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Domain walls unmasked during domain duplication in ferromagnetic tunnel junctions
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~Received 1 July 2003; published 27 February 2004!

This paper highlights the role played by domain walls during domain duplication in ferromagnetic junctions.
The evolution of the resistance jumps with reversal field when duplication occurs cannot be exclusively
explained by parallel tunnel paths of electrons through regions with parallel and antiparallel magnetization
alignment. A model of tunnel resistance taking into account the contribution of domain walls was used to
extract their density. The extracted values are in agreement with experimental data.
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I. INTRODUCTION

Spin electronic devices require the understanding and
control of the magnetic properties of their ferromagne
~FM! electrodes. Often in such devices, two magnetic e
trodes are separated by a thin layer, an insulator for magn
tunnel junctions~MTJ’s!, and an important parameter is th
coupling between the two electrodes of the MTJ. Inde
these interactions influence the reversal characteristics o
FM layers, and thus, the magnetoresistive response of
tunnel device. Magnetic couplings between two FM film
separated by a thin insulating layer can originate from s
eral mechanisms.1–4 However, considering continuous an
pinhole-free insulating layers and negligible voltage dep
dent coupling,1 the most important class of interactions a
magnetostatic. In this last category, two main contributio
have been identified. The first one is the antiferromagn
coupling related to the lateral flux closure of the stray fie
between the magnetic layers of the MTJ. It becomes sign
cant when reducing the lateral size of the MTJ FM electro
and increasing their aspect ratio.2 The second contribution is
related to stray fields induced by magnetic charge accum
tions in the junction’s ferromagnetic layers and are usua
associated with the roughness of the interfaces, referred
the orange-peel effect.3,4

It has been found that if the two magnetic layers in co
tact with the insulating barrier are coupled ferromagnetica
via the orange-peel effect,5 a duplication of the domain struc
ture in the soft layer from the hard magnetic layer templ
can occur.6 In fact, the stray field of each domain of the ha
magnetic layer can locally either increase or decrease
magnetic field seen by the soft layer, depending on the
entation of their magnetizations with respect to the app
field. So, this nonhomogeneous field can sequentially rev
parts of the soft layer and so induce a domain structure in
soft layer. When domains are duplicated, the tunnel junc
appears to be in a fully parallel state from a tunnel mag
toresistance~TMR! signal point of view, even if domains
with opposed magnetizations remain in each layer.

Nevertheless, up to now, the contribution of the dom
walls to the electrical resistance of the tunnel junction h
been neglected. Their presence has however been show
play an important role in the TMR signal7 and this has been
used to study their stability.8

After a brief description of the sample structure and fa
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rication, we show that the junctions under considerat
present the domain duplication phenomena. Then, the ev
tion of the resistance jumps when duplication occurs can
be exclusively explained by parallel tunnel paths of ele
trons. Taking into account domain walls allows one to fi
the origin of this discrepancy and also to extract the fi
dependent wall density.

II. SAMPLES FABRICATION

Junctions are deposited onto float-glass substrates us
sputtering system with cobalt~Co! and aluminum~Al ! tar-
gets mounted on dc magnetron cathodes, and iron~Fe!, per-
malloy ~Py!, and tantalum~Ta! targets mounted on rf mag
netron cathodes. Details on the junction fabricati
~oxidation process to make the alumina tunnel barrier in
following, denoted AlOx) and on the experimental setu
used to characterize the junctions can be found elsewhe5

The structure of the samples under study is glass
(10 nm)/Co80Fe20 ~8 nm!/Co (2 nm)/AlOx ~1.35 nm, oxida-
tion timey s)/Py~20 nm!/Ta ~10 nm! where the thickness o
each layer is given in the brackets in nanometers. Deposi
conditions of the soft Py~20 nm! and of the hard Co80Fe20 ~8
nm!/Co~2 nm! have been optimized such that the easy axis
both layers are parallel and that magnetization reversa
both cases occurs by nucleation and propagation of dom
walls. The aluminum layer oxidation timey has been opti-
mized to get the maximum TMR signal. The processed ju
tions show the typical nonlinearI -V curve and an increase o
conductivity with increasing temperature, which is genera
seen as a sign of the absence of pinholes.9

