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Domain duplication in ferromagnetic sandwiches
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In this article, we give an overview of the domain duplication process which can occur in
ferromagnetic sandwiches. A brief theoretical description of the process allows us to extract the
main parameters governing the effect. It is shown that even if a domain structure exists in the hard
electrode, no duplication can occur for a ferromagnetic coupling below a minimum value. Then, we
address also the effects of residual domains on the nucleation field of the hard electrode to reconcile
theory and experiments. @001 American Institute of Physic§DOI: 10.1063/1.1373696

I. INTRODUCTION Il. SAMPLE FABRICATION

When two maanetic lavers are separated by a 1—2-nm- Junctions are deposited onto float-glass substrates using
9 y P y sputtering system with cobal€o), iron (Fe), and alumi-

.thick.layer, as in magngtic spin valves or magnetic tunne um (Al) targets mounted on rf, rf and dc magnetron cath-
junctions(MTJs), a coupling betwgen the elecj[rodes usuallyodes, respectively. Details on the junction fabricafioxida-
takes place. Among all the possible interactions, magnetjn process to make the alumina tunnel barrier, in the
static interactions induced by domain walls are known tofollowing denoted as AlOxand on the experimental setup
play an important role in the reversal properties of ferromagysed to characterize the junctions can be found elsewhere.
netic electrodes in MTJsand, consequently, on the tunnel The structure of the samples under study is glasd/Cam/
magnetoresistancéTMR) signal®> However, in those sys- AIOX(x nm, oxidation timey s)/Co(5 nm)/F&20 nm/Co(5
tems, the most often invoked interaction to explain ferromagnm)/Al (10 nm), where the thickness of each layer is given in
netic coupling between electrodes is the well known “orangethe brackets in nanometers. Deposition conditions of the soft
peel” coupling originating from correlated interfacéghis Co(10 nm and of the hard C& nm)/F&20 nm/Co(5 nm)/
ferromagnetic coupling associated with specific, but com-Al(10 nm have been optimized such that the easy axis of
mon, magnetic properties of the soft, and especially of théoth layers are parallel and that magnetization reversal in
hard, magnetic layer is responsible for the duplication of théoth cases occurs by nucleation and propagation of domain
domain structure in the soft layer from the hard magnetiovalls. The thickness of the aluminum layer before oxida-
template. This effect has been reported earlier in the case &on has been varied during this study, and in each case the
Cu-based spin valvésrecently, in the case of ADs-based oxidation timey has been optimized to get the maximum
tunnel junctions, and visualized by Kerr microscopy on TMR signal.
those last junction8. The geometry for current perpendicular to film plane
When domains are dup"cated, the Spin valve or the tun.(CPB measurements is obtained USing two different meth-
nel junction appears to be in a fully parallel state from a0ds. The first one mgkes_useeof situshadow contact masks
giant magnetoresistance or TMR point of view, even if do-{0 make cross-like junctions. A 1.5-cm-long and Z0@-
mains with opposing magnetization still exist in each layer.Wide Cd10 nm electrode is first deposited onto the glass
The stray field of each domain of the hard magnetic layer carfubstrate. Then, a 1-cm wide square of Al is deposited on top

either increase or decrease the effective field seen by the s&ﬁ the Co eIe(/:trode, sub/sequently/ olxidized, andis covlered by
layer, depending on the orientation of the magnetization witH ed C“%T"’Q) rlfe(zcim nm Co(5d.nm) A.(10 nm ﬁountfizrelec— q
respect to the applied field. So, this nonhomogeneous fiel ode, which has the same dimensions as the soft electrode.

can induce a domain structure in the soft layer. While mag-n this case, the electrodes are made with magnetic materials.

