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Interlayer perpendicular domain coupling between thin Fe films
and garnet single-crystal underlayers
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The magnetic behavior and domain structure of Fe films grown on yttrium—iron—gaft@j
underlayers were studied to elucidate their interlayer coupling, as a function of the Fe layer
thickness, using magnetic force microscd~M) and magneto-optic Kerr effe€MOKE). The

YIG layer, grown by liquid phase epitaxy on single crystal gadolinium—gallium—gamei)
substrates, showed a characteristic stripe domain structure in MFM images. Fe layers with thickness
values of(5, 10, and 20 ninwere 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.206©4 American
Institute of Physics.[DOI: 10.1063/1.1689909

I. INTRODUCTION formed to determine both the in-plane and out-of-plane hys-
The magnetic structures of most ferromagnetic metafereSIS Ioc_)ps. MFM imaging was carne(_j out using a I.OW
oment tip(CoCr coateyl At the same time, topographic

thin films are dominated by the magnetostatic energy an ¢ th | d usi tomic f
shown an in-plane magnetization. Exceptions are ultra-thiff129€s of the samples were measured using atomic force

films with thickness less than 1—2 rif However, an out of migroscopy(AFM) on the same area scanned for MFM im-
plane magnetization and a perpendicular domain structure r%glng. As a separate experiment, a ha_lrd ferro_magngtm alloy
of both fundamental and technological interest. Such a pe im (Fey,Nd,B) was also deposited with varying thickness
pendicular domain structure can also be achieved by makin 0, 15, 20 nm and the out-of-plane hystere_3|s loop mea-
thin multilayers of ferromagnetic layers separated by non- ured by MOKI.E' To undgrstand thg d(.)maln. behaylor of
magnetic spacets that exploit the interface anisotropy or by these sets of b|Iayer§, micromagnetic S|r_nulat|o_n using the
epitaxial growth of single crystal films with perpendicular O_OMMF_COde was carrled_out for_the YiG s_lngle film in two-
magnetocrystalline anisotrofyYttrium—iron—garnet(YIG) dimension and Fe/YIG bilayers in three-dimensfon.

is a magnetic oxide material which in thin film form shows a

growth induced perpendicular anisotré@nd a characteris- IIl. RESULTS AND DISCUSSION

tic stripe domain structufé Here we describe the domain A. MEM and MOKE

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 interlaye
coupling.

In Fig. 1, both out-of-plane and in-plane hysteresis loops
rfor Fe/YIG/GGG samples using MOKE are preseni@dl0,
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
Bilayers of Fe thin films and YIG underlayers were fab- good square hysteresis loop. These MOKE results show that
ricated on gadolinium—gallium—garn@sGG) single crystal  the magnetization of Fe films is perpendicular to the surface
substrates with different thickness of Fe filt®s 10, 20 nm.  for thicknesses less than 20 nm, but when the thickness
GGG substrates with the YIG layer of uniform thickness,reaches 20 nm, the in-plane magnetization of the domain
grown by liquid phase epitaxy, were obtained commerciallystructure is dominant in the Fe layer. To image its surface
The Fe films were then deposited over the YIG layer by iondomain structure, MFM and AFM measurements were per-
beam sputtering at room temperature. The Fe/YIG/GGGormed on the same set of Fe/YIG/GGG samplEl). 2).
samples and YIG/GGG sample were investigated usingA\FM images of the samples show that the topographical
magneto-optic Kerr effedMOKE) and magnetic force mi- roughness is smoother as the Fe thickness increases and
croscopy (MFM). The MOKE measurements were per- completely covers the YIG underlayer. The pair of images in
Fig. 2(a) also shows the typical stripe domain structure of
Author to whom correspondence should be addressed; electronic mailY |(G/GGG samples. A stripe domain structure is clear evi-
kannanmk@u.washington.edu dence for a significant out-of-plane magnetization compo-

Il. EXPERIMENTS
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3.5% 2.32 samples: FgNd,B=15 nm.
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M35 z " ;;A [t ture of YIG film is reproduced in the Fe film due to interlayer
/" 299 P4 magnetic coupling. In fact, instead of a soft ferromagnetic
34 i 29 ,..-"'r metal such as Fe, if we deposit a hard ferromagnetic metal
34 ‘ 219 = layer such as FRgNd,B, the stripe domain structure remains
300 1500 150300 300 1500 150 300 the same. The MOKE measurement of out-of-plane and in-
plane hysteresis loops for B8ld,B (15 nm) films deposited
Garnet ! Fe 200A : Out of plane Garnet [ Fe 200A : In plane on identical YIG/GGG substrates are shown in Fig. 3. The
372 3.0 o out-of-plane loops for Fl_quzB/YIG/GGG shows a good
AM 3.0 E e square shape, but the in-plane loop shows an incomplete
3.72 I 29 I 11 square-shaped loop. For 20 nm thickness ofRé,B, the
M371 Mog ‘ ’ out-of-plane loop shows a linear shape loop. This suggests
1Y 28 1{ J that the domain structure of E&d,B/YIG/GGG is out-of-
371 2801 = ¢ plane when the FRgNd,B thickness is less than 20 nm, but
300 150 0 150 300 300 150 0 150 300 the orientation of magnetization changes from perpendicular

