
PRL 95, 117203 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
9 SEPTEMBER 2005
Nanometer Scale Observation of High Efficiency Thermally Assisted
Current-Driven Domain Wall Depinning
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Nanometer scale observation of the depinning of a narrow domain wall (DW) under a spin current is
reported. We studied �12 nm wide 1D Bloch DWs created in thin films exhibiting perpendicular
magnetic anisotropy. Magnetotransport measurements reveal thermally assisted current-driven DW
motion between pinning sites separated by as little as 20 nm. The efficiency of current-driven DW
motion assisted by thermal fluctuations is measured to be orders of magnitude higher than has been found
for in-plane magnetized films, allowing us to control DW motion on a nanometer scale at low current
densities.

DOI: 10.1103/PhysRevLett.95.117203 PACS numbers: 75.60.Ch, 72.25.Ba, 75.75.+a
-4500 -3000 -1500 0 1500 3000 4500

 

K
er

r 
si

g
n

al
 (

a.
u

)

H
a
 (Oe)

-200 -100 0 100 200 300 400 500

64.5

64.8

65.1

65.4

65.7

66.0

66.3

66.6

(4)
(3)

(2)

 

E
H

E
(m

Ω
)

 Ha (Oe)

H
fre

(Oe)
0 100 200 300-100-200-300

(1)
10 nm

(a) (c)

(b)

Gold pads
Magnetic film

80 µm

A

B

C

D

E

F

G

H

I+
I-

a

(1)(2)
(4)

I>0 I<0

(d)

x .

x
Hfre<0

(3)

-4500 -3000 -1500 0 1500 3000 4500

 

K
er

r 
si

g
n

al
 (

a.
u

)

H
a
 (Oe)

-200 -100 0 100 200 300 400 500

64.5

64.8

65.1

65.4

65.7

66.0

66.3

66.6

(4)
(3)

(2)

 

E
H

E
(m

Ω
)

 Ha (Oe)

H
fre

(Oe)
0 100 200 300-100-200-300

(1)
10 nm

(a) (c)

(b)

Gold pads
Magnetic film

80 µm

A

B

C

D

E

F

G

H

I+
I-

a

(1)(2)
(4)

I>0 I<0

(d)

x ..

xx
Hfre<0

(3)

FIG. 1 (color online). (a) Polar Kerr hysteresis loop of our
F1=Cu=F2 spin valves with PMA measured in a continuous film.
(b) Schematic diagram of a top view of the device. (c) EHE
minor hysteresis loop corresponding to the reversal of the free
layer in a 200� 200 nm2 Hall cross. A small EHE jump
corresponding to DW motion over 10 nm is indicated. The
EHE values (1) to (4) refer to the positions indicated in
Fig. 1(d). (d) Bubblelike behavior of an ideal 1D Bloch DW in
a magnetic Hall cross. This process has been demonstrated
previously by Kerr microscopy [18,20]. The electron flow di-
rection is indicated by the horizontal arrows.
Much recent experimental [1–10] and theoretical [11–
14] work has focused on current-driven motion of do-
main walls (DW) in magnetic wires, building on Berger’s
pioneering work [15,16]. Understanding the mechanisms
behind current-induced domain wall motion remains a
challenging problem. All previous measurements of
current-driven DW motion have used in-plane magnetized
wires having a 3D Néel-type DW configuration. Since the
DW width is large ��100 nm�, these experiments are
expected to have investigated only the ‘‘adiabatic’’ limit
[15] for which the DW is wide enough to allow the electron
spin to follow the local magnetization direction, with trans-
fer of spin momentum. Also, such a wide DW integrates
local variations in the pinning potential, making it difficult
to probe the depinning process on a nanometer scale, the
length scale expected for intrinsic pinning sites. As a
consequence, the critical current density Jc has been in-
ferred from micron scale observation [1–10] of steady DW
motion (velocities �m=s), giving rise to Jc values above
the real threshold depinning current density, Jtd. Also, a
remaining question is whether currents J < Jtd can induce
DW motion in the presence of thermal excitations.

Using a very narrow 1D Bloch DW created in thin films
with perpendicular magnetic anisotropy (PMA), we are
able to explore, for the first time, the nonadiabatic limit
as well as the role of thermal excitations in current-driven
domain wall motion. In spite of a strong pinning potential,
we find an unexpectedly low value for the critical current
density required to excite domain wall motion.

