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Magnetic behavior of exchange-coupled FgAu-,/ FessAuss bilayers

F. Canet, C. Bellouard, L. Joly, and S. Marigin
Laboratoire de Physique des Maimux (UMR CNRS 7556), Universitéenri Poicarg BP 239,

F-54506 Vandoeuvre-lseNancy cedex, France
(Received 16 May 2003; revised manuscript received 30 October 2003; published 9 Margh 2004

The evolution of magnetic configurations inside ferromagnetigAte/FessAuss bilayers have been stud-
ied. The two FeAu alloys magnetization are ferromagnetically exchange coupled at the interface and both
exhibit an in-plane uniaxial anisotropy. The magnetization reversal of a bilayer from one saturated state to the
other occurs via an interface domain wall state, which is metastable. This interface magnetic domain wall
which spreads mainly in the soft f8u,, layer is pinned at the interface by the hardegsRess alloy. Its
presence and its “compression” are evidenced by magnetization, electrical transport, and ac-susceptibility
measurements combined with a unidimensional micromagnetic calculation. In order to investigate magnetiza-
tion reversal dynamics, temperature dependence as well as magnetic aftereffect measurements were performed.
The magnetization reversal process is found to be thermally activated and activation parameters could be
deduced.

DOI: 10.1103/PhysRevB.69.094402 PACS nunt®er75.60.Jk, 75.76-i, 75.60.Lr

[. INTRODUCTION ropy axis was created by using anisotropic evaporation con-
ditions for GdFe(Ref. 23 and by field cooling for TbFe.

The exchange coupling between magnetic layers is currom various measurements, we could deduce that the rever-
rently of interest for theoretical and technical reasons. It issal of the magnetic field led first to a reversal of the magne-
studied in a large variety of systems which combine ferro4ization in GdFe, starting from the outer surface of this layer,
magnetic, ferrimagnetic, or antiferromagnetic layers whichand we showed that the reversal of the magnetization was
can be magnetically hard or soft and whose structures argtopped against the TbFe layer with the formation of an in-
single crystalline, polycrystalline, or amorphous. terface domain wall mainly located inside the soft layer

In a lot of systems, the interface magnetic interaction re{GdFe.'® Note that those interpretations are generally admit-
sults in a shift of the hysteresis loop described through ded and confirmed for other “spring magnet” systehis1?
so-called exchange bias figitk . Such phenomena are typi- Under the pressure generated by the magnetic field, the do-
cally observed in ferromagnetic and antiferromagneticmain wall is compressed against the TbFe potential barrier
system$® and soft and hard “spring magnet” and eventually the magnetic field leads to the reversal of the
systems**’~12 According to the net magnetization of the TbFe layer magnetization when it becomes large enough.
materials and the sign of the interface interaction, positive obuch a system has the particularity to be made of isostruc-
negative shifts of the magnetic loop océer*°These effects  tural amorphous materials, which ensures a continuity of the
are now used in spin-electronic devit®Y based on giant structure at the interface and prevents interface defects that
magnetoresistance effects or tunnel magnetoresistance efan play an important role in the pinning of the domain wall.
fects and in which it turns out to be of great interest to The question is to know in which extent the formation of
control the reversal field of one of the layer magnetizationa domain wall at the interface between magnetic layers is
and to shift this field from zero. general? What is the role of magnetic parameters such as

Beyond macroscopic descriptions, it is of interest to un-anisotropy, exchange stiffness at the interface, and magneti-
derstand microscopic mechanisms, which lead to exchangeation of the two layers? What is the part of the nature of the
bias phenomena. Some models are based on the presencenafgnetic material ferromagnet, ferrimagnet, or antiferromag-
a domain wall at the interface between a first material, whos@et? What is the role of the interface structure: we can for
magnetization is poorly sensitive to the figliecause its net example expect that clean interfaces without any defects
magnetization is zero or because it is quenched along an eagyould lead to well-defined and uniform domain walls and
magnetic axiy and a second one, magnetically coupled tothat interface defects are the source of lateral domain forma-
the first one, whose magnetization easily follows the fieldtion as in a Malozemoff model like that of Ref. 24.
Such a model seems to be valid for magnetically hard and In this paper, we present a study performed on the
soft spring magnet bilayer systerfswhich are still under Fe;pAu/FessAuss bilayer system, which offers some spe-
heavy discussions in antiferromagnetic and soft ferromageific characteristics(i) Both FeAu alloys are ferromagnetic
netic materials in which this concept was introduced bybut with significantly different magnetic parameters, which
Mauri et al!® In that case the domain wall would play a will lead to the occurrence of a moderate potential barrier at
central role in the magnetic reversal processes of théhe interface between the two alloyd) The two layers are
systen?0-2 made of the same elements, sofei;o/FessAugs will

In previous papers, we have reported results of studiepresent a kind of interface chemical continuityii) The
performed on the amorphous GdFe/TbFe system in whiclreAu alloys are polycrystalline and exhibit different struc-
TbFe is a very hard ferrimagnetic alloy and GdFe is a softures.
ferrimagnetic material!® In this system, a uniaxial anisot- At first, we will focus on the iron-gold system and the
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structural and magnetic characteristics of the two compo- H,
nents of the bilayers: RgAu,o and FgsAuss. In Sec. Il, we
describe the magnetic behavior of samples where a thin gold
layer separates the two iron-gold alloys and which reveal the 0.5¢ H 1
characteristics of the two magnetic layers independently. In -
Sec. lll, we examine the behavior of the magnetically S
coupled layers and in which extent their interaction acts on =
the magnetization reversal processes. The thickness depen-
dence of both layers on magnetization reversals is examined -0.5 ]
both qualitatively and quantitatively using a one-dimensional
micromagnetic calculation. In Sec. 1V, we focus on the inter- 10b=——m00"C7y e . _
face domain wall: its contribution to the magnetic ac suscep- -400 -200 0 200 400
tibility and to the electrical resistivity. Finally in Sec. V, we H(O¢)

study the dynamics of the magnetization reversal processes FIG. 1. Normalized magnetizatioM/M ) hysteresis loop ob-

through its thermal dependence and magne_t|c _relaxatlo%ined on a 100-nm-thick BgAu,o alloy layer at 300 K for a fieldH
measurements and conclude on the thermal activation paramiaiied along the easy axisolid circlé and along the hard axis

eters of the process.

