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Switching a spin valve back and forth by current-induced
domain wall motion
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We have studied the current-induced displacement of a domain wall~DW! in the permalloy~Py!
layer of a Co/Cu/Py spin valve structure at zero and very small applied field. The displacement is
in opposite direction for opposite dc currents, and the current density required to move DW is only
of the order of 106 A/cm2. ForH53 Oe, a back and forth DW motion between two stable positions
is observed. We also discuss the effect of an applied field on the DW motion. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1594841#
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Switching the magnetic configuration of a microdevi
by spin transfer from a spin-polarized current, rather than
applying an external field, is the central idea of a pres
extensive research.1–7 In 1996, Slonczewski1 showed that the
magnetic moment of a ferromagnetic layer can be rever
by injecting a spin-polarized current into this layer. This p
diction has been convincingly confirmed by series of exp
ments on pillar-shaped magnetic multilayers,3–5 nanowires,6

or nanocontacts.7 However, the current density required
the existing experiments is relatively high, of the order
107 A/cm2, and some reduction of this density is necess
for practical applications.

Another way to change a magnetic configuration is
current-induced motion of a domain wall~DW!. DW-drag by
a current has been predicted by Berger8 and its theory has
been recently revisited by Waintal and Viret.9 When a spin-
polarized current goes through a DW, the torque, resul
from the interaction of the conduction electron spins with
exchange field in the DW, progressively rotates the spin
larization of the current. Reciprocally, the spin-polarized c
rent exerts an exchange torque on the magnetization w
the DW, which is the origin of the DW motion predicted b
Berger.8

Freitas and Berger10 have obtained some experiment
evidence of DW-drag by using Kerr microscopy to detect
DW position. In recent similar experiments Kooet al.11 have
also measured DW displacement due to current pulses
imaging the DW by MFM before and after current pulse
The main features in these two sets of experiments are
the direction of the the DW motion is reversed when t
direction of the current pulses is reversed, and that the o
of magnitude of the current pulses needed to move the DW
about 107 A/cm2.

In recent experiments on Co/Cu/Py spin valves,12 we
have also found that a dc current can switch the magn
configuration of the spin valve by moving a DW in the pe
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malloy ~Py! free layer. We observed that a DW can be mov
away from an artificial pinning center~notch! when the cur-
rent density exceeds a threshold value of the order
107 A/cm2. However, the mechanism of the DW displac
ment was not completely clear. In fact, the DW could not
displaced at zero field, but only by combining current a
applied field. Also, the motion direction was determined
the field direction and not reversed when the current w
reversed. These results suggested a more complex me
nism than described by Berger,8 with a possible effect of the
applied field on the DW distorted by the current. In this let
we present much clearer results obtained on spin valves
with weaker DW pinning. The displacement of the DW
obtained at zero field, in opposite directions for opposite c
rent directions and with definitely lower current densities

Our samples are 300 nm wide and 20mm long stripes
patterned by electron-beam lithography using a lift-off tec
nique. The spin valves, deposited by sputtering, have a fi
structure CoO~30 Å!/Co ~70 Å!/Cu ~100 Å!/Py ~50 Å!/Au
~30 Å!. The top Au electrodes are processed by UV litho
raphy. In contrast with our previous experiments,12 the only
pinning centers for the DW in the Py soft layer are natu
defects of the stripe. All the measurements were performe
room temperature.

In Fig. 1 we show a typical giant magnetoresistan
~GMR! minor cycle associated with the reversal of the ma
netization in the Py layer, i.e., with the motion of a DW fro
one end of the Py stripe to the other one. The plateaus
due to the pinning of the DW on defects in the Py stripe. W
emphasize that the series of plateaus on the GMR curv
highly reproducible. As shown for the left half of the cycle,
DW remains pinned on the same defect when the field
brought back to zero. We can therefore start an experime
zero field with the DW pinned in one of the three positio
~sketched! corresponding to the resistance levels 1, 2, and
The results presented later correspond to experiments
formed with a DW initially pinned in configuration 2. Th
first series of experiments are performed by varying the c
rent at zero or very low field~parallel to the stripe!. In an-
other series of experiments, we study the influence o
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larger bias field on the current-induced DW motion.
In Fig. 2 we present results obtained by varying the

current at constant field close to zero~4 and 3 Oe!. As shown
in Fig. 2~a!, starting from the DW in position 2, we can mov
the DW to position 3 by increasing the current above

FIG. 1. ~j!—GMR minor cycle associated with the reversal of the perm
loy layer of the Co/Cu/Py trilayer atT5300 K. The field is applied along
the stripe. The magnetization of the Co layer is pinned in the positive fi
direction.~h, ,, s!—variation of the resistance when the cycle is stopp
at one of the plateaus and the field is brought back to zero. Also sketche
the DW position in the Py stripe and the magnetic configuration corresp
ing to the levels 1, 2, and 3.

