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We investigate numerically and experimentally the Joule heating produced by current pulses and

its contribution to current-induced domain wall (DW) motion in a (Ga,Mn)As ferromagnetic

semiconductor. Different thermal coupling between tracks and substrates are explored. A direct

contact leads to a logarithmic transient temperature rise and a stationary state determined by the

substrate thickness. The introduction of a low thermal conducting (Ga,In)As interlayer produces an

additional temperature rise whose time variation and magnitude are analyzed. Experimentally, the

measured temperature rises present a good agreement with predictions over more than four

orders of magnitude in time for values of the heat conductivity and of the heat capacity

close to those reported in the literature. The Joule heating is shown to produce non-linearities in the

domain wall velocity versus current density characteristics. A correction of Joule heating is

proposed and permits the identification of the flow regimes from a comparison of domain-wall

dynamics in tracks presenting different pinning characteristics. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4765032]

I. INTRODUCTION

Magnetization reversal can be produced by an electrical

current in ferromagnetic systems such as spin valves or mag-

netic tracks. Indeed, the spin of the itinerant current-carrying

charges exert torques on the localized magnetic moments.1

These so-called spin-transfer torques (STT) could be at the

basis of magnetic memory and logic devices,2,3 giving rise to

many applied and fundamental physics researches.4 How-

ever, current produces Joule heating, associated with temper-

ature rises and gradients. These temperature variations affect,

in turn, the static and dynamical properties of ferromagnetic

materials and contribute to the magnetization reversal.

In magnetic tracks, magnetization reversal results from

the current-induced domain wall (DW) motion. The current

densities required to observe STT effects are rather large.

Typical threshold values are of the order of 109 A=m2 and

1012 A=m2, for semiconducting5–9 and metallic10 tracks,

respectively. Temperature rises of a few Kelvins or a few

tens of Kelvin have been reported in the literature.6,11–13

Hence, Joule heating appears as a limiting factor to the

investigation of spin transfer torque phenomena. Tempera-

ture rises can be sufficiently large to cross the Curie tempera-

ture or even to deteriorate the tracks. Also, in Ref. 14, the

Joule heating contribution to current-induced DW-motion

was shown to be larger than the STT contribution. Therefore,

heating has to be taken into account to analyze properly the

current-induced domain wall dynamics in thermally acti-

vated and flow regimes.5,8 To the best of our knowledge, the

interplay between current-induced DW-motion and Joule

heating remains to be explored.

Joule heating produced by current pulses in tracks was

studied theoretically.15–18 The transient heating regime was

examined in Ref. 15 for a track sitting on a semi-infinite sub-

strate. An analytical expression of the stationary temperature

rise is proposed in Ref. 16 for a finite substrate thickness.

More recently, Curiale et al.18 have studied numerically and

experimentally the temperature rises produced by Joule heat-

ing in (Ga,Mn)(As,P) tracks grown on a GaAs substrate. The

temperature rise in the transient regime was shown to exhibit

a logarithmic variation with the current pulse duration. The

maximum temperature rise corresponding to the steady state

regime was shown to be controlled by substrate thickness.

A thin insulating interlayer is often inserted between the

track and the substrate. For example, this ensures electrical

insulation and confines charge carriers in the ferromagnetic

track. For (Ga,Mn)As, the magnetic layer has to be under

tensile strain to get a perpendicular magnetized layer. This

configuration is achieved by using a relaxed (Ga,In)As

interlayer.19 Interlayers with lower heat conductivity than

the substrate enhance the track temperature rise. The contri-

bution of a lower thermal conducting interlayer was consid-

ered theoretically in Ref. 17 for a semi-infinite substrate.

This question has been hardly explored experimentally.

In this paper, we propose an extensive study of Joule

heating for different thermal coupling between a track and a

substrate. We also explore the contribution of temperature

rises to DW dynamics in the flow regime. The paper is

organized as follows. Part II describes the geometries, the

thermal parameters and the finite element method (FEM)

used to study Joule heating. The predictions of the simula-

tions for different interlayer thicknesses and different track

widths are presented and compared to analytical predic-

tions15–17 in Part III. Part IV details the experimental studiesa)Electronic mail: vincent.jeudy@u-psud.fr.
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of Joule heating in the stationary and the transient heating

regimes. The contribution of Joule heating on current-

induced DW-motion is analyzed in part V.