EDDDDD b

(open squane H the coercive field along the easy axis agd the
anisotropy field are defined.
Il SYSTEM square hysteresis lodith a coercive fieldH) is observed
According to their phase diagram, iron and gold are veryfor a magnetic field applied parallel to the easy direction. As
few miscible and the equilibrium state are a mixture of twofor the GdFe systerft the easy axis lies in the plane of the
phases: a fcc phase very rich in gold and a bcc one very ricfilm and is perpendicular to the direction defined by the iron
in iron. However, as has been shown by Madeal,” be-  and gold crucibles. At this temperature, the coercive fi}d
cause of the large difference between the atomic sizes of thie very small.H is, however, larger and an opening of the
two elements, the vacuum codeposition of iron and gold athysteresis loop along the hard axis is observed at low tem-
oms on a cold substrate can lead to the formation of amorperature; stillH: andH are reasonably well defined. The
phous “homogeneous” alloys or to very small crystallites. thermal dependence dfio, Hy, the measured saturation
As shown by Marchaét al?%? the thin FgAu, , films ob-  magnetizationM s, and the anisotropy constakit given by
tained by codeposition of the elements on a substrate kept &= (H Mg)/2 are shown in Fig. 2. BottMg and K de-
the liquid nitrogen temperature are found to be amorphous if
x>0.6. This phase is, however, poorly stable and the films 200 . . |
crystallize in a bcc phase below room temperature by form- T
ing very broad graingl um diameter exhibiting a[110] %

texture. According to the same authors, the deposited phase A150 § %
is not amorphous anymore whar<0.6, but is made of tiny 8 § § §
fcc grains, which are still homogeneous at room temperature. 5100- é

So we focused on the Efu,o/FessAuss bilayered sys-
tem prepared by high-vacuum coevaporation on glass sub- Ny
strates kept at liquid nitrogen temperature during the deposi- 50 -
tion process and subsequently heated to room temperature. a) = .
By performing transmission electron microscopy at room ol— ,
temperature, we have confirmed previous reétftsand ob- i

B—600

served randomly oriented 20-nm fcc grains fogdPel;q lay-

ers and lum-size bcc grains diffraction pattern for dgBuss
films. We could in addition evaluate the lattice parameters of
these two phasesa=0.385nm for the fcc structure and
0.285 nm for the bcc one. Finally, a coupled x-ray analysis
has confirmed the composition of the alloys.

Then arises the question of the occurrence of a single in
plane anisotropy axis which is required to provide a “model b)
system” to study magnetization reversal. This anisotropy ol . . .
axis was observed in amorphous materials such as GdFe pre- 0 100T K 200 300
pared in similar geometry conditiod$As shown in Fig. 1, K)

the 100-nm FgAu4q alloy layer exhibits a clear uniaxial FIG. 2. TemperatureT) dependence on a 100-nm g5&uy,

anisotropy axis aff =300 K. When the magnetic field is alloy layer of(a) Hc, the coercive field along the easy axilid

applied perpendicularly to the easy magnetic axis, the magsquarg, andH, , the anisotropy fieldopen circle, and(b) Mg, the

netization decreases linearly with the field betweehi measured saturation magnetizati@mpen square and the anisot-
and +Hy as predicted by the Stoner-Wohlfart mad@eind a  ropy constanK (solid circle.

[\*4
T

K (.104 erg/cm3)
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FIG. 3. Normalized magnetizatiofM/Mg) hysteresis loop ob-
tained on a FgAu; (100 nm)/FgsAuss (100 nm) alloy layer at
400 K for a fieldH applied along the easy axisolid circle and
along the hard axigopen square H, the coercive field along the
easy axis andHy, the anisotropy field are defined.