netic anisotropy of the hard magnetic layer has been showThe second method makes use of lithography on the as-

to be one key parametéra simple model is propesed to Hep_osited films. In this case, the complete stack is first de-
. : ) posited. Then, a Co/AlOx/Co/Fe/Co/Al dumbbell-shaped
review all the othe_r parar_net_ers Wh'_Ch play a role in the OCglectrode is first ion milled into the film to disconnect all the
currence of domain dyphcatmn. It is §hpwn here from th(,ejunctions. Then, the dumbbell pattern is etched into a disk
theory and the experiments that a minimum ferromagnetlghape down to the AIOX layer. So, a Co/AIOX/Co/Fe/Co/Al
coupling is required for duplication to occur. disk remains on top of a Co dumbbell-shaped electrode, and
electric contacts are made on the Al and Co layse®, for

¥Electronic mail: hehn@Ipm.u-nancy.fr example, Ref. 8, for more detailswWith those two tech-
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Applied field (Oe) FIG. 2. Three drawings showing the different magnetic configurations dur-
ing the duplication process. In each box, sheet 1 contains the magnetic

FIG. 1. Complete ) and minor tunnel magnetoresistance loops measuredconfiguration of the hard layer while sheet 2 contains the one of the soft
on a C¢10 nm/AIOx(1.8 nm, oxidation time 45)&0(5 nm)/Fe20 nm/ layer. The positive direction is oriented from the left to the right.

Co(5 nm)/Al(10 nm) tunnel junction made usingx situchanged masks with

200 um lateral size. The different minor cycles have been measured using

different H, values at which the applied field sequence is reversed. Byrier, the magnetizations of the two magnetic electrodes are
reversing the field sequence at some negative appliedHig|cdn the minor locally parallel even if the hard magnetic layer is far from

loop, three resstancg jumps with different signs appear _at ct_artam Figlds magnetic saturation. As a consequence, the domain structure
H,, andH;. The minor loop measured with the applied-field sequence

reversed toward the positive field direction just after thé1l0mm switch- ~ Of the hard layer is duplicated in the soft layer. Depending
ing (dotted ling is shifted due to a bias field 622 Oe, corresponding to a  upon the choice oH ., around—H.(CoFeC9, the relative

ferromagnetic coupling with the hard layer. amount of reversed and nonreversed domains is being estab-

lished in the hard layer and it changes the relative amplitude
) ) ) ) of the resistance jumps measuredHat andH,. The exis-

niques, TMR signals as high as 10% with shadow masks anghce of reversed domains in the hard layer creates, locally,

20% with lithography could be achieved. low-resistance tunneling paths which partially short out the
tunnel current and, hence, reduces the overall resistance on

l1l. DOMAIN DUPLICATION AND TMR CYCLE the (H,e,,0) branch.

Following the model developed earlieid; should be

d i . ith AlGXS dai equal to HL”‘(CO)—Hd, while H, should be equal to
measured on a tunnel junction with AlCx8 nm, oxidation HIM(Co)+Hyg, i.e., H(Co). This last case is not fulfilled

tihme 45. 3 made Wit?].ex situ ci‘hanhged shad;)w fm;sk; arle and, sometimes, even if a domain structure exists in the hard
shown in Fig. 1. In this sample, the strength of t € dipoaNayer, no sign of duplication of the domain structure in the
coupling between the electrodes has been determined to t% ft layer can be seen in the TMR signal in a given field
Hq=22 Oe, from the shift of the minor cycle in which only | .\ ofH ., [see, for example, curve(O —) in Fig. 1].

the soft layer is switcheddotted ling. Then, the effective Therefore, a more complex balance of energy must be put

coercivg field of thff]t soft Co layer on the corirgtplete cYCletorward to explain the appearance of the domain structure
H.(Co) is equal toH.(Co)+Hy. The first termH_"(Co) of duplication.

