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The magnetic domain patterns of epitaxial single-crystalline Co/FeMn bilayers and Co/Cu/FeMn

trilayers were investigated by magnetic circular dichroism domain imaging using photoelectron

emission microscopy. The as-grown domain size increases continuously with increasing Cu layer
thickness, which is attributed to the decrease of the interlayer exchange coupling between
ferromagnetic Co and antiferromagnetic FeMn layers. Domain images of the Co layer acquired after
applying different external magnetic fields show a decrease in coercivity with increasing Cu layer

thickness, confirming the reduction of magnetic coupling energy with increasing Cu thickness.

© 2004 American Institute of Physic§DOI: 10.1063/1.1669123

The magnetic coupling between a ferromagifédl) and  found that the exchange bias field in IrMn/NM/CoFe trilay-
an antiferromagnetAF) has received much attention in re- ers decreases exponentially with the spacer layer thickness
cent years because of its rich physics and the technologicavithout oscillation and vanishes for spacer layers thicker
importance in data storage industiin particular in mag-  than~10 A*®
netoresistive sensors and read heads as well as for magnetic In this article, we present an x-ray magnetic circular di-
random access memory devices. Although the effect of exchroism photoelectron  emission microscopyXMCD-
change bias, a unidirectional magnetic anisotropy in AF/FMPEEM study of single-crystalline Co/Cu/FeMn trilayers.
bilayers, was observed more than 40 yr ago, there are stifheé Co domain patterns after applying different external
difficulties in theoretically relating the observed exchangeMagnetic fields were recorded in order to investigate the in-
bias field to the actual interface couplifig. However, a ~ fluence of the spacer layer thickness on the exchange bias
clear understanding of the underlying principles governingCOUp“ng and the.coercwlty. We .had observed prewously_ that
the manifestation of the exchange coupling between antifer/€"Y Small domains are found in as-grown Co/FeMn bilay-

romagnetic and ferromagnetic layers is important to under®’s which are the result of randomly fluctuating magnetic

stand various phenomena related to exchange bias. On tﬁéntzgiﬁxgs&iqgig}gwgesr?(;\(/)vwr:g?eciﬁz;?{heé f‘;pti:; snl:;fg_ce

ther han illatory interlayer exchan lin tweef - o :
other hand, oscillatory interlayer exchange coupling betwee etic domain size in the as-grown Co film on top of Cu/

two ferromagnetic layers via spacer layers has been estaE— . . o . .
: . 12 eMn increases monotonically with increasing thickness of
lished, in the past decade!®as a general phenomenon for

: . the Cu spacer layer, which implies that the exchange cou-
many spacer materials such as, 3t1d, and 5 nonmagnetic U sp yer, which Impl X g .

" X ling between Co and FeMn layers decreases with increasing
transmo_n metal_s. Recently, several e>_<p_er|ments shoyved th u thickness. It is found that by applying external magnetic
magnetic coupling across nonmagnetic interlayers might alsﬁelds a saturated area expands along the Cu wedge from

. . . _ 7 . . .

