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The impact of the micromagnetic configuration on transport properties of magnetic tunnel junctions is
presented. An artificial ferrimagnet systéiFi), made of two ferromagnetic layers with different magnetic
moments antiferromagnetically coupled by exchange interactions through a Ru spacer layer, is used as a hard
magnetic subsystem of the magnetic junction. Magnetic-force microscopy studies have shown that the mag-
netization reversal in artificial ferrimagnet systems occurs through the formationedftijyee 360° domain
walls. The stability of these walls is demonstrated to be different in the two magnetic layers of the AFi. These
aspects have major effects in magnetic tunnel junction devices, due to the extreme sensitivity of spin tunneling
to spatial variations in local magnetic order. The large tunnel magnetoresisTavi& of our samples, in the
range of 20—30 % at room temperature, makes the tunnel junctions highly sensitive to magnetic fluctuations. A
sharp switching of the soft magnetic layer upon field reversal prevents a domain structure from occurring in the
soft magnetic layer, in the field window used for our micromagnetic studies. The tunnel device can thus be
used as a sensitive probe for measuring small magnetic fluctuations associated with micromagnetic defects,
domains, and walls in the AFi system. These fluctuations modulate the resistance of the tunnel junction and are
fully reflected in the shape and the amplitude of the TMR signal.

[. INTRODUCTION ments, antiferromagnetically coupled by an exchange inter-
action through a nonmagnetic spacer. The main advantages

Spin-polarized tunneling in magnetic tunnel junctions,of such hard subsystems are the large thermal stakiliyto
made of alternating layers of magnetic metals and insulator250 °C) and the high coercive field of the net magnetization
has attracted much attention since the discovery of large tur{up to 0.6 kOg¢ achieved by varying the thickness of the two
nel magnetoresistan¢@MR) at room temperatureThis ef-  magnetic layers, these two features being of essential impor-
fect relates to the fact that quantum tunneling of electrongance for potential sensor applications. A large number of the
between two ferromagnetic electrodes separated by a thicombination of metals gives rise to the appearance of an
insulator is a spin-dependent phenomenon. The tunnelingscillatory antiferromagnetic couplirig? but only a few are
probability of electrons and therefore the resistance of a tunsuitable for such applications. The antiferromagnetic cou-
nel junction is controlled by the relative orientation of the pling strength must be as large as possible in order to dupli-
magnetization in its ferromagnetic electrodes. In practicegate the domain structure of one layer in the other. As will be
this requires a pair of electrodes for which the orientation ofshown in this paper, this is the key factor to pin the largest
each magnetization can be reversed independently. Conmagnetic moment against rotation and in this way to increase
monly, a magnetically hard-soft system is used for this purthe magnetic rigidity. Since the highest coupling strength has
pose. While the methods used to obtain the soft layer arbeen measured in Co/Ru/CORef. 6 and Co/Rh/Co
quite the same, they differ significantly for the hard layer.sandwiches?! our choice has turned towards the use of Ru
Growth-induced uniaxial anisotropy or exchange biasing as a spacer.
ferromagnetic layer using an antiferromagnetic layer have This paper is devoted to the examination of the field-
been extensively used to fix the magnetization of the hardlependent micromagnetic behavior of Ru-based artificial fer-
layer? However, uniaxial anisotropies are difficult to control rimagnets and the analysis of the consequences on the trans-
and the rigidity of exchange-biased films shows in general gort properties in magnetic tunnel junctions which use this
rapid decrease when increasing temperature. AFi as a magnetic hard layer. A systematic analysis of the

We report here an alternative way to harden a magnetimagnetic properties of the constituent layére single lay-
film by using an artificial ferrimagnet subsystéAFi) made er9 reveals that the behaviors of the two AFi magnetic lay-
of two ferromagnetic layers with different magnetic mo- ers, during the magnetization process, are substantially dif-
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ferent. Besides the different shapes of the magnetoresistanca) b)
(MR) curves as a function of the stacking sequence of thg g ,
constituent layers, the overall shape of the MR loop can be Cu/Cr /
explained within our model. A microscopic study of the do- }. Detection bilayer: COF‘e/F/
main structure of the AFi subsystem by magnetic-force- ]\»Tunnel barrier : ALO;
microscopy(MFM) gives insights on the magnetization pro-

cesses responsible for the magnetization reversal. Evideno A o

is given that reversal occurs through irreversible antiphas Co/Ru/CoFe

domain structurd,which gives rise to Nel-type 360° do- ‘
main walls after rotation of the magnetization in each do- Buffer layer: Cr/Fe/Cu

o ]

o
main. We demonstrate that these generated walls persist aft / Substrate: Si (111)/Si0
the reversal has occurred up to higher field values in the thi % 7 ' ‘2\

layer than in the thick layer. The source of wall pinning -

relates to the fluctuation of the EXChange Coupling between FIG. 1. (a Magnetic tunnel junction(MTJ) stack design:
the two ferromagnetic layers. The correlation between macsj(111/Cr(1.6 nm/Fe6 nm)/Cu30 nm/Co(1.8 nm/Ru(0.8 nm/
roscopic transport measurements and the microscopic distrt€o(3 nm) or CoFé3 nm)/Al,03(1.5 nm/CoFdl nm)/Fe6 nm)/
bution of magnetization shows that the presence of a domaigu(10 nm/Cr(5 nm). (b) Transmission electron microscofyEM)
structure leads to the appearance of different resistance chaeross section image of the MTJ stack.

nels and therefore has a direct consequence on the TMR

signal. _ _ Si(111), a Ru-based AFi subsystef©o/Ru/Co or Co/Ru/

In this paper, we present a comprehensive analysis of thgorg, an Al,0, tunnel barrier, a CoFe/Fe detection bilayer,
correlation between micromagnetics and tunnel transport iRnq 5 cu/Cr capping bilayer.
magnetic systems that use the artificial ferrimagnet. The pa- Reproducible characteristics of the magnetic active layers
per is organized as follows: Sec. Il provides information onp5ve peen achieved by first growing 8 C6 nm/Fe(6 nm)/
growth conditions and fabrication of the tunnel junctions asc(30 nm buffer layer on a previously sputter-etched 3 inch
well as q|scu55|on of the importance (_)f th.e stggk design angdigmeter Si111) wafer. The topographic and magnetic prop-
the quality of the tunnel barrier, which is critical for the gries of the magnetic active part of each sample have been
transport properties. In Sec. lll, the concept of the artificialoptimized as a function of Cu and Fe thickness. As a pre-
ferrimagnet is explained and described using macroscopiﬁminary, changes in the topography of the surface of the
magnetization and transport measurements. Results are cog\jfter and topmost AFi Co or CoFe layer were studied as a
pared with experiments on single layers to illustrate the ads,nction of the Fe and Cu layer thickness, usiex situ
ditional source of wall pinning associated with the exchangeyiomic-force microscopyAFM). The buffer ro’ughness was
coupling and the consequences on the magnetic rigidity. Ifond to decrease with increasing Fe thickness and decreas-
Sec. IV, the micromagnetic structure of both single layer§g cy thickness. The addition of a Cr seed layer, necessary
and coupled layers is described, supported by magnetic-forGg - optain a higher coercivity of the AFi magnetic layers,
microscopy experiments under magnetic field. We describgeinforces this trend. The best compromise was obtained by
the formation of the domain structure and the occurrence 0§etting the thicknesses of the Cr. Cu. and Fe to 1.6. 6. and 30
Neel-type 360° walls. In Sec. V, we illustrate the impact of nm respectively. The 30 nm Cu layer ensured a small resis-
the domain structure on the tunnel magnetoresistive signaygnce of the bottom current lead of the junctiotiaiffer
We emphasize the presence of 360° walls, further supportegyey as compared to the resistance of the barrier in the final
by the tunneling transport experiments, and we discuss i3ensor device! as well as a magnetic decoupling of the Fe
detail the stability of those walls which are formed in the seeq |ayer and AFi structure. A thickness of 6 nm of Fe was

artificial ferrimagnet. sufficient to achieve a suitable buffer smoothness, while in-
troducing a parasitic magnetic signal sufficiently small so as
Il. MULTILAYER FILM PREPARATION not to hinder the interpretation of the magnetization curves
AND EXPERIMENTS recorded on the complete junction stacks.
By using such Cr/Fe/Cu buffer layers, a reasonable sur-
A. Growth and study of the buffer layer face roughness of the hard subsystem topmost layer was

Since quantum tunneling between metal electrodegchieved(peak to peak and rms values of 8 and 1.8 A, re-
through an insulating barrier is known to be strongly depenspectively, irrespective of the Ru and Co or CoFe layer
dent on the morphology of the metal-insulator interfacesthickness. Notice that a significant increase of the surface
much effort has been put into optimizing the flatness of theseoughness was eventually observed after the formation of the
interfaces. To ascertain the quality of the interfaces, we havAl oxide layer on top of the AFi subsystem. The peak to
optimized the growth of a complex buffer layer which leadspeak and rms roughness then reached 13 and 3 A, respec-
to AFi subsystem with characteristics close to those achievetively.
in high quality molecular-beam epitaxyMBE) grown
sample$:?