III. DOMAIN DUPLICATION AND TMR CYCLE

Complete (2) and minor characteristic TMR cycles me
sured on an oxidation optimized tunnel junction with AlOx
~1.35 nm, oxidation time 30 s! are shown in Fig. 1. In this
sample, the strength of the dipolar coupling between
electrodes has been determined to beHd56 Oe, from the
shift of the minor TMR cycle in which only the soft layer i
switched ~not shown!. This value is two times lower than
previously reported values with the same barrier but ot
magnetic electrodes.5 Nevertheless, this value is stron
enough to ensure domain duplication and extend the vali
of the observed duplication to new couples of magnetic m
©2004 The American Physical Society30-1
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terials. After saturation at1300 Oe, the applied field is de
creased down to2300 Oe ~complete cycle! or to 2Hrev
~minor cycle!. When the step sequence of fields is revers
and the applied field is again positive, the two cycles app
to be completely different.

In the case of the complete negative saturation~complete
cycle, continuous line!, the cycle is symmetric and therefor
holds two resistance jumps. From magneto-optical Kerr
fect and AMR ~anisotropic magnetoresistance! measure-
ments which were performed separately on each of the m
netic electrodes~Fig. 2! we know that both have a uniaxia

FIG. 1. Complete (2) and minor tunnel magnetoresistan
loops measured on a glass/Ta~10 nm! Co80Fe20

(8 nm)/Co(2 nm)/AlOx ~1.35 nm, oxidation time 30 s! Py~20 nm!/
Ta~10 nm! tunnel junction made usingex situchanged masks with
200 mm lateral path. The minor cycles have been measured u
different 2Hrev values at which the applied field sequence is
versed :248.3 Oe~-s-!, 249.8 Oe~-d-!.

FIG. 2. AMR cycles for the soft and hard electrodes. Both
clearly showing a uniaxial anisotropy. Between the measurem
with the field in directions of the hard and easy axes, the sample
been turned by 90° in the magnetic field.
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anisotropy. Any deviation from antiparallel alignment ther
fore should result in a considerably rounded curve in
high-resistance state. From the clear plateau of constant
resistance we therefore conclude that we achieve a fully
tiparallel state.

The transition between low and high resistance is c
fined to a small field range, but within this range it appe
smooth. As we know from the very existence of the dom
duplicated state that the hard magnetic layer reverses
magnetization by movement of domain walls, conducti
through ballistic pinholes or a small area of the juncti
should lead to a noncontinuous magnetoresistance curve
therefore can exclude effects which could arise from a n
homogeneous magnetoresistance effect. These are the
sons why we chose the present samples for further inve
gation. It will be shown later that any nonpolarized exce
current—which might be due to leakages or barr
defects—in fact does not influence the results. Those ju
tions appear as well-suited model systems to study the
main duplication phenomena.

In the case of minor cycles, three resistance jumps w
different signs appear at fields namedH12, H23, and H3
along the~0, 1300 Oe! field branch and the cycle is asym
metric.

In order to get a much simplified discussion, we now ha
to switch from the more familiar resistances to conductanc
we defineG151/R1 , G251/R2 , G351/R3. The variation of
the conductance jump amplitudes for the previously defin
applied fieldsH12, DG125G22G1, and H23, DG235G2
2G3, are reported in Fig. 3. The last curve added to the p
is the sum of these two conductance jumps,

DG5DG121DG23. ~1!

For applied fields betweenH12 and H23 in Fig. 1, the
junction resistance is close to the one measured when
magnetizations of the two magnetic electrodes are in a
allel configuration. Therefore, directly across the barrier,
magnetizations of the two magnetic electrodes are loc
parallel even if the hard magnetic layer is far from magne
saturation.6 As a consequence, the domain structure of

g
-

e
ts
as

FIG. 3. Variation of the conductance jumps measured for
applied fieldH12 ~black triangle! andH23 ~triangle! as a function of
the reversing negative applied fieldHrev . The last curve (s) is a
plot of the sum of the conductance jump absolute values meas
at H12 andH23. The lines are guides for the eyes.
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DOMAIN WALLS UNMASKED DURING DOMAIN . . . PHYSICAL REVIEW B 69, 064430 ~2004!
hard layer is duplicated in the soft layer. A detailed analy
of the duplication process can be found elsewhere.5 Depend-
ing upon the choice of2Hrev around the field needed t
reverse the hard Co80Fe20 ~8 nm!/Co~2 nm! bilayer, the rela-
tive amount of reversed and nonreversed domains is b
established in the hard layer and it changes the relative
plitude of the conductance jumps measured atH12 andH23.