the equation is the intrinsic coercive field of the Co layer, the
one the layer has if it were alone, and the second term rep-
resents the dipolar coupling between the electrodes. Afte:{\/llAgTNpgllléTngcFT%%'\éég\' WALLS IN COUPLED
saturation at 850 Oe, the applied field is decreased down to
—850 Oe(complete cycle or to H,., (minor cyclg. The To estimate the stability of the walls in each magnetic
resistance jumps\R[H.(Co)], occurring at the effective co- layer, we propose the simplified model sketched in Fig. 2. In
ercive field of the soft Co layer are equal in both cases. Bythis model, two magnetic layers are ferromagnetically
reversing the step sequence of the applied field and increaseupled through a nonmagnetic layer and the magnetization
ing its value from—850 Oe or fromH ., towards 850 Oe, of each layer is aligned with the applied fidkither parallel
the two cycles appear to be completely different when theor antiparallel. We consider that nonreversed domains exist
applied field is again positive. In the case of complete negain the hard layers, which have a total surface ateaThe
tive saturation(complete cycle, continuous lihethe cycle is  domain walls have a length or perimeter an energy per
symmetric and, therefore, contains two resistance jumps. unit surface area;, and no lateral extension. Let us c#l

As far as the minor cycles are concerned, three resisandt, the thicknesses of each magnetic laydr; andMg,
tance jumps with different signs appear at certain fieldghe saturation magnetizations, ahdthe interlayer coupling
termed H;, H,, and Hj, which differ from H.(Co), constant. When duplication occurs, the domains created in
H'C“‘(Co), or the effective coercive field of the hard CoFeCo soft layer 2 have a total surface ar®aand the domain walls
layer,H.(CoFeC9. For applied fields betwedt; andH, in have an energy per unit surface area equat4o
Fig. 1, the junction resistance is close to the one measured We have to evaluate the energy of the coupled layers in
when the magnetizations of the two magnetic electrodes aréiree different situationsti) with the field applied in the
in a parallel configuration. Therefore, directly across the barpositive direction after negative saturation of the magnetic

Complete (=) and minor characteristic TMR cycles
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soft layer, a domain with positive magnetization remains in ' it o) + H
. . . ) . 1.0 | oo, H, (Co) + Hy
the magnetic hard layer, situatiam with energy e, [Fig. g e PR
2(a)]; (ii) with the field applied in the positive direction, a Sosh b\’,
domain with positive magnetization is nucleated in the mag- -2 o\. Hy Hp
netic soft layer, situatiom with energye, [Fig. 2(b)]; and Losf °\ 5 l l
. . . . o . . X ° S"-'o'» L3
(iii ) with the field applied in the positive direction after satu- 3 & ose 0?80 8"‘12‘,-.] o=,
ration of the magnetic soft layer, a domain with negative N %4T Qogg
magnetization remains in the magnetic hard layer, situation g, [ \. & \.
. . . A . [ o
with energye. [Fig. 2C)]: 2 . 0._ .us .%9
ga(H)=—MgH[2t;A=S(t; + aty) ] 200 -100 0 100 200 300
+ oty — Je(S—24), 1) Applied field (Oe)
FIG. 3. Two normalized minor tunnel magnetoresistance loops measured on
ep(H y=—M H (t1+ atz)(ZA -9 an AlOx(1.8 nm, oxidation time 45)6-O—-) and an AlOX1.5 nm, oxidation
s time 35 9(—@-) tunnel junction made usingx situchanged masks with
+ o\t + oo, — JES, (2) 200 um lateral size. The two minor cycles have been measured foHtwo
values such that on theH(.,,0) branch, the TMR signal is equal to
TMR,a/2. Since the magnetic properties of the electrodes of the two junc-
ec(H)=—MgH[2t;A—S(t;— aty)] tions are the same and due to the shifHif(Co)+Hy, the electrodes are
more strongly coupled when using an Al@x8 nm, oxidation time 45)s
+ oAt +I(S—24), 3 tunnel barrie—O—). The decrease dfi4 leads to a decrease bf,—H,,

. . . . and so a minimum value dfl4 is required for duplication to occur.
whereea is equal toM 4, /M, and the junction surface area is

equal toS.
We suppose that the system goes from situasitmb as V. DISCUSSION
soon ase,>gp and from situationb to ¢ as soon asy

>g., heglecting magnetic hysteresis. After negative saturat-hatEeqZ?}t!?g(gg';;fnp;:t'i?li '?P;g?;?ﬁebﬁgsju; N ;ng\évsso
tion of the magnetic soft layer, domain walls of the hard ven| ! dcture exists | yer,

) . : . A is different from 0 or S, the duplication occurs onlyJi
magnetic layer are duplicated in the soft onesif(H) is strong enough. For a givelx, Eq.(8) is fulfilled only in

~ea(H)<0, 1e., a small field window oH ., as exemplified in Fig. 1. Indeed,
oo\ 3 on the minor cyclé—O-), no dip betweed; andH, can be
H>— 2~ _ _“F _ Hepp. (4) clearly seen. However, whet,., is slightly decreased, a dip
ZMA  Mgt, takes place as can be observed on the minor cie®-).
This relation can be rewritten as So, for a given domain struc_turé; should exceed a mini-
mum value to allow the duplication.
Byl We are able to reduce the valuel_pf experimentally by
Hcr1=T—Hd, (5) decreasing the “orange peel” coupling between the elec-
trodes. For this, we have decreased the thickness of the alu-
where mina barrier. This leads to a smoother tunnel barrier, which
in turn reduces the dipolar coupling field between the elec-
oo\ Je trodes down to 12 Oe. At the same time, the intrinsic mag-
Wa||:WS2 andHy= Moty netic properties of the electrodes were kept constant. The two

minor cycles of Fig. 3 were measured for AIQx8 nm, oxi-
Then, when the positive applied field is increased, thedation time 45 §—O-) and AIOX1.5 nm, oxidation time 35
domain structure duplicated in the magnetic soft layer disaps)(—®-) tunnel junctions such that on thél{.,,0) branch,

pears where.(H) —e,(H) <0, i.e., the TMR signal is equal to TMR,/2. Then, the domain
structure in the hard layer is similar in the two measurements
Je oo\ when duplication occurs, and so both and h,,,; can be
H>Ms2t2  2Mg(S-A) =Hera: (6)  considered constant from one measurement to the other. As
_ _ _ expected from Eqs(5) and (7), H,—H, decreases when
This relation can be rewritten as Hq4 decreases, and so a minimum valueHyf is required
for duplication to occur. This value has been estimated to
H..=H _M (7) be 6 Oe. . . . .
crz2—tld g A" It was stressed in the previous section that this model

_ ) _ ) ~ does not take into account the nucleation process responsible
Finally, the magnetic state with a duplicated domains, the reversal of the soft Co layer. Therefore, E8).is a
structure in layer 2 exists ¢ ;>Hc, 1., condition which has to be fulfilled so that duplication would
occur, but it is not always sufficient due to the hysteresis
effect. Equationg5) and (7) should be modified to include
nucleation fields which can be different in each equation.

: 8

Uz)\tz 1 1
F"74 |A S A
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FIG. 5. Complete {-) and two minor tunnel magnetoresistance loops mea-
FIG. 4. Positive branch of minor tunnel magnetoresistance loops measuregired on a Cd0 nm/AlOx(2.1 nm, oxidation time 45)(Co(5 nm)/Fe(20
on a Cd¢10 nm/AIOx(1.8 nm, oxidation time 45)&0(5 nm/Fe&20 nm/ nm)/Co(5 nm)/Al (10 nm) tunnel junction made using lithography. The junc-
Co(5 nm)/Al (10 nm) tunnel junction made usingx situchanged masks with ~ tion is a disk with a diameter of 5dm. Here, we can see thhl, is always
200 wm lateral size. The different minor cycles have been obtained witharoundH(Co) andH; is always aroundi.(CoFeCo). Note the increase of
different H,, with values below— H.(CoFeCo). Decreasing the value of the TMR signal from 10% to 20% when the interfaces of the junction are
H,, from —200 Oe(dotted ling to —260 Oe(-O-), —320 Oe(-@-), not exposed to the air during the change of éxesitushadow masks.
—430 Oe(-A-), and—850 (continuous ling leads to a smooth drift dfi,
to H,(Co) and ofH; to H.(CoFeCo).