The entire growth of the multilayer film was domesitu,
in a high vacuum alliance concept sputtering system having a
base pressure 0f>210 & mbar. Figure a) shows a typical The Al oxide barrier was formed using the oxidation tech-
layer sequence with the stack of a Cr/Fe/Cu buffer layer omique developed by Greinét This technique allows the oxi-

B. Growth and study of the tunnel barrier
and the magnetic soft layer
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dation process to be carried out within a standard commerinterlace mode developed by Digital Instrumental. This
cial sputtering plant without the need of accessing a separateode allows us to disentangle the long-range magnetic and
chamber having a glow discharge plasma source. An Al layethe short-range topographic information during the same im-
is first deposited on top of the AFi subsystem. The substrat@ge acquisition. Since the detected sigificdquency shift of
table then serves as a cathode for generating a rf Ar/Othe vibrating cantileveris proportional to the second deriva-
plasma. A competition thus occurs at the Al surface betweefive of the local field, this technique provides a good signal-
sputter etching by Ar ions and oxidation by oxygen ions,t0-noise ratio.
which leads to a self-limited oxidation process. In this study,
the rf power density was set to 0.05 W/ﬁ;rmhe partial pres- 1. MACROSCOPIC MAGNETIC PROPERTIES
sure of both Ar and @ gases to %10 2 mbar, and the
oxidation time was optimized by x-ray photoelectron spec- The use of the artificial ferrimagnetic structures as hard
troscopy experiments to obtain fully oxidized Al barriers for subsystems in a tunnel junction device requires the under-
a given thickness of the as-deposited(détails can be found standing of its magnetic response when submitted to an ex-
in Ref. 15. The optimization of the oxidation time is an ternal applied field. The artificial ferrimagnet consists of an
extremely important step, in order to avoid over and undeasymmetric trilayer stack composed of two Co or Co and
oxidation of the barrier, both known to result in detrimental CoFe layers of different thicknesses, both layers being anti-
effects on the magnetic tunel junctioMTJ’s) magnetotrans- ferromagnetically coupled by exchange interaction through a
port properties® nonmagnetic spacer layer. The top layer is thicker and has
A magnetically soft system was sputtered on top of the Altherefore a larger momemn,, than the bottom layer with
oxide tunnel barrier. The so-called detection bilayBL ) momentm,. In this work, Ru has been used as a spacer layer
used in our MTJ, consisting of GgFey, (1 nm)/Fe6 nm)  mainly due to its high coupling strength.The magnetic
bilayers have a coercive field smaller than 20 Oe, driverlayers consist of either pure cobalt lay¢@o/Ru/C9 or Co
mainly by the 6 nm thick Fe layer. The CoFe layer increasesind CoFe(Co/Ru/CoFé¢ which allow us to investigate a
the electron polarization in the magnetic layer adjacent to théarge range of gain in rigidity, as will be shown in the pro-
oxide barrier. In agreement with the Jutbemodel!” an en-  ceeding sectionglll A, 1ll B ). The antiferromagneti¢AF)
hancement of the TMR signal is expected by the use of &oupling of both systems shows similar coupling strength as
CoFe mixture because of the larger spin polarization of CoFa&vell as an oscillatory behavior as a function of Ru thickness
compared to Cdlarger average magnetic moment of Co in (tgy), With maxima atg,=3 A andtg,=8 A, the signature
CoFe. of interface quality comparable to MBE grown
The multilayer stack shown in Fig(d) is illustrated by a  sample€:>*2%In this study, a Ru layer thickness of 0.8 nm
cross section transmission electron microscOfiyM) image  has been used to increase the thermal stability of the AFi and
in Fig. 1(b). It gives an insight on the MTJ multilayer se- avoid the presence of a biquadratic coupling that exists for
qguence, with a zoom on the Al oxide tunnel barrier. TheRu thicknesses in the range of 4-6'A.
TEM image indicates that the small roughness obseesed
situ by AFM is conserved after depositing the rest of the
stack. Furthermore, it shows that the roughness of the layers
is correlated(corrugation of interfacgsas illustrated by the
TEM image [Fig. 1(b)]. Roughness-induced large fluctua- The room-temperature magnetization of a typical AFi sys-
tions in the thickness of the different layers are thereforgem: Buffer/C@1.8 nm/Ru(0.8 nm/Co(3 nm)/Al,O3(2 nm)
avoided, leading to high quality tunnel barrier without pin- is shown in Fig. 2a8). The insets describe the relative orien-
holes which would act as hot conduction points. tation of the magnetic moments at different fields along a
In order to perform tunnel transport measurements, thelecreasing field branch from the positive saturation field
as-deposited 3 inch wafers, containing the stack describeHg) to the negative saturation field-Hg). The topmost
above, were patterned in four UV lithography-etching stepsarrow gives the net magnetic moment orientation of the thick
into large arrays of junctions with square-shaped tunnel bar€o layer,m;, the middle arrow the thin Co layen,, and the
rier of nominal surface area§=10x10, 20x20, and bottom arrow the Fe layer included in the buffer layeg,.
50x 50 wm?. Detailed information on the wafer processing Decreasing the field from-H saturation, a first hysteresis
is described elsewhef®.The junctions were measured at appears in the flank region in a field range varying from 4—2
room temperatur@ using a conventional four-point tech- kOe [Fig. 2(@)]. This hysteresis is attributed to the develop-
nigue with a dc voltage source. ment of a domain structure during the reversal of the thin
The magnetic properties of the as-deposited multilayeAFi layer® with the smallest magnetic momenny). The net
films were studied at both macroscopic and microscopianagnetic moment remains oriented along the applied posi-
scales. The macroscopic magnetization curves were medéve field. Consequently, the magnetic moment of the thick
sured using an alternating gradient field magnetometer aFi layer (m;) remains oriented along the positive field
room temperature. At a microscopic scale, the domain struowhile the magnetic moment of the thin AFi layem§) re-
ture has been observed using a magnetic-force microscoperses to be oriented opposite to the field. Furthermore, since
(MFM) in zero and finite in-plane applied fields up |td| the magnetic layers are polycrystalline, the local sense of
=600 Oe. The MFM setup consists oNmnoscope Dimen- rotation of the magnetic moments inside a layer can be in-
sion 3100equipped with a magnetic CoCr coated Si tip, fluenced by thermal activation, small inhomogeneities of lo-
magnetized along the tip axis. The scans have been pecal exchange interactions or local anisotropy. Therefore, re-
formed at about 30 nm above the surface in the tapping-lifgions spaced far enough to overcome the exchange

A. Magnetic macroscopic properties
of an artificial ferrimagnet
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fields of the AFi =400 Oe) and the single cobalt layer
(=100 Oe) [Fig. 2(b)]. The rigidity of a single magnetic
layer stems from the frictional torque against rotation, origi-
nated from the microscopidocal) anisotropy of the ran-
domly oriented crystallites that constitute the layers. The lay-
ers do not exhibit any pronounced macroscopic magnetic
anisotropy in the plane of the films. As shown in FigbR

the AFi amplified! the magnetic rigidity of a single magnetic
layer that enters in its structure by the factQr(here Q
=3). Consequently, the magnetic properties., coercivity

of the single magnetic layer strongly determine the rigidity
of the AFi. Therefore, the larger the coercivity of the single
layer, the better the magnetic response of the AFi for the use
as a hard layer. The next paragraph describes the best con-
ditions used to achieve a large coercivity for the single mag-
netic layers of the AFi.