Our films are F1=Cu=F2 spin valves with F1 and
F2 both exhibiting PMA. F1=Cu=F2 consist of a
�Co�0:5�=Pt�1��4=Co�0:5�=Cu�6�=Co�0:5�=Pt�3� multi-
layer grown on a high quality Si=Si3N4=Pt�1�=Au�20�=
Pt�5� (thicknesses given in nm) buffer layer [17]. F1 acts
as the reference layer due to the higher PMA of the �Co=Pt�
multilayers ��2� 107 erg=cm3�, while the free layer F2
having a single Co=Pt interface exhibits a lower PMA
��6� 106 erg=cm3�. As shown in Fig. 1(a), because of
05=95(11)=117203(4)$23.00 11720
their different PMAs the free and reference layers reverse
at distinct magnetic fields. In addition to producing nar-
rower DWs than in-plane spin valves, this perpendicular
configuration has the advantage that the in-plane Oersted
field created in the F1-F2 layers by the current in the spin
valve cannot move the DW. Furthermore, DWs in the free
layer can be treated as nearly perfect 1D Bloch walls with a
typical width of � � 12 nm [18,19]. These can be consid-
3-1 © 2005 The American Physical Society
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FIG. 2. EHE as a function of the applied dc current for fields
(a)Hfre � �10 Oe, (b)Hfre � �40 Oe, and (c)Hfre � �60 Oe.
Measurements have been done by increasing the current from
I � 0 to I � 
3 mA and then reducing it to I � 0, with a DW
initially pinned at position (2). The negative (closed symbols)
and positive (open symbols) current measurements have been
realized independently. The states (1) to (4) refer to the positions
in Fig. 1(d). The small Joule heating contribution has been
subtracted.

PRL 95, 117203 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
9 SEPTEMBER 2005
ered as model systems compared to complicated 3D Néel
walls.

Following the multilayer deposition, 100 �m long,
200 nm wide wires were fabricated by means of electron
beam lithography and ion milling. Our sample geometry is
depicted in Fig. 1(b). We have used the extraordinary Hall
effect (EHE) which is proportional to the perpendicular
magnetization to detect DW motion inside one of the
magnetic Hall cross (contacts E-F) [18–20]. A large res-
ervoir at the end of the magnetic wire is used to inject a
single DW into the wire. The giant magnetoresistance
effect (GMR) was used to yield information about DW
motion in the wires (contacts C-G). The GMR and EHE
have been measured using a high sensitivity ac ��10 �A�
Wheatstone bridge with the magnetic field Ha applied
perpendicular to the film. The dc current has been injected
by using a bias T. Figure 1(c) shows a typical EHE minor
hysteresis loop corresponding to the reversal of the F2 free
layer by propagation of a single DW through the 200�
200 nm2 Hall cross (contacts E-F). The 3% variation of the
EHE resistance allows us to detect the DW motion on a
scale as small as 10 nm, such as the jump indicated in
Fig. 1(c). The loop is offset in field by Hd � �140 Oe
which is consistent with the calculation of the dipolar stray
field from the reference layer whose magnetization is
pointing down here [21]. The Cu layer is thick enough
(6 nm) to reduce the orange peel effect and the RKKY
coupling. The net perpendicular field in the free layer is
thus Hfre � Ha 	Hd.

In Fig. 1(c) the wide plateaus present near 50% EHE
amplitude on both branches of the minor loop is a clear
signature of DW pinning. It has been already demonstrated
[18–20] that this pinning results from a soap-bubble-like
bending of the DW inside the Hall cross to minimize its
energy as illustrated in Fig. 1(d). The maximum of pinning
is obtained when the DW reaches the cross center [semi-
circle at position (2) corresponding to the plateaus in
Fig. 1(c)]. With a perfect 1D Bloch DW this maximum
corresponds to a topologically induced pinning field
Htop � ��=wMS