II. METHODS

A. Samples

In order to study the thermal coupling between the

tracks and their substrate, different samples were elaborated

containing or not an interlayer. The magnetic layer thickness

is identical for all the samples h¼ 50 nm. The samples with-

out interlayer (samples 1a and 1b) consist of annealed

ðGa0:90Mn0:10ÞðAs1�yPyÞ films,20 grown by molecular beam

epitaxy on a GaAs (001) substrate (thickness L ¼ 375 lm).

For sample 1a, y¼ 0.11 and for sample 1b, y¼ 0.07. The

microtracks were patterned by e-beam lithography with

length l ¼ 90 lm, and different widths w¼ 0.5, 1, 2, 4 lm.9

A top view of the tracks is shown in Fig. 1(a). The Curie

temperatures T1a
c ¼ 110:0 K and T1b

c ¼ 120:0 K were

deduced from the vanishing polar magneto-optical Kerr

(PMOKE) contrast and from the maximum of the differential

resistivity curves. The resisitivity q1a ¼ 62:8 lX m and

q1b ¼ 51:3 lX m, at 100–110 K. Sample 2 is an annealed

Ga0:93Mn0:07As film grown on a (Ga,In)As interlayer (thick-

ness d ¼ 2:5 lm), itself deposited on a GaAs (001) substrate

(L ¼ 375 lm).19 The In concentration gradually increases in

the first 0.5 lm from 0% to 10% and then remains constant

at 10% over the upper 2 lm. Tracks, 90 lm long and 4 lm

wide, were also patterned by e-beam lithography

(Tc ¼ 114 K). The resistivity q ¼ 44:5 lX m close to 100 K.

The experiments on Joule heating were performed in an

open cycle optical cryostat with a temperature accuracy of

0.2 K. The substrates were fixed with silver paint to different

alumina sample holders. The whole set was fixed also with

silver paint to the cold plate of the cryostat. Studies on

current-induced domain wall dynamics performed with sam-

ples 1 and 2 are reported in Refs. 6, 8, and 9.

B. Numeric simulations

The geometry used for the simulations is presented in

Fig. 1(b). The studied structure consists in an infinitely long

track of thickness h¼ 50 nm sitting on an interlayer

((Ga,In)As) of thickness d. The substrate (GaAs), underneath

the interlayer, is L¼ 375 lm thick. Different track widths

(w¼ 1, 2, and 4 lm) and interlayer thicknesses (d¼ 0, 0.5,

1.25, and 2.5 lm) were simulated.

The Joule heating produced by an electrical current is

deduced from the heat diffusion equation

qsC
@Tðr; tÞ
@t

� Kr2Tðr; tÞ ¼ Sðr; tÞ; (1)

where qs, C, K; Tðr; tÞ are the density, specific heat, thermal

conductivity, and the temperature at the position r and time

t, respectively. The heat source S(r, t)¼P/(lwh) where Pð¼
RI2Þ is the power dissipated by the current I¼ Jwh in the re-

sistance R ¼ ql=wh. J is the current density.

The heat conductivity and heat capacity constants used

in the simulations are those providing the best agreement

with the experimental results. The substrate heat conductiv-

ity (K¼ 140 W/m K) is close to the value reported by Blake-

more21 for the GaAs lattice conductivity. The same value

was taken into account for the track since the heat conductiv-

ity of the carrier, roughly estimated from the Wiedemann-

Franz law, was found more than three orders of magnitude

lower than the lattice conductivity. For the interlayer, the

heat conductivity is Ki ¼ 10 W=m K. This value, much lower

than K, is compatible with alloying effects in (Ga,In)As, as

reported in Ref. 22. The heat capacity C¼ 200 J/kg K

(qs ¼ 5:33 g=cm3)21 was assumed to be identical for the

track, the interlayer, and the substrate. This assumption is

not critical since the variation of the specific heat with the

doping is no significant for the considered doping concentra-

tions and temperatures.23

The simulations were performed in two dimensions as

l� w. Indeed, simple solid angle considerations indicate

that the heat escaping through the track ends (/ D8wh=ðl2Þ,
where D ¼ K=ðqsCÞ is the heat diffusion coefficient) is close