M/M,

crease as the temperature approaches the Curie temperature -lLop , , .
Tc. T¢ can be evaluated to 350 K, which is in agreement -400  -200 H(%e) 200 400
with the data obtained by SarkassfdNote thatHc, Hy,
andMg were not found to depend on the layer thickness for  FIG. 4. Normalized magnetizatioM/Ms) hysteresis loops ob-
thickness ranging from 50 nm to 150 nm. tained on a FgAu7o (100 nm)/Au (3 nm)/FgAuss (50 nm) layer
The FgsAugs bee layers deposited on the glass substrateat 10 K (a) for a fieldH applied along the easy axis and swept from
exhibit a poor anisotropy even at high temperature. Thet 2 kOe to—2 kOe and back te- 2 kOe (solid circle) and along a
growth process and crystallization in kind of spherolitesminor loop (2 kOe-~—100 Oe—2 kOe) (open circlg and(b) for a
probably rule out memory of the deposition process. How-ield H applied along the hard axis and swept fror2 kOe to
ever, it appears that E#uss films grown on a previously —2kOe and back to+ 2 kOe (open square
deposited FgAu-,q layer behave quite differently and exhibit
very clearly, at 400 K, the characteristics of an in-plane anHca Is identical to the coercive field of a single F&uo
isotropy. This is shown in Fig. 3 which represents the magilayer plotted in Fig. 29 and thatH¢, is larger thanH; .
netic loops, along and perpendicularly to the easy axis, of &he decoupled multilayer has also been measured at 400 K,
ferromagnetic 50-nm RgAuss layer deposited on a 100-nm above the Curie temperature of thesffai;q alloy, with an
FespAuyo layer which is, as a matter of fact, paramagnetic atapplied field along and perpendicular to the easy axis. The
this temperature. magnetization loops obtained exhibit the same characteristic
It is then needful to get the magnetic characteristics of as the coupled bilayer foF =400 K with identical coercive
Fe;sAuss deposited on a RgAuyg alloy. In order to magneti-  and anisotropy fields. These results allow us to assert that the
cally decouple the layers, a thin pure gold layer was deposmagnetic characteristics of a 50-nm-thicks;&Auss layer in
ited between the two films. a coupled Dbilayer can be reproduced in a
The hysteresis loops obtained by applying the magnetiée;pAu,o (100 nm)/Au (3 nm)/FgAuss (50 nm) decoupled
field along and perpendicularly to the easy magnetic axis oflevice.
a glass/FgAu;q (100 nm)/Au (3 nm)/FgAuss (50 nm) A typical curve of the magnetization collected at
multilayer are shown in Figs.(d) and 4b), respectively, for =10 K with the field applied along the direction perpendicu-
T=10K. The first drop of the magnetization ldt; in Fig.  lar to the easy axis is shown in Fig(. In that figure, the
4(a) (field applied along the easy axisorresponds to the magnetization versus field curve can be considered as the
reversal of the magnetization of the entire 100-nm-thicksuperposition of two independent linear contributions with
FeyAuyg layer. This was proved by repeating the same extheir ownHy . The —Hy, and+ H; fields for which the net
periment on samples with different relative layer thicknessmagnetization exhibits a change of slope are for all tempera-
and by showing that this step is precisely proportional to thdures very close to thelk field found on the FgAu,, single
FespAu,o layer thickness. The second drop Ht, corre-  layer in Fig. 2a). As a consequence, in the decoupled films,
sponds to the reversal of the magnetization of the 50-nnty, is attributed to the FgAu, layer andH, is related to
FessAuss layer. In addition, the minor cycle of Bu,gis  the FgsAugs layer. Figure ) shows the thermal depen-
centered on 0, which shows that this layer behaves as if ilence of the saturated magnetizaty and the anisotropy
were alone and is not submitted to any significant couplingconstantK attributed to the 50-nm-thick EgAuss layer.
from the second layer, which would lead to a shift of theThey exhibit a very flat temperature dependence in the
hysteresis loop. The thermal variationstdf, andH, are  5-300 K temperature range, which is expected for a
shown in Fig. %a). It is to notice that for all temperatures, Fe;sAuss alloy with a Curie temperature around 700 K. The
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wherea is the lattice parameter ant=4 for fcc structure
3000 ] andn=2 for the bcc oné® For T=10 K, the exchange stiff-
{ } { { { nesses for FgAuU,, and FgsAuss were estimated, respec-
tively, to 1X10 7 erg/cn? and 4.5<10 7 erg/cn?. In the
0 frame of a discontinuous linear chain of spins, the energy per
H, surface unitg, and the domain walls thicknegsunder zero
= field in each alloy have been deduced frats 7+2A'/K
1001 2 5 3 & s ] and o=72A’K. At 10 K we found §=90 nm ando
s =0.2 erg/cmd for FepAu,, and 6=70nm and o
o5 =1.3 erg/cr for Fe;sAugs. Beyond these values, we have
to keep in mind that the domain wall widths are of the same
1500 order of magnitude in both alloys, but that the energy of a
domain wall is about 6 times larger in §8uss than in
FejAu,g. This means that the interface between the two
K layers constitute a potential step fromsffu,o to FesAuss
g that the domain wall will have to overcome to propagate
= from one layer to the other one. At=300 K, the domain
2. wall width and energy are estimated to be 37 nm and

H(O¢)

_—
[0)
Rt
(=]
|u]

%
;

W

=)

-
o1
—o—H
—0—
—o— &

K (10" erg/em’)
[\
(=
-
-
.
e

M, :
= M Js00 0.05erg/crA in the FeoAus,, alloy and 67 nm and

s K 1.2 erg/cm in FesgAugs. The ratio between the domain wall
energy in the two alloys is then increased fromt&a& to
ol . . \ M PN about 25 at 300 K.
®) 0 100 200 300 400 From the characteristics of the two layers, the
T(K) Fey0Au,o/FessAuss bilayer appears to be a model system to
FIG. 5. TemperatureT) dependence on Feuo (100 nm)/ study the pinning of a weII-defi.ned domain wall at thg inter-
Au (3 nm)/FesAuzs (50 nm) of (8 Hey, the coercive field of face between the two layers sin€B both layers exhibit an
Fes,Al- layer (open squafe He,, the coercive field of RgAu,,  UNniaxial anisotropy(2) a chemical continuity is maintained
layer (open triangl andH ., its anisotropy fieldsolid circle and ~ Detween the two layers, ar@) the domain wall energy is
(b) Mg, the saturation magnetizatidopen squane and the anisot-  Significantly larger in the FRgAuszs system, so the
ropy constanK (solid squargfor the FgsAuss alloy. FeyAu,o/FessAuss bilayer is about to constitute a potential
energy step for a domain wall previously created in the
. . Fe;pAu,o layer. Note that those characteristics make the
influence of the FgAus; layer thicknesgge ay, Was stud- FesAUyo/ FessAlss bilayer a unique exchange-coupled sys-
ied for 30 nm<tge a,, <100 nm aff =400 K in coupled de-  tem compared to other “conventional” spring magnet
vices with a 100-nm-thick FgAu, layer.Ms andHy, were  systemg:9 111831
found to be independent of the §gAuss layer thickness

whereasH, was found to decrease frohlc,=110 Oe for
t =30 nm toH ~,= 25 Oe fort =100 nm lIl. MAGNETIC CONFIGURATIONS IN COUPLED
FegsAuss c2 FegsAuss '