M/Ms

B. Magnetic macroscopic properties of a single Co
and CoFe magnetic layers

The macroscopi®/-H loops of a buffer/C@ nm) single
layer covered by 3 nm of Ru were studied. As a buffer layer,
we have used the optimized @r6 nm/Fg6 nm)/Cu(30

-1.0 -0.5 0.0 05 1.0 nm). The switching of the Fe buffer corresponds to the steep
Field (kOe) change ofM at low fields (20 Oe and is not further dis-
o ) _ cussed(Fig. 3). The corresponding hysteresis loop shows a

FIG. 2. (a) Magnetization curve of a typical AFi subsystem: gradual reversal of the Co layer, with a coercive field of
buffer / Cd1.8 nm / Ru(0.8 nm / Co3 nm) / Al;05. (b) Zoom on 316t 100 Oe, in contrast to a steep switching and a larger
the AFi magnetization curvex(1 kOe) (-O—) and comparison  .,ecivity for a Co layer grown on the same buffer but cov-
with the me_lgnetlzatlon curve of a single cobalt layer made on theered with Cu, for which the coercive field is about 250 Oe
same conditions { [ —). [Fig. 3(@)]. It appears that by capping with Ru, the softening
of the Co layer was caused by the interfacial mixing between

interactions will rotate clockwise or counterclockwise, lead- . i
ing to the appearance of magnetic domains when decreasinCO and Ru._SeveraI expla_manons converge towargg the |_dea
Hat at the interface, Ru is strongly intermixed with Co in

the applied field. By further decreasing the applied field, theCom arison with a very low intermixing dearee in the case of
domain structure in the thin magnetic layer, and therefor b y gaeg

. S To/Cu? Due to the granular structure of Co, Ru can diffuse
this hysteresis, disappears and eH curve shows a pla- b h . he interf dd h .
teau for which the net magnetization remains constént etween the grains at the interface and decrease the magnetic
— 15 kOe measures the width of the plateau in a cr)as'itivéhlckness and the exchange coupling between the grains. The
fTeId (Fig. 2. On the plateau, the mapnetizations oF:‘ bothchemical affinity of these elements tends to mix the inter-

g. o). P T 9 : ace, independently of the deposition technique. The inter-
magnetic layers are strongly antiferromagnetically couple

e : ) ixed region is over 3 ML at each interfat®e.
and eac_h "’%yer Is uniformly r_nagnetlzed._ [The width of the To overcome the magnetic consequences of intermixing
plateau is given by the following expressith:

in the case of Co and Ru, we have added Fe in the Co layer
(1) since Fe and Co show a large chemical affinity being totally

miscible. Due to a higher chemical affinity between Co and
This width defines the operational field window of the tunnelFe than between Co and Ru, the mixing of the;fEe;;/Ru
device using the AFi subsystem. Therefore, we focus ounterface has been strongly reduced. An experimental proof
investigation on minor loops for applied fieldsH, <H=< is given in Fig. 3a) where the magnetization curves of the
+H,. In a negative applied magnetic field, the Fe layerCosoFe;, sample capped with Ru seem to be identical to
switches first abruptly at 20 Oe followed by the continuousthose of the Co capped with Cu. Indeed, the coercive field is
reversal of the net magnetization of the AFi. This reversal ishigh (more than 220 Oge 2 to 3 times higher than in Co/Ru
completed when the net momemh{—m,) is oriented along layers grown on the same buffer layer and the magnetization
the negative field direction, giving rise to a plateau in thereversal is much sharper. Moreover, a systematic study of
negative side of the curve. On this plateau, the magneticmagnetization versus thickness of a pure CoFe film capped
moments of both magnetic layers are again mutually firmlywith Ru has shown that only half of a monolayer is magneti-
antiferromagnetically coupled. The gain in rigidity, induced cally dead at the interface while more than two atomic layers
by the AF coupling of the two magnetic layers of the AFi are magnetically dead for pure Co capped with Ru.
system is givef? by the ratioQ [total magnetic moment at The advantage of building Co/Ru/&pes, artificial fer-
saturation over net magnetic moment at the plateau,Q.e., rimagnets instead of Co/Ru/Co is related to the larger coer-
=(my+m,)/(m;—m,)]. This theoretically predicted gain in civity of CosgFe;, compared to the coercivity of a single Co
rigidity is experimentally verified by comparing the coercive layer capped with Ru. In this way a large rigidity of the AFi

Hp=(m;—my)/(my+my)Hs.
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FIG. 4. (a) Magnetization curve of a typical Co/Ru/Co/
Al,O3/CoFe/Fe stack{ ——) in a field range oft1 kOe, corre-
lated with the TMR curve £ O—). (Insed Minor TMR loop for
0.0 the detection layer in a field range where the AFi acts as a rigid

block. (b) Influence of the AFi magnetic properties on the TMR
signal shape and amplitude. The MH and corresponding TMR
| -0.80 curves for the MTJ having GgFe;, as the top layer of the AFi
interfaced with the tunnel barrie~O —) differ in shape and am-
g ; i , plitude from the corresponding case when the top layer of the AFi
-0.6 -0.3 0.0 0.3 0.6 system is Co { — —). M-H curves are measured on plar{eef-
Field(kOe) erence films, grown in the same sputtering run with the wafers
used for patterning junctions.

FIG. 3. (a) Magnetization curve of single €& nm) layer sput-
tered on Si111)/Cr(1.6 nm/Fe(6 nm)/Cu(30 nm buffer layer tance of the MTJ. By reversing the applied magnetic field,
capped with Ru ¢ ®—) and Cu - O —). The Ce¢Fe; (3 nm)  the detection bilayer reverses its magnetization inducing an
capped with Ru, sputtered on the same buffer layer, has similagntiparallel configuration responsible for a high resistance of
properties ¢-[1—) with the cobalt single layer capped with Gb)  MTJ. This antiparallel state is preserved as long as the net
Magnetization curve for Q@ nm) / Ru(0.8 nm / CosgFeso (3 M) magnetic moment of the AFing,—m,), remains rigid and
AFi in a field range of*1 kOe (- O—) by comparison with the  griented along the positive field direction. As soon as the
single CggFes (3 nm) layer performed under the same conditions \a\ersal of the net momening — m,) is completed, the mag-
(= ——). The experimental enhancement of rigidity gives a faCtornetization of the topmost layer of the AFi becomes again
(Qexp=2)- parallel with the detection bilayer giving rise to a small re-
. o sistance of the MTJ device. The shape and the amplitude of
can be ach|.eveq by a smaller gmphflcanon fac(ﬂ)nndeeq, the TMR signal are modified by using the Co/Rukg®s,
as shown in Fig. @), the rigidity of Co/Ru/CoFe with  AFj as a magnetic hard layer in the MTJ device, as shown in
Qexp=2 is similar to the one observed for the Co/Ru/Co sysjg. 4p). One of the significant advantages of using
tem with Qe,;=3. This has strong effects in the domain co_Fe, at the interface with the tunnel barrier is that the
structure developed during the magnetization reversal, as Wemplitude of the TMR signal is enhanced from 22% to 30%,
will be shown in the next paragraph. due to the higher spin polarization at thege;/oxide in-
terface. Particularly important is that the antiparallel state
C. Transport properties of MTJ using the artificial does not give a flat plateau in the TMR curve as shown in
ferrimagnet as a hard magnetic layer Fig. 4@). This confirms that the AFi system is not a fully
magnetically homogeneous and rigid block but consists of

We have investigated in detail the two following magnetic 4, maing which start to develop in negative field. The differ-
tunnel junctions, for which the only difference is the topmost,,.a in shape of the TMR curves for the Co/Ru/Ees,

AFi magnetic layers,: [hard subsyster@o/RU/Cd/AI,05/  AFj stems from differences in the reversal characteristics of
[soft bllayerCoF'e/Fé andS;: [hard subsyster@o/Ru/CoF¢  ihis hard subsystem in comparison with Co/Ru/Co.

I'AI;0; / [soft bilayerCoFe/Fg. TheM-H and correspond-  he reversal process as well as the signal height is con-
ing TMR loops forS, andS, [shown in Figs. 4) and 4b)] {ro|ied by the field-dependent micromagnetic structure of the
measured in the operational field window of the tunnel dey,,q coupled magnetic layers. Understanding this requires a

vice, demonstrate the influence of the magnetic behavior Ofietajled analysis of local MFM features together with corre-
the hard subsystem on the shape of the TMR signal. In thgyion of the MR curves, which is the purpose of the next
positive part of the plateafiFig. 4@ corresponding t0  gaction.