to 5 orders of magnitude smaller than the heat diffusion

through the substrate (/ 2pD), except close to the edges

where temperature rises are weaker. The heat diffusion equa-

tion was solved with a FEM commercial software.24 In order

to reduce the calculation time, the mesh size was optimized

(see Fig. 1(b)) and the GaAs substrate width was limited to

800 lm. We checked that reducing the mesh size and/or

changing the substrate width had no significant effect on the

track temperature.

III. THEORETICAL INVESTIGATIONS

A. Track heating without interlayer

The current is applied at t¼ 0, the track temperature

increases with time TðtÞ ¼ Ti þ DTðtÞ, due to Joule heating.

Ti is the initial track temperature. The temperature rise

FIG. 1. (a) Top view of the four (Ga,Mn)(As,P) tracks with different widths

(w¼ 0.5, 1, 2, 4 lm) showing the gold contacts (left) and a (Ga,Mn)(As,P)

pad (right). (b) Cross-section view featuring the track (width w), the

(Ga,In)As interlayer (thickness d), the GaAs substrate, and the mesh used to

solve the diffusion equation numerically.
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DTðtÞ, taken at the track center, is shown in Fig. 2 for differ-

ent interlayer thicknesses. Without interlayer (d¼ 0 lm),

DTðtÞ varies logarithmically with t, in the transient regime.

This is in agreement with the theoretical predictions of You

et al.15,17

DTðtÞ ¼ P

2pKl
ln

16D

w2
G

� �
þ ln t

� �
(2)

valid for t� w2
G=D, where wG is the width of the assumed

Gaussian heat profile (wG � w).15 The logarithmic variation

originates from the quasi radial heat propagation from the

track to the substrate, during the transient regime. The sta-

tionary regime is reached for t � 1 ms. The corresponding

diffusion length lD ¼
ffiffiffiffiffi
Dt
p

¼ 360 lm is close to the thick-

ness of the substrate (L¼ 375 lm): the time tD ¼ L2=D
required to reach the stationary regime is determined by the

heat diffusion through the full substrate thickness.

For the stationary regime, the average temperature rise

of the track (DTðt!1Þ) was calculated by Kim et al.16

The prediction for a sufficiently thick substrate (L� w) is

DTðt!1; d ¼ 0 lmÞ ¼ P

pKl

3

2
þ ln

2L

w

� �� �
: (3)

For J ¼ 10 GA=m2, the maximum track temperature increase

calculated from Eq. (3) is DTðt!1; d ¼ 0 lmÞ ¼ 13:5 K.

This is close to the value (DTðt!1; d ¼ 0 lmÞ ¼ 13 K)

deduced from numerical simulations. Therefore, Eqs. (2) and

(3) provide rather accurate predictions for the transient and

stationary heating regimes of the track.

B. Contribution of the interlayer to Joule heating

When an interlayer with a lower heat conductivity is

inserted between the track and the substrate (d 6¼ 0 lm),

larger temperature rises are obtained. As shown in Fig. 2,

different heating regimes can be distinguished. For t < 20 ns,

the three curves obtained for d 6¼ 0 lm are superimposed and

the slope DTðtÞ=lnðtÞ is higher than for d¼ 0 lm. This

reflects the heating of the interlayer. As indicated by arrows

in Fig. 2, the time elapsed until the curves leave this initial

common variation increases with d. This time almost coin-

cides with the diffusion time in the interlayer tDi ¼ d2=Di

(tDi ¼ 25, 150 650 ns for d¼ 0.5, 1.25 and 2.5 lm, respec-

tively). Therefore, for t < tDi, the temperature rises are domi-

nated by the heating of the interlayer.

