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In Gd,gFes/ ThyoFes5 exchange-coupled bilayer system, both negative and positive exchange bias, depend-
ing on cooling field, are observed. A full enlightenment of the magnetic configurations adopted by the system
is obtained through micromagnetic calculations in agreement with magnetization and susceptibility measure-
ments. Magnetization shifts and exchange bias fields are then quantitatively correlated to the presence of a
frozen interface domain wall. This model may be transposed to antiferromagnetically exchange coupled
antiferromagnetic/ferromagnetic (Fe/Redt Fe/MnF) systems
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Exchange bia$EB) has been widely studied in ferromag- variation of antiferromagnetically coupled bilayers. The
netic (FM)/antiferromagneticAFM) bilayers™? This phe-  Gd,gFes(100 nm)/Th,Fesg(50 nm) sample has been pre-
nomenon which is often essential for magnetoelectronipared by coevaporation on a glass substrate kept at 77 K and
deviced is mainly characterized, below a blocking tempera-protected by a 30-nm Si capping layéBoth Gd,Fes;, and
tureTg, by a shift of theM-H loop towards a field known as  Th, Fe,, are ferrimagnetic alloys, Fe and rare-earth magnetic
the exchange bias fielde . In some FM/AFM systems ex-  moments being very strongly antiferromagnetically coupled
hibiting ~ antiferromagnetic exchange coupling such asypq thus antiparallel. In ey, the iron contribution to
Fe/Fef; or Fe/Mnk;, it has been shown that a cooling field magnetization is dominant for all temperatures. This compo-
Hi. could triggerH from positive to negative values at low gjiion has been chosen to avoid the occurrence of a compen-
tempergture and induce a magnet|zat|oq é‘hﬁtAIso_strong sation temperaturf. The terbium moments present a spread-
correlathn betweenic, He and mggnetl_zgtlon shift of the ing of their direction because of the strong random local
hysteresis loop has been observeddditionally several anisotropy. ThyFess becomes thus a hard magnetic alloy at

author§”’ pointed a peak in the coercive fields for Hg . ;
. ; ._low temperature because of the large increase of the terbium
close to zero. Despite numerous studies, the mechanism

leading to the EB effect is not yet fully understood. However,m.‘;‘gr?euc ?nlsgtrlppy. O.n (tjhe gontrary, d'nhz@?%m the_ con-
an estimation of thédg must rely on configurations of the tribution of gadolinium is dominant and the magnetization is

interface magnetization. Two different kinds of model are'0cally parallel to that of the Gd momenntiparallel to that

proposed. A first approach to model EB phenomena is base®f ifon), the magnetic anisotropy is generated by the growth
on the formation of lateral domains in the antiferromagnetProcess and G7dFe_ exhibits a very clear in-plane easy axis in
resulting in the formation of lateral domain wAllOn the the film plane!’ This anisotropy remains weak at low tem-
other hand, various models proposed the presence of an iReratures because of tseharacter of the Gd #band. For
terface domain walliDW) with a modulation vector perpen- all the measurements presented here, the magnetic field was
dicular to the interface. The position of the iDWvi AFM or  applied in the sample plane along the GdFe easy axis. The
in the FM) and its shape (90° or 180°) are up to now widely exchange coupling between the layers being dominated by
discussed- ! These aspects are still in debate after 15 year§e-Fe ferromagnetic interactions, the magnetizations of
of intensive research, mainly because the magnetic configusdFe and TbFe are antiferromagnetically coupled at the
ration inside the AFM layer is not measurable using classicainterface.
magnetometric method&at least linear due to its zero net Equilibrium magnetic configurations have been calculated
magnetization. Other exchange-coupled systems such 4y using a simple unidimensional micromagnetic mddéf.
“spring magnet” made of two layergferromagnetic or/and Due to the demagnetizing field, the magnetization is kept in
ferrimagneti¢ have shown EB effe¢f1* The presence of the plane of the layers and the magnetic profile is character-
an interface DW was clearly evidence in that case. Howeveiized by a single depth dependent ang(e) referred to the
the interface exchange coupling wiasromagneticand only  anisotropy direction. The magnetic energy of the bilayer per
negative EB was observed. area unit is calculated by considering, for each lay&dFe

