that the DWs move steadily at
a fixed velocity without any inertia.

Our experiments were carried out using 20-
nm-thick permalloy (Nig;Fe;9) nanowires with
widths of 200 nm and lengths between 6 and 15 um.
The devices were composed of the magnetic
nanowire and two electrical contact lines, which
were used to write, shift, and detect DWs (Fig.
1A) (29). A DW was first written into the nanowire
by applying a burst of current pulses through the
injection line (injection pulse), and the dc resist-
ance of the nanowire was then measured. A cur-
rent pulse [shift pulse (30)] was then applied
through the nanowire to move the DW along the
nanowire, and the resistance was measured for a
second time. This procedure was repeated 100
times under identical conditions, except that the
sign of the injection current was reversed in suc-
cessive experiments so as to write, alternately,
head-to-head (HH) and tail-to-tail (TT) DWs. The
shift pulse polarity was maintained unchanged,
so that electrons always flowed in the same di-
rection along the nanowire (from right to left in
Fig. 1A), and, through STT, drove the DWs, wheth-
er HH or TT, in the same direction as the electron
flow (3, 13). The shift pulse voltage was chosen
to give a current density in the nanowire of ~1.2 x

Fig. 1. (A) Scanning electron micrograph image of a 12-um-long
permalloy nanowire with electrical contact lines at the left and right
ends of the nanowire, shown in beige. Schematics of the electrical
connections and the injection (red) and shift (blue) current pulses
are shown. The blue arrow indicates the direction of the electron
flow. The shapes of the ends of the nanowire, which are hidden
under the contact lines, are shown schematically in the insets at top
left and bottom right. The dc resistance is measured through the
low-frequency port of a bias tee (bottom left contact), and the shift
pulse is applied through the high-frequency port of the bias tee. (B)
Probability P, of a DW exiting a 6-um-long nanowire after a shift
pulse is applied. (C) Shift pulse length ¢, required to move a DW
out of the nanowire with a 50% probability, as a function of the
nanowire length. Error bars corresponding to 20/80% probabilities
are shown. (they are about the same size as the symbols). (D) ¢, as
a function of the inverse number of shift current pulses N, for two
nanowires with lengths of 6 and 12 um (open and solid symbols,
respectively). Error bars show 20/80% probabilities.
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10® A/em?. The presence of one or more DWs in
the nanowire between the contacts was inferred
from the dc resistance of the nanowire. Owing to
the anisotropic magnetoresistance of permalloy,
the nanowire resistance was reduced by a fixed
amount of ~180 milliohm for each additional DW
located in the nanowire (37). In these experiments,
we focused on DWs with a vortex structure (29).
The probability that a single DW, located in
the nanowire after the injection pulse, exits the
nanowire after a shift pulse of length #y, exhibits a
clear threshold in #y, above which almost all the
DWs exit (Fig. 1B). We define 7, as the value of
tsn corresponding to an exit probability of 50%.
tou increases linearly with the nanowire’s length,
with a slope corresponding to a velocity of ~138 m/s
(Fig. 1C). The small offset when 7, = 0 is due to
the distance traveled by the DW along the nano-
wire from its injection point during its creation (13).
This first set of experiments indicates that
the DW propagates at constant velocity along the
nanowire. One possibility, however, is that the
current pulses used are long compared to the time
scale of any inertial effects, so in a second set of
experiments we explored much shorter shift pulse
lengths. We used a train of up to eight shift pulses
to move the DWs, instead of one long pulse. The
interval between these pulses was set to be ~6
times their length. Figure 1D shows that 7, varies
as the inverse number of pulses 1/N,, for 6-um-

A

Fig. 2. (A) Schematic of the shift pulse sequence
applied to the nanowire. Two pulses of opposite
polarities are applied sequentially, separated by a
waiting time t,,; during which the current is zero.
Cartoons show the DW motion during this pulse
sequence. Different colors are used to highlight the
motion of the DW during the two current pulses (blue
and red) and under its own inertia (green). (B) Prob-
ability of DW exiting the nanowire as a function of the
shift pulse length g, for various waiting times £,
(from left to right, t,.;; =25, 12, 7, and 0 ns), for a
6-um-long nanowire. (C) The shift pulse length £, for

long (open symbols) and 12-um-long (solid sym-
bols) nanowires (here 7, is the length of just one
of the shift pulses). This means that the overall
time that the current needs to be applied for the
DW to traverse the nanowire remains the same,
irrespective of the length of the individual pulses.
This again shows that the distance traveled by the
DW during a single pulse is directly proportional
to the pulse length, even for current pulses as
short as a few nanoseconds.