Co/Ru/Co/ ALO;/CoFe/Fe tunnel junctidn the detection
bilayer and the topmosthick) layer of the AFi are aligned
along the field direction. Consequently, a parallel configura-
tion of magnetization for the layers adjacent to the barrier Models for magnetization reversal rely on the well-known
induces a high probability of tunneling and so a small resistipple domain configuration in thin magnetic filrfi§.22 The

IV. MICROSCOPIC MAGNETIC PROPERTIES



PRB 61 CORRELATION BETWEEN MICROMAGNETISM AND . .. 585

Co and CoFe alloy layers are polycrystalline and are made of ' ' @ '
small magnetic grains coupled by exchange interactions. On 1.0
a macroscopic scale, the layers are magnetically isotropic
due to a random orientation of the easy magnetic axis of each
grain. However, on a microscopic scale an effective local
anisotropy can be defined as well as an effective correlation,
where the length scale is characterized by the exchange cor-
relation lengthl,. This correlation length is very sensitive -1.0 o)
to spatial variations of the anisotropy, to the magnetic mo- (U . . .
ment, and the coupling strength between grains and to ther- 03 02 01 00 01 02 03
mal fluctuations. Therefore, a spatial fluctuation gfis ex- Field(kOe)
pected over the layer surface. The coupling strength depends

on the thickness of the magnetic fifthMicromagnetic cal- , ) (b)fl='45 e
culations show that for small thicknesses and weakly &y i L e T R -
coupled grains, the reversal of the layer magnetization pro- ; i
ceeds by rotation of the individual grain magnetic moments.
A characteristic ripple structure starts to appear when either
the thickness or the coupling between the grains is
increased®

M/Ms
o
(@]

T

A. Magnetic microscopic properties of a single layer

The magnetization reversal for a £be(3 nm) single
layer covered with Ru is illustrated in Fig. 5 using a magne-
tization curve and a set of corresponding MFM images ob-
tained at specific applied fields. By reducing the external
field from positive saturation to zero, dark and bright con-
trasts corresponding to magnetic charge accumulations begin
to form, consistent with randomly distributed small fluctua-
tions of the magnetization orientation relative to the field
axis direction. This domain structure is created by indepen-
dent rotation of magnetization from site to site as we proceed
from saturation towards zero applied field. When the field is
reversed, the moments inside uniformly magnetized regions
weakly coupled with the neighboring regions will rotate first,
in agreement with the increase of contrast in the MFM image
[Fig. 5(b)]. Then, increasing the negative field, the magneti-
zation inside the tightly coupled regions will start to rotate.
When regions with a different sense of rotation of their local
magnetization meet, correlated dlavalls start to establish v aro
as shown from the fine correlated structures which appear on 10um
Fig. 5(c). As the negative field further increases, the neigh- I
boring moments are dragged in the field direction by ex- ) )
change interactions, increasing the effective length of the FIG. 5. A successive set of MFM images for bufferigres, (3
360° Neel walls, as evidenced in the MFM images Fig&d)5 nm) magnetlzatlon reversal at some significant magnetic-field val-
and 5e). Appendix A shows that the MFM signal is consis- Y€ indicated on the attachdti-H curve: (a) 0 Og, (b) —45 Oe,
tent with the stray fields for a 360° wall. The walls remain (& ~ 170 O€,(d) =220 Oe,(e) —260 Og, () —300 Oe. During
pinned at fields higher than fields for which the reversal ofme reyersal .Conn%md Blewalls ?ppear. Black arrows point finear

N L .. and circular isolated stable 360° walls.
the magnetization in domains is almost completed. This is
shown in Fig. %e), where isolated stable 360° walls are still
present despite the absence of charge accumulation withiistribution in uniformly magnetized regions, as a function
the regions separated by the wallabsence of contrgsin- of a negative applied fieltl. The clockwise rotation of the
dicating that in domains the magnetization is fully alignedbottom left momentm,,, and counterclockwise rotation of
along the direction of the field. This unstable situatitine  the bottom right momenty,, give rise to a region where the
center of the wall has its magnetization oriented oppositeljorque is compensated and therefore the magnetic moment of
to the field is overcome at fields of 300 Oe, large enough tothis center regiorm,,. remains along the positive saturating
allow the wall to escape from the pinning centiffgy. 5f)].  field direction[Fig. 6@)]. With the increase of the negative
The distribution of depinning fields is consistent with the applied field, the rotation af,, andmy, proceeds and leads
gradual disappearance of the 360° walls observed in tht the appearance of two 180° winding &léype walls[Fig.
MFM images. 6(b)]. Since the lateral extension o, (shaded region in the

These reversal features are sketched in Fig. 6. The figufigure9 does not exceed the size of the 180° walls, the mag-
shows a model for the evolution of the magnetic momentetization rotates continuously from time,. to the my, di-
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FIG. 6. Sketch showing how connectedellevalls are formed
during reversal in a negative magnetic field. In an AFi system, each
magnetic moment has its antiferromagnetic image mirrored in the
other magnetic layer, due to the strong AF coupling.

rection. Therefore, the region separatimg. from m,, can

be described as a single 360° windingeNgype wall where
the center is ascribed to,.. As the negative field increases,
the neighbor moments will be dragged in the field direction
by exchange interactions. Consequently, correlated 360°
Neel walls will form increasing the effective wall length as
sketched in Figs. @) and Gd). After the reversal is com-
pleted, for fields larger than the local pinning fields, walls or
segments of walls disappefdfig. 6f)].

B. Magnetic microscopic properties of the artificial
ferrimagnet system

As shown in the previous sectidtV A), the competition
between the local anisotropies and the exchange interaction
govern the development of the domain structure in single
magnetic films. In the AFi system, the AF coupling between
the two magnetic layers adds alditional contribution to
the nucleation and stability of the domain structure. Indeed,
roughness-induced variations in the Ru spacer thickness prc
duce inhomogeneities in the AF coupling distribution that
hinder a rotation in unison of the layer's magnetization and
act as nucleation and wall pinning cenjer€onsequently,
the density of walls increases in comparison with a single
layer and their stability under a reversed applied field is en-
hanced by the AF coupling. These assumptions are supporte
by the field-dependent microscopic magnetic analysis in two
AFi's with different net moment, Q4.8 nm/Ru(0.8 nm/ FIG. 7. MFM images on Co/Ru/C¢e) and Co/Ru/CoF€b),
Co(3 nm) and C@2 nm)/Ru(0.8 nm/CaosgFes(3 nm). Figure ~ Showing the appearance of long connecteaiNealls during the
7 compares the MFM images of these two systems, medeéversal of the net magnetic moment and their stability in a negative

sured at characteristic field values. The results allow us tgagnetic field. The main difference between Co/Ru/Co and Co/Ru/
CoFe consists of a lowdD value in the CoFe case, which plays an

analyze the field-dependent magnetic properties of an artifi
cial %/errimagnet Wh:n decreasingg its n[()at r?nagnetic momen{'mportant role in the stability of the walls. A successive set of MFM

- . . . Images for both Co and CoFe artificial ferrimagnets at significant
Similarly to the single magnetic layers, when decreasing th(ﬁelds are shown(a —250 Oe. (b) —350 Oe, () — 400 Oe. (d)

field from Sat_uration’ uniformly magnetized _regions appear._gn, e together with the correspondiiH curves. Black ar-
whose effective magnetic moments are aligned within an point isolated stable 360° walls

angle bisected by the direction of the positive saturation

field. The MFM contrast of the remanent stétet shownis  causes the magnetization inside the areas with stronger cou-
then similar to the one observed in a single CoFe Idlfag.  pling to start to rotate. Large domains separated by 360°
5(a)]. When reversing the field the moments inside the areableel-type walls appear at the end of reversisl/(\ plateal™
presenting the smallest couplifdjrect lateral exchange cou- —0.90) when most of the regions have reversed their mag-
pling and indirect AF interlayer couplingwill rotate first.  netization.

The sense of rotation of the moments is determined by the The reversal mechanism of the artificial ferrimagnet net
local effective anisotropy. Increasing the negative fieldmagnetic moment differs from that of a single layer by the




PRB 61 CORRELATION BETWEEN MICROMAGNETISM AND . .. 587

presence of the interlayer coupling that enhances local fric- a)
tions against rotation. The development of the 360° walls is
more pronounced in the AFi coupled systems than in the
single films[Figs. 1b) and Fig. %c)]. Fluctuations in the
antiferromagnetic coupling strength and the AF duplication
of the domain structure from one layer to the other, increase
the density of the 360° walls. Due to the strong interlayer
coupling, the features are mirrored in both AFi magnetic
layers with antiparallel N&l walls. This has a strong impact
on the stability of the walls. While the thick layer develops
walls with centers opposite to the field directi@Gimilar to
the single layers cagein the thin layer the mirrored walls )
have their centers along the field direction, which makes

[T]
!
[

them energetically very stab(see Appendix B At a critical Rp ||/ [Raw
field, the wall in the thick film disappears by collapghe low resistance

center of the wall, oriented opposite to the field, shrinks tunneling channel (Rp)

The expansion of the center part of the wall in the thin layer high resistance

is prevented by the strong AF coupling with the thick layer d) faneiingchanuel (Ryz)

which is oriented along the field direction. The stable walls Rel [&e

located in the thin layer pin the walls in the thick layer due to
the exchange coupling, up to fields at which the Zeeman
energy overcomes the exchange.

