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Domain walls unmasked during domain duplication in ferromagnetic tunnel junctions
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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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[. INTRODUCTION rication, we show that the junctions under consideration
present the domain duplication phenomena. Then, the evolu-
Spin electronic devices require the understanding and th#on of the resistance jumps when duplication occurs cannot
control of the magnetic properties of their ferromagneticbe exclusively explained by parallel tunnel paths of elec-
(FM) electrodes. Often in such devices, two magnetic electrons. Taklng into account domain walls allows one to find
trodes are separated by a thin layer, an insulator for magneti@€ origin of this discrepancy and also to extract the field
tunnel junctionsMTJ’s), and an important parameter is the dependent wall density.
coupling between the two electrodes of the MTJ. Indeed,
these interactions influence the reversal characteristics of the Il. SAMPLES FABRICATION
FM layers, and thus, the magnetoresistive response of the
tunnel device. Magnetic couplings between two FM films Junctions are deposited onto float-glass substrates using a
separated by a thin insulating layer can originate from sevsputtering system with cobalCo) and aluminum(Al) tar-
eral mechanisms.* However, considering continuous and géts mounted on dc magnetron cathodes, and (e per-
pinhole-free insulating layers and negligible voltage depenmalloy (Py), and tantalum(Ta) targets mounted on rf mag-
dent coupling, the most important class of interactions arenetron cathodes. Details on the junction fabrication
magnetostatic. In this last category, two main contributiongoxidation process to make the alumina tunnel barrier in the
have been identified. The first one is the antiferromagneti¢ollowing, denoted AlQ) and on the experimental setup
coupling related to the lateral flux closure of the stray fieldsused to characterize the junctions can be found elsewhere.
between the magnetic layers of the MTJ. It becomes signifiThe structure of the samples under study is glass/Ta
cant when reducing the lateral size of the MTJ FM electrode$10 nm)/C@gFey (8 nm)/Co (2 nm)/AIQ, (1.35 nm, oxida-
and increasing their aspect rafi@he second contribution is tion timey s)/Py(20 nm/Ta (10 nm where the thickness of
related to stray fields induced by magnetic charge accumulzach layer is given in the brackets in nanometers. Deposition
tions in the junction’s ferromagnetic layers and are usuallyconditions of the soft P20 nm and of the hard CgFe,, (8
associated with the roughness of the interfaces, referred to &n)/Co(2 nm) have been optimized such that the easy axis of
the orange-peel effeétt both layers are parallel and that magnetization reversal in
It has been found that if the two magnetic layers in con-both cases occurs by nucleation and propagation of domain
tact with the insulating barrier are coupled ferromagneticallywalls. The aluminum layer oxidation timg has been opti-
via the orange-peel effe¢ta duplication of the domain struc- mized to get the maximum TMR signal. The processed junc-
ture in the soft layer from the hard magnetic layer templatdions show the typical nonlinearV curve and an increase of
can occuf In fact, the stray field of each domain of the hard conductivity with increasing temperature, which is generally
magnetic layer can locally either increase or decrease theeen as a sign of the absence of pinhdles.
magnetic field seen by the soft layer, depending on the ori-
gntation of _their magnetizations yvith respect to 'ghe applied IIl. DOMAIN DUPLICATION AND TMR CYCLE
field. So, this nonhomogeneous field can sequentially reverse
parts of the soft layer and so induce a domain structure in the Complete (-) and minor characteristic TMR cycles mea-
soft layer. When domains are duplicated, the tunnel junctiorsured on an oxidation optimized tunnel junction with AlO
appears to be in a fully parallel state from a tunnel magne¢1.35 nm, oxidation time 30)sare shown in Fig. 1. In this
toresistance TMR) signal point of view, even if domains sample, the strength of the dipolar coupling between the
with opposed magnetizations remain in each layer. electrodes has been determined toHbg=6 Oe, from the
Nevertheless, up to now, the contribution of the domainshift of the minor TMR cycle in which only the soft layer is
walls to the electrical resistance of the tunnel junction haswitched (not shown. This value is two times lower than
been neglected. Their presence has however been shown feeviously reported values with the same barrier but other
play an important role in the TMR sigrfadnd this has been magnetic electrodes.Nevertheless, this value is strong
used to study their stabilify. enough to ensure domain duplication and extend the validity
After a brief description of the sample structure and fab-of the observed duplication to new couples of magnetic ma-
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FIG. 1. Complete ) and minor tunnel magnetoresistance
loops measured on a glass/Ta(10 nm CogFey FIG. 3. Variation of the conductance jumps measured for an
(8 nm)/Co(2 nm)/AIQ (1.35 nm, oxidation time 30)$y(20 nm)/ applied fieldH, , (black triangle andH 5 (triangle as a function of
Ta(10 nm tunnel junction made usingx situchanged masks with the reversing negative applied fielitie, . The last curve ©) is a
200 um lateral path. The minor cycles have been measured usinglot of the sum of the conductance jump absolute values measured
different —H,, values at which the applied field sequence is re-atHi, andH,s. The lines are guides for the eyes.