For t > tDi, the slopes DTðtÞ=lnðtÞ obtained for d 6¼ 0 lm

are close to the slope found for d¼ 0 lm. This indicates that

the temperature rises are dominated by the heat diffusion

through the substrate. The temperature rise reached in the sta-

tionary regime increases with the interlayer thickness d, as

shown in Fig. 2. The contribution of the interlayer to the maxi-

mum temperature rise (DTðt!1;dÞi ¼DTðt!1;dÞ
�DTðt!1; d¼ 0lmÞ) is reported in the inset of Fig. 2 as a

function of d. The average temperature rise of track in the sta-

tionary regime was calculated by Kim et al.16 for an interlayer

of thickness d in contact with a thermostat:

DTðt!1; dÞi ¼
P

pKil
n

w

2d

� �
; (4)

where nðaÞ ¼ ð1=4Þ
�

lnð1 þ a�2Þ � a�2lnð1 þ a2Þ
�
þ a�1

tan�1a. The comparison of this analytical prediction with the

results of the simulations is reported in the inset of Fig. 2.

The good agreement reflects the large difference between the

heat conductivities of the substrate and the interlayer.

Here, it is important to emphasize that the main features

of the temperature rises reported in Fig. 2 can be almost

reconstructed using the set of Eqs. (2)–(4) and the diffusion

times. The slopes can be deduced from Eq. (2). The steady

state temperature increases is given by Eqs. (3) and (4). The

end of the transient heating regimes corresponds to the diffu-

sion times through the interlayer and the substrate. Note that

a bad thermal link between the substrate leads to larger track

temperature rises and delays the achievement of the station-

ary regime.

Steady state temperature profiles along the direction per-

pendicular to the track are reported in Fig. 3 for different

interlayer thicknesses. They correspond to temperatures cal-

culated at the top of the interlayer. The temperature rises DT
extends over distances much larger than the track width

(w¼ 4 lm). Far from the track (>10 lm), the curves

obtained for different d-values are superimposed with the

curve obtained without interlayer (d¼ 0 lm): the tempera-

ture profile is mainly determined by the heat diffusion

through the substrate. Close to the track, DT increases

strongly with d: DT ¼ 13 K for d¼ 0 lm while DT ¼ 49 K

for d¼ 2.5 lm. This results from the low heat conductivity

of the interlayer, which confines heat below the track.

Within the track, the temperature profiles present larger

gradients when increasing the interlayer thickness, as shown

in Fig. 3. Without any interlayer, the track heating is rather

homogeneous, within a few hundredths of Kelvins, while the

temperature gradients can reach several Kelvins per micron

for thick interlayers (d � 1 lm). Thermally activated proc-

esses as domain wall creep, domain nucleation will be

FIG. 2. Predicted temperature rises DT versus time at the center of a 4 lm

wide track and for different interlayer thicknesses (d¼ 0, 0.5, 1.25, 2.5 lm).

The arrows indicate the diffusion time in the interlayer tDi for the different

d-values. Inset: Comparison between the predictions of Eq. (4) and the simu-

lation for the maximum interlayer temperature rise DTðt!1; dÞi ¼
DTðt!1; dÞ �DTðt!1; d ¼ 0 lmÞ. Resistivity: q ¼ 44:5 lXm, current

density: J ¼ 10 GA=m2.
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enhanced in the track center part. In the uttermost case, this

part would enter the paramagnetic phase while the track

edges would remain ferromagnetic. Similarly, along the

track length, three dimensional simulations indicate that the

temperature rise is larger close to the center than to its ends.

The deviation from homogeneous temperature is of the order

of 66% for 85% of the track length around the central part.

This should favor domain wall motion towards the center of

tracks, as reported in Ref. 25.

To conclude this part, we shall comment on experiments

performed in metallic tracks deposited on SiO2 inter-

layers.14,15,26–28 Typically, the native oxide thickness at the

surface of a Si substrate is of the order of 2 nm. A SiO2 layer

(d � 100 nm) can also be intentionally grown up in order to

provide electrical insulation. However, the low heat conduc-

tivity of SiO2 ðKi � 1 W=m KÞ should enhance the tempera-

ture rises. An estimation can be deduced from Eqs. (3) and

(4), for the typical current threshold required to produce

DW-motion (J � 1012A=m2) and using the sample character-

istics reported in Ref. 17 (q ¼ 7:25lX cm, w¼ 200 nm,

h¼ 10 nm, and K¼ 130 W/mK). Without interlayer, the tem-

perature rise of the track DTðt!1; d ¼ 0 nmÞ � 3 K. A

SiO2 interlayer adds a contribution DTðt!1; d ¼ 100 nmÞi
� 26 K. Hence, a 100 nm thick SiO2 interlayer provides the

major contribution to the temperature rise of tracks. This con-

tribution should be even more pronounced in the transient

regime.

IV. EXPERIMENTAL INVESTIGATIONS

A. Stationary regime

In the stationary regime, the temperature rise DTðt!1Þ
was measured by monitoring the track temperature dependent

resistivity.18 DTðt!1Þ was measured at constant track tem-

perature (T¼ 100 K, i.e., at constant resistivity): for each cur-

rent density J, the initial sample temperature was set to

Ti ¼ T � DTðt!1; JÞ in order to compensate for Joule

heating. Experimental results are reported in Fig. 4.

For all the samples, DTðt!1Þ is found to be propor-

tional to the power P dissipated by the current in the track as

predicted for pure Joule heating effect. The superimposition

of results obtained for both samples (samples 1 a and 1 b)

with the same architecture and different resistivity corrobo-

rates this conclusion. The best fit with the simulations was

obtained for K¼ 140 W/m K. The hole contribution to the

heat diffusion, estimated from the Wiedemann-Franz law, is

3–4 orders of magnitude lower than the lattice contribution.

The obtained heat conductivity is, therefore, associated to

GaAs lattice conductivity. This value is also compatible with

GaAs lattice conductivity reported in Ref. 21 (K¼ 170–

240 W/m K, for T¼ 100 K). Hence, the steady state track

temperature rise is controlled by the heat diffusion through

the substrate.

Temperature rises measured for different track widths w
are also reported in Fig. 4 (bottom). The slope DTðt!1Þ=P
increases with decreasing w, as predicted by Eq. (3): the ther-

mal coupling between the track and the substrate is reduced

for smaller track widths.

For the sample with the interlayer (sample 2), the tem-

perature rise is larger, a consequence of the interlayer lower

heat conductivity. The best fit is obtained for an interlayer

heat conductivity Ki ¼ 10 W=m K. Such a strong reduction

of the heat conductivity is most probably due to the (Ga,In)

alloying effect. Indeed, for In concentration y � 10 %,

Ref. 22 gives a heat conductivity ratio K=Ki � 3 for

T¼ 300 K. The ratio, obtained for T¼ 100 K, is much larger

(K=Ki ¼ 14), and could be associated to the weaker tempera-

ture variation of the heat conductivity in alloys due to disor-

der scattering.

FIG. 4. Measured temperature rises DTðt!1Þ in the stationary regime as

a function of the power dissipated by Joule effect, for different sample archi-

tectures. (Top) Comparison between different 4 lm wide tracks. Squares

(sample 2): (Ga,Mn)As track deposited on a (d¼ ) 2.5 lm thick (Ga,In)As

interlayer. Circles (sample 1a) and stars (sample 1b): (Ga,Mn)(As,P) tracks

with two different P concentration directly deposited on a GaAs substrate

(d¼ 0 lm). (Bottom) Comparison between (Ga,Mn)(As,P) tracks of

different widths (w¼ 0.5, 1, 2, 4 lm) directly deposited on a GaAs substrate

(sample 2).

FIG. 3. Temperature profiles in the steady regime for different interlayer

thicknesses (d¼ 0, 0.5, 1.25, 2.5 lm). The profiles are taken on the top of

the interlayer, in the direction perpendicular to the track. Increasing d
increases the heat confinement and the temperature T of the track. The

shaded area between� 2 lm and þ2 lm features the width of the track.