IV. EFFECT OF DOMAIN WALLS ON THE JUNCTION
RESISTANCE

A. Contribution from the domains

As 2Hrev decreases towards negative fields,DG12 de-
creases whileDG23 increases as shown in Fig. 3. This tre
can be understood considering that electrons tunnel thro
the barrier using the shortest path, i.e., perpendicular to
metal/insulator interface. Then, the existence of reversed
mains in the hard layer creates locally high conductance
neling paths which augment the overall conductance on
(2Hrev,0) branch, compared to a fully antiparallel config
ration. Indeed, the conductance of the junction can be see
resistors in parallel whose values depend on the orienta
of the magnetizations each apart the junction. To take
account possible leakage currents, we will use the intrin
conductivities in the parallel and antiparallel alignment,gp
and gap , and an overall nonpolarized leakage conductiv
Gl ~which might or might not be homogeneously distribut
over the junction!. The measured conductances in para
and antiparallel alignment can thus be expressed as

Gp5Sgp1Gl , ~2!

Gap5Sgap1Gl , ~3!

S being the total junction area. Similarly, the conductances
the junction before, during, and after duplication~Fig. 4! are
equal to

G15Snrgap1Srgp1Gl , ~4!

G25Sgp1Gl , ~5!

G35Snrgp1Srgap1Gl , ~6!

whereSnr (Sr) is the total surface of the domains with ma
netization oriented along~opposite! the positive saturation
field.

Decreasing2Hrev decreases the value ofSnr and so
DG12. In contrast to our previous work,5 it appears thatDG
is not constant in the field window where duplication occu
but has a parabolic variation with a minimum value f
2Hrev around the coercive field of the hard magnetic lay
~Fig. 3!. This statement is of particular importance since
will unmask the domain walls using their contribution to t
resistance of the junction.

From Eqs.~4!–~6!, and using the definition ofDG in Eq.
~1!, we find

DG5S~gp2gap!, ~7!
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which is the conductance change between parallel and a
parallel alignment. This value is independent of the revers
field 2Hrev , or a leakage current. The observed depende
of DG on 2Hrev thus cannot be explained within thi
model.

B. Contribution from the domain walls

It appears from a close examination of Fig. 1 that, in t
field window for which duplication occurs, the resistance
the junction never reaches the one measured for the par
alignment of the electrode magnetizations. Furthermore,
value of conductanceG2 varies with2Hrev .

Since the change ofG11G3 does not exceed 0.03
MV21, the main variation ofDG with Hrev arises from the
one of 2G2. The junction presents the conductanceG2 in the
duplicated state@Fig. 5~a!#. The only way to explain such a
large change ofG2 is to take into account the conductance
the domain walls and that their area density evolves w
Hrev .

In this case in the duplicated state, the existence of
main walls in the two magnetic layers creates locally lo
conductance tunneling paths due to their local nonpara
alignment which decrease the total tunnel current. The c

FIG. 4. Sketch showing the evolution of the domain structure
the hard Co80Fe20 ~8 nm!/Co ~2 nm! bilayer ~top layer! and the soft
Py ~20 nm! layer ~bottom layer! for an increasing applied field:~a!
before,~b! during, and~c! after domain duplication. The symbols(

and ^ represent the main magnetization in each domain~oriented
perpendicular to the paper sheet!, respectively, opposite and alon
the positive saturating field~represented by the big( outside the
sketch!. The arrow, outside the drawings perpendicular to the t
magnetic layers, exemplifies the electron trajectory through the
nel junction. After a positive saturation, the applied field is d
creased and reversed until2Hrev is reached. At this field, the sof
Py layer is saturated negatively and a domain structure remain
the hard Co80Fe20 ~8 nm!/Co~2 nm! bilayer @sketch~a!#. The total
surface of the domains oriented along~inverse! the positive saturat-
ing field is Snr (Sr). As the magnetic fieldH is reversed from
2Hrev towards the positive fields, regions of the soft layer whi
are located over domains in the hard layer with main magnetiza
oriented in the positive field direction experience a local field eq
to H1Hd . Therefore, these regions will rotate first@sketch~b!#. A
further increase ofH leads to the reversal of regions of the so
layer which are located over domains in the hard layer with m
magnetization oriented in the negative field direction and exp
ence a local field equal toH2H f . These regions will then switch in
a second step@sketch~c!#.
0-3
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ductance of the junction can then be modeled by a netw
of resistors in parallel associated to domains with magn
zations aligned parallel and domain walls. Again we sh
take into account the effect of any possible unpolarized le
age conductanceGl which might be localized or not.G2 can
be expressed by