This is consistent with the micromagnetic observations of

ahnih”aﬂon of walls in the thick layer. .Indeed’ as ShQWﬂ inthe MTJ sensor(b) MFM image associated with the model dis-
Figs. KC)_ and 7d), the 360° walls S_UbS'St up to Iarge fllelds., played in(a) showing the 360° walls which appear in the top layer
located in the AF plateau, for which the magnetization ings the AFi during the reversal of its net magnetic moméal,(d)
wall adjacent domains is completely reversed. The fieldrhe MTJ junction is modeled by a network of in-cascade resis-
needed to annihilate the 360° &lavalls in the thick layer is  tances determined by the different resistance conduction channels
inversely proportional to th® factor® (which determines corresponding to walls and, respectively, domains as a function of
the relative difference between the magnetization of the twane relative orientation of magnetization in detection bilayer and the
layerg because of the larger rigidity of the magnetizationstop layer of the AFi system.
when Q decreases. The MFM observatioffsgs. 4c) and
7(d)] show that the stability of the 360° walls is increased|oqp). Outside this field window, the magnetization of the
when the net moment of the AFi gets smaller. The larger,ficia| ferrimagnet is locally disturbed and therefore no
density of the remaining domain walls when measured at thgjear extended plateau could be observed in the resistance
same field in the case of Co/Ru/Co compared to the Co/Ryjersys applied field MR curve. The shape of the MR curves
CoFe(smaller net magnetic moment in Co/Ru/Co than in thejg herefore strongly dependent on the microscopic magnetic
Co/Ru/CoF¢ is a good indication that the total restoring characteristics of the AFi. How the local structure perturbs
torque induces a pressure on the domain wall that is propoke MR signal is sketched in Fig. 8. The two following pa-
tional to the net momeri. rameters are at the origin of the proposed scenario. First, the

To summarize, we have shown that the reversal of thg,nnelling current decreases exponentially with distance
artificial ferrimagnet in the plateau occurs through the for-ihroygh the barrier. Therefore, the preferential conduction
mation of 360° walls. After the reversal occurs, these wallsshannels are the shortest paths for electrons to travel across
become unstable in the thick layer and the field at which theyne insulator. Because of that, the most important factor de-
collapse is inversely proportional to tiggfactor. In contrast,  termining the magnitude of the tunneling current is the rela-
in the thin layer, the walls remain very stable in the operasjye |ocal orientation of the ferromagnetic moments directly
tional field window, and start to collapse at fields close to theycross the barrier. Secondly, the TMR signal depends only
end of the plateau. The field evolution of the domain struc-,, the magnetic configuration of the magnetic layers located
ture governs the transport properties of the tunnel device. Tgjrectly at the interface with the tunnel barrier. A direct con-
test our interpretations, we have performed MR experlmentgequence of these two features is that the domains and do-
in several configurations including swapping both layers, remain walls give rise to conduction channels with different
sults which are reported in the next section. resistances determined by the lateral fluctuations of the angle
between the magnetic moments of the magnetic layer in con-
tact with the tunnel barrier. When the detection bilayer has a
single domain configuration after switching, the TMR signal
is only sensitive to the magnetic structure of the topmost
layer of the AFi. Much effort has been put on optimizing the
magnetic properties of the DL which consist of {gFee;y(1

The artificial ferrimagnet system acts as a rigid block onlynm)/Fe(6 nm) bilayers. The magnetization curve of the de-
for applied fields usually below 250 Oe, less than the opertection bilayer shows a square loop, with a coercive field
ating field window{ Fig. 4(a), inset concerning a minor TMR smaller than 20 Oe and the magnetization reversal takes

FIG. 8. (a) The influence of the 360° walls on the resistance of

V. MAGNETOTRANSPORT PROPERTIES OF TUNNEL
JUNCTIONS USING ARTIFICIAL FERRIMAGNETS:
IMPACT OF THE DOMAIN STRUCTURE IN THE SHAPE
AND THE AMPLITUDE OF THE TMR SIGNAL
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200

place in a field range less than 2 &elherefore, for applied d)
fields above 30 Oe, the reversal of the detection bilayer is a) i B, @ HA || 4 _ D
completed and it can be considered as being in a single w0 TT t X4 ff
domain state. Consequently, only the magnetic state of thég oo falv|y «v|¥
topmost layer of the AFi will influence the MR signal. As = -1 © —
shown in Figs. 4) and 4b) correlated with Fig. 7, the do-  om|%o —1 = (NG
main structure of the top layer of the AFi and especially the ‘ ‘ \7‘* T ‘
360° Neel-type walls, having the magnetization in their cen- 2 Yapvvoll o™ i
ter opposite to the magnetization of the domains, will 2 240% ) p-
strongly influence the amplitude and the shape of the TMR _* 3 Ik VA Wi ¢¢ b
signal. While the detection bilayer forms a single domain g"’ mg EAA¢ I“
state oriented along the direction of the field, domains sepa ~ ° o] 7 ML V4l ®
HA

rated by 360° Nel-type walls are created in the AFi during o L
its reversal in the negative applied field. The walls in the H ‘(34
: vl

v &
—» =

o
8
S

topmost AFi layer, in contact with the tunnel barrier, give
rise to high resistance channels in the tunneling process be
cause of their antiparallel alignment of magnetization with &
the detection bilayer. In contrast, the magnetic domains give
rise to low resistance channgkBigs. 8c) and 8d)] because J
of the parallel alignment of the local magnetization with the 08 “ed‘;zd(kogs’
detection bilayefsee panel Fig. @)]. The resistance of a ”
certain spin conduction channel, determined by a region lo- FIG. 9. Influence of the 360° walls on the shape of the TMR
cated in the top layer of the AFi where the magnetizationcurve for Co/Ru/Co/AlO;/CoFe MTJ. A sketch of the micromag-
makes an anglé relative to the detection layer magnetiza- netic configurations for barrier adjacent magnetic layeetection
tion’s orientation, can be estimated bilayer DL and the layers of the AFi stacks presented on some
significant fields in the TMR curveda) Magnetization curve for
1 1 the Cd1.8 nm/Ru(0.8 nm/ Co(3 nm)/Al,O3/CoFd1 nm)/Fe(6 nm)
MTJ stack.(b) The TMR curve for the Cd.8 nm/Ru(0.8 nm/
r= E(r ptlap)+ E(r"_ Fap)COS0), 2 Co(3 nm)/ Al,O4/CoFd1 nm)/Fe(6 nm) stack. The topmost layer of
the AFi stack is the thicker layer. The 360° walls formed in the

h d . fth . ducti thick layer, during reversal, are unstable and disappear by shrinking
whererp andr »p are resistances of the same spin Conduction, g completion of the reversalc) The TMR curves is displayed

c_hanngl ina paral'lelé(z 0) and annparaIIeI'Qz m2) con-  tor the Ca3 nm)/Ru(0.8 nm/ Co(1.8 nm/Al,O5/CoFe1 nm)/Fe(6
figuration, respectively. Because of the existence of severaly) mTJ. Here, the topmost layer of the AFi stack is the thinner
spin channels, the resistance of the tunnel junction can bgyer. In the thin layer, the 360° walls are stable in an external field,
described by a set of parallel high and small resistancesaving their center oriented along the field direction, they will dis-
corresponding to either a domain or a domain-wall-orientedappear just after leaving the AF plateau, in the flank toward satura-
respectively, parallel or antiparallel to the detection bilayerion. (d) Sketch of the micromagnetic configurations for barrier ad-
Most importantly, the situation will be totally opposite when jacent magnetic layer@etection layer DL and the layers of the AFi
reversing the detection bilayer from an initial magnetic statestack at some significant fields in the MH and TMR curvés-H

in which 360° walls are still present in the topmost layer ofcurves are measured on plarieeference films grown in the same
the AFi. In such conditions, the domains constitute conducsputtering run with the wafers used for patterning junctions.

tion channels with high resistance having their magnetization . o _—
oriented antiparallel with the magnetization of the detectiorf:Iomaln magnetization saturatipfigs. 7c) and 1d)]. These

bilayer, while the walls constitute low resistance channelsxpr(:‘.'diCtions have_ been tested in several experimental configu-
[Figs. 8¢) and 8d)]. Acting like shortcuts the presence of ations as described below.

walls will not allow the resistance of the junction to reach its
maximum value.