In this paper, we have studied EB phenomena iraair  and ThFe¢: the exchange energicharacterized by the ex-
ferromagnetically coupled ferrimagnetic/ferrimagnetic bi- change stiffnessAgqee Or Atprd, the anisotropy energy
layer, namely, GghFeso/ ThyFess. We present here the evo- (minimum for 6=0° and #=180° and proportional to the
lution of the magnetic properties Hg, Hc, and  anisotropy energKggare OF K1ped, the Zeeman energy cor-
magnetization shifjs of this system at low temperature responding to the interaction of the magnetizathdg e, Or
depending orH;.. Using ferrimagnetic layers, we investi- My, With the applied fieldH, and finally the interface
gated the magnetic configurations of both layers, andxchange energycharacterized by a negative exchange
then develop a quantitative model fddg and MY,  stiffnessJ).
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TABLE |. Magnetic parameters of a single layghicknesst) 1,0 T T
GdsgFes and ThoFeyg at 300 K and 5 K used to performed the T=300K
micromagnetic simulations on the bilayéFhe interface couplind
has been taken to be 107 erg/cnf). They are found to be in
good agreement with the one obtained from measurements and cal-
culations(Ref. 16.
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Alloy t(nm) A (erg/lcm) K (erg/cn?) M (emu |
GdyFes (300 K) 100 6x10°7 2.5x 10 500 (@)
GdygFeso (5 K) 100  6x1077 10° 1000 . .
Thy,Feyg (300 K) 50 8x10°8 2.8x 10 225 1
ThyFes (5 K) 50 8x10°8 >10 350

tadr 36(2)\? ) 3
E:fo i 1AGdF4T) +K gre SIF0(2) I

tedret tTor 30(z)\? 3 ®)
dz+ ATbF i
t 0z
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FIG. 1. Normalized magnetizatidd /Mg (a) and susceptibility
i i xac (b) as a function of the magnetic field applied along the easy
+J €0 Orpre Ocare» axis for GdgFe;o(100 nm)/Th,Feg(50 nm) at 300 K. Experimen-

i i . tal data(open circlg are compared to calculated valusslid line).
wherefgqr.and 6y, are, respectively, the angle of the mag- (op ? P . )

netization at the interface in GdFe and in the TbFe layer. We o ) ) )
determined the magnetic profiles which minimize the energynagnetization having a component perpendicular to the field
(stable and metastables statem which we calculated the direction increases, which increases the.susceptu?).?lﬂ’y:e
magnetizationM and the susceptibilityM/gH. The mag- Susceptibility is maximum &t =100 Oe field at which the
netic parameters used for the calculation are summarized fantiferromagnetic coupling takes over the Zeeman energy
Table I. and the TbFe magnetization reverses abruffig. 1). The

Magnetic measurements were first performed at 300 K td"agnetizations are thus antiparallel and entirely along the
establish the possible initial magnetic configurations beforépplied field @yre=0° anddry,ze= 180°) without any iDW.
cooling the sample under a magnetic fielgl. . Experimental ~ This transition leads to a drop of the susceptlb[llty because of
results are reported in Fig. 1 for both magnetization and sughe disappearance of transverse magnetization component.
ceptibility. The hysteresis loops as a function of the applied or @ small negative field, the whole structu@dFe and
magnetic field are plotted along with the results of the mi-TbFe still antiferromagntically alignedeverses its magneti-
cromagnetic calculations. For the clarity of the figure, onlyZation (Fig. 2, GdFe magnetization is now pointing in the
the absolute minimum-energy solution is represented. Theegative field direction fggee=180° and 67,,=0°). For
agreement between measurement and micromagnetic caldd-<<—200 Oe, Zeeman energy takes over interfacial cou-
lations is then very good for both magnetization and suscep-

tibility. The solutions corresponding to local mininfaot 180F & 360} 88888444, nonEnniEnd
represented in Fig.)Ireproduce satisfactorily the opening of l |

the loops. The magnetic profil(z) from the calculation for g ol _SHAN0m b mrestmm)
five different fields are presented in inset in Fig. 2. For very = * %180-- cannsuns l«%)oooooooo
large positive fields Kl =70 kO, both magnetizations point B g0l \.\ | ;:..‘

in the field direction with only a small shift at the interface, g . 7 ST
consequently the angle between the interface GdFe and ThFe o '\0 5000000000t aaaaits
magnetizations and the field direction are close to zero oL fom 2
(Ogqre=0° and O =0°). As thefield is decreased the o e
balance between Zeeman energy and the interfacial antifer- — 20 H(koi()) 60 -

romagnetic coupling leads to the formation of an iDW,
mai”'Y located in the TbFe layénset ,Of Fig. 2. Its thick- FIG. 2. Calculated anglein,:e between the TbFe interface spin
ness increases angh,e. (calculated rises from 0° angle 4pq the cooling field direction as a function of the applied figld
toward 180°(Fig. 2). This “decompression” of the iDW is | inset, magnetic configurations in the GdFe/TbFe bilayer at 300
slightly visible from the slow decrease of the magnetizationk, ¢(z), for various fields 70 kOgfull triangle), 1 kOe (open

