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Fig. 1. Domain structure measured by MFM for the samples of (a) Fe(20 nm)/YIG: 10
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10 pm scan area; (b) Fe(20 nm)/Al(2 nm)/YIG: 10 10 pm scan area;

(c) YIG only: 40 40 g¢m scan area; (d) Cu (50 nm)/YIG: 40 40 pem scan area.

perpendicular domain structure in our high-quality garnet thin
Plms [9]. The Fe/YIG bilayer samples with different Fe thick-
nesses, prepared by ion beam sputtering were then evaluated.
MEFM images of these Fe/YIG samples showed the same stripe
domain structure for Fe thickness up to 20 nm Fig. 1(a). This
may suggest that the domain structure of the Fe Plm, grown
on top of the YIG, is magnetically very well exchange-cou-
pled to the YIG underlayer. However, MFM measurement of
a Cu(50 nm)/YIG bilayer control sample still showed the same
stripe domain image Fig. 1(d). Since Cu is a non-magnetic thin
Plm, the stripe domain images must be the result of the interac-
tion between the MFM tip and the stray Peld gradients from the
YIG underlayer. Hence we concluded that in the magnetic bi-
layer bPlms, the MFM image of the top layer may not necessarily
represent the true domain structure of the metal layer. However,
the existence of exchange coupling between the FM metal (Fe)
and the YIG layer at the interface was indirectly conPrmed by
comparing the domain images of a Fe(20 nm)/YIG bilayer with
that of a Fe(20 nm)/Al(2 nm)/YIG trilayer sample [Fig. 1(a)
and (b), respectively]. In the latter case, the Al (2 nm) buffer
layer was used to break the exchange interaction at the Fe-YIG
interface. The domain image of Fe(20 nm)/Al(2 nm)/YIG tri-
layer did not show the stripe domain images and only showed
a uniform contrast, which is the indication of in-plane domains.
From these MFM measurements of the bilayer and trilayer sam-
ples, it is clear that both the exchange interactions at the Fe-YIG
interface and the stray Pelds from the underlying YIG layer
contribute to the observed stripe domains. However, it was not
possible to unambiguously determine, separately and indepen-
dently, the domain structure of the top ferromagnetic metal layer
and YIG underlayer. Hence, to resolve the domain structures of
the individual components of such a bilayer, additional element
specibPc domain imaging method, such as XPEEM, was per-

formed on the in-situ grown Co-wedge/YIG bilayer. In XPEEM
at the ALS [10], element-speciPc contrast for the two bilayers is
achieved by tuning the incident X-ray wavelength through the
L35 absorption edges of the transition metals and using XMCD,
which permits the determination of spin and orbital moments
using sum rules [11], to obtain the magnetic contrast.

XPEEM measurements [12], [13] were carried out on a
Co-wedge/YIG bilayer using element-specibc XMCD of the
principal transition metal L3 » edges of Co and Fe (in YIG) for
magnetic contrast. The spatially-resolved domain structure of
the individual Co and YIG layers were measured by XPEEM
as shown in Fig. 2. The domain structure of a pure YIG sample
showed the same stripe domain images, with the same domain
width, in both XPEEM and MFM measurements. Also, the
stripe domain structures of the Co layer, up to a thickness
tco = 4.5 nm, in the Co-wedge/YIG bilayer were identical
with that of YIG layer, with a stripe domain width of 2 ym
[Fig. 2(a) and (b)]. Since, in earlier measurements [7], stripe
domains images were only observed in much thicker (>40 nm)
Plms of epitaxially grown Co and with a stripe width of
85 ~ 250 nm, these results clearly show that the perpendicular
anisotropy in the Co layer arises from the exchange coupling
at the Co/YIG interface. Moreover, the line scan data (XMCD
intensity) of the domain images of Co and YIG from exactly
the same area shows a very good match in all details (peak and
crossing point values) of the magnetic structure. However, as
the Co thickness increased above tc, > 4.5 nm the domain
pattern exhibited by the Co layer is increasingly determined
by the Co bulk anisotropy that forces the magnetization of the
Co layer to be in-plane as indicated by the gray contrast in
the XPEEM images Fig. 2(c). This is clear from the XPEEM
images of the Co layer for tc, > 6 nm. In addition, the Fe
image, representative of the YIG layer, shows not only black
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Fig. 2. Domain images of the individual Co and YIG layers measured by XPEEM as the thickness of Co is varied: (a) 3, (b) 4.5, (c) 6, and (d) 8 nm. All scan sizes
are 40 40 pm. The stripe domain structure was identical (shape and period) in both Co and YIG layers for Co thickness <4.5 nm. However, as the Co thickness
increased, an in-plane domain component (gray contrast) was observed in the domain images of both Co and YIG layers. The top row shows the domain images
of the Co layer, and the bottom row shows the domain images of the YIG layer. (e) Illustration of Co-wedge/YIG sample; the thickness of Co was varied from 0

to 15 nm over the 3-mm distance.

Fig. 3. Domain conbguration of the Co bPlm att , = 8 nm: o (black region)
and x (white region) are the perpendicular domain structure. The in-plane do-
main can be magnetized either perpendicular (Case A: Co XMCD  5%), or
parallel (Case B: Co XMCD=  10%) to the stripe.

and white contrast but also some intermediate grey contrast
indicating that the YIG layer starts orienting in-plane as well.
At this point the Co layer shows a complicated domain patterns
and future micromagnetic simulation (in progress) will show
precisely what the exact reasons are for this behavior.

The in-plane domain elements (gray contrast) of Co at tc, =
8 nm may have their magnetization direction either perpendic-
ular to the stripe domain wall (case A) or parallel to the stripe
(case B) as illustrated in Fig. 3. A quantitative analysis of the
XMCD/PEEM intensity spectrum of the gray regions shows a
variation of ~ 5% and is much smaller than the black and
white regions corresponding to the up and down contrast in the
stripe domains. For the experimental geometry used, in order to
have a parallel orientation of the in-plane elements (case B), the
observed XMCD intensities should be higher ~ 10% than
that of the perpendicularly magnetized regions because the in-
cident X-ray beam would make a smaller angle with the parallel
in-plane magnetization direction (Case B) than that with the up
and down spin directions. Hence, we conclude that the magneti-
zation direction in the in-plane regions (gray contrast) is rather
perpendicular to the domain walls (Case A) than parallel to the
domain wall. Also, comparing the domain conPguration of both
the parallel and perpendicular cases, the perpendicular in-plane
domain conPguration shows an overall facile Bux closure con-
Pguration; this would correspond to a lower magnetostatic en-
ergy state.

IV. CONCLUSION

In this study, the direct exchange coupling of a FM metal layer
and a magnetic oxide garnet (YIG) Plm was studied. To over-
come the stray Pled affect from underlayer and the inability of
MFM measurements to individually resolve the magnetization
of each component of a bilayer thin Plm sample, an element
specibc domain imaging technique, XPEEM was employed. It
clearly conPrmed the perpendicular exchange coupling at the
Co-YIG bilayer interface, and the domain structure of FM (Co)
was controlled by the YIG under layer. Further, it showed a
spin reorientation transition of FM metal (Co), at a thickness
tco ~ 4.5 nm, in the perpendicularly exchanged coupled bi-
layer samples.
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