The value of B/o. can be directly derived from
the DW’s steady-state velocity, which is given by
v = (B/a)u, where u has the dimension of a ve-
locity and is given by u = (ug/eM;)PJ, where ug
is the Bohr magneton, e is the electron charge, M;
is the saturation magnetization (~800 electro-
magnetic units/cm® for permalloy), P is the spin
polarization of the current, and J is the current
density (16, 17). For a DW velocity of ~138 m/s
forJ~1.2x 10% A/em?, and assuming P=0.5, as
reported recently in permalloy wires of similar
thicknesses (32), we find that B/o. ~ 3.2. Thus,
because B/ is much larger than 1, the DWs should
theoretically display inertial behavior.

Because of the very small resistance of the
DW, the dynamics of DWs in the nanowires were
probed by their presence or absence using quasi-
static resistance measurements, which take much
longer than the typical time scale of the DW dy-
namics. Thus, to detect any possible inertial mo-

Pout
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which Py = 50% versus £, for 6-um-long (green diamonds), 12-um-long (red circles), and 15-um-long
(blue squares) nanowires. Error bars show 20/80% probabilities. Solid lines show fits to an exponential decay.
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tion of the DWs shortly after the end of the current
pulse, we used a second shift current pulse. This
pulse, with opposite polarity from the first, was
applied after a waiting time 7, Which was varied
on a nanosecond time scale (Fig. 2A). If the DW
had already exited the nanowire when the second
pulse was applied, the DW exit probability P,
was not affected. However, if the DW was still
located within the nanowire at the onset of the
second pulse (Fig. 2A), because the current flow
was now reversed, the DW would be pushed
back into the nanowire, thereby modifying Pg.
Figure 2B shows the dependence of P, on the
shift pulse length #, for several values of #; for
a 6-um-long nanowire. As fy,; Wwas decreased
from 25 to 0 ns, the length of the shift pulse re-
quired for the DW to exit the nanowire signif-
icantly increased, from ~32 + 2 to 42 + 2 ns. For
three nanowires with different lengths, 7., de-
creased as t,,,;; was increased, until ¢y, ~ 25 £
5 ns, above which ,,, was approximately constant
(Fig. 2C). Thus, if no time was allowed for the
DW to move after the end of the shift pulse, a
longer shift pulse was needed to drive the DW
out of the nanowire, indicating that the DW kept
on moving after the end of the shift pulse while
decelerating to zero velocity. The dependence of
fout ON Zysie can be fitted to an exponential form
exp(—twai/T), giving a deceleration time of t
~11.5 £ 2 ns, which is independent of nanowire
length. During this deceleration period, we esti-
mate that the DW moved ~1.4 + 0.6 um. This dis-
tance is calculated from the extra time needed to
move the DW along the length of the nanowire
when #y,; = 0 (At ~10 £ 4 ns), during which the
DW is moving at its terminal velocity (v= 138 m/s).

To quantify the distance over which the DW
accelerated, we created a virtual nanowire of var-
iable length by pre-positioning the DW at a given
location along the nanowire, using a current pulse
of length 7, (Fig. 3). The longer the preposition-
ing time is, the shorter is the distance d; between
the DW’s new position and the exit point (at the
left contact). Then, after waiting ~100 ms to ensure
that the DW was completely relaxed, a first current
pulse was applied, followed by a second current
pulse of the opposite polarity, separated by a
waiting time. Here we consider just the two cases
where #,; = 0 and 100 ns, which correspond to
either zero or a full contribution of the DW’s
motion during its after-pulse deceleration. When
twair = 0, we find that 7, initially increases rap-
idly as d, is increased from zero before reaching
a linear regime. We attribute this dependence to
the initial acceleration of the DW toward its
terminal velocity, given by the slope in the linear
regime. By fitting the data with an exponential
function (29), we find an acceleration time #,.. =
13.3 £ 4 ns, which is comparable to the de-
celeration time found above. In contrast, when
twait = 100 18, £,y varies linearly with dy for all 4,
with the same slope as for #,,,; = 0 for large d,. In
this case, where both acceleration and decelera-
tion contribute, we find that the effective DW
velocity is independent of distance traveled, which
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is consistent with the first set of results shown in
Fig. 1. Thus, the additional distance that the DW
travels during deceleration after the current is

turned off exactly makes up for the distance
lagged during acceleration to its terminal veloc-
ity. From the data in Fig. 3, we estimate that the