LAYERS

—_
(=]
T

From the parameteid, Mg, andT., we could evalu-
ate the exchange integrals and anisotropy energy and finally A. Magnetization measurements
the magnetic domain wall characteristics: energy and thick-
ness in zero applied field. We followed the methods devel- ! -
oped by previous authors using a mean-field method. The Ioguth%%aﬁﬁn)aﬁssgg ln?afi,e O;f iwigogtmf;gﬂ:?ré i
are not totally justified in systems that develop itinerant mag- &5 \Uzs y P y

) . . in Fig. €b). It is compared to the behavior of the
netism but provide nevertheless good orders of magnitude (]tc_[hown n
the micromagnetics quantities. The exchange inted¢al. ©30AAU7o(100 nM/Au (3 NM)/F&;sAU(50 nm) system made

in the FeAu,_, alloys has been estimated in the frame of “P of th? two same layers b.Ut separ_ated by a decoupling gold
the meagn-fiézlldX)theor{/ by e BKoTo/22 X S(Seet 1) layer [Fig. 6@)]. Four qualitative differences between the

whereTo=350 K forx=0.3 and 700 K fox=0.65, anct is coupled and uncoupled systems are obsertigdhe ampli-

the coordinencez=12 for an fcc structure anz—8 for the tude of the first drop in the coupl_ed system is reduced and is
smaller than the one observed in the uncoupled system. It

bcc one. Sg. has been evaluated from the moment per Fe_ . ;
atom: pr=9 ueSre With g=2.2, which leads toJpere indicates that the reversal of the Jp&u,, layer magnetiza

~0.810 “erg and 210 1 erg for x=0.3 and 0.65. re- tion, which reverses first, is not complete. The field at which

spectively. The exchange constaxitis then calculated with the reversal of the magnetization starts is close to the coer-
P y- 9 cive field of the individual layer. Nevertheless, it will be

called Hg; instead ofHc;. (ii) In the coupled system, the

The typical magnetic behavior, with the field applied

nJ 2 )2 minor loop [Fig. 6b)] is no longer centered about 0 but
A'(T)= FeF” [ Mrel ) about a negative fieldHg. (iii) In the intermediate stage,
a gus between the two magnetization steps and while going back
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nucleation occurs from the outer surface of the layer and the

1.0 reversal of the magnetization spreads through the layer. It is
0.5 stopped at the interface between the two materials where a
domain wall is trapped by the potential step due to the
0.0 change of materials. At this stage, the domain wall can be
0.5 compressed by increasing the field or decompressed by low-
- ering it, which explain why this part of the magnetization
§_1.0 curve(for Hg;>H>Hp,) is not flat and decreases when the
1.0 amplitude of the field increases. Finally, while increasing the
amplitude of the field, the domain wall becomes more and
0.5 more compressed and under the pressure generated by the
0.0 magnetic field, the magnetization of gRuss layer reverses
at a fieldHg, smaller thanH.,. The sample is acting as a
-0.5 domain wall junction. The domain wa{DW) junction is a
1 model device proposed by Gunther and Barfata study
-1.0 o) pa the DW dynamic across an energy barrier. In this structure a
- Rzl DW may be trapped by a potential step, and as the field
3 D increases, because of the Zeeman energy, the potential step
\E vanishes and the DW may move freely.
5 :
;f] ’,', B. Micromagnetism calculation
rd
Rt . In order to quantitatively characterize the evolution of
-300  -200 -100 0 100 magnetic configurations involved in exchange-coupled

H (Oe) FesAuso/ FessAuss bilayers, energy minimum configurations

FIG. 6. () Experimental normalized magnetizatiom(Mg) as ~ Were calculated considering the system as a spin chain. This
a function of the fieldH applied along the easy axis obtained at 10 Modeling is very similar to the one used in Refs. 8 and 18.
K on a FegAuy, (100 nm)/Au (3 nm)/FgAuss (50 nm) layer for ~ Each spini has its own magnetizatiol;, uniaxial anisot-
H swept from 500 Oe te- 500 Oe(open squareand from 500 Oe  ropy constantK;, and is exchange coupled to its first-
to —120 Oe back to 500 Oéopen circlé. He; andHe, are, re-  neighbor spins by an exchange stiffnéss,. ; andA;_;;. A
spectively, the measured coercive field of thg,Req layer and the  magnetic fieldH is applied on the spin chain along the easy
FessAugs layer. Hyy (Hgo) is the calculated field at which the axis. The model is restricted to equilibrium in-plane configu-
FesAuyg layer (FesAugs layen magnetization can no longer be rations since the demagnetizing field tends to maintain the
pointed along the positive field direction it is also its anisotropymagnetization in the plane of the film. By integrating over

field. Lines are the calculateM/MS. (b) Experimental normalized the whole bi|ayer thickness we obtained the energy per
magnetization f1/Ms) as a function of the fieldH applied  gyrface unit given by

along the easy axis obtained at 10 K on aRe;o(100 nm)/

FessAuss (50 nm) layer forH swept from 500 Oe to—500 Oe t do

(open squaneand from 500 Oe to- 120 Oe back to 500 O@pen E= f A(—

circle). Hg; andHg, are, respectively, the measured field for which 0 dz

the FgoAu,q layer and the RgAuss layer magnetization reverse.