FIG. 2. Resistance vs current in very low constant fieldH along the stripe.
~a! H54 Oe ~j—motion from 2 to 3 with a positive current;m—motion
from 2 to 1 with a negative current!; ~b! H53 Oe~motion from 2 to 3 with
a positive current and back to 2 with a negative current!. The numbers 1, 2,
and 3 refer to the DW configurations and corresponding resistance leve
Fig. 1. A small contribution (;I 2), due to the joule heating (DT.5 K), has
been subtracted for clarity.
Downloaded 24 Sep 2003 to 129.125.47.111. Redistribution subject to A
c

e

positive critical valuej c2
1 (4 Oe)510.65 mA and decreasing

it back to zero. Alternatively, the DW is moved in the opp
site direction~from 2 to 1! with a negative current exceedin
j c2

2 (4 Oe)521.1 mA ~in our notation j cn
1 and j cn

2 are the
critical currents required to move the DW from positionn to
positionsn11 and n21, respectively!. The same type of
behavior is observed for all applied fields between 0 an
Oe. However, even in this very small field range, there
some field dependence of the critical currents:j cn

1 (H)
@ j cn

2 (H)# decrease whenH decreases~increases! and favors a
DW motion fromn to n11 (n21).

Figure 2~b! presents an example of back and forth D
motion, namely the motion from 2 to 3 with positive d
current and a return to 2 with a negative dc current. T
obvious conditions for this back and forth motion a
j c2

1 (H), j c3
1 (H) ~required to stop the first motion in configu

ration 3! andu j c2
2 (H)u.u j c3

2 (H)u ~necessary for the return t
configuration 2!. It turns out that these conditions are sat
fied for the pinning centers 2 and 3 of our sample, at least
H53 Oe.

The behavior observed in the field range close to z
~approximately, 0,H,7 Oe) can be summarized as fo
lows. A DW can be displaced between pinning centers a
in agreement with what is predicted for a displacement
Berger’s mechanism,8 its motion is in opposite directions fo
opposite currents. The dc current density needed to move
DW is of the order of 106 A/cm2, that is an order of magni-
tude smaller than the currents required for the magnetiza
reversal in pillar-shaped multilayers.3–5 There is, however,
some uncertainty in the exact value of the current density
Py. If the electron mean free paths in Py and Co were m
larger than the thicknesses of the Py and Co layers~which is
far from being satisfied at room temperature! and if we could
also neglect the specular reflections of the electrons at
interfaces, there would be an uniform current density in
multilayer,13 that is, for example, 83106 A/cm2 for 0.6 mA.
In the opposite limit of almost independent conduction
the magnetic and nonmagnetic layers~this would correspond
to layer thicknesses larger than the mean free paths, or
to almost complete specular reflections at the interfac
with, in both cases, a vanishing GMR, a straightforward c
culation, based on the resistivity of the different metals
room temperature, leads to a current density of 1
3106 A/cm2 in Py. In an intermediate situation~mean free
path of the order of the Co and Py thickness, consiste
with the small but nonzero GMR, and certainly some curr
channeling in Cu by specular reflections!, the real current
density in Py is probably in-between, that is of the order
few 106 A/cm2.

Out of the low field range described earlier, the behav
becomes more complex. An example of experimental re
is shown in Fig. 3 forH5221 Oe favoring an antiparalle
~AP! configuration. A positive current moves the DW fro
position 2 to the end of the stripe~AP! resistance level!,
which is consistent with the motion direction induced by
positive current at low field. On the other hand, in contr
with the low field behavior, the motion is not reversed f
negative currents and the final state is still the AP configu
tion. For positive fields out of the low field range, the sam
type of behavior is observed, with a motion towards a m
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parallel configuration. We can therefore conclude that, ou
the low field range, the current is still able to unpin the D
but the direction of the DW motion is now controlled by th
applied field direction. This behavior was also observed
our former experiments12 with stronger~artificial! pinning
centers, where the motion could be obtained only by co
bining current and applied field.