distance d, from the exit

Fig. 3. Shift pulse length d, (um)
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Fig. 4. (A) DW position and (B) velocity versus time in response to a 100-ns-long current pulse, calculated
using the 1D model, for the same steady-state velocity, v = (B/c)u = 138 m/s, but two different B/ ratios:
B/o =1 and u = 138 m/s (blue line), and B/o. = 3.2 and u = 43.1 m/s (red line). (C) DW position versus
time for a shift current pulse sequence of the same form as shown in Fig. 2A with amplitude u = 43.1 m/s,
B/a = 3.2, and three waiting times t,,;. Each pulse is 100 ns long. Details of the curves highlighting
inertia-driven motion at the end of the first shift current pulse are shown in (D). The vertical dashed line at
100 ns indicates the end of this first pulse. The solid diamonds at 101 and 110 ns show the onset of the
second shift pulse. (E) Velocity (red) and position (black) of a vortex DW versus time in response to a
stepwise change in current calculated by micromagnetic simulations in a 20-nm-thick, 200-nm-wide
nanowire, for the same set of parameters as found experimentally (B/a. ~3.2, ] = 1.2 x 108 Alcm?, P =
0.5). The blue solid line is a fit to the data as described in the text. (F) Snapshots of the vortex DW structure at
zero time and when moving at terminal velocity (60 ns). The snapshots are centered on the DW. The direction
of magnetization is color-coded, as indicated by the black arrows. The wall is moving from right to left.

distance over which the DW accelerates to 90%
of its terminal velocity is ~2.5 um, whereas the
distance moved by the DW during deceleration is
~1.45 um (shown by the horizontal dashed line in
Fig. 3). The latter is in close agreement with the
data described earlier.

To support our experimental findings, we an-
alyzed the response of a DW to a current pulse
using the well-known one-dimensional (1D)
model of DW dynamics (15, 17, 19, 20, 29).
Figure 4A and B show the calculated position
and instantaneous velocity of a DW in response
to a 100-ns-long current pulse, for two different
values of B/a (1 and 3.2) but the same terminal
velocity (B/a)u = 138 m/s. Clearly, the DW’s
inertial response to the current pulse is strongly
influenced by the value of /o, even though the
total distance traveled by the DW is the same in
both cases. The DW’s relaxation after the pulse
exactly offsets the acceleration at the beginning
of the pulse (15), in agreement with our expe-
riments. In particular, the effective DW velocity
(the total displacement divided by the pulse length)
is equal to the DW’s terminal velocity in both
cases. Deceleration also offsets acceleration even
if the current pulses are shorter than the DW’s
acceleration time, as in the experiments of Fig.
1D. The effect of a bipolar pulse is shown in Fig.
4, C and D, for 100-ns-long pulses and different
waiting times #,,;; between the two pulses. We
find that in all cases, the DW comes back to its
starting position, but as shown in Fig. 4D, its
excursion is greater when the waiting time
between the pulses is long. Analytical expres-
sions of the time-dependent DW velocity can be
derived within a linear approximation that is val-
id for small currents, allowing us to calculate the
distance lagged due to acceleration (which is the
same as the deceleration distance). This distance
is ~1.1 um, which is slightly smaller than the
value found experimentally.

The 1D model does not take into account the
structure of the vortex DW used in our experiments.
To confirm our findings and enable a more quan-
titative description, we used micromagnetic sim-
ulations to calculate the response of a vortex DW
to a current step (Fig. 4E). Snapshots of the DW
structure during motion show that the acceleration
is associated with the lateral motion of the vortex
core (Fig. 4F). The DW velocity versus time is very
well described by the analytical model. The Gilbert
damping o was varied to match the experimental
value of 1 (29). Best agreement was found for o =
0.008 + 0.002, which leads to B ~ 0.026. The dis-
tance lagged due to acceleration was ~1.0 um, which
is in close agreement with the analytical model.

Notwithstanding our findings that a DW, ir-
respective of its inertia, can be precisely moved a
distance proportional to the temporal length of a
current pulse, the DW’s inertial response means
that its position at a given point in time is not
simply linearly related to the time elapsed since
the beginning of the current pulse. This must be
taken into account when devising clocking schemes
for memory or logic devices.
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Cassini Finds an Oxygen—Carbon
Dioxide Atmosphere at Saturn’s

Icy Moon Rhea

B. D. Teolis,™* G. H. Jones,>3 P. F. Miles," R. L. Tokar,* B. A. Magee,* ]. H. Waite,* E. Roussos,®
D. T. Young,* F. ]. Crary,* A. ]. Coates,>* R. E. Johnson,® W.-L. Tseng,® R. A. Baragiola®

The flyby measurements of the Cassini spacecraft at Saturn’s moon Rhea reveal a tenuous oxygen
(0z)—carbon dioxide (CO,) atmosphere. The atmosphere appears to be sustained by chemical
decomposition of the surface water ice under irradiation from Saturn’s magnetospheric plasma. This
in situ detection of an oxidizing atmosphere is consistent with remote observations of other icy bodies,
such as Jupiter’s moons Europa and Ganymede, and suggestive of a reservoir of radiolytic O, locked
within Rhea’s ice. The presence of CO, suggests radiolysis reactions between surface oxidants and
organics or sputtering and/or outgassing of CO, endogenic to Rhea’s ice. Observations of outflowing
positive and negative ions give evidence for pickup ionization as a major atmospheric loss mechanism.