Resistivity: q ¼ 44:5 lXm, current density: J ¼ 10 GA=m2, initial tempera-

ture: T¼ 100 K.

103922-4 Curiale et al. J. Appl. Phys. 112, 103922 (2012)



B. Transient regime

The transient temperature rise DTðtÞ was deduced from

the probability of the Joule heat pulse to induce magnetiza-

tion reversal in an homogeneously magnetized track as its

temperature crosses the nucleation temperature Tnuc. Tnuc is

slightly smaller than the Curie temperature Tc since the ho-

mogeneous magnetized state is a metastable state. Before the

pulse, the track temperature was set to T ¼ Ti below Tc. The

track was prepared in a homogeneous magnetized state,

checked by magneto-optical Kerr microscopy. A small mag-

netic field (� 0:25 Oe) was used to ensure that heating above

Tnuc results in magnetization reversal. The tracks were sub-

mitted to current pulses of constant amplitude and of increas-

ing durations. For different initial track temperatures Ti, we

measured the pulse duration Dtmin ðDtmaxÞ below (above)

which magnetization reversal is never (always) observed af-

ter 10 pulses ðDtmean ¼ ðDtmin þ DtmaxÞ=2Þ. The transient

temperature rise curve could then be simply reconstructed by

plotting each value of DTðtÞ ¼ Tnuc � Ti vs t ¼ Dtmean.

The results are shown in Fig. 5 and compared with simu-

lations for two different values of the current density. For

1 ls < t < 1 ms; DTðtÞ varies logarithmically with t, as pre-

dicted by Eq. (2) for the transient regime. The slope

(dDTðtÞ=d ln t) obtained for J ¼ 10 GA=m2 is two times

larger than the slope obtained for J ¼ 7 GA=m2, reflecting

the quadratic variation to DTðtÞ with J. The slopes are

in good quantitative agreement with the prediction

dDTðtÞ=d ln t ¼ P=2pKl, for K¼ 140 W/mK, as deduced

from DC electrical measurements. The linear variations of

DTðtÞ with lnðtÞ ends after t � 1 ms close to the time diffu-

sion tD ¼ L2=D ¼ 1:1 ms of the heat through the substrate.

At this time, the stationary regime is reached. As Tnuc is not

known a priori, the curves were shifted in order to adjust

maximum measured temperature rises to the values deduced

for DC electrical measurements. The nucleation tempera-

tures were found to be Tnuc ¼ Tc � 2 K and Tc � 1:12 K, for

J¼ 10 and 7 GA=m2, respectively. The decrease of Tnuc with

increasing J suggests that the current reduces the height of

the nucleation barrier.

Therefore, the temperature rises measured over four

orders of magnitude (1–10 000 ls) of pulses duration are in

good quantitative agreement with the predictions, a strong

indication that the track temperature rises are controlled by

the heat diffusion through the substrate. We emphasize that

the experimental investigation of heating effects over four

orders of magnitude in time could not be achieved by pure

electrical means.16

V. JOULE HEATING AND DOMAIN WALL DYNAMICS

We now investigate the contribution of Joule heating to

current-induced magnetic DW dynamics. The experimental

method used to determine the DW velocity has been exten-

sively described in Refs. 5 and 6. DW displacements Dx,

controlled by differential PMOKE,6 are produced by current

pulses of different amplitudes J and of constant duration Dt.
Typical pulse amplitudes and durations required to produce

DW-motion in the steady state propagation regime are of

the order of J � 10 GA=m2 and Dt � 1 ls, respectively.6,8

For this time duration, tracks remains in the transient heating

regime, as shown in Fig. 5. The temperature rise is signifi-

cantly smaller than for the steady state. For the 4 lm wide

track of sample 1 a, ((Ga,Mn)(As,P) on GaAs without inter-

layer) injecting J ¼ 10 GA=m2, leads to DTð1 lsÞ � 8 K

while DTðt!1Þ � 18 K. On the other hand, for sample 2,

((Ga,Mn)As on a 2.5 lm (Ga,In)As interlayer), the same

J-value produces DTð1 lsÞ � 40 K and DTð1Þ � 49 K. The

temperature rises for a 1 ls pulse duration are, therefore,

rather different from those corresponding to the stationary

state.