We will now focus on the interpretation of the DW-dra
effects at zero or low field. To start with, we can rule out a
contribution from joule heating. From the small quadra
resistance increase with current~the term subtracted in Figs
2 and 3!, the maximum increase ofT is about 5 K, and we
have checked that, at 300 K, this has practically no effec
the GMR minor loop. An even stronger argument is th
heating could not explain that opposite currents produce
tions in opposite directions. The oersted field generated
the current~<20 Oe!, in a perfect structure, is in the plane
the DW, and it cannot favor a motion in one or in the oth
direction. In the presence of defects, the oersted field m
have a component out of the DW plane, but it can be har
imagined that different defects give always the same dir
tion for this component and the DW motion. Only the sp
transfer mechanism, first proposed by Berger, is consis
with the experimental results at zero or very small field a
particularly, can explain the reversal of the motion with o
posite currents. Berger8 expresses the spin transfer by
torque corresponding to the fieldHB5 jP\/edMs , perpen-
dicular to the layer. With Ms58603103 A/m, d
(DW thickness)5100 nm, P (polarization)51, and j 55
3106 A/cm2, we obtainHB.3.8 Oe, just in the range of th

FIG. 3. Resistance vs current forH5221 Oe.
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pinning fields of the DW in the Py layer. Although, at th
present stage of the theory, the connection between
torque of HB and the value of the critical current is sti
unclear, we can conclude that the DW motions at zero
very low field, characterized by a reversal of the motion
opposite currents, can be ascribed to a spin transfer me
nism. On the other hand, the behavior observed at hig
fields, with combined influence of current and applied fie
is more complex. As suggested by the model of Waintal a
Viret,9 it could be that, in this regime, the depinning of th
DW is induced by the distortion of the wall, while the su
ceeding motion is predominately driven by the field.

In conclusion, we have presented experiments in whic
spin valve is switched by current-induced DW motion.
zero or very low field, the DW displacement is in oppos
directions for opposite dc currents, and back and forth m
tions between two pinning centers can be obtained. Our
sults are consistent with the spin transfer mechanism in
duced by Berger.8 A more complex and unclear behavior
observed when the effect of the current is combined with
effect of an applied field.

This work was supported by the EU through the RT
‘‘Computational Magnetoelectronics’’ ~HPRN-CT-2000-
00143! and the Ministe`re de la Recherche et de la Technol
gie through the MRT ‘‘Magmem II’’~01V0030! and the ACI
contract ‘‘BASIC’’ ~27-01!.

1J. Slonczewski, J. Magn. Magn. Mater.159, L1 ~1996!.
2L. Berger, Phys. Rev. B54, 9353~1996!.
3J. A. Katine, F. J. Albert, R. A. Buhrman, E. B. Myers, and D. C. Ralp
Phys. Rev. Lett.84, 3149~2000!.

4J. Z. Sun, J. Magn. Magn. Mater.202, 157 ~1999!; J. Z. Sun, D. J. Mon-
sma, D. W. Abraham, M. J. Rooks, and R. H. Koch, Appl. Phys. Lett.81,
2202 ~2002!.

5J. Grollier, V. Cros, A. Hamzic´, J. M. George, H. Jaffre`s, A. Fert, G. Faini,
J. B. Youssef, and H. Le Gall, Appl. Phys. Lett.78, 3663~2001!.

6J. E. Wegrowe, D. Kelly, Ph. Guitienne, Y. Jaccard, and J.-Ph. Anserm
Europhys. Lett.45, 626 ~1999!.

7M. Tsoi, A. G. M. Jansen, J. Bass, W. C. Chiang, M. Seck, V. Tsoi, an
Wyder, Phys. Rev. Lett.80, 4281~1998!; E. B. Myers, D. C. Ralph, J. A.
Katine, R. N. Louie, and R. A. Buhrman, Science285, 867 ~2000!.

8L. Berger, J. Appl. Phys.55, 1954~1984!; 71, 2721~1992!.
9X. Waintal and M. Viret, cond-mat/0301293~2003!.

10P. P. Freitas and L. Berger, J. Appl. Lett.57, 1266~1985!.
11H. Koo, C. Krafft, and R. D. Gomez, Appl. Phys. Lett.81, 862 ~2002!.
12J. Grollier, D. Lacour, V. Cros, A. Hamzic´, A. Vaurès, A. Fert, D. Adam,

and G. Faini, J. Appl. Phys.92, 4825~2002!.
13See, for example, A. Barthe´lémy, A. Fert, and F. Petroff, inHandbook of

Magnetic Materials, edited by K. H. J. Buschow~Elsevier, New York,
1999!, Vol. 12.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp


