
Interlayer perpendicular domain coupling between thin Fe films
and garnet single-crystal underlayers

Y. S. Chun and Kannan M. Krishnana)

Materials Science and Engineering Department, University of Washington, Seattle, Washington 98115

~Presented on 7 January 2004!

The magnetic behavior and domain structure of Fe films grown on yttrium–iron–garnet~YIG!
underlayers were studied to elucidate their interlayer coupling, as a function of the Fe layer
thickness, using magnetic force microscopy~MFM! and magneto-optic Kerr effect~MOKE!. The
YIG layer, grown by liquid phase epitaxy on single crystal gadolinium–gallium–garnet~GGG!
substrates, showed a characteristic stripe domain structure in MFM images. Fe layers with thickness
values of~5, 10, and 20 nm! were separately deposited on the YIG layer using ion beam sputtering
system at room temperature. MOKE measurements of Fe/YIG/GGG with different Fe thickness
showed that Fe films preferred to be magnetized perpendicular to the surface when the thickness was
less than 20 nm. Stripe domain structure was observed for Fe thickness of 5 and 10 nm, but not for
20 nm film. Micromagnetic simulations of these Fe/YIG bilayers show that the volume exchange
stiffness term at the interface plays a dominant role, when compared with the bilinear and
biquadratic coupling contributions, in determining the interlayer coupling. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1689909#

I. INTRODUCTION

The magnetic structures of most ferromagnetic metal
thin films are dominated by the magnetostatic energy and
shown an in-plane magnetization. Exceptions are ultra-thin
films with thickness less than 1–2 nm.1–3 However, an out of
plane magnetization and a perpendicular domain structure is
of both fundamental and technological interest. Such a per-
pendicular domain structure can also be achieved by making
thin multilayers of ferromagnetic layers separated by non-
magnetic spacers4,5 that exploit the interface anisotropy or by
epitaxial growth of single crystal films with perpendicular
magnetocrystalline anisotropy.6 Yttrium–iron–garnet~YIG!
is a magnetic oxide material which in thin film form shows a
growth induced perpendicular anisotropy7 and a characteris-
tic stripe domain structure.8 Here we describe the domain
structure of ferromagnetic metal layers grown on single crys-
tal YIG thin films and the possibility of controlling the do-
main structure of ferromagnetic metal layers by interlayer
coupling.

II. EXPERIMENTS

Bilayers of Fe thin films and YIG underlayers were fab-
ricated on gadolinium–gallium–garnet~GGG! single crystal
substrates with different thickness of Fe films~5, 10, 20 nm!.
GGG substrates with the YIG layer of uniform thickness,
grown by liquid phase epitaxy, were obtained commercially.
The Fe films were then deposited over the YIG layer by ion
beam sputtering at room temperature. The Fe/YIG/GGG
samples and YIG/GGG sample were investigated using
magneto-optic Kerr effect~MOKE! and magnetic force mi-
croscopy ~MFM!. The MOKE measurements were per-

formed to determine both the in-plane and out-of-plane hys-
teresis loops. MFM imaging was carried out using a low
moment tip ~CoCr coated!. At the same time, topographic
images of the samples were measured using atomic force
microscopy~AFM! on the same area scanned for MFM im-
aging. As a separate experiment, a hard ferromagnetic alloy
film (Fe14Nd2B) was also deposited with varying thickness
~10, 15, 20 nm! and the out-of-plane hysteresis loop mea-
sured by MOKE. To understand the domain behavior of
these sets of bilayers, micromagnetic simulation using the
OOMMF code was carried out for the YIG single film in two-
dimension and Fe/YIG bilayers in three-dimension.9

III. RESULTS AND DISCUSSION

A. MFM and MOKE

In Fig. 1, both out-of-plane and in-plane hysteresis loops
for Fe/YIG/GGG samples using MOKE are presented~0, 10,
20 nm of Fe!. A square-shaped hysteresis loop for out-of-
plane measurements was observed for Fe thickness less than
20 nm. For Fe thickness of 20 nm, the out-of-plane hyster-
esis loop shows linear shape, but the in-plane loop shows
good square hysteresis loop. These MOKE results show that
the magnetization of Fe films is perpendicular to the surface
for thicknesses less than 20 nm, but when the thickness
reaches 20 nm, the in-plane magnetization of the domain
structure is dominant in the Fe layer. To image its surface
domain structure, MFM and AFM measurements were per-
formed on the same set of Fe/YIG/GGG samples~Fig. 2!.
AFM images of the samples show that the topographical
roughness is smoother as the Fe thickness increases and
completely covers the YIG underlayer. The pair of images in
Fig. 2~a! also shows the typical stripe domain structure of
YIG/GGG samples. A stripe domain structure is clear evi-
dence for a significant out-of-plane magnetization compo-
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nent. The MFM images of the samples for Fe~5 nm! and Fe
~10 nm!, shown in Figs. 2~b! and 2~c!, respectively, also
show similar stripe domains with out-of-plane magnetization
components. For Fe thickness of 20 nm@Fig. 2~d!#, the stripe
domains are no longer observed in the MFM images, indi-
cating that the orientation of magnetization is now parallel to
the plane of the film. These results are in good agreement
with the MOKE measurements~Fig. 1!. In addition, the
stripe domains in the Fe films~both 5 and 10 nm thick! are
very similar to that of the YIG only sample in both morphol-
ogy and stripe period in spite of the Fe film having very
different values of saturation magnetization and magneto-
crystalline anisotropy. This suggests that the domain struc-