or misaligned magnetic moments that are stored along the

magnetic hard electrode outside the junction area. Those
Indeed, from situatiora to b, domains are nucleated in the magnetic defects are blocked due to the shape of the elec-
soft layer and from situatiob to ¢, domains are nucleated trodes. Indeed, since a gap between the shadow mask and the
and/or existing domains are propagated in the soft layersample during film deposition always exists, the cross sec-

Then, Egs(5) and(7) become tion of the electrodes is not rectangular. Instead, they have
rounded edges due to deposition of material under the mask
hya by atoms incoming nonperpendicularly to the film plane. The

_ int
Hern=H'(Co)—Hgt =, ) thinnest parts of the electrode are more difficult to saturate,

and they constitute favorite nucleation centers during the

Byl _hard electrode reversal_. Th_eir saturation leads, then, to an
S A (10 increase of the nucleation field of the hard electrode. Non-
_ saturation of the CoFeCo electrode can have an impact on
WhereH{:”t(Co) is the intrinsic coercive field of the soft Co the intensity of the dipolar coupling with the soft electrode.
layer anng‘t(Co) is eitherH™(Co) or the intrinsic propa- Gradual saturation of misaligned magnetic moments leads to
gation field of the soft Co layer. an increase of the dipolar interaction with the soft Co layer

As can be seen in Fig. 1, whild; has always values and, therefore, to a shift dfi, towardsH(Co). Neverthe-
around HI(Co)—Hg, H, presents values less than less, the shift oH, towardsH.(Co) can also be explained
HIM(Co)+Hy. This suggests thaiHLL“(Co) is closer to a by a gradual saturation of the soft electrode magnetization
propagation field whose value is less thei'(Co) in our  since it is also made using a shadow mask. The same argu-
samples. The fact that no new domain is nucleatdd,aand  ments of nonsaturation invoked for the hard electrode then
that propagation of existing domains is the outstanding realso can be applied.
versal process has been shown in an earlier stitttywever, One way to highlight the effect of the residual domain
a significant difference betweed, and H.(Co), H; and  structures stored along the electrodes outside the junction
H.(CoFeCo) persists even if arouttle, in Fig. 1 (- -), area is the use of lithography to make tunnel junctions. In
the resistance of the junction is minimal, and so the magnethis case, and as discussed in Sec. Il, the top electrode is cut
tizations of the electrodes in the junction area are saturateduring an ion-milling step to allow an electrical contact to
and parallel. To shed light on this discrepancy, we have studhe bottom electrode. Then, the top hard and bottom elec-
ied the evolution ofH, and H; whenH,,, was decreased trodes are confined to a disk and a dumbbell-shaped elec-
from —H (CoFeCo) down to—Hg,, the saturating field trode, respectively, with a straight profile. So, in those
used in this study equaled t6850 Oe. WherH , is in this ~ samples the magnetic response is better controliedhe
field window, the resistance of the junction on thé,{,,0) edges of the patterns are less rounded and residual domains
branch is minimum. We can see in Fig. 4 thatthg, de- are easier saturated, afit) the junction resistance fully re-
creasesH, andH; gradually increase towards.(Co) and flects the magnetism of the hard electrode since its area is
H.(CoFeCo), respectively. At the same time, the amplitudeestricted to that of the junction; there is no way to store
of the resistance variation increases and reaches its maxiesidual domains in the hard electrode outside the junction
mum whenH ¢,= — Hgyt. area. As can be seen in Fig.13; has values always around

The increase oH; towardsH.(CoFeCo) in the case of H'cm(Co)—Hd and H, always presents values around
junctions with cross geometry is related to residual domain$-|'c'“(Co)vL Hy. This means clearly that the trendsté$ and

Hera=Hy'(Co) + Hy—
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