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Current-induced domain-wall dynamics is studied in a teindmagnetic nanowire. The domain-wall dynam-
ics is described by simple equations with four parametespkbjpose a procedure to unambiguously determine
these parameters by all-electric measurements of thedependent voltage induced by the domain-wall mo-
tion. We provide an analytical expression for the time wariaof this voltage. Furthermore, we show that the
measurement of the proposed effects is within reach of suesgperimental techniques.

PACS numbers: 75.78.Fg, 75.60.Ch, 85.75.-d

Introduction. Recently, applications for future memory /(p
and logic devices, as well as important fundamental physic /
questions, have stimulated a number of experimé&stahd
theoreticat=2! studies of the current-driven domain wall (DW)
dynamics in ferromagnetic nanowires. It has been shown the .
DWs can be moved by a current either paréatfebr perpen- =

current pulses were employed to depin a DW from pinnin
site€38, Furthermore, the topological electromotive force in-
duced by DW dynamics in a vortex DW has been studied bot
experimentally and theoreticafty?.

A conventional experimental method to study the DW dy-
namics in nanowires is to measure the average DW velocit Z
using Kerr polarimetrdg, x-ray microscop$, or electron mi-
croscopy=4. These types of experiments require a compli-g. 1. (color online) A moving head-to-head domain wall ofith
cated setup which is separate from the one needed for the DW. The DW is centered at, and is tilted by an anglé.
manipulation. This situation is neither ideal for studié®wv/
dynamics nor for further technological advances.

In this Letter we propose a way to use the same experimen-
tal setup for both current DW manipulation and simultaneous o . . . .
measurements of DW dynamics. Our main results are that th agnetization vector is the Gilbert damBmg constarﬁ,|§
time-dependent voltage induced by the DW mctd§ can '€ non-adiabatic spin torque constadlt, = 9/0z wherez
be used to fully and comprehensively determine the effectiv "> along the wire, and the time is measu.red in units of th(.e 9y
parameters of the DW dynamics. This proposal follows fromfomagnetic ratioyo = gle|/(2mc). DWs in a ferromagnetic

the fundamental properties of the current-induced DW moW/Ire can be modeled by a spin Hamiltonigiwhich contains

tion, namely: i.) Applied DC current (above critical value) teﬁcrratrtwge, splrg-orﬁﬂ, anq d|ptoI§\L|ntteract|o_ns.t In a}th_'n W':e’
produces voltage with AC components. ii.) Applied AC cur- € lalter can be approximated by two anisotropies. a strong

rent induces phase shifted AC voltage. The magnitude of th\%gggt:g? alolnr?r;ha?isvt\?ges)\os'?enrg a Weal; 225[(? rop)/{ trans-
proposed effects is calculated to be within current expenim ). Y 8 f< <A

tal resolution. o ~Inathin wire, a lowest-energy magnetization configuration
Similar techniques have already shown promise in magnetigat ; — () is uniformly ordered along the or —z direc-
field driven DW system€. This method should make it more tion. A static DW is the next low-energy configuration with
feasible to utilize DW dynamics for device applicationsr+u the houndary conditions. (+0c) = +1 or S, (+o00) = F1.
thermore, the proposed systematic approach can be usedifys can be injected in the wire using different techniques. A
compare the extracted phenomenological parameters of thetch of a wire with a DW of width\, determined by the

DW dynamics for a system described by arbitrary underlyingyamiltonian parameters, is depicted in Fiy. 1.
Hamiltonian to those of microscopic theories.