versed :(—48.3 Oe(-O-), —49.8 Oe(-@-).
anisotropy. Any deviation from antiparallel alignment there-

fore should result in a considerably rounded curve in the
high-resistance state. From the clear plateau of constant high

cre_ased down to-300 Oe(complete cycl or to —Hpe, esistance we therefore conclude that we achieve a fully an-
(minor cycle. When the step sequence of fields is reverse iparallel state

and the applied fie!d Is again positive, the two cycles appear’ hq ransition between low and high resistance is con-
to be completely different. . . fined to a small field range, but within this range it appears
In the case of the complete negative saturatmmplete g6 As we know from the very existence of the domain
cycle, continuous ling the cycle is symmetric and therefore  hjicated state that the hard magnetic layer reverses its
holds two resistance jumps. From magneto-optical Kerr efiaqhetization by movement of domain walls, conduction
fect and _AMR (anisotropic magnetoresistanceneasure- through ballistic pinholes or a small area of the junction
ments which were performed separately on each of the MaGhould lead to a noncontinuous magnetoresistance curve. We
netic electrodesFig. 2) we know that both have a uniaxial ,erefore can exclude effects which could arise from a non-
homogeneous magnetoresistance effect. These are the rea-
sons why we chose the present samples for further investi-

terials. After saturation at 300 Oe, the applied field is de-

0.02 gation. It will be shown later that any nonpolarized excess
0.00 current—which might be due to leakages or barrier
_ defects—in fact does not influence the results. Those junc-
2.0.02 tions appear as well-suited model systems to study the do-
g r main duplication phenomena.
< -0.04 In the case of minor cycles, three resistance jumps with
I different signs appear at fields named,, H,3, and Hj
-0.06 I along the(0, +300 Og field branch and the cycle is asym-
0.08 ——+———+——H _@_ hard axis metric. N .
" soft (top) layer e . In _order to get a much S|mpllf|ed _dlscussmn, we now have
0.003 L O—easy axis_|| to switch from the more familiar resistances to conductances;

we defineG,;=1/R;, G,=1/R,, G3=1/R;. The variation of
the conductance jump amplitudes for the previously defined

— 0.002 | . S
x 000 applied fieldsH,,, AGyo=G,—G,, and Hys, AGys=G,
DE: —Gg3, are reported in Fig. 3. The last curve added to the plot
< 0.001F T is the sum of these two conductance jumps,
0.000 AG=AG 1t AGy;. (1)
300 200 100 0 100 200 300 For applied fields betweehi;, and H,3 in Fig. 1, the

junction resistance is close to the one measured when the
magnetizations of the two magnetic electrodes are in a par-
FIG. 2. AMR cycles for the soft and hard electrodes. Both are@llel configuration. Therefore, directly across the barrier, the
clearly showing a uniaxial anisotropy. Between the measurementdlagnetizations of the two magnetic electrodes are locally
with the field in directions of the hard and easy axes, the sample hggarallel even if the hard magnetic layer is far from magnetic
been turned by 90° in the magnetic field. saturatiorf As a consequence, the domain structure of the

magnetic field [Oe]

064430-2



DOMAIN WALLS UNMASKED DURING DOMAIN . .. PHYSICAL REVIEW B 69, 064430 (2004

hard layer is duplicated in the soft layer. A detailed analysis (®

of the duplication process can be found elsewRdbepend- H... ' S,ij
ing upon the choice of-H,, around the field needed to s i‘e_;l p i;] o |KG_;
reverse the hard GgFe,o (8 nm)/Co(2 nm) bilayer, the rela- Te-

tive amount of reversed and nonreversed domains is being £ a
established in the hard layer and it changes the relative am- RS S;_J
plitude of the conductance jumps measureti gt andH ;. "