By using the model of an in-cascade-resistances network,
calculations concerning the variation of the MTJ resistance Figures 9 and 10 summarize three different magnetic his-
induced by 360° walls give a value of aballR/R=3.5% at  tories to illustrate the low and high resistance channels in-
H=—600 Oe. The density of walls was estimated from thevoked by the presence of domain structure. Each figure
corresponding MFM imaggFig. 7(d)] and the one wall con- shows the magnetization and the corresponding TMR curve,
duction channel resistance was computed by taking into aczompleted with a micromagnetic sketch drawn to show a
count the 360° wall profile cg8(x)). The calculateddR/R  view of the magnetic configuration in the tunnel junctions at
is in reasonable agreement with the value extracted from theome characteristic fields. In each panel, the direction of the
corresponding TMR curve shown in Figs(a## and 4b) detection bilayefDL) and the external field are represented
(AR/R=5%). Thedifference can be attributed to local fluc- as well as the distribution of magnetization within the thick
tuations in the orientation of magnetization inside the do-and the thin magnetic layers of the AFi, illustrated by the top
mains. These fluctuations are fully reflected in the MFMand bottom lines of arrows, respectively. The gray areas lo-
contrast as anagnetic roughnesiside a domain that de- cate the center of the 360° HBletype wall in each of the
creases gradually when increasing the magnetic field towardayers.

A
[€-[<—]

T ® (h)

DL

A TE

@

N
o
(wyo) souelsisey

A lllustration of the domain structure effect
on the TMR signal
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250 sponding to a sharp increase of resistdigs. 9b) state(c)
5i6 and 9d) state(c)], the resistance decreases slowly. Indeed,
the clockwise and counterclockwise rotation of the uniformly
230 ﬁ magnetized domains proceeds continuously and is mirrored
T z in the thin magnetic layefFig. 9(d) state(d)]. The 360°
g’ 220 g walls formed in the thick magnetic layer during its reversal
= 516 ’9; are unstable. The magnetic moment at the center of the walls
3 [Fig. 9(d) state(e)] are oriented opposite to the field direction
200 and disappear after completion of the topmost layer reversal
[Fig. 9(d) state(f)]. However, the 360° walls formed in the

750 500 250 0 250 500 750

o thin magnetic layer during its reversal are very stable. In-
Applied field (Oe)

deed, they have their center momefisg. 9Ad) state (e)]

b) oriented along the field direction. Applied fields higher than
. DL . DL the H,,,,=1 kOe accessible in our experimental setup are
: H just not strong enough to complete the saturation of the thin
- J T & * / Y layer (the walls in the thin layer disappear just in the flank
_>; dly| b 7{>V < gl w towards saturation Since the thick magnetic Iayer.is satu-
@ © rated in a negative applied field efH,,,,=—1 kOe, its be-

havior on the (- H ,..Hmay branch of the MR curve is simi-

lar than the Hpa,—Hmad branch. So, the MR curve is
symmetric. The validity of this model is further supported by
additional measurements performed on a magnetic tunnel
junction for which the thin layer of the AFi is in contact with
the tunnel barrier.

=]
.............»

FIG. 10. (a) Minor loop and corresponding TMR curves of the 2. Major loop, AFi thin magnetic layer in contact

Co(1.8 nm/Ru0.8 NMICo3 nm/Al,O4/ CoFdl nmy/Fe6 nm with the tunnel barrier
MTJ in a field range where the 360° walls are preserved in the thick The stability of the 360° walls in the thin magnetic layer
layer (the reversal is not completed in negative fiellhe domain gt negative applied fields of Hmax=—1 kOe is exemplified
structure in the top layer of the AFi is clearly evidenced on theby the transport properties of G nm) / Ru0.8 nm /
TMR signal, the walls act as high resistive channels due to theito(l_g nm / Al, O / CoFdl nm) / Fe(6 nm) MTJ [Fig.
center opposite to the detection bilayés) Micromagnetic sketch 9(c)]. While its M-H curve is identical to the reversed case
showing the magnetic configu_rati_qn in the barrieradjacen_t magnetiEFig_ 9a)], the MR curve shows a large asymmetry in the
Iay(.ers'(AFl and DL) at some significant values of the applied mag- signal[Fig. 9()]. Here, the topmost layer of the AFi stack is
netic field. the thin layer and therefore its field-dependent micromag-
netic structure governs the shape and amplitude of the TMR
signal.

Here again, prior to measurement, the sample was satu-

Let us first consider the case where the topmost layer ofated in a positive applied field and therefore all magnetic
the artificial ferrimagnet is the thick magnetic layer. For thislayers are in a single-domain stdtgtate(a) of Figs. 9a),
purpose, the magnetizatipRig. Aa)] and the corresponding 9(c), and 9d)]. In contrast to the previous case, the resis-
TMR [Fig. 9b)] curves have been measured on aI® tance of the MTJ is then maximum because of the antiparal-
nm) / Ru(0.8 nm/ Co(3.0 nm / Al,O3 / CoFdl nm) / Fe(6 lel alignment between the magnetization of the DL and the
nm) magnetic tunnel junction. The thick layer is then in con-thin magnetic layefFig. 9d) state(a)]. Only small fluctua-
tact with the tunnel barrier and therefore its magnetic behavtions in the orientation of the magnetization, duplicated in
ior governs the shape and amplitude of the TMR signal. Priothe thin magnetic layer by the exchange coupling, explain an
to the measurement, the sample was saturated in a positiégmost constant resistance on thelf) branch of the MR
applied field and therefore all magnetic layers are expectedurve[Fig. 9c)]. After the reversal of the DL, a sharp de-
to be in a single-domain stafstate(a) of Figs. 9a), 9(b),  crease of resistance occurs because of the parallel alignment
and 9d)]. In the AF plateau, the layers of the AFi are firmly of both adjacent layergFigs. 9c) state(c) and 9d) state
antiferromagnetically coupled. The decrease of the positivéc)]. By further increasing the field, the resistance value in-
applied field leads to the appearance of uniformly magneereases slowly due to the clockwise-counterclockwise rota-
tized regions whose effective magnetic moments are alignetion of the uniformly magnetized domains in each magnetic
within an angle bisected by the direction of the positive satufayer of the AFi[Fig. 9d) state(d)]. The existence and sta-
ration field[Fig. A(d) state(b)]. These domains are separatedbility of the 360° walls in the thin magnetic layer up to high
by regions where the torque on the magnetic moments ifegative fields is demonstrated on the TMR curves which
zero defining the location of the emerging 360° walls. Thisnever reach the high resistance state obtained in the positive
magnetic state, antiferomagnetically duplicated in the thirsaturated statstate(a)]. As shown in Figs. @) state(f) and
magnetic layer by the exchange coupling, is the source of thg(d), the walls act as low resistance channels, the direction of
small increase of resistance on tteelf) branch of theM-R  the center of the walls being oriented along the magnetiza-
curve in Fig. 9b). After the switching of the DL, corre- tion of the detection bilayer. By reducing the applied field,

1. Major loop, thick magnetic layer of AFi in contact
with the tunnel barrier
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from —H,.x=—1 kOe to zero, the rotation of the uniformly Q (so a smaller gain in rigidity have to be used in MTJ
magnetized domains in each magnetic layer procéeis  devices. However, a large coercivity for hard layers is
9(d) state(g)] and the resistance slowly decreases. Here, theaeeded because it provides a large magnetic rigidity. The
collection of parallel resistances is composed of high resisalternative to obtaining high rigidity is to build AFi with
tance channel€or which the magnetizations of the domains single magnetic layers having large coercivities. Conse-
are nearly opposite to the magnetization of the)@hd by  quently, a given rigidity of the AFi can be reached by am-
low resistance channe{$or which the network of 360° do- plification of a larger rigidity of a single layer by a smal@r
main walls have their center magnetization parallel to thefactor (larger net magnetic momentTherefore, the stability
magnetization of the DL Fig. 8(d)]. The resistance obtained of the walls will be decreased. Results on systems with dif-
at zero field depends clearly on the density of walls whichferent amplification factors Co/Ru/Co QE4) and
remained at-H . [Fig. Ad) state(g)]. In Figs. 9c) state  Co/Ru/CggFe; (Q=2) have shown that similar rigidities
(h) and 9d) state(h), the two networks of resistances are are reached by starting from a higher coercivity in the case of
almost equivalent and therefore, the reversal of the DL giveshe CoFe single layer. As shown in Fig. 7, the stability of the
rise to a small variation of the TMR signal. Then, the furtherwalls is much more pronounced in the AFi with the higker
increase of resistance is related to the rotation of the magnend its consequence is relevant on the TMR curves. The field
tization within the domains and the annihilation of the wallswindow in which the resistance remains constant is inversely

[Fig. 9(d) state(j)]. proportional with the amplification factor, for constant coer-
civities [Fig. 4(b)]. This result is consistent with the increase

3. Minor loop, AFi thick magnetic layer in contact of the density of reminiscent walls at large fields for lar@er
with the tunnel barrier factor as shown in Fig.(d), which compares the situations