Model. The dynamics of the magnetizatiéin a quasi- For small enough applied currents, it can be shown that the
one-dimensional wire is described by Landau-Lifshitze@it ~ DW in a thin wire is a rigid spin textutéand its dynamics can
(LLG) equation with currenj8.1®, be described in terms of only two collective coordindtés

These coordinates correspond to the two softest modes of the
S=-SxH,—jd.S+8jSxd.S+aSxS, (1) DWmotion: the DW position along the wirey, and the rota-
tion angle¢ of the magnetization in the DW around the wire
whereH, = —§#/8S is the effective magnetic field given axis, see Fig]1. It has been shé&#’ that the equations of
by the Hamiltoniar{ of the systemS = M/|M| is a unit  motion for the DW in a thin ferromagnetic wire are model



independent and can very generally be written in the form (V) ‘ ‘ ‘ | 2
2o = Aj + B[j — jesin(2¢)], 2) I
¢ = C[j — jesin(29)]. (3) .
| slope is ATC

Here all current nonlinearities are neglected, since thgela
currents leading to observable nonlinear effects wouladh bur
the nanowire. For a dc current below the critical vajue.e.,
j < jer Eq. [3) implies that the DW tilts from the transverse
anisotropy plane by the angle that satisiag2¢) = j/j.
around the wire axis and then moves along the wire with a
constant velocitydj. Forj > j., the DW constantly rotates : :
while moving. 0 Je J
The coefficients4, B, C and the critical currenj. are )
the parameters that fully describe the DW dynamics. They'C: 2. (color online) Dependence of average voltage on dc
can be calculated microscopically for certain toy motels curents for ¢ >0 andC’ < 0, respectively, see fd](S)' The slope
but in general they vary for different wires and depend on@lJ < Je gives<5=, whereas af > je it gives <= + (1 + A)C.
the temperature and nanofabrication details. Therefore, i

this Letter we propose a way to determine these coefficient issipation in the wire. Using the general solution of theeLL

by model-independent measurements of an induced ac volf: : e

aée directly fropm an experiment suitable for all-electri/D g (3), one can obtain the derivative of the energ§:&s
manipulation. As we show below, this ac voltage can be in- : . . .

duceg by applied dc currents and by certain ti?ne—dependent E =2[fa..20 + (1 = Bazy)0lj — a/dZS(Z)- @)
current pulses witgsparameters similar to those achieveetin 1o |ast term on the right-hand side of EG. (7) describes the
cent_expenm.en?é' : . .__dissipation and is therefore always nonpositive. Mearayhil

. Mlcroscoplcally the dynamics parameters can be obtamea]e first term is proportional to the current densitgnd gives

in the following way. The energy of a static DWy (20, ) =  the powerVj supplied by the current. With the help of

J H[So(z, 20, )]dz, whereS, is a solution of a static LLG Egs. [)-[5) and adopting the approximatdn- 1 of Ref. 22

with K& = 0, in general depends on both and¢. However, e ghiain the expression for the induced DW voldge
assuming that the wire is translationally invariant (pirqi¢an

be neglected)F, would not depend on the DW positiof _AC S
and thereforé),, E, = 0. The only contribution ta, that V=—717+ CA+A)j — jesin(29)]. (8)

?heepterr;ﬂzv%r;sfge lgﬂgﬂl@((;o)m_es_from Egz)ign 2%” ?E;:O;Irl(c))l\jv};m Note that Eq.[(B) gives the contribution to the voltage due
P 0 — _heos o to DW motion. This contribution is in addition to the usual

us to find the coefficients in Eq$(2) ad (3) in terms of theOhmic one. The voltag” in Eq. [B) is measured in units

3 27 : ;
fhagar;re;ters of the LLGT$)#. Up to first order ina and 3 of Pgup/(eyo) and the current density is measured in units
y 2eM/(Pgug), whereP is the current polarization. We em-
_ phasize that unlike in the previously studied c&€éthis volt-
—— (1 + aa.q), (4) age is not caused by the motion of topological defects (vor-
@ tices) transverse to the wire.
_ B)G,zz, Jo = —=k, (5) Measurement of coefficients B, C, andj.. In order to
a—p find coefficientsA, B, andC, we propose three independent
_ measurements of the voltage induced by a moving DW. Al-
wherea = oD, f = pD, D = ,/a..aps —aZ,,  though there are various factors affecting the nanowiristes
o = 1 [d2(0.80)% agy = L [d=(9550)% anda., = tance, the contributions from most of them are independent
2 1 2 ) . .