Lines are the calculateM /Mg (solid lines correspond to sator ~ TO determine the possible energy minima, Ej.was trans-

sat states and dash line to the DW statel}, andH2, are, re- formed into a discrete fornfso that each spin describes a

spectively, the calculated field at which the'satate and the DW  1-nm-thick layey and minimized. Several solutions corre-

state no longer existc) Evolution of the energy of the three sates: sponding to different local minima of energy were obtained

saf” (solid line), saf (dashed ling and DW (dotted ling as a  using four different initial magnetic profiles: two saturated

function of the applied field along the easy axis. configurations, one with the magnetization pointing along

the positive field direction (s&) and the other one along the

from Hg;>H>Hg, to 0, the normalized magnetization negative field direction (sa) and two configurations with

shows a slope with respect to the field variation which isan antiparallel alignment of the two layers magnetization.

stronger in the coupled system than in the decoupled oné&he parametersA, K, andMg) used to perform the micro-

(iv) Finally, it occurs that the second step, which correspondsnagnetic calculation are gathered in Table | and are found to

to the reversal of the RgAuzs layer magnetization, occurs at be within the error bars of the parameters previously mea-

a field Hg, significantly smaller that c,. sured and calculated. The calculation should then permit us
All these facts show that the layers are actually coupledo determine which magnetic configurations are possible

and interact with each other. The evolution of the magnetiwhereas magnetization measurements provide which con-

zation is qualitatively consistent with a model, where the keyfiguration is actually adopted at a given temperature.

role is played by an interface domain wall: starting from a The calculation was first tested in the case of the un-

saturated magnetization, there is first-{; a nucleation of coupled layel{Fig. 6@] and the results are found to be in

the magnetization reversal in the softer layegRe,o. The  accordance with the Stoner-Wholfart mod&the FggAu

2
+K sirP 6—H-M cosé|dz. (1)
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TABLE |. Magnetic parameteré (exchange stiffne3sK (an- 180 pge:
isotropy constant andM g (saturation magnetizatiprior Fe;pAu,qg
alloy layer and FgAuss alloy layer used to perform the micromag-
netic calculation. The interface exchange stiffness was estimated to

ra— H= 150 Oe
ro— H= 100 Oe
re— H=15 Oe

3% 1077 erg/cm. %
2N
T=5K Mg (emu A (erglcm K (erg/cnt) &
FesAuyg 550 <1077 2.75x 10*
FessAlgs 1350 4.5¢10°7 20x 10*
o o . 0
(FessAugs) magnetization may be pointing antiparallel to the 0 50 100 150
field as long adH >Hy; (Hks). ForH=Hy, (or Hg,), the Thickness (nm)

energy barrier between the parallel and antiparallel states i . ion for three diff fields
vanishes. However, during an experiment at a given tempera-, ~'C: 7- Magnetic configuration for three different fieldsap-

ture, the magnetization may switch from an antiparallel to g1€d aong the easy axigi(=15 OeH =100 OeH =150 Oe) ob
. . . tained by plotting the angle between the magnetic moment and the
parallel state for an applied field>H, by crossing the A 2 - : !
. positive field direction vs the position of the considered magnetic
energy barrier between the two states.

For coupled layers the field dependence of the calculateg10ment In the bilayer thickness.
energy minimum solutiofiFig. 6(c)] and the resulting mag-
netization component parallel to the fielfig. 6(b)] are  beforeH%,~—125 Oe. Then it drops from DW to sabe-
evaluated. For all fields, very good agreement is found before H%ﬁ — 165 Oe, which means that the activation energy
tween the measured magnetization and calculated magneshould play a key role in the transition. A remarkable feature
zations of one of the energy minimum solution. This permitsis that the experimental amplitude of the net magnetization
us to give a quantitative interpretation of the magnetizatiordrop atHg, is very close to the difference between the mag-
versus field measurements performed on the coupled layemetization calculated in the saand DW states at this field.

Starting from a large positive field the only energy mini- On the other hand, the experimental variation of the magne-
mum is the one for which all the spins are pointing along thetization in the DW state follows the calculated one. This
field direction and parallel to the easy axihe sample is means that the model of compression and decompression of
saturategl For such a positive field, all energy terms, anisot-the domain wall is perfectly justified. The calculated profiles
ropy, exchange coupling inside the layers, and at the interef the domain wall submitted to three different fields are
face, and Zeeman energy are minimum, the sample magnehown in Fig. 7. It can be noticed that at low fieltH (
tization is kept in the saturated configuration along the=15 Oe) the DW thickness obtained from numerical calcu-
cooling direction (sat). The energy of the configuration lations reaches the order of magnitude of the DW thickness
sat” exhibits a linear dependence with the field because onlgalculated in zero field fromd= 7 2A'/K. Furthermore, the
the Zeeman energy terms varf@sg. 6(c)]. While decreasing decrease of the DW thickness as the applied field increases is
the magnetic field, the Zeeman energy becomes smaller anglearly visible. Note that the DW spreads mainly in the
two metastable minima appear successively: one with alFe,,Au,, but penetrates also slightly into theg&us,s layer,
moments opposite to the field (Satand a second on®W)  which is consistent with the fact that the ratio between the
with a domain wall located at the bilayer interface. For  energies of the domain wall in these two alloys is moderate
>0, coming from the sét configuration, the system has no (~6).
reason to leave this configuration to a higher-energy mini- The calculation permits us to know which states are pos-
mum. sible but not at which field those states are reached. For