An accurate correction of the Joule heating is not

straightforward. Indeed, both the thermally activated dy-

namical regimes and the dissipation limited regimes

depend on temperature.5,9,14 Moreover, the temperature

rises vary quadratically with the current density J, i.e.,

each J-value is associated to a different evolution of the

track temperature. An optimum correction of Joule heating

would consist in a convolution of the temperature varia-

tions of the instantaneous DW velocity and the tempera-

ture increase of the track during the current pulse.

However, the track temperature rise DTðJ; tÞ evolves loga-

rithmically with time. As shown in the inset of Fig. 6, for

a Dt ¼ 1 ls pulse, after 0.25 ls, the temperature rise only

varies by less than 613%. Therefore, it seems reasonable

to assume the track temperature is constant during current

pulses and to take as effective temperature a value close to

T ¼ Ti þ DTðJ;Dt ¼ 1 lsÞ.
In order to determine the contribution of Joule heating

to DW dynamics, current-induced domain wall motion was

investigated for three different assumptions about tempera-

ture rises, as reported in Fig. 6.

Case 1 (1ls corr.): The Joule heating is corrected as dis-

cussed above. The initial track temperature TiðJÞ is set in such

a way that the final temperature, at the end of the pulse is con-

stant (Tf ðJÞ ¼ 95 K) whatever J. One gets TiðJÞ ¼ 95 K

�DTðJ; 1 lsÞ.

FIG. 5. Comparison between measured and predicted (lines) temperature

variations DT versus time for a (Ga,Mn)(As,P), 4 lm wide track (sample 1b)

and for two different current densities: J¼ 7 and 10 GA=m2. Data obtained

for J ¼ 7 GA=m2 are taken from Ref. 18.
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Case 2 (Steady State corr.): Tracks are assumed to have

reached the stationary state at the end of the pulses:

TiðJÞ ¼ 95 K� DTðJ;1Þ. This correction of Joule heating

leads to an overestimation of the temperature rise, increasing

with J, since the final temperature is not constant (Tf ðJÞ
¼ 95 Kþ DTðJ; 1lsÞ � DTðJ;1Þ < 95 K).

Case 3 (Uncorrected): The track temperature rises are

not taken into account. TiðJÞ ¼ 95 K is kept constant what-

ever J. In this case, the track become increasingly warmer

with J, as Tf ðJÞ ¼ 95 Kþ DTðJ; 1 lsÞ > 95 K.

Domain wall velocities v measured as a function of J are

reported in Fig. 6, for the three corrections and for a constant

pulse duration (Dt ¼ 1 ls). Let us focus on the results

obtained with the 4 lm wide track (filled symbols). For

J < 5 GA=m2, the curves are superimposed. In particular,

the threshold value (J � 2 GA=m2) for DW-motion is

observed to be independent of Joule heating. Above

� 2 GA=m2, the curves split: the DW velocity becomes

higher (lower) for case 3 (case 2) compared to case 1. There-

fore, the Joule heating modifies notably the observed DW

dynamics. The slope increase as the final track temperature

increases (from case 2 to 3) most probably reflects the tem-

perature dependence of the current DW mobility

(lJ ¼ v=J).8,9 Similar results (not shown) are observed for

the 2 lm wide track.