©® & O] 52 ® 52

© o @ |of ® [e|b
IV. EFFECT OF DOMAIN WALLS ON THE JUNCTION
RESISTANCE © [of[ © o[ @ fo
® C
A. Contribution from the domains
As —H,,, decreases towards negative field<,, de- FIG. 4. Sketch showing the evolution of the domain structure in

creases while\ G, increases as shown in Fig. 3. This trend the hard CgyFey, (8 nm)/Co (2 nm) bilayer (top laye) and the soft
can be understood considering that electrons tunnel througfy (20 nm layer (bottom layey for an increasing applied fielda)

the barrier using the shortest path, i.e., perpendicular to theefore,(b) during, andc) after domain duplication. The symbafs
metal/insulator interface. Then, the existence of reversed déd ® represent the main magnetization in each donteifented
mains in the hard layer creates locally high conductance turiérpendicular to the paper sheeespectively, opposite and along
neling paths which augment the overall conductance on thE!® Positive saturating fieltrepresented by the bi@ outside the
(—H,e,,0) branch, compared to a fully antiparallel configu- sketch. .The arrow, out3|.d.e the drawings pe.rpendlcular to the two
ration. Indeed, the conductance of the junction can be seen JE9netic layers, exemplifies the electron trajectory through the tun-
resistors in parallel whose values depend on the orientatioﬂeI junction. After a positive saturation, the ap.p“?d field s de-
of the magnetizations each apart the junction. To take int creased and reversed untilH,, is reached. At this field, the soft

t ible leak i i the intrinsi y layer is saturated negatively and a domain structure remains in
accoun .pO.SSI. € leakage currents, v_ve wi use_ € INNNSIGe harg CgoFerp (8 Nnm)/Co(2 nm) bilayer [sketch(a)]. The total
conductivities in the parallel and antiparallel alignmepy,

: ' surface of the domains oriented aloigverse the positive saturat-
and y,,, and an overall nonpolarized leakage conductlwtying field is S,, (S,). As the magnetic fielcH is reversed from

G (Which.might or might not be homogeneously cllistributed, H,e, towards the positive fields, regions of the soft layer which
over the junction The measured conductances in parallelare [ocated over domains in the hard layer with main magnetization

and antiparallel alignment can thus be expressed as oriented in the positive field direction experience a local field equal
to H+Hyg. Therefore, these regions will rotate fifsketch(b)]. A
Gp257p+ Gy, (2 further increase oH leads to the reversal of regions of the soft
layer which are located over domains in the hard layer with main
Gap=Svapt G, (3) magnetization oriented in the negative field direction and experi-

ence a local field equal td —H; . These regions will then switch in
S being the total junction area. Similarly, the conductances o0& second stefsketch(c)].
the junction before, during, and after duplicatidtig. 4) are

equal to which is the conductance change between parallel and anti-
parallel alignment. This value is independent of the reversing
G1=S1 Yap+ S ¥p+ G, (9  field —H,,, or aleakage current. The observed dependence
! roap P of AG on —H,,, thus cannot be explained within this
G2=Syp+ Gy, (5 ~ Mmodel
B. Contribution from the domain walls
Gazsnr7p+sr7’ap+Gl ) (6)

It appears from a close examination of Fig. 1 that, in the
whereS,; (S;) is the total surface of the domains with mag- field window for which duplication occurs, the resistance of
netization oriented alongopposit¢ the positive saturation the junction never reaches the one measured for the parallel

field. alignment of the electrode magnetizations. Furthermore, the
Decreasing—H,,, decreases the value @&, and so value of conductanc&, varies with—H ., .
AG,. In contrast to our previous workit appears thah G Since the change of5;+G; does not exceed 0.03

is not constant in the field window where duplication occursMQ 1, the main variation oAG with H,,, arises from the
but has a parabolic variation with a minimum value for one of 2G,. The junction presents the conductai&gin the
—H,¢, around the coercive field of the hard magnetic layerduplicated stat¢Fig. 5a)]. The only way to explain such a
(Fig. 3. This statement is of particular importance since itlarge change o, is to take into account the conductance of
will unmask the domain walls using their contribution to the the domain walls and that their area density evolves with