When crossing the zero field, the energy of‘'sahd sat instance concerning the reversal from the DW state to the
are reversed and the Sastate becomes the more stable onesaf” state, the simulation predicts that this last configuration
The energy of the DW state is higher thansand sat for  is always energetically favorable and that fér= — 165 Oe
fields neaH =0 because of the contribution of exchange andthe DW state can no longer exist since this energy well is
anisotropy in the DW. When increasing the field in the negaionger more preser(in other words, the energy barrier has
tive direction, sat is less and less stable, and according tovanished. The question as to why the magnetic configura-
our calculation, its local minimum disappears néb%lw tion of the system changes before the energy barrier vanishes
—125 Oe. For this field, the energy barrier between thé satis discussed in Sec. V.
and DW states vanishes. It means that the system will nec-
essarily have left the satconfiguration beyond- 125 Oe to
reach either the more stable sastate or the intermediate
DW configuration. If it reaches the DW configuration, it has A detailed study of the effects of the parameters of the
to leave it beyond—|%2~ —165 Oe to sat, for which the system on the magnetization reversal process was performed.
barrier between DW and satvanishes. We focused especially on the thickness of the layéersdr

From magnetization measurements it is clear thai gt  the Fes Augg layer andt, for the FgyAu,q layern. The effect
the system drops first from the Sastate to the DW state and of t; is shown in Fig. 8 where the magnetic behaviors of

C. Thickness dependence
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FIG. 8. (@) Experimental normalized magnetizatiol (M) as FIG. 9. Normalized magnetizatioM/Mg) as a function of the
a function of the fieldH applied along the easy axis obtained at 10 field H applied along the easy axis obtained at 10 K on a

K on a FeyAuz, (100 nm)/FesAuss (S0 nm) bilayer(open circle — pg Ay, (100 nm)/FegAuss (t, nm) layer fort,=100, 50, and 35
and obt.alned on a BAU7o (50 nm)/FesAuss (59 nm) bilayer nm. Lines are the calculated/M g (solid lines correspond to sat
(open trianglg Lines are the calculatell/Mg (solid lines corre- or saf states and dash line to the DW state

spond to sdt or saf states and dashed line to the DW statb)
Thickness {;) dependence ofH.;, the coercive field of a
FeyAu,g (t4 nm), andHg,, the field at which the FgAuq layer
magnetization reverses in afg8uq (t; nm)/FegAuss (50 nm) bi-
layer.

the magnetic moments which have to exhibit components
perpendicular to the field direction. The extreme case is that
of spins located in the middle of the domain wall which are
orientated perpendicularly to the fiel¢h the plane of the
sample. As the transverse component of the spin is not de-
Fe30Au70(100 nm)/FesAuss(50 nm) and FgAu7o(50 nm)/  tected by the magnetization measurements the presence of
FessAuzs(50 nm) are compared. It occurs thag, increases  Dw had to be revealed by indirect techniques. We present
whent; decreases which shows that the nucleation of theyere evidences from magnetic susceptibility and resistivity
magnetization reversal is more difficult for lowey thick-  measurements.
ness. This is also confirmed by a numerical calculation that

shows that the energy well for the DW state appears and the

energy barrier between satand DW vanishes for larger . .
field whent, decreasesH2, increases as, decreasdsAs The response of a ferromagnetic system to an alternative
magnetization reversal of the 5Au-, layer requires the for- Magnetic field is mainly due to the transverse component of
mation of an interface domain wall, it can be imagined thatth€ magnetization. The longitudinal response lowers rapidly
Hp, will be shifted fromH ¢, as soon as the thickness of the 10 0 below the Curie temperature and as a consequence, the
FesAly layer is smaller than the width of the domain wall, @ susceptibility is a measurement of the “quantity” of the
which means no “free” domain wall can be created. TheMagnetic moment perpendicular to the field. In our experi-
inset of Fig. 8 shows that at 10 K faf=100 nm and 150 Ments, the ac susceptibility was collected by superposing a
nm, Hr, is very close toHq, and that fort;=50 nm it is 1000-I—!z ac field _of 2 Oe onto the static field. The data pol-
significantly shifted, which is consistent with Table | which lécted in the static field range 200—200 Oe are plotted in
reports that the expected domain wall thickness for &ig. 10 with the quasistatic magnetization results. The sharp

FesAuy, alloy is close to 90 nm at 10 K. Howeveg, is susceptibility steps foHg, andHg, correspond to an abrupt
not significantly affected by the, variation. increase or decrease of the spin population exhibiting a com-
The effect oft,, the FgzAuas layer thickness, is shown in ponent pgrpendicular to the magnetic fielq. They precisely
Fig. 9. Hg, is found to be reduced as increases. This Occur at fieldsHg, (up) andHg, (down) which have been
behavior is probably correlated to intrinsic effects of theldentified as the fields at which the domain wall were created
layer and has to be related to the decrease of theABg and annihilated. These transitions support the hypothesis of a
coercive field as its thickness decreases. Magnetizations ddomain wall formation, imagined from the amplitude of the
duced from the simulations are well superimposed with thetatic magnetic transition and already supported by the nu-
experimental points when the DW is present. Unlike the fieldn€rical simulations. The progressive decrease of the mag-

Hp, deduced from experimental measuremerf, is found nc_etic susceptibility.betweeH R1 and.HRz is then consis.tent
to increase as the thicknetsis increased with the compression of the domain wall as calculat€id).

7). as the domain wall thickness decreases the number of
spins having a component perpendicular to the ac field low-
IV. EVIDENCE OF THE TRANSVERSE MAGNETIZATION ers and so does the ac-susceptibility signal.