but it is clearly evidenced by the susceptibility measure-riangle, 150 Oe(full diamond, and 0 Oe. For the zero field two
ments. Indeed, when a DW becomes larger, the amount a@bnfigurations are possiblepen circlé and (full square.
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FIG. 3. Variation of the exchange bias figttE and the coercive R
field H¢ as a function of the cooling fiell;.. In inset, hysteresis H L
loops @ 5 K for H;.=70 kOe andH;.=150 Oe.H.; andH, are E P T MNW (Calculated)
defined forH;.=150 Oe 0ol 'F n Msmﬁ (Experimental)
pling and the ThFe magnetization aligns along the field, lead- i
ing again to the creation of an iDW. Symmetric behavior is n (b)
observed while the field is swept back to positive. The room- ' T=5K
temperature behavior of the GdFe/TbFe bilayer is similar to 0,8 s - m -

the one obtained for GdFe/FeSn antiferromagnetically

coupled system®. It is thus perfectly understood and con-

form to a simple micromagnetic model which allows to pre- . . 1y calc ;

dict the magnetic configuration at the TbFe interface, anqev';Irgé;a;as)hEl\i/r?l}ugg?ng;E igh:u'azfjlfglr:g az?]tdw: ICh(SdFe

. ; - c1 cz2 (open

particularly 67y represented in Fig. 2. squarg as a function of the cooling fielt.. (b) Cooling field
The sample was then cooled downd K under constant gependence of the experimentéill square and calculateddash

magnetic fieldsH¢.. Two examples D5 K hysteresis 100p  line) normalized magnetization shiftl,,i;(Hc).

are represented in the inset of Fig. 3. The net bias field ap-

pearing in the cycle depends clearly on the cooling fig)d. calc

: : . 2 H7 " variation as a function oH;. is compared toH;
This phenomenon is accompanied by a magnetization Shlf\Iariation in Fig. 4a). The agreement between the experimen-
whose variation wittH;, is reported in Fig. 4). The two 9. 4. g P

switching fieldsH, and He, are plotted as a function of tal results and the frozen magnetic configuration hypothesis
C1 C2 i i i i
H, in Fig. 4@). As usual, we definéde=(Hay+ Hep)/2 is good, showing the relevance of iDW to explain exchange

and the coercivity a#io=(Hep— Hey)/2, both plotted in bias phenomena in our system. The difference betwé&en

Fig. 3 as a function of the cooling field. The exchange field isandHCl’ the coercivity, is superior o the |ntr|n_S|c c_oerC|V|ty
; . . ma of GdFe and upon a certain value of cooling field
maximal in negative valuesHg=—-Hg®) for H;.=0

g —180° di tonically wi " >4 kOe), Hc¢, is constant and equal te-HE®*. These
(Orope= ) and increases monotonically ity . It is points suggest that during the GdFe reversatat, a rear-

remarkable that nf]g)t large values &fic (60ree=0°), He  rangement of the ThFe interface magnetization occurs with a
tends tovyardJirHE (SWhICh is a!sp the exchange field for .oquction of Orpre FOT 0 90° (corresponding toH
Hic=0 with fpee=0°). Hc is minimum for low and large 4 koe), the rearrangement leads directlyige.=0° and
values o_foC and maximum for an intermediate value cor- He,=+HM®. The amplitude of the rearrangement is di-
responding to ai;. for which Hg is almost zero. It appears rectly given by the coercivityrepresented in Fig.)3 The
clearly thatH is related toH;. and particularly to the inter- amplitude is maximum for low exchange bias fields. The
face magnetic configggz;\tion i? the TbFoe before the coolingyqqye “exerted” by the GdFe during its reversal on the ThFe
Inden(]ag( fromHiEz _HE for Orpee=180°%, He INCreases 10 iniarface is thus maximum f,e= 90°. Nevertheless, this
+iHE for Orpee=0° going throughHg=0 for about re5rrangement does not limit our quantitative analysis in first
Orpre= +90°. stage of theM-H loop.

To quantify this relationship, we suppose below that the | et us point out that the results described above for
300-K magnetiC Conﬁguration inside the TbFe iS frozen dur-Gd40F%O/Tb12FQ38 are in a” respect Similar to previous Ob_
ing the cooling procedure and remained unchanged at 5 Kservations done on Fe/FgBnd Fe/FeMp systemd. It ac-
Consequently, fr,edH=H¢) at 300 K is equal to tually gives credit to new theoretical and experimental
OmedHre) at 5 K. Micromagnetic calculations have been developmenf showing that in the AFM the moments tend to
performed for various fixed ThFe configurations deducedilign along the field axis as it is the case for TbFe. Moreover,
from 300 K calculations and using GdFe magnetic paramthe magnetization shiftFig. 4(b)] observed in both systems
eters for 5 K(Table ) considering that the magnetization of can be easily explained by our model. Indeed the presence of
TbFe is frozen. The fieltHS3'® for which it is energetically the interfacial DW changes the net magnetization of the sys-
favorable for the GdFe magnetization to reverse was thetem. We then defined the normalized magnetization shift
deduced and found to be a linear function @f,-,. The Mghm(ch) for a given cooling fieldH;; as Mghm(HfC)