G25Spgp1Swgw1Gl , ~8!

whereSp (Sw) is the surface of domains~domains walls! and
gw is the intrinsic conductivity of the walls, withgp.gw
.gap .

It was established10 that the particular features of Ne´el
walls, namely, a narrow core region bounded by extrem
extended tails are due to the existence of strong volu
dipolar charges. If two layers bearing symmetrical Ne´el
walls are separated by a thin spacer, antiferromagnetic
pling of their core magnetizations will strongly decrea
their energy by flux closure of the magnetic stray field. T
deeply modifies the wall profiles leading to shorter wall ta
and larger core region.10 In the light of those consideration
and as the first approximation, we can consider that the c
magnetizations of the domain walls are antiparallel align
@Fig. 5~b!# and that their conductancegw is equal togap .
Combining Eqs.~2!, ~3!, and~8!, we obtain

G25
Sp

S
Gp1

Sw

S
Gap . ~9!

FIG. 5. ~a! Variation of DC2 ~-s-! and (DC1Cp1Cap)/2
~-d-! with Hrev . The lines are guides for the eyes.~b! Sketch
showing the domain structure in the two magnetic layers when
plication occurs. From one side to the other side of the bar
magnetizations in the domains are parallel. The domain walls ac
parallel paths and have to be considered in the expression o
junction resistance. Energy considerations make the antipar
alignment of the wall core magnetizations favorable. The total s
face of the walls~domains! is Sw (Sp).
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We see that the leakage conductivity does not appear
more in the equation. As a consequence, the domain
density can be extracted as function ofHrev ~and turning
again to the more familiar resistances!,

Dw5
Sw

S
5S 1

Rp
2

1

R2
D S 1

Rp
2

1

Rap
D 21

. ~10!

Here it should be noted thatDw is independent of a possibl
presence of any sort of leakage current. Finally, the a
density of domain wallsDw varies like2R2

21 and is reported
in Fig. 6. This observation could be done owing to the hi
quality magnetic response achieved for the present tun
junctions in comparison to Co/Al2O3 /Co ~oxidized! junc-
tions made in a previous work5 for which those conclusions
could not be made.Dw varies like an inverted parabola wit
the maximum around the coercive field of the hard magn
layer ~Fig. 6!. This is in agreement with nucleation an
propagation of domain walls during the magnetization rev
sal in the hard layer: after nucleation, the length of the wa
and soDw , increases until half of the magnetization is r
versed. Then, domains contract, and the length of the w
andDw decrease.

It appears that a maximum of 8% of the junction surfa
is covered by the walls. This value has been compared to
one extracted from our previous work.5 In this case, the hard
magnetic layer was made with a Co~20 nm! layer which was
oxidized after its deposition. The soft magnetic layer wa
simple Co layer. From an earlier Kerr microscopy study,6 a
wall area density equal to 2% could be measured conside
a wall thickness of 70 nm. Those two values are in reas
able agreement, showing first that 8% is a plausible value
Dw and second that variations ofDw are to be expected whe
the hard magnetic electrode material is changed.

V. CONCLUSIONS

In this paper, we highlight the role played by doma
walls on the resistance of ferromagnetic tunnel junctions d
ing domain duplication. A brief theoretical description of th
process allows us to show that the evolution of the resista
jumps when duplication occurs cannot be exclusively
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as
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FIG. 6. Evolution of the exacted wall area density as a funct
of Hrev . The lines are guides for the eyes. The wall density is
highest forHrev values around the coercive field of the magne
hard Co80Fe20 ~8 nm!/Co~2 nm! bilayer.
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plained by parallel tunnel path of electrons. A model of tu
neling taking into account domain walls was used to extr
their density. This work highlights the power of magne
tunnel junctions to probe the micromagnetic configuratio
in thin films when the state of one magnetic electrode of
junction is known.
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