The process of magnetic reversal and the collapse of thf"r CO/Ru/Co and Co/Ru/CoFe samples.
unstable 360° Nel-type walls in the thick magnetic layer is
exemplified in Fig. 10 using measurement of minor MR VI. CONCLUSIONS
curves. We must keep in mind that in this sample the thick
magnetic layer is again in contact with the tunnel barrier. |In a magnetic tunnel junction device, the spin-dependent
The field decreasing branch of the MR curve in Figi@d@  phenomena are strongly dependent on the magnetic state of
the same as in Fig.(B). Increasing the field in the negative the two magnetic metal-oxide interfaces. The resistance of
direction gives a curve which is identical to Fig. 9. However, the junction depends on the relative orientation of the two
the process is not reversible. Stopping before saturation, @hagnetic layer magnetizations. When the magnetic layers
point (d) and decreasing the negative field towards zero, theghat are in contact with the barrier form a domain structure,
increasing the field in the positive direction, leads to a cleathe resistance of the junction is strongly influenced. The re-
irreversible change in the TMR signal. This indicates clearlyversal of the AFi was investigated in detail, supported by
that the reversal of the thick layer in poifd) is not yet |ocal MFM imaging and TMR results. We have shown that a
completed. A network of 360° walls and fluctuations of mag-reduction in the TMR signal is correlated with the existence
netization in domaingmagnetic roughnesstill exists[Fig. of 360° walls in the AFi top layer. This leads to tunneling
10(b) state(d)] in the thick layer, too. In a decreasing nega- channels with different resistances, determined by the rela-
tive field the resistance increases gradually due to a smative local orientation of the magnetizations in the two mag-
relaxation of magnetization in the uniformed magnetized donetic layers separated by the tunnel barrier. The tunneling
mains towards the direction of the positive saturating fielddevice, having the AFi subsystem in a multidomain configu-
[Fig. 10(d) state(e)]. In this negative field branch, the 360° ration, has been modeled by a network of resistances in cas-
walls are stable. By reversing the field, the DL switches leadeade. Each resistance corresponds to a section in the junction
ing to a jump in the MR signal. At this characteristic field containing a magnetic domain or a magnetic domain wall
[panel 1@b) state(f)], the center of the 360° walls is parallel with a given local orientation relative to the detection bi-
to the detection bilayer while the domains are still nearlylayer. One of the most significant results of our study was the
opposite to the direction of the DL. The amplitude and espedemonstration of the tunnel device as a sensitive probe for
cially the sign of the jump in the MR cunestate(f) of Fig. measuring small magnetic fluctuations associated with mi-
10] is of particular importance. Indeed, a steep drop of resiseromagnetic defects, domains, and walls. These fluctuations,
tance in the MR curve indicates that the switch of the DL haswvhich modulate the resistance of the tunnel junction are fully
activated a predominant low conductive channel, associate@flected in the shape and the amplitude of the TMR signal.
with the network of walls. Interestingly, the conduction
channels associated with the domains are of much higher
resistance but do not dominate the resistive process since the
resistance of the sample decreases after the switch of the DL. The authors thank Professor R. L. Stamps and Dr. U.
This irreversible process confirms the validity of the modelEbels for illuminating discussions and critical readings of the
of resistances in cascade associated to magnetic domains guaber. This work was supported by the Europezuite
domain walls. Euram Program Contract No. BRPR-CT95-001, the EC
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sensor have been demonstrated. For overcoming the effecisd Mobility of Researchersetwork, under Contract No.
on the TMR signal of stable walls located in tunnel barrierFMRX-CT97-0147. K.O. also acknowledges NSF Grant No.
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M*(x,y,z)=c; arctafi (X — u,)/A]+c, arctafi (x— uq)/A].

(b) (A2)

(AR R JEEE B B A : :

VY ¥ 4 Parametersc;,c,,u1,12,A are adjusted to fit the corre-
P TN sponding wall profile of widthA. In each case, the com-

\ ""‘T7’ . ‘*\“\-” \ ponent of the stray fieltH3 was calculated from the density
V*-H/ INa *._,q of magnetic charge(x,y,z) corresponding to a 360° wall.

\\- "‘-AK .//'; i N
PR i ---- A0 p(x,y,2)=—V-N(x,y,2). (A3)
vV A A scalar potentiakp, obtained from the Poisson equation
(2R 2 B B A
@ Ad(xy,z)=—4mp(X,y,2), (Ad)
0.6 allows us to compute the stray field
S X
_ 04 0.5pm A T > Ha(x,y,2) ==V (x,y,2), (A5)
_ § -l _," ‘ ] and subsequently, the MFM signal proportional with
\ﬁ ‘ b "v"",' '-V\ 9?H3%/9z%. Results of the simulatiofiFig. 11(c)] show a
A4 ﬁx—»&k«——\kﬂ 0,00 LY gi(c:g]fa\greement with line sections on the MFM imalfesg.
T 0.4
d’H: |/ 52l P , APPENDIX B: STABILITY OF 360° WALLS
z°7d NI Vg ’ £y R IN THE ARTIFICIAL FERRIMAGNET LAYERS
t — 0 5 ot
i g 0.2 i bl | This section provides the analysis concerning the stability
S AAR Y oy ar g R — of 360° Neel type walls, in an artificial ferrimaget system.
AR -0.41 \p 0.5Um T The total energy in an antiferromagnetically coupled system,
0.6 with in-plane magnetization, submitted to an external field

H, can be expressed*%s®
FIG. 11. Measured MFM contragh) and the magnetization
configuration(b) for a 360° circular wall. The simulated MFM dé,\? de,\?
contrast, computed in two situations where the wall is either parallel e(H)= J [A[tl( a) 2( W)
or perpendicular to the field directiofc) are in good agreement
with line sections on the measured MFM imadds

+ K[ty Sir? 6, +1, sir? 02]] dx
APPENDIX A: ANALYSIS OF MFM CONTRAST

FOR A 360° WALL

The MFM tip, magnetized only in the perpendicular +J {J[sin 6, sin 6+ cos; cosb,]
direction, rgobe the second derivative of the stray field
component’! in a phase detection mod@.Figure 11a) —MH[t; cosf; +t, cos,]ldx, (B1)

presents a MFM image of a 360° circular wall that separates . . ) L
uniformly magnetized regiorisee Figs. &), corresponding wherefq, 6, de;crlbe the quentgtmn_ of the m_agnetlzatlon in
to a CoFe single laygr From the associated magnetization each !ayer relatwe to the field direction. The first set of terms
loop (Fig. 5), we observe that the magnetization is mostlycontains the intralayer exchangé) and local anisotropy
reversed at the field which corresponds to this wall profile, sdK.), that determine the shape and the energy of the un-
all the domains have the magnetization oriented along theoupled domain walls in the system. The magnetostatic en-
negative field direction. The contrast is given only by theergies due to the divergence of the magnetization in the film
stray field of the wall that subsists after the magnetizatiorplane, varying as sfrg are included ik, . The second set
reversal. The magnetic structure of the wall, proposedfterms contains the interlayer coupling energy and the Zee-
by Heydermanet al,*? Gillies et al,*®* and Choet al®* is  man energy in an applied field. For example, in a static
shown in Fig. 11b), and can be used to explain all types of configuration without any magnetic field or exchange AF
expected contrast for different 360° walls orientation, rela—coupnng, the energies of independent 180° walls age
tive to the field direction and domain magnetization. =4AK,.