COMPONENT OF THE DOMAIN WALL

A. Magnetic susceptibility

If in the saturated state all magnetic moments are along B. Magnetoresistance

the field direction, parallel or antiparallel to it, the domain  The magnetoresistance anisotropy effect constitutes a sec-
wall state is characterized by a distribution of orientation ofond piece of evidence of the occurrence of the domain wall
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magnetization, anisotropyf the individual layers and as a
consequence the heights of the barriers themselves.

The two sets of magnetization curves pictured in Figs. 11
and 12 as well as the evolution bff-;; Hg; andHg, fields
gathered in Fig. 13 illustrate these effects. Figure 11 which
presents magnetization data collected from the
Fes)Au7o(100 nm)/FegsAuzs(50 nm) sample at low tem-
perature exhibits typically what can be expected from a sys-
tem in which the thermal activation process is dominant. In
this restricted temperature range, far frdip and where the
through the transverse magnetic component of the spins. Ifagnetic parameters of the layers are very little temperature
iron-based samples, this effect manifests itself by a maxidependentig; is strongly temperature dependent. The shift
mum of electrical resitivity when the electrical current trav- of Hg, towards low field has been observed in the GdFe/
els along the direction of the magnetic momefptarallel or ~ TbFe system and indicates that the crossing of the potential
antiparalle] and by a minimum of resistivity when it travels step is thermally activated. The nucleation of the domain
perpendicularly to ther'’®As shown in Fig. 1), the elec-  wall atHg; in FeyAuy decreases very slowly when increas-
trical resistivity with the electrical current along the mag- ing the temperature, which means it is slightly activated too.
netic field exhibits two down and up stepsHik, andHg, Figure 12 shows the magnetization data collected in a
corresponding to the creation and disappearance of the dwide temperature range far=150 K, 300, and 350 K. At
main wall, respectively. These transitions are unambiguousl#50 K, there is only one magnetization step left which cor-
due to the successive appearance and disappearance of tReponds to the coercive field of a uniquedPei;o (100 nm)
transverse component of the magnetic moment. In a simildayer. It is consistent with the fact that thegb&u,, is above
way as for the susceptibility, the increase of the resistivityits Tc and as a consequence thedA@izs layer is magneti-

200 -150 <100 50 0
H(Oe)

FIG. 10. (a) Normalized magnetizatiorM/M s) and magnetore-
sistance AR/R) as a function of the magnetic field applied
along the easy axis measured at 10 K on ay&e;o(100 nm)/
FessAuss (50 nm) bilayer.(b) ac susceptibility véd measured on a
FespAu;q (100 nm)/FegsAuss (50 nm) bilayer at 10 K.

betweenHg,; andHg, is due to the compression of the do-

main wall. Finally, we can notice that the resistivity de- 1.0 A ARBIIISIS Seestsh
creases slowly fromH=0 Oe toHg;, which may be ex- A 4
plained by the occurrence of a transverse magnetization 0.5k |
component preceding the nucleation of the magnetization re- ’ ° e
versal in the FgAu-q layer. Note that this last phenomenon - 300K o
is not detected by the magnetization measurements but could 0.0 |
be noticed using ac-susceptibility measureméig. 10b)]. i ? /
i 30k | 150K ]
V. DYNAMIC OF MAGNETIZATION REVERSAL IN -0.5
COUPLED LAYERS L i
A. Temperature dependence -1~_(i50 i "’_‘fo"‘(')A' erfrrrrr 0 0
H(O¢)

It turned out that the magnetic behavior of the coupled

system is strongly temperature dependent and that, in a large FIG. 12. Normalized magnetizatioM(/Mg) as a function of
extent, two thermal effects mixi) the temperature activates the magnetic field i) applied along the easy axis of a

the crossing of energy barrier by the domain wall angdthe
temperature modifies the magnetic characteriggasuration
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FIG. 13. Temperature dependenceHy;, the coercive field of
the FeguAu;o (100 nm) layer, Hq,, the coercive field of the
FessAuss (50 nm) layer, andHg,, the field at which the system
Fe;Au,g (100 nm)/FgsAuss (50 nm) switches from the DW state
to the sat state.

T=5K

cally uncoupled. The magnetization curves collected below
the Curie temperature of kg#u,, exhibit the transitions at
Hgr; andHg, (seeT=150 K andT=300 K) which means
that at these temperatures blocking of the domain wall still
exists. However,Hg, goes through a minimum near

5000 1000C
time (s)

—120K, which means that above this temperature, and " 'C- 15 Reduced magnetizatid(t) = [M(t) ~Mow)/[Mow
—Msga ] as a function of timet) for different applied magnetic

probably well below, the height of the barrier is strongly .
temperature dependent and the thermal activation cannot t];'glds at(@ 7 K and(b) 5 K.

isolated. . .
solated and then under constant field, isothermal measurements of

the magnetizatiorM(t) were performed as a function of

B. After effect measurements time.

L . . From M(t), we introduced the reduceBl(t) parameter,
In order to study the activation process involved in thedefined by

FeAu magnetization layer reversal and so the crossing from a

DW state to a sat state, we limited our temperature range to M (t) —Mpw
the 3—10 K, in which magnetic parameters can be considered VI VI
as constant. As shown in Fig. 1Kz, depends strongly on
the temperature, and as explained above, this change canneihereMp,y, is the magnetization in the DW state before the
be attributed to the thermal dependence of the magnetic panagnetization drop an#ls,. is the magnetization in the
rameters. Relaxation measurements were performed with theaturated stateB(t) represents the fraction of the average
following procedure: at each temperature appearing in Figmagnetization that has not reversed. Two set of examples of
14, the system was brought to a set of fields closel tg, the time evolution oB(t) are shown in Figs. 1&) and 15b)

for T=5K and 7 K respectively. All théB(t) curves may

be fitted by an exponential decay with a single relaxation

@

B MDW_MSaF,

1.0 :
time 7
0.5} B(t)=B —t 3
@ (0=BoexA . ®
§ 0.0 whereB;, is the value of8 for t=0.
This expressior{3) would be consistent with a model of
05 | sample made of a large number of identical and independent
‘ P magnetic domainsgsingle relaxation timer) in which a DW
| ,IO}( is pinned by an energy barrier. That hypothesis implies that a
1.0 imin : domain switching from a DW state to a sat state is the only
-150 -100 -50 reversal process. This description is consistent with exponen-

H (O . . .
(Oe) tial decay observed on the magnetization versus time>plot.