n 2 March 2010, the Cassini spacecraft

executed a flyby of Saturn’s icy moon

Rhea, with a trajectory inbound toward
Saturn passing 97 km over the surface at 81° north
latitude. The Ion Neutral Mass Spectrometer
(INMS)—a quadrupole mass analyzer equipped
with an antechamber and electron-impact ionizer
for in situ collection and detection of neutral gas
(1) —was operated during the flyby with the an-
techamber inlet pointed favorably at an angle of
44° to Cassini’s trajectory, enabling the measure-
ment of neutral species. INMS detected a tenuous
atmosphere of oxygen and carbon dioxide in mass
channels 32 and 44 daltons, reaching peak densi-
ties along the trajectory of 5 and 2 £ 1 x 10'* mol-
ecules per m’, respectively. A highly non-uniform
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atmosphere was observed, with the CO, seen
almost exclusively on the outbound portion of the
trajectory over the day-lit hemisphere (Fig. 1). In
contrast, the O, profile is more symmetrical about
the point of closest approach, but it is nevertheless
shifted slightly outbound to the day side (Fig. 1).

Spectra from the Cassini Plasma Spectrometer
(CAPS) (2), acquired during the more distant 502-
and 5736-km flybys on 26 November 2005 and
30 August 2007, also show clear signatures (Fig. 2)
symptomatic (3) of outflowing streams of positive
and negative ions, which are produced by ioniza-
tion of the atmosphere and electron capture, respec-
tively. These ions are subsequently swept up into
Saturn’s rotating magnetosphere (4). The timing
of the positive and negative ion signatures inbound
and outbound from Rhea (Fig. 2) is consistent
with the expected £ x B cycloidal trajectories (where
E and B are the electric and magnetic fields, re-
spectively) of pickup ions in the mass ranges of 26
to 56 daltons (possibly O," or CO,") and 13 to
26 daltons, respectively; thus, we tentatively iden-
tify the negative species as O™. The mass uncer-
tainty results from the CAPS energy and angular
resolution (2), as well as the still-uncertain corota-
tion electric field and corotation speed in Rhea’s
plasma wake (5). Unlike the 2005 encounter, only
positive ions were detected during the 11 times more
distant 2007 flyby, suggesting rapid (6) removal of

loosely bound electrons from the negative ions by
photo or electron impact ionization as the ions
move away from Rhea.

The in situ detection of O, and CO, at Rhea is
consistent with remote observations of Jupiter’s
icy moons, where the Galileo spacecraft’s Near-
Infrared Mapping Spectrometer observed resonantly
scattered 4.26-um infrared emission from atmo-
spheric CO, at Callisto (7), and the Hubble Space
Telescope measured 1304 and 1356 A ultraviolet
fluorescence from electron-impact dissociatively ex-
cited atmospheric O, at Europa and Ganymede (8).
Oxygen at Europa and Ganymede is generated by
radiation chemistry and sputtered from the surface
ice into the atmosphere by bombarding ions and
electrons from Jupiter’s magnetosphere (8). The
Jupiter findings, and the detection by Cassini of
O, from ultraviolet (UV) photodecomposition of
ice in Saturn’s rings (9), have long suggested the
possibility of oxygen atmospheres around the sa-
turnian icy satellites (/0), which orbit inside Saturn’s
magnetosphere. Ganymede’s ice (//) and that of
Europa and Callisto (/2) also exhibit the weak
5770 and 6275 A optical absorption signatures of
trapped radiolytic O, (/3), which has been shown
in laboratory experiments to lead to ozone as a by-
product (/4), along with eventual O, ejection from
the surface through sputtering (/5). Rhea and
Saturn’s icy moon Dione are especially interesting
because O3 is present in their surface ices (/6), a
trait that they share with Ganymede (/7). Together
with the existence of ozone in Rhea’s ice, the de-
tection of an O, atmosphere is consistent with sur-
face radiolysis, as seen at other icy satellites, and
indicative of O, trapped in the surface ice.

On the basis of CAPS and Magnetospheric
Imaging Instrument (MIMI) measurements of the
saturnian ion and electron plasma, as well as up-
dated laboratory estimates of O, production and
desorption from ice irradiated with different pro-
jectiles and energies, we have modeled the ex-
pected production of O, from different radiation
sources (/8). The principal oxygen source in the
model is bombardment by water group ions (W)
from Saturn’s corotating plasma (Table 1), which
sweep past Rhea along its orbit while preferen-
tially bombarding its trailing hemisphere. The ox-
ygen is, therefore, produced preferentially on the
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