exist in exchange biased gyste?ﬁ§ /A pioneering experi-  ihicker to thinner Cu thickness with increasing external field
ment performed by Gemeijeret al. indicated that the ex-  gyrength, which indicates that the coercivity of the trilayers
change bias field exhibits an exponential decay with the injncreases with decreasing Cu spacer thickness. It is also
terlayer thickness up to several tens of angstrb?ﬁ%Mpre ~ found that the coercivity approximately scales with the in-
recently, an oscillation of the long-range exchange bias fielderse Co thickness, as it was also found for Co/FeMn
was observed in NiFe/Cu/FeNhand NiFe/Cu/NiG® struc-  bjlayers?
tures. Only a few systems have been studied up to now, and  The Co/Cu/FeMn trilayers were epitaxially grown on a
it is still not clear whether this interlayer exchange couplingCu(001) single-crystal substrate at room temperature by elec-
is really a general phenomenon in the biased systems. Actdron beam assisted thermal evaporation. No external mag-
ally, opposite results have also been reported. Thoghas  netic field was applied during evaporation.sféns, films
were obtained by coevaporation of Fe and Mn from two
dAuthor to whom correspondence should be addressed; present addreg'.f_ferent sources_. Film th'CknesseS were Callbrated_by OS_C”'
Dept. of Physics and HKU-CAS Joint Lab on New Materials, The Univer- lations of the diffracted medium energy electron intensity
sity of Hong Kong, Hong Kong, China; electronic mail: jwang927@hku.hk during evaporatioR® The systematic error of the cited thick-
Ppresent address: INFM, UnitRoma Tre, Via della Vasca Navale 84, ness is about 10% for FeMn and Co. and 20% for Cu. How-
1-00146 Roma, Italy. . ! L :
®Present address: Hiroshima Synchrotron Radiation Center, 2-313 Kad=Ve€r; the. accuracy of the re!atlve th|ckn(_e_ss within the same
amiyama, Higashi-Hiroshima 739-8526, Japan. sample is about 1%. Chemical composition and growth of
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FIG. 1. (a) As-grown Co domain image of 15 ML Co/Cu wedge/20 ML 10 Cu(001)

FeMn/Cy001). The Cu thickness increases from bottom to top, as indicated 1
at the left axis. The thickness of the platform of the Cu wedge is 6 (4.
(c) Co domain images of the same area of the sample after application of an 6
external field of 33 O¢b) and 44 O€(c) in the direction indicated bii. The 4
arrows in the domain indicate the magnetization direction.

FeMn thickness (ML)

FIG. 2. (a) As-grown Co domain image of 6 ML Co/Cu wedge/FeMn
the films were investigated by Auger electron spectroscopywedge/C001). The Cu thickness increases from bottom to top, as indicated

The Co |ayer was grown as a continuous film while the CLat the Ieft.axis, the_ FeMn thickness from left to right, as int_jicated at the
film was shaped into a Wedge as described in a previoutéottom aX|s._Tr_1e thickness of the platform of the Cu wedge is 1_2 &l],.
T o) . . 3 ) Co domain images of the same area of the sample after application of an
publication?~ The FeMn layer was either a continuous film external field of 33 Oéb) and 55 O€(c) in the direction indicated bii. The
or a Wedge oriented perpendicularly to the Cu Wedge, Thearrows in the domains indicate the local magnetization direction.
width of the Cu wedges was about gfn, that of the FeMn
wedge 155um. Circularly polarized x rays from the helical
undulator beamline of the Max Planck SociefyES6-2 small domains at higher FeMn thicknesses, while a single
PGM2 at BESSY in Berlin were used, incident to the large domain is present at FeMn thicknesses below 10 ML.
sample under an angle of 60° from the surface normal. Th&rom previous experiments it is known that at a thickness
lateral resolution and field of view were set to 400 nm and 9dower than 10 ML FeMn is not antiferromagnetic at room
um, respectively. A detailed description of the setup and optemperaturé®?°The presence of small domains in as-grown
eration of this PEEM can be found in an earlier p#éthe  Co layers on top of antiferromagnetic FeMn layers is due to
magnetic domain images were constructed by taking the inthe random distribution of local uncompensated magnetic
tensity asymmetry of images acquired with positive andmoments at the FeMn surface, which spatially fluctuate in
negative helicity of the exciting radiation, utilizing the effect direction and sizé? No influence of the FeMn thickness on
of XMCD. The external magnetic field was applied along athe as-grown Co domain size is observed except in the close
direction inclined from[100] by 22° for sample 1, and 15° vicinity of the transition region around 10 ML FeMn thick-
for sample 2. In this article, two samples were investigatedness. After application of an external magnetic field, a satu-
sample 1 consists of 20 atomic monolayévk.) of FeMn, a  rated domain with a magnetization direction alofi0|
0-6 ML Cu spacer layer wedge, and 15 ML Co, and samplédblack contragtappears in the upper right region of the im-
2 was a crossed wedge of 0—30 ML FeMn, 0-12 ML Cu,age. The quantitative analysis of the contrast of this domain
and 6 ML Cao. shows that the magnetization direction changes frbhd) to
Figure 1 shows the selected domain patterns of sample [1L00] with increasing FeMn thickness from below 10 ML to
before and after applying external magnetic fields of differ-above. It is known that the easy axis of thin fcc Co films is
ent strengths. The as-grown domain size increases continalong(110. We have reported recently that the easy axis of
ously with increasing Cu layer thickness, which is attributedultrathin Co films changes frof110 to (010 when coupled
to the decrease of the interlayer exchange coupling between an antiferromagnetic FeMn fildY. Thus we can conclude
Co and FeMn layer?¥’ It is found that when the external field that the exchange coupling between the Co and FeMn layer
exceeds 25 Oe, a saturated area with black contrast appearsists even across a Cu spacer of at least 12 ML.
in the upper part of the image where the Cu spacer has a It is also found that the saturated region in the Co layer
large thickness. The magnetization direction in that domairexpands along the Cu wedge with increasing external field,
is along[100Q]. This area expands down to smaller Cu thick- while the magnetization direction remains unchanged. Figure
nesses after applying external fields at room temperature i&(b) shows the Co domain pattern of sample 2 after the ap-
the direction indicated bid of 33 Oe[Fig. 1(b)] and 44 Oe plication of a 33 Oe external magnetic field at room tempera-
[Fig. 1(c)]. A similar observation was also made in sample 2ture in the direction indicated biyl [Fig. 2(c)] after 55 Oe in
(Fig. 2. One can see from Fig(&® that the Co layer exhibits the same direction. Comparing FiggbRand Zc) to Fig. 1,
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L L I I l tial decay with a decay length 6£9.4 ML. In spite of the