H to parallel to the surface when the thickness of thegW¥e,B
FIG. 1. MOKE hysteresis loops of out-of-plane and in-plane measuremen'tayer reaches 20 nm.

for Fe/YIG/IGGG samples¢Fe: 0, 10, 20 nrn
B. Micromagnetic simulation

nent. The MFM images of the samples for @enm) and Fe ~_ Our experimental results indicate that the domain con-
(10 nm), shown in Figs. &) and Zc), respectively, also f|gurat|0n observed in the Fe film in Fe/YI_G/GGG_structures
show similar stripe domains with out-of-plane magnetization@rises from a strong interlayer exchange interaction between
components. For Fe thickness of 20 fifig. 2(d)], the stripe Fe an_d YIG Iayer_s. To eIum_date the de_talls_ of thl_s interlayer
domains are no longer observed in the MFM images, indi€oupPling we carried out micromagnetic simulations of the
cating that the orientation of magnetization is now parallel toF€/YIG bilayers incorporating a volume stiffness enéfgy
the plane of the film. These results are in good agreemerl™ and an interface term with both bilinear and biquadratic
with the MOKE measurementéFig. 1). In addition, the contributions. The volume exchange stiffness energy is ex-
stripe domains in the Fe film@oth 5 and 10 nm thickare ~ Pressed as

very similar to that of the YIG only sample in both morphol-

ogy and stripe period in spite of the Fe film having very Eex:AJ (grad m)®dV,

different values of saturation magnetization and magneto-

crystalline anisotropy. This suggests that the domain struc¥hereAinerace the exchange stiffness constdatm) 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 expressedds

EcoupI: Cpi(1—my-my)+ qu( 1—(m;y- mz)z)r

where Cy,; and G, the bilinear and biquadratic coupling
constants, were also varied in the simulations. For Fe, bulk
valueg of the exchange coefficiertd), the magnetocrystal-
line anisotropy constantk(;), and saturation magnetization
(Mg), i.e., 21x10 *2J/m, 4810°J/n?, and 1700

x 10° A/m, were used. For the YIG layer, the following pa-
rameters taken from the literatdfe were used: A=3
X10 12J/m, K;=1.333%10°J/n?, and M =127

FIG. 2. AFM and MFM images of Fe/YIG/GGG samples for different Fe X 10° A/m. Simulations for Only t_he Y!G Iaye[Fi_gs. 4a)
thickness{a) No Fe layer(b) Fe=5 nm, (c) Fe=10 nm, andd) Fe=20 nm.  and 4b)], show the characteristic stripe domain structure
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the Fe film can be simulatgdrig. 4(e)] if the interface ex-
change stiffness coefficient is varied, with best results ob-
tained forAjertacs~ 17X 107 113/m. The spin of YIG is per-
pendicular to the surfacgvhite 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

e = [ Fe layer(10nm)

[Gsion musa + fnitial spin [111] directien MOKE measurement shows strong out-of-plane magne-

R T P AT T tization for both Fe/YIG/GGG and d,B/YIG/GGG

YIG layer (100nm) : N G,E _

\ -out-of-plane spin direction samples when the thickness of ferromagnetic metal layer is

v o oo GAAAMARANS less than 20 nm. MFM images, in agreement with these

MOKE measurements, also show a stripe domain structure.

= : =< Fe : In-plane In-plane However, the period of the stripe domains in Fe was identical

M G sl ' to that of the pure YIG film. These experimental results sug-

Silslsiaatiolletsti bl butatan & gest that this Fe/YIG bilayer system shows a strong inter-

R b s L e layer coupling. Micromagnetic simulations using themMmr

s code reproduce these observations especially when the vol-
) ume exchange stiffness term dominates. The interface bilin-

;::;;:;:;j:::::1;:;::;::;:::jj::::::;::;;\ ear and biquadratic coupling terms have minimal contribu-

RERR AR R R R R R R A SRR SR RRERERERRRR SRR tlon.

ervtcer ot e e | L0 Sout-of-plane
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