H, (kOe)
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=M, od He) /M wod Hic=70 kOe) whereM, odH¢.) is  freezing of the magnetic configuration in the pinning layer
the magnetization measuretisaK under 2 kOe after cooling (TbFe. However no lateral domain formation in either of
the sample from 300 K undé.. The calculated and ex- the two layer is required. More precisely the exchange bias
perimental results are in very good agreement as shown ifiéld value is dominated by the angle between the magneti-
Fig. 4. Moreover for Fe/FeFand Fe/FeMg, theH, depen- Zation of the interface pinned layer and the cooling field
dence of the magnetization shift is qualitatively the samediréction, whereas the magnetization shift is related to
However, because the net magnetization of AFM is zero, thi}’lhe lnterfac_e magnetic qonflguratlon. The model developed
shift is about 1% of the total magnetization whereas in ou ere for ant|ferr_omagne_t|cally_ coupleo_l bilayers may be trans-
case it reaches 10%. po;ed from fgrrlmagnetlc/fernmagnet|c to FM/AFM systems
which explains all the reported experimental results

In conclusion, by using a ferrimagnetic/ferrimagnetic bi- : .
layer, we have investigated the magnetic configurations in?ior Fe/Feh ar!d Fe/Mnk S)_/?ltems and gives credit to
terface domain-wall modefs:

side an exchange-coupled bilayer system at a temperatupé
(T=300 K) above the blocking temperature for which ex-  We thank M. Hehn and Y. Henry for interesting and fruit-
change bias appears. The cooling field dependence of thal discussions, L. Joly for his help in the micromagnetic
exchange bias phenomenidd, Hc, Mgy;¢) were then ex- calculations, and M. Alnot, F. Mouginet, and D. Pierre for
plained considering laterally uniform magnetization and thehelp with experiments.

TW.H. Meiklejohn and C.P. Bean, Phys. R&@5 904 (1957). 10\, Kiwi, J. Mejia-Lopez, R.D. Portugal, and R. Ramirez, Euro-
2A.E. Berkowitz and K. Takano, J. Magn. Magn. Mat@0, 552 phys. Lett.48, 573(1999.
(1999; J. Nogues and I.K. Schulleibid. 192 203(1999; M. R.L. Stamps, J. Magn. Magn. Mat@42-245 139 (2002.
Kiwi, ibid. 234, 584 (2001). 125, Mangin, G. Marchal, and B. Barbara, Phys. Rev. 18214336
3J.R. Childres=t al, IEEE Trans. Magn37, 1745(2002. (1999.
*J. Nogues, D. Lederman, T.J. Moran, and Ivan K. Schuller, Physi3g E_ Fullerton, J.S. Jiang, M. Grimsditch, C.H. Sowers, and S.D.
, Rev. Lett.76, 4624(1996. Bader, Phys. Rev. B8, 12 193(1998.
J. Nogues, C. Leighton, and I.K. Schuller, Phys. Re@1B1315 14 \jontaigne, S. Mangin, and Y. Henry, Phys. Re\6 B 144412
(2000. (2003.

CM ITE'ghLon"w'\é'Rl'_ F';ZS'm':OIn;’ 'g hH(I)IﬁmaFr’]t:L J.RDuraéSC.F. 15F, Canet, S. Mangin, C. Bellouard, and M. Piecuch, Europhys.
ajkrzak, M.S. Lund, and L.K. Schuller, Phys. Rev. @5, Lett. 52, 594 (2000.

gggﬂrlOS(ZS%?]%“; ;E'gs'ht;f;\fLg‘gf“;:é6|3(56035530n'Akerman’16P. Hansen, C. Clausen, G. Much, M. Rosenkranz, and K. Witter, J.
K. , Phys. Rev. Le®4, : Appl. Phys.66, 756 (1989).

. . .
T.L. Kirk, O. Hellwig, and E.E. Fullerton, Phys. Rev. B5, .
224426(2002 g y 17s. Mangin, C. Bellouard, G. Marchal, and B. Barbara, J. Magn.
8A.P. Malozemoff, J. Appl. Phys53, 3874(1988. Magn. Mater.165 161(1997). o
3. Appl PhyslBU' Nowak, K.D. Usadel, J. Keller, P. Miltnyi, B. Beschoten, and

9D. Mauri, H.C. Siegmann, P.S. Bagus, and E. Kay,
62, 3047(1987). G. Guntherodt, Phys. Rev. 87, 014430(2002.

140404-4