�, w being the wire width and � the wall
energy. Using typical values for our system, we find
Htop � 300 Oe. In addition, homogeneously distributed
nanometer-scale structural defects affect DW motion, so
the total pinning field corresponding to position (2) for the
bent DW is Hp � Hpi 	Htop, where Hpi is the intrinsic
pinning field due to the structural pinning potential of the
virgin films. Time resolved EHE measurements can be
used to determine the pinning strength at this position (2)
[20]. For that, the time of depinning ��Hfre; I � 0� at
position (2) was measured as a function of a constant field
Hfre at zero dc current. Our results can be fit [17] to a
classical thermally activated depinning behavior [20,22]
described by:

��Hfre; I � 0� � �0 exp�2MSV�HP �Hfre�=kBT�; (1)

where V is an activation volume, MS the saturation mag-
11720
netization, �0 an intrinsic depinning time, and kBT the
thermal energy. This relation emphasizes that the DW
can be depinned at fields Hfre much lower than Hp by
thermal activation. Assuming a typical value �0 � 1 ns
[22], we find Hp � 400 Oe which leads to an intrinsic
pinning field Hpi � Hp �Htop � 100 Oe consistent with
the value found in our continuous films [17]. Note that Hp

also integrates any local variation inHd along the DW [21].
To study the effect of a dc current on pinning, the sample

is first prepared with a DW frozen at a position (2), and
then the current I is increased by steps of 0.1 mA in time
intervals of �t � 1 s. The motion of the DW in the Hall
cross is determined from the value of the EHE resistance
[18]. Here, we focus on the negative branch of the loop
(i.e., Hp � �400 Oe) where at I � 0 only the range
�65<Hfre < 0 leads to a relatively stable �>1 hour� pin-
3-2
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ning at position (2). Figure 2 shows the EHE resistance as a
function of the dc current for net fields Hfre � �10, �40,
and�60 Oe in the free layer. For a positive current above a
critical value Ic	�Hfre�, the DW abruptly moves from po-
sition (2) to position (4) (exit of the Hall cross), which
corresponds to a distance of �90 nm. When the field is
increased, Ic	 is reduced and the dependence of Ic	 on
Hfre � 0 is illustrated in Fig. 3. We find a monotonic
variation given by Ic	�Hfre� � Ic	�0��1�Hfre=H0� where
Ic	�0� � 3:6 mA and H0 � �95 Oe.

In our system, given the complicated structure of our
F1=Cu=F2 multilayer and the fact that the current flows
primarily in the Au layer [17], it is a difficult task to
calculate the current density in the 0.5 nm thick Co layer.
However, if we assume independent conduction between
the Au and the spin valve stack, neglecting the possible
shunting by the Cu, we estimate a low critical current
density at zero field of Jc�0� � 1� 107 A=cm2.

As shown in Fig. 2(a), for a negative current exceeding
Ic���10 Oe� � �2:9 mA, the DW moves in the opposite
direction, from position (2) to (1), over a smaller distance
of �20 nm, against the pressure exerted by the net field.
This behavior has been observed for net fields �20 Oe<
Hfre < 0 Oe. By increasing the field up to Hfre � �40 Oe
[Fig. 2(b)], a negative current up to a limit of �3 mA has
no effect, whereas at Hfre � �60 Oe [Fig. 2(c)], the DW
once depinned by a negative current moves over a distance
of �45 nm [position (3)] in the direction of the field
pressure, as one might expect due to the larger net field
opposing negative current-driven motion.

In order to determine whether thermal fluctuations are
likely to play an important role in current-driven DW
depinning, we have investigated the current dependence
of the depinning time ��I; Hfre� at position (2) (see inset to
Fig. 4 for details). At the highest current densities we
applied, the temperature rise due to current-induced Joule
heating is less than 20 K as determined from the variation
of the EHE resistance. By heating the sample at I � 0, we
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FIG. 3. Critical positive current as a function of Hfre � 0 with
a DW initially pinned at position (2) in Fig. 1(d).