% [ d=0.S0-0,Sy. Equationsi4) and[[5) are consis@ntith of DW motion and therefore give only a constant component
the expressions fad, B, C, and;, found in Ref_ 22 of the resistance. To characterize the DW dynamics, one has
We now outline th,e rhet’hod t{)cfind B C aﬁdj 'directly to concentrate only on the resistance variations in timer Ou

from all-electric measurements. It ié bailse’d on rcneasurieg ghestimates show that the amplitude of voltage oscillatiares d

> 7 .
ac voltageV” induced by a moving DW. To find one has to to DW motion is of the order of0~" V and therefore experi

i . . mentally measurable.
know_th? time evolut_lon Qf the total energy (per unit area of Equation[(B) implies that the voltage of the DW can give all
the wire’s cross-section) in the system,

the necessary information about DW dynamics. Namely, one
i SH . can obtainC by measuring the voltage changing with time
E= /dzg -8(z) (6)  and parameterd and B by measuring the amplitude of the
voltage oscillations.
In general, DW energy has two contributions: the power sup- Slopes measuremeth Refs/ 23 and 30 it was proposed to
plied by an electric current and a negative contributiontdue obtainA, B, andj. by measuring the drift velocity of the DW,
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(%0). Itis important to note that Eq](8) has the same form ad/(f) C<0

Eqg. (2). Thus, instead of measuring the drift velocity, whic

V()
Vinas

cC>0

requires a more complicated experimental setup, we propose |
to perform all-electric measurements. Namely, to measgre t

average voltage of DW)/), as a function of dc current. From 1
Eqg. (8) one can see thdV) = chj for j < j., whereas ; o |
(V) = A2C 4 (14 A)C+/F7 — 2 for j > j., see FiglR. The . T - | 1

t
Jfo

V()

Vinin
critical current is determined by the end of the region lirina -1 To = o

j for small currents. The measurement of slépeatj < j.,
and slopék; atj > j. gives the two independent quantities: I
2fo 3fo f

Instead of measuring voltage average for dc current, one cang. 3. (color online) Fourier transform of the voltageas a func-

apply a linearly increasing time-dependent currgnj = gt tion of frequencyf at the dc current.1j.. The insets show as a

below the critical valug... At sufficiently smallg the voltage  function of timet for C > 0 given bya = 0.02 andg = 0.01; and

will also be linear in timey/ (t) ~ 4:C gt. By measuring this  for C' < 0 given bya = 0.01 and8 = 0.02. The voltage period

voltage one can find isTo = 1/fo. Inthe inset forC' < 0, the voltage varies between
Vinaz = 0.041j. /A andVimin = —0.0195. /A.

e

kl Ba

ky — ki = (1+ A)C. (9) 0

0

AR (10)

OnceC is determined, Eqs9) givé andB. The drawback ™

of this measurement is that it might be hard to disentahgle

andk, from the Ohmic contribution. Howevés, — k; is free ;

from the Ohmic resistance of the wire. 0
In order to findC, the most intuitive approach is to input a

dc current slightly abové.. Then the voltage induced by the

moving DW will oscillate with the period of the double angle v

¢, see the insets of Fig] 3. The half-width of the peak (dip) ™

for C > 0 (C < 0) is given byarccos(j./7)/(|C|v/j? — j2).

The measurement of the voltage oscillations pefig@which

we estimate to be- 10~7 — 10~ s) determine€’ at a given 0F

J-
Cl=g [ e~ a1
ToJo j—jesin(20) T 52 — jCQ' FIG. 4. (color online) Input current (dashed line) and measured

voltage V' (solid line) as functions of time. (a) and (b) show
For j — j. < j., the period diverges but the half-width the phase delayrd between the current maximum and voltage ex-
~ 1/(Cj.) stays finite. To obtain the periofi), one can tremum forC' > 0 andC < 0, respectively. (c) and (d) depidt(t)
perform the Fourier transform df (t) to find the frequency atAd = 0 for the same’ > 0 andC' < 0, respectively.
fo =1/Ty, see FiglB.
To determine coefficierd in the same experiment, one can . ) )
measure\V = Viaw — Vinin = 2(1 + A)|C|j., see insets of one fixes the amplitudg, and tunes the frequency until