For the interpretation of DW dynamics, it is crucial to

discriminate pinning dependent regimes (creep and depin-

ning regimes) from dissipative regimes (flow regimes). In

order to address this point, we can compare the DW dynam-

ics and in tracks presenting different pinning characteristics

undergoing different temperature rises for identical current

density. Between 2 and 4 lm wide tracks, the dissipated

power and the temperature rise DT are expected to vary by a

factor � 2. A comparison of the DW dynamics is reported in

Fig. 6. At low J, DWs are pinned and their velocity

v � 0 m=s. The DW-velocity starts to increase significantly

for J � 2 and 5 GA=m2, for the 4 and 2 lm tracks, respec-

tively. As those threshold values are almost independent of

DT, this indicates that the pinning of DWs is stronger in the

2 lm wide track. Above those thresholds, it is not straightfor-

ward to determine for each track the current density corre-

sponding to the end of pinning dependent regimes. However,

for J > 11 GA=m2, both curves are superimposed. In this re-

gime, the DW velocity is independent of the specific pinning

properties of each track. Therefore, the DW dynamics corre-

sponds to a flow regime. Alternatively, this result indicates

that the method proposed to correct for the Joule heating

(case 1, constant Tf ) gives reproducible data whatever the

temperature rises. For the 4 lm wide track, the linear com-

mon variation extends below J ¼ 11 GA=m2, which is com-

patible with a weaker pinning strength in this track. Within

experimental error bars, the curve corresponding to the case

1 can be linearly extrapolated to v¼ 0 m/s for J ! 0. This is

compatible with the 1D-model predictions.8,9 On the con-

trary, the curves corresponding to case 3 does not extrapolate

to v¼ 0 m/s but to a finite current density value

(J � 2 GA=m2). This suggests a DW motion in the depin-

ning regime, both controlled by the damping and (extrinsic)

DW pinning. Therefore, an inaccurate correction of Joule

heating can lead to a misinterpretation of domain wall

dynamics.

VI. CONCLUSION

We have shown that the Joule heating is essentially con-

trolled by the diffusion of heat through the interlayer and the

substrate located below the track. This work has implications

for current-induced DW-motion experiments performed with

different track and substrate materials. GaAs and other typi-

cal substrates (Al2O3, Si, for example) have similar range of

heat conductivities (K � 10� 100 W=m K). Therefore, we

can discuss orders of magnitude of the time constant and

temperature rises more generally involved in current-

induced DW-motion experiments.

For pulse durations Dt lower than 1 ms, DW-motion

always occur in the transient heating regime. In the 1-10 ls

range, the heat diffusion length is of the order lD ¼
ffiffiffiffiffiffiffiffiffi
DDt
p

¼ 3–30 lm. As this length is much lower than typical sub-

strate thicknesses (L � 100–400 lm), the temperature rise

varies logarithmically with time, as predicted by Eq. (2). For

much shorter pulse durations (Dt � 1 ns), this equation is not

valid anymore, as Dt� w2=ðDÞ ¼ 0:1–100 ns, for typical

track widths (w¼ 100–1000 nm) and diffusion coefficients

(D � 10–100 �10�6m2=s). Nevertheless, the diffusion length

(lD ¼
ffiffiffiffiffiffiffiffiffi
DDt
p

¼ 100–300 nm) is larger than typical track thick-

nesses (h � 1–10 nm). Therefore, some heat diffuses through

the substrate, whose thermal properties control the track tem-

perature rise.

Moreover, for the typical current densities required to

move domain walls, the dissipated power is three orders of

magnitude larger in metallic systems (J � 1012A=m2;
q � 1 lX cm) than in ferromagnetic semiconductors

FIG. 6. Domain wall velocity as a function of the current density, measured

in the 2 lm (empty symbols) and the 4 lm wide tracks (filled symbols) of

sample 1a, for different final track temperatures Tf . Stars: Tf ¼ 95 K (case 1:

1 ls correction, see text). Circles: Tf ðJÞ ¼ 95 Kþ DTðJ; 1lsÞ � DTðJ;1Þ
< 95 K (case 2: steady state correction). Squares: Tf ¼ 95 Kþ DTðJ;1Þ >
95 K (case 3: uncorrected). Domain wall motion is always produced by 1 ls

pulses. Sample 1a. Inset: Track temperature rise during a 1 ls pulse (solid

line) and steady state temperature rise (dashed line) in the 4 lm wide track.

Data corresponding to the empty stars are taken from Ref. 9.
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(J � 109A=m2; q � 1 mX cm). Hence, Joule heating should

have an impact on current-induced domain wall dynamics

also in metallic tracks. This also raises the issue of heat dissi-

pation in high frequency devices relying on current induced

domain wall motion.
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