FIG. 14. Normalized magnetizatioM(Myg) as a function of ~However, we should keep in mind that domain growing is
the magnetic field ) applied along the easy axis of a not taken into account in this model. The above domains
FesoAUo (100 nm)/FgsAugs (50 nm) bilayer for different tem- could then defined as domains wall junctiof3WJ's) as
peratures3, 5, 6, 7, and 10 K proposed by Gunther and BarbdfaA DWJ is a magnetic
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' ' ' credit to the DWJ theory. Indeed the micromagnetic calcula-

)2/3 tion predicts the vanishing of the metastability of the domain
wall for H3,= 165 Oe.

The above authors described a different DWJ class de-

150k— (AE,

aféloo- i pending on the characteristic DWJ lendthyer thickness,
B energy barrier width, etg.compared to the domain wall
f thickness. It then has to be pointed out that
=~ sol i Fe;0Au7o(100 nm)/FgsAuss(50 nm) is a new class of DWJ

since the thickness of the magnetic layer which is the cause
of the energy barrier is comparable of the domain wall width,
whereas in the case of GdFe/TbFe/GdFe DWJ, the TbFe

50 i 660 150 200 layer thickness was very thif0.2—2 nm compared to the
(©e) DW thickness in the GdFe lay¢60 nm) (Ref. 31).

FIG. 16. Field {) dependence dfT In(#7,)]?°. For the linear

dependence)E, can be estimated to 1800 K ait}, to 175 Oe.
VI. CONCLUSION

nanostructure inside which a DW feels a potential energy
barrier. The probabilityP(t) for each DW to cross the barrier
before timet is then given by:

—t
P 1-e] o
wherer(H,T) is the relaxation time. Following the analysis
of Gunther and Barbara on the field dependence of the heig

For FeiAu,o/FessAuss bilayers, specific growth condi-
tions allow us to induce a uniaxial anisotropy in both ferro-
magnetic alloys. Precise characterizations of their magnetic
properties have shown that the bilayer can be classified as a
) (4) “spring magnet.” The ferromagnetic layers are ferromagneti-
cally exchange coupled at the interface and the domain wall
energy is significantly different from one layer to the other:
I?Itlis ratio is evaluated to about 6 at low temperature. How-

of the energy barrier seen by a DW, ever, this difference is moderate compared to other spring
AE(H) a magnet systems>’~°\When a magnetic field is swept
7(HT)=roexg — 7| AEH)=AE| 1~ ao along the easy axis, magnetization reversal from one satu-
R2

rated state to the other occurs via an interface domain wall
. . . . . state which is metastable. Because of the moderate domain
where AE, is th_e energy barrier height in zero field, wall energy ratio, this interface domain wall is present in
=1, wher%l“o Is the attgmpt. frequencyd a@dz 3/2.when both layers. However, it spreads mainly in the sof{gRe-
e=(1— H/Hgp)<1. Also in this modelHg, is the field at  |3ver and is pinned and compressed by the field against the
which the barrier vanishes because the positive slope of thg,,qer FesAugs layer. Its presence and its compression are
interface potential is compensated by the negative slope Qlyijenced by magnetization measurements combined with
the Zeeman energyy, could be estimated from the relation micromagnetic calculation and using transport and ac-

-T, T susceptibility measurements. Both of these techniques are
To= T1 ex In -
To=Ty 7

) found to be very sensitive to the presence of a magnetization
_ _ ) . component perpendicular to the applied field and conse-
which requires two experiments performed at the same f'elﬁuently to the domain wall. The system can reach its mini-
but' at different temperatures. This condition is not easy tQ,,m saturated state when the domain wall overcomes the
fulfill; however, from 7, (6K,1420e)}=115s and gnergy barrier. In order to characterize this barrier, the tem-
72 (5K,142 Oe}=49000s, 7o could be estimated 10 perature dependence as well as magnetic aftereffect measure-
10"*%s. This value is in fact supported by a global analysisments has been performed. The magnetization reversal pro-
of the data based on the fact that /for a same sample, thess was found to be thermally activated and activation
curve in Fig. 16 shovy|ng[TIn(7—/7-0)]23 versusH must be  parameters could be deduced. The field for which the energy
continuous over the different measurement temperatures, iffarrier vanishes is found to be very close to the one deduced
dependently of the relation betwe&rE andH (Ref. 31. from simulations using the magnetic characteristics of indi-
,From this curve,AE, can be estimated to 1800 K and vidual layers. This result allows us to assert that the energy
Hg, to 175=10 Oe; this value lies within the hypothesis for parrier felt by the DW is due to the specific magnetic prop-
the use of the model of Gunther and Barbaes=(1  erties of the alloys and that the Jp8u,o/FessAuss device
— H/HZ,)=<0.3<1. The fact that by two different methods can be considered as a model system of domain wall junc-
the same value ofi3, has been obtained gives even moretions.
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