wt wt

Fig.[3. Then A# = 0. In this case, forjy — j. < j., we can use half

of the time interval for which the current pulse is abgveo

_ AV (12) approximate the period af by dc currentj, as
— (w — 2 arcsin j—c) N (13)
Note thatAV = 2(ks — k1)j. and therefore this experiment 2w Jo |C|\/ 58 — 52
can also provide a crosscheck with the aforementioned mea- S )
surement of the slopes. Forjo — je < je, Eq. [I3) can be further simplified to give
Phase shift experimentAnother method to measure the Tw

coefficientC' is by applying an ac current= jg sin wt with IC] ~ 72(1-0 — ) (14)

jo > je,» Which has only a short time interval whefe> j.,

so that there is only one period of voltage within the periodin other words, whemw =~ C(jo, — j.) which corresponds
of j(t). One can measure the phase delag, between the roughly tow ~ 107 Hz, the current pulse covers only one pe-
current maximum and voltage extremginsee Fig{¥. Next, riod of voltage. Our simulations show that the expressidi (1



4

<o p—— see Figlh. To measure the decaydf) with time, one inputs
"""" ! — V| a dc current below., then measures voltagé immediately
L : C>0 i after turning off the current at, and then later measures volt-

' ageV; at timet; + A;. We note that right after turning off
1 thecurrent, there is a short time period when the DW dynam-
L N - 1 ics cannot be described by Eds. (2) dnld (3). It corresponds to
: the dynamics of fast degrees of freedom. This process has a
characteristic time- 10~''s which is typically much smaller
than the voltage decay time 103 s. Thus we can safely
assume that the rotation angle&loes not change much during
this time interval, and we find

ti + Ay t

....................... : ] . —_—
: O] ~ 1 Vi

: —n =5
- TUUTA, 7 28¢je 1+ /1-32/52

FIG. 5. (color online) Voltage (solid line) evolution aftére current  which is valid for V;/V; > 1. For example, estimating
(dashed line) is turned off at timg for C' > O_given by« = 0.02 Vi/Vy = 10 we find |C| ~ 1.17/(Aj.). The sign ofC can
and = 0.01. Inset: the same dependencies €or< 0 given by  pe easily determined by the form of voltage decay, sedFig. 5.

a = 0.01 and = 0.02. The measurement df; is performed at . | all-el .

t; + A;. The region encircled by the dotted line cannot be described To summarize, we propose several all-e e_ctrlc measure-

within our approach but it is too small to effect our results. ments of the parameters fully describing domain-wall dynam
ics in thin ferromagnetic nanowires. These measuremeets ar

based on the voltage induced by a moving DW in response to

works sufficiently well forjo < 1.3j.. The sign ofC is deter- ~ Certain current pulses. Our proposal opens doors for experi
mined by the extremum of the measured voltages 0if ¥~ Ments which are suitable not only for all-electric DW manip-
has the minimum and’ < 0 if V has the maximum. ulation but also for the simultaneous measurement of the DW
Our simulations show (Fid] 4) that in addition to the largedynamics. These findings give a more reliable and straight-
peak (dip) of voltage there is a smaller one with the oppositéorward experimental method to determine the DW dynamics
curvature. This is because whegft) reacheg., the anglep ~ Parameters, which can then be compared to microscopic the-
has not yet rotated to the angle correspondingit(®¢,) = 1 ©ories. The procedure we described works for a given temper-
due to the cumulative phase delay between current and vol@ture regime. It may also be used to investigate the tempera-
age. ture dependence of the effective parameters. Future wdrk wi
Abrupt current pulse experimerit.s also possible to mea- include accounting for pinning effects, which brake transl
sure the coefficient for currents below the critical valug.  tional invariance in the wirés.
The constan{C|j. determines the internal time scale of the We thank I. V. Roshchin, J. Sinova, and E. K. Vehstedt for
DW motion. After one switches the subcritical current off at valuable discussions. This work was supported by the NSF
time ¢;, the voltage asymptotically decaysas(—2|C|j.t),  Grant No. 0757992 and Welch Foundation (A-1678).
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