ture of YIG film is reproduced in the Fe film due to interlayer
magnetic coupling. In fact, instead of a soft ferromagnetic
metal such as Fe, if we deposit a hard ferromagnetic metal
layer such as Fe14Nd2B, the stripe domain structure remains
the same. The MOKE measurement of out-of-plane and in-
plane hysteresis loops for Fe14Nd2B ~15 nm! films deposited
on identical YIG/GGG substrates are shown in Fig. 3. The
out-of-plane loops for Fe14Nd2B/YIG/GGG shows a good
square shape, but the in-plane loop shows an incomplete
square-shaped loop. For 20 nm thickness of Fe14Nd2B, the
out-of-plane loop shows a linear shape loop. This suggests
that the domain structure of Fe14Nd2B/YIG/GGG is out-of-
plane when the Fe14Nd2B thickness is less than 20 nm, but
the orientation of magnetization changes from perpendicular
to parallel to the surface when the thickness of the Fe14Nd2B
layer reaches 20 nm.

B. Micromagnetic simulation

Our experimental results indicate that the domain con-
figuration observed in the Fe film in Fe/YIG/GGG structures
arises from a strong interlayer exchange interaction between
Fe and YIG layers. To elucidate the details of this interlayer
coupling we carried out micromagnetic simulations of the
Fe/YIG bilayers incorporating a volume stiffness energy10

term and an interface term with both bilinear and biquadratic
contributions. The volume exchange stiffness energy is ex-
pressed as10

Eex5AE ~grad•m!2dV,

whereAinterface, the exchange stiffness constant~J/m! at the
interface, is a variable parameter in the micromagnetic simu-
lation. The interface contribution to the energy density be-
tween two thin films can be expressed as11,12

Ecoupl5Cbl~12m1•m2!1Cbq~12~m1•m2!2!,

where Cbl and Cbq, the bilinear and biquadratic coupling
constants, were also varied in the simulations. For Fe, bulk
values7 of the exchange coefficient~A!, the magnetocrystal-
line anisotropy constant (K1), and saturation magnetization
(Ms), i.e., 21310212J/m, 483103 J/m3, and 1700
3103 A/m, were used. For the YIG layer, the following pa-
rameters taken from the literature13 were used: A53
310212J/m, K151.3333103 J/m3, and Ms512.7
3103 A/m. Simulations for only the YIG layer@Figs. 4~a!
and 4~b!#, show the characteristic stripe domain structure

FIG. 1. MOKE hysteresis loops of out-of-plane and in-plane measurement
for Fe/YIG/GGG samples~Fe: 0, 10, 20 nm!.

FIG. 2. AFM and MFM images of Fe/YIG/GGG samples for different Fe
thickness:~a! No Fe layer,~b! Fe55 nm,~c! Fe510 nm, and~d! Fe520 nm.

FIG. 3. Out-of-plane and in-plane hysteresis loops for Fe14Nd2B/YIG/GGG
samples: Fe14Nd2B515 nm.
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with a 2mm domain width in agreement with our experimen-
tal observations@Fig. 2~a!#. Next, the Fe/YIG bilayer domain
structure was simulated using theOOMMF three dimensional
~3D! solver code while varying the values ofAinterface, Cbl ,
andCbq and keeping all other materials parameters fixed to
their bulk values. The initial domain spin configuration for
the Fe layer was set along the@111# direction@Fig. 4~c!#. For
fixed Ainterface, but with the bilinear and biquadratic coupling
constant varied over a wide range, the simulations always
show@Fig. 4~d!# an in plane domain configuration for the Fe
film. On the other hand, a strong interlayer coupling between
the Fe and YIG films and a stripe domain configuration of

the Fe film can be simulated@Fig. 4~e!# if the interface ex-
change stiffness coefficient is varied, with best results ob-
tained forAinterface;17310211J/m. The spin of YIG is per-
pendicular to the surface~white area!, and the spin of the Fe
layer is reoriented to become out of pane due to its coupling
with the YIG layer. These simulations shows that the ob-
served interlayer coupling between Fe and YIG layers can be
attributed to a strong volume exchange stiffness energy con-
tribution.

IV. CONCLUSIONS

MOKE measurement shows strong out-of-plane magne-
tization for both Fe/YIG/GGG and Fe14Nd2B/YIG/GGG
samples when the thickness of ferromagnetic metal layer is
less than 20 nm. MFM images, in agreement with these
MOKE measurements, also show a stripe domain structure.
However, the period of the stripe domains in Fe was identical
to that of the pure YIG film. These experimental results sug-
gest that this Fe/YIG bilayer system shows a strong inter-
layer coupling. Micromagnetic simulations using theOOMMF

code reproduce these observations especially when the vol-
ume exchange stiffness term dominates. The interface bilin-
ear and biquadratic coupling terms have minimal contribu-
tion.
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FIG. 4. Micromagnetic simulation images of YIG film:~a! domain structure
of YIG film ~6 mm36 mm, xy plane!, ~b! domain wall image of areab at
~a!. The 3D micromagnetic simulation of Fe/YIG bilayer:~c! initial domain
spin,~d! simulated domain spin whenCbl andCbq values are varied, and~e!
simulated domain spin withAinterface5;17310211 J/m.
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