We have simulated the MFM contrast for two particular  pyring the reversal of the net magnetic moment, antifer-

situations concerning the orientation of the wall: the wall isromagnetically mirrored 360° walls appear in each layer of
parallel or perpendicular to the field direction. Each conﬁgu-the AFi system. To estimate the stability of these walls, a

ration is defined by a certain magnetization prdfifé simplified model is proposed. Centered one above another,

M(x,y,2): antiferromagnetically mirrored volumes in the thin and in the
2 2 thick layer of the artificial ferrimagnet, are considered. In

Ml(x,y,z)= €1 + C2 ' each volume we suppose a 360° wall, ands; are the
C2+[(x—m)/A)])? Ch+[(X—pua)A)]? perimeter and the surface of the wall in the thick AFi layer

(A1)  (thicknesst;), and\, ands, are the perimeter and the sur-



592 C. TIUSAN et al. PRB 61

face of the wall in the thin layefthicknesst,). In the thick  The stability of the wall is determined by the balance be-
layer the domain magnetization is oriented along the fieldween Zeemant+ domain-wall energywhich tend to anni-
direction and the magnetization of the center of the wallhilate the wall in the thick laygrand the AF coupling energy
opposite to the field direction. In the thin layer the domain(which tends to preserve the wall acting as a pinning squrce
magnetization is opposite to the field direction, while theThe higher the coupling strength the higher the critical
center of the wall has the magnetization along the field difield where the wall disappears in the thick layer. The higher
rection. The total energy of this “two walls” configuration the local anisotropy, for a given value df the smaller the
e,(H) is calculated and compared with the energy for thecritical field. The larger the magnetic moment of the thick
“one wall” configurations for which(i) the wall disappears layer, the smaller the critical fieldhigher pressure exerted
in the thick layer and subsists in the thin layg(H) or (i)  on the wal). The values of the critical fieldextracted from
the wall disappears in the thin layer and subsists in the thicFM images by analyzing the disappearance of walls as a

ones?(H): function of the applied field give local measures of cou-
pling strength and anisotropies.
ex(H)=—MHYt;—t,—2(s1t;—Syt5) ] If hypothetically, the wall would disappear in the thin

layer and would subsist in the thick one, the variation of

+o(Nt;+Aot)—23(S/2—5,+5s,), (B2) energy would be

e1(H)=—MHS(t;—t,+ 2S,t,) + o\ ot — 2J(SI2—s,),

(B3) Ags(H)=e5(H) —ei(H)
si(H)Z—|\/|HS(tl—tz—281t1)+0')\1t1—2J(S/2—Sl) :_ZMHSZt2+U)\2t2_2JSZ (B?)
(B4)
The difference in energy between the “two wall” and “one This process is energetically unfavorable, leading to a mag-
wall” configurations is netic state with a higher energy, in the field range at which

Aea(H) = ea(H)— eX(H 360° walls are supposed to collapse.
e1(H)=e5(H)—e1(H) In conclusion, at the end of domain magnetization rever-
—2MHs;t,+ 0Nt —2J[2s,—s,], (B5)  Sal, 360° walls exist in the two layers of the AFi system. By
. ) . i o increasing the applied field, walls disappear in the thick layer
if the wall disappears in the thick layer and subsists in theyy shrinking their center part. This occurs at a critical field
thin layer, at a given value of the applied fietd This pro-  which depends on the local antiferromagnetic coupling
cess becomes energetically favorable when >0, true at  (which acts as an additional pinning paramgtand on the
applied fields local anisotropy. The walls located in the thin layer are
28— 51— oNata/2 stable, having their center aligned along the field direction.
(282~ S1]— oMty - M For these stable walls, the Zeeman and the AF coupling en-
> XC Hanlsotropy (BG) .
Msty ergy both act as pinning sources.

13.S. Moodera, L.R. Kinder, T.M. Wong, and R. Meservey, Phys.lzs. Zoll, A. Dinia, H.A.M. van den Berg, J.P. Jay, C. Mny, G. Pan,
Rev. Lett. 74, 3273 (1995; T. Miyazaki and N. Tezuka, J. A. Michel, V.P. Bohnes, and P. Panissod, Phys. Re§7B4842
Magn. Magn. Mater139, L231 (1995. (1998.

2W.J. Gallagher, S.S.P. Parkin, Y. Lu, X.P. Bian, A. Marley, K.P. 1A spurious geometrical enhancement of the TMR effect is likely
Roche, R.A. Altman, S.A. Rishton, C. Jahnes, T.M. Shaw, and to occur if the resistance of the barrier is too small as compared

G. Xiao, J. Appl. Phys81, 3741(1997). to that of the current leads. See, e.g., R.M.J. van de Verdoonk, J.
Sp, Grunberg, R. Schreiber, Y. Pang, M.B. Brodsky, and H. Nowak, R. Meservey, J.S. Moodera, and W.J.M. de Jonge, Appl.

Sower, Phys. Rev. Letg7, 2442(1986. Phys. Lett71, 2839(1997.
4p. Bruno, Phys. Rev. B2, 411(1995. 14J.H. Greiner, J. Appl. Phygi2, 5151 (1977).
5K. Ounadijela, L. Zhou, R. Stamps, P. Wigen, M. Hehn, and J1°C. Tiusan, M. Hehn, K. Ounadjela, Y. Henry, J. Hommet, C.

Gregg, J. Appl. Physr9, 4528(1996. Meny, H.A.M. van den Berg, L. Baer, and R. Kinder, J. Appl.
67. Zhang, L. Zhou, P. Wigen, and K. Ounadjela, Phys. ReS0B Phys.8, 5276(1999.

6094 (1994). 163.S. Moodera, E.F. Gallagher, K. Robinson, and J. Nowak, Appl.
’S.S.P. Parkin, N. More, and K.P. Roche, Phys. Rev. 6. Phys. Lett.70, 3050(1997).

2304(1990. M. Julliere, Phys. Lett54A, 225 (1975.
8D.M. Edwards, J. Mathon, R. Muniz, and S. Phan, J. Phys.: Con#8L. Baer (private communication

dens. Matter, 4941(1991). 19K. Ounadiela, L. Zhou, P. Wigen, R. Stamps, and J. Gregg, Eu-
9N. Persat, H.A.M. van den Berg, and A. Dinia, J. Magn. Magn.  rophys. Lett.39, 213(1997.

Mater. 165, 446 (1997). 204 A.M. van den Berg, W. Clemens, G. Gieres, G. Rupp, M.
105 5.P. Parkin, Phys. Rev. Le@7, 3598(1991). Vieth, J. Wecker, and S. Zoll, J. Magn. Magn. Mat&é5s, 524

115, 7oll, A. Dinia, D. Stoeffler, M. Gester, H.A.M. Van den Berg,  (1997.
and K. Ounadjela, Europhys. Le89, 323(1997. 2The M-H curves[Fig. 2(b) corresponding to the Co/Ru/Co and



PRB 61 CORRELATION BETWEEN MICROMAGNETISM AND . .. 593

Fig. 3(b) corresponding to the case of Co/Ru/CoFe artificial fer-2°K.J. Harte, J. Appl. Phys39, 1503(1997).

rimagnets allow us to estimate the experimental val@@s, by 26H. Herzer, IEEE Trans. Magr25, 3327(1989.

comparing the AFi coercivity with the coercivity of the single ?’R.J. Spain and 1.B. Puchalska, J. Appl. Ph85,. 824 (1968.

Co or CoFe layers. The experimental gains in rigidiQe¢,=3 28p.v. Berkov and N.L. Gorn, Phys. Rev. 87, 14 332(1998.

in the Co/Ru/Co AFi andQe,=2 in the Co/Ru/CoPeare  ?H.N. Lin, Y.H. Chiou, B.M. Chen, H.P.D. Shieh, and C.R.
smaller than the theoretical predictiorf@4), computed from Chang, J. Appl. Phys83, 4997(1998.

the previous definition relation betweénand the magnetic mo- 3°J.J. Saenz, N. Garcia, and J.C. Zlonczewski, Appl. Phys. Eatt.
ments of each AFi layemi; andm,). One reason is an unequal 1449(1998.

intermixing degree for the Co and CoFe at the Co/Ru and®'D. Rugar, H.M. Mamin, P. Guethner, S.E. Lambert, J.E. Starn, I.
CoFe/Ru interfaces. Co will lose magnetic moment at the inter- McFadyen, and T. Yogi, J. Appl. Phy§8, 1169(1990.

face with Ru and Al oxide while the GgFes, is preserving its  3°L.J. Heydermann, J.N. Chapmann, and S.S.P. Parkin, J. Magn.

“as deposited magnetic moment” due to a low intermixing de-  Magn. Mater.96, 125 (1991).
gree at the interfaces. Consequently the experimental values f6fM.F. Gillies, J.N. Chapman, and J.C.S. Kools, J. Appl. Pigs.
m, andm, in each of the two AFi systems are not equal with the 5554 (1995.
theoretical estimations by taking into account the sputtered*A. Hubert, W. Rave, and S.L. Tomlinson, Phys. R&p8 173
thicknesses. (1995.
22p_ pPanissod, irFrontiers in Magnetism of Reduced Dimension *°R.I. Potter, J. Appl. Physt1, 1648(1970.
SystemsVol. 49 of NATO Advaced Study Institute, Series 3: *®H.S. Cho, C. Hou, M. Sun, and H. Fujikawa, J. Appl. P§5.
High Technologyedited by V. G. Bar'yakhtar, P. E. Wigen, and 5160(1999.
N. A. Lesnik (Kluwer, Dordrecht, 1998 S’R.L. Stamps, A.S. Carrico, and P.E. Wigen, Phys. Re\658
23H.W. Fuller and M.E. Hale, J. Appl. Phy81, 238(1960). 6473(1997).
24K.D. Laver, Thin Solid Films2, 149 (1968. %8R.L. Stamps, Phys. Rev. B9, 339(1994).