resistance of the junction. Hiep -
From Egs.(4)—(6), and using the definition G in Eq. In this case in the duplicated state, the existence of do-
(1), we find main walls in the two magnetic layers creates locally low-
conductance tunneling paths due to their local nonparallel
AG=S(yp— Yap). (7)  alignment which decrease the total tunnel current. The con-
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S b We see that the leakage conductivity does not appear any

w more in the equation. As a consequence, the domain area
density can be extracted as function l8f,, (and turning
again to the more familiar resistanges

highest forH,., values around the coercive field of the magnetic
hard CggFe, (8 nm/Co(2 nm) bilayer.

\
N

N
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FIG. 5. (a) Variation of AC, (-O-) and AC+Cy+C,p)/2
(-®@-) with H,e,. The lines are guides for the eyed) Sketch
showing the domain structure in the two magnetic layers when du- s, 1 1 1 1\-1
plication occurs. From one side to the other side of the barrier, A,= :<__ _) (__ _) _ (10)
magnetizations in the domains are parallel. The domain walls act as R, Ro/\Rpy Rap
parallel paths and have to be considered in the expression of the . o .
junction resistance. Energy considerations make the antiparalidiiere it should be noted tha,, is independent of a possible
alignment of the wall core magnetizations favorable. The total surPresence of any sort of leakage current. Finally, the area
face of the wallsdomaing is S, (S,). density of domain walld, varies like—R; * and is reported

in Fig. 6. This observation could be done owing to the high
ductance of the junction can then be modeled by a networRuality magnetic response achieved for the present tunnel
of resistors in parallel associated to domains with magnetijunctions in comparison to Co/AD3/Co (oxidized junc-
zations aligned parallel and domain walls. Again we shallions made in a previous watior which those conclusions
take into account the effect of any possible unpolarized leakcould not be maded,, varies like an inverted parabola with
age conductanc®, which might be localized or no6, can  the maximum around the coercive field of the hard magnetic
be expressed by layer (Fig. 6). This is in agreement with nucleation and

propagation of domain walls during the magnetization rever-

sal in the hard layer: after nucleation, the length of the walls,

G2=Sp7pt Swrwt G, (8)  and soA,,, increases until half of the magnetization is re-

versed. Then, domains contract, and the length of the walls
andA,, decrease.

It appears that a maximum of 8% of the junction surface
is covered by the walls. This value has been compared to the
It was establishéd that the particular features of B one extracted from our previous wothn this case, the hard

walls, namely, a narrow core region bounded by extremel)m"’lgm'}t'C layer was made with a Q20 nm) layer which was

extended tails are due to the existence of strong volumi _xidized after its deposition. The soft magnetic layer was a

dipolar charges. If two layers bearing symmetricaleNe simple Co Iaygr. From an e;arher Kerr microscopy SIE'@' .
walls are separated by a thin spacer, antiferromagnetic coﬂf\-’a” area density equal to 2% could be measured considering

pling of their core magnetizations will strongly decrease? wall thickness of 70_nm._ Those tvglo_values are in reason-
their energy by flux closure of the magnetic stray field. Thisable agreement, showing first that 8% is a plausible value for

deeply modifies the wall profiles leading to shorter wall tailsAW and second that variations A, are tp be expected when
and larger core regiof?. In the light of those considerations the hard magnetic electrode material is changed.

and as the first approximation, we can consider that the core

magnetizations of the domain walls are antiparallel aligned V. CONCLUSIONS

[Fig. 5(b)] and that their conductancg, is equal t0y,,.
Combining Egs(2), (3), and(8), we obtain

whereS; (S,) is the surface of domainglomains wallsand
Yw is the intrinsic conductivity of the walls, withy,> vy,
>7ap-

In this paper, we highlight the role played by domain
walls on the resistance of ferromagnetic tunnel junctions dur-
ing domain duplication. A brief theoretical description of the
_ Sp Sw process allows us to show that the evolution of the resistance
Gy==Gpt = Gap- 9 ! S .
S S jumps when duplication occurs cannot be exclusively ex-
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