600 — — uncertainties in the fitting due to insufficient data, we can
-~ O sample 1 still conclude that the decay length of the coercivity in our
= 500 — ® sample 2 — sample is much longer than the decay length of exchange
:ﬁ bias field across a Cu spacer layer reported in the
O 400 ~ literature®>~17In Ref. 13, an exponential decay with a length
38 of 4.1 A has been reported. However, the behavior of the
ot 300 — B coercivity may be different than that of the exchange bias
< 200 — B field, since they are not necessarily proportional to each

other.

In conclusion, by studing domain images of single-

' ' ! ' ' crystalline epitaxial Co/Cu/FeMn trilayers, we show that the
0 o ¢ ﬂl)VIL 15 20 trilayers can be progressively saturated by applying external
cu (ML) magnetic fields of increasing strength, which indicates a de-
FIG. 3. The product of the coercivity and the Co layer thickness as a func-Crease of the interlayer exchange coupling between Co and
tion of the Cu spacer layer thickness. The line is an exponential fit to th . L
data. eMn layers across the nonmagnetic Cu spacer with increas-
ing Cu thickness. The dependence of the coercivity, scaled

by the inverse Co layer thickness on the Cu thickness, further

it is seen that after application of 44 Oe, the saturated blackOnfirms the attenuating effect of the Cu spacer on the cou-
area in sample 1 has already extended to almost the begiR!iNg between Co and FeMn layers.

ning of the Cu wedgé0.5 ML Cu thickness However, in The authors thank F. Helbig, B. Zada, and W. Mahler for
sample 2, a field of 55 Oe only saturates the Co film up to thgecpnical assistance, and M.-T. Lin for helpful discussion.

region where the Cu thickness is higher than 8.5 ML, assinancial support by BMBF(Grant No. 05KS1EFAB is
shown in Fig. Zc). Since a weaker pinning strength betwee”gratefully acknowledged.
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