11720
have checked that this temperature rise cannot by itself
depin the DW. As illustrated in Fig. 4, the depinning time
��Hfre; I� decreases exponentially with increasing current
for Hfre � �40 Oe. Such a behavior is consistent with a
thermally activated process of the form:

��Hfre; I� � �0 exp�A�Itd�Hfre� � I�=kBT�; (2)

where A is a constant, �0 is the same depinning time as in
Eq. (1), I the applied current, and Itd�Hfre� the critical
current in absence of thermal fluctuations. The field de-
pendence of Itd�Hfre� can be deduced from comparing
Eq. (1) with Eq. (2) for I � 0. We find Itd�Hfre� � Itd�0��
�1�Hfre=Hp� where Itd�0� � Hp�2MSV=A�. The fit to the
experimental data related to Eqs. (1) and (2) gives the
slopes A=kT and 2MSV=kT, which leads to �A=2MsV� �
50 Oe=mA and Itd�Hfre � 0� � 8 mA using Hp �

400 Oe. Therefore, Jtd�0�=Jc�0� � 2:3, which emphasizes
the important role played by thermal fluctuations in
current-driven DW depinning processes. Substituting
Itd�Hfre�� Itd�0��1�Hfre=Hp� into Eq. (2), we find that
the energy barrier for current-induced DW depinning is
E�Hfre;I��2MSV�HP	�A=2MSV�I�Hfre�. So an impor-
tant result is that the current I is equivalent to a huge effec-
tive perpendicular field HI � �A=2MSV�I opposing to Hp.

Because of the ultrathin character of the free layer, the
classical hydromagnetic domain drag force associated
with the curvature of the current lines can be neglected
[16]. Transfer of linear momentum can also be excluded
since it is expected to be efficient only for a DW width of
the order of the Fermi wavelength [11] or for current-
induced DW resonance at high frequencies [9]. We believe
a spin transfer mechanism [11–15] should be the main
source of our observed current-driven DW motion. Since
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the DW width in our sample is of the order the Larmor
precession length [12], we would expect the spin transfer
efficiency to be reduced as the electron spins are not fully
reversed while crossing the narrow DW. Moreover, the
pinning force in our PMA samples is�tens times stronger
than it is for standard in-plane magnetized samples.
Despite these effects, we measure a critical current den-
sity Jc�0� � 107 A=cm2 [Jtd�0� � 2� 107 A=cm2 without
thermal fluctuations], similar to the lowest value found for
in-plane magnetized metallic wires [3], and indicates in
our case a much higher efficiency of the current-induced
force on the DW. In order to quantify this efficiency, we
calculate the force per unit current F applied to the DW as
described in Ref. [6] which allows a direct comparison.
This force is given by the effective field pressure originat-
ing from the current �2MSHI� per current density unit. We
find a large force per current unit of�2� 10�7 NA�1, i.e.,
�500 times higher than the values found for in-plane
magnetized samples [6,16].

In order to explain such a high efficiency, we want to
emphasize a major point. In previous experiments, the
critical current density has been determined from observa-
tion of 3D Néel walls motion on a micron scale and in the
m=s velocity range [1–10,16], leading to critical current
values above the real threshold depinning current Jtd.
Conversely, in our measurements the current does not drive
the wall over a long distance, but rather depins a static 1D
DW in presence of thermal fluctuations below Jtd and
displaces the wall between 2 metastable states. One strik-
ing feature is that these two regimes involve quite distinct
dynamical magnetization processes. Recent theories have
confirmed [11,14] that spin momentum transfer can drive
for J > Jtd a steady motion of the DW by continuous
precession of the DW magnetization. In this precessional
regime, the complicated spin structure of a 3D-Néel wall
can be transformed by a current, inducing a reduction of
the spin transfer efficiency [23]. In addition, as for the
viscous regime under a magnetic field [22], the spin mo-
mentum transfer might be strongly reduced by damping
through, for example, excitations of spin waves as invoked
in Ref. [7]. Conversely, in our simple 1D DW case, for
current-induced forces below Jtd, the DW motion proceeds
by thermally activated jumps over energy barriers. In this
quasistatic regime for which the pinning potential land-
scape plays the major role, the 1D DW structure is very
rigid [19], and unlike a precessional motion regime, damp-
ing processes are negligible. As a consequence, the spin
transfer efficiency is expected to be much higher. Note that
the presence of a strong spin orbit interaction provided by
11720
the top Pt layer does not seem to alter the efficiency, in
agreement with Ref. [10].

In conclusion, by using a very narrow DW, we have
observed, on a nanometer scale, thermally assisted DW
motion driven by a current with very high spin momentum
transfer efficiency. Our demonstration of controllable
DW motion on a scale of �20 nm might be potentially
important for ultrahigh density spintronic devices.
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