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The intrinsic magneto-optical readout performance in reflection is calculated for bismuth and 
cobalt-substituted iron-garnet films on a multilayer interference mirror at 800-, 633-, 488-, and 
420-nm wavelengths and is compared with that of a trilayer medium composed of an 
antireflection layer, a rare-earth transition-metal film, and a metallic mirror. It is found, when 
disregarding inhomogeneities, like irregular domain shape, ripple of the magnetic anisotropy, 
and surface roughness, that iron garnets are superior to rare-earth transition-metal films at 
blue to near-ultraviolet wavelengths if operated at thicknesses where optical interference 
occurs in the magnetic layer. Optical transmittance at these thicknesses is sufficiently high so 
that multilevel recording media can be conceived. In contrast, the optical absorption of rare­
earth transition-metal alloys is much higher so that only thicknesses much above interference 
conditions are feasible, thus precluding them from multilevel recording. This comparative 
study is supplemented by calculating the magneto-optical performance in reflection of a 
recently reported multilayer medium composed of an antireflection coating and a periodically 
repeated sandwich of 4-A Co and 9-A Pt layers. In contrast to conventional rare-earth 
transition-metal films, the magneto-optical Kerr effects of this material do not degrade when 
decreasing the wavelength from 800 to 400 nm, but still do not reach the performance of 
bismuth-iron garnets in the green to ultraviolet spectrum. For the garnet system 
Y 3 __ x Bix Fe50 12 the spectra of the real and imaginary parts of the diagonal and off-diagonal 
component of the dielectric tensor eij are reported in the range of photon energies between 1 
and 5 eV, i.e., 1240- and 248-nm wavelengths and a bismuth concentration up x = 1.4 Bi3+ 
atoms per garnet formula. In addition, the off-diagonal components €; 2 and €;'2 are 
parametrized in terms of paramagnetic optical transitions, taking the spectra for x = 1.25 as a 
typical example. Furthermore, optical and magneto-optical spectra are presented for Co2 + -

and CoH - substituted iron garnets and barium hexaferrite BaFe12O 19• Finally, the spectral 
dependence of the magneto-optical figure of merit 20p/a of (Y,Bi.):,Fe50 12 and amorphous 
TbFe is compared. Furthermore, high-resolution transmission electron micrographs and x-ray 
double-crystal di:ffractograms are presented that elucidate the perfect epitaxial alignment of 
single-crystalline iron-garnet films and the columnar morphology of polycrystalline iron­
garnet films prepared by rf magnetron sputtering. The initial nucleation period of 
polycrystalline garnet films can be influenced by low-energy ion bombardment for i.mproving 
the film texture. Under favorable sputtering conditions single- and polycrystalline bismuth­
iron garnet films develop a perpendicular magnetic anisotopy. It is not yet clear whether 
sputtered iron-garnet films can meet the critical requirements on magnetic wall coercivity and 
magnetic remanence. 

lo INTRODUCTION 

With the advent of reversible optical recording in non­
crystalline rare-earth transition-metal (RETM) films the 
search for improved storage media is going on concerning 
stability, storage density, and write-in sensitivity. Within the 
group of magneto-optical memory materials the crystalline 
iron oxides, i.e., the cubic garnets, the cubic cobalt ferrites, 
and the hexagonal barium ferrites are considered as con­
tenders. The iron oxides feature structural stability and fa­
vorable optical properties in the visible and near-ultraviolet 
spectrum. They can be readily prepared by rf sputtering 
from targets that are relatively easy to fabricate. 

Among these three compounds, the polycrystalline 
hexaferrites exhibit particularly high intrinsic uniaxial mag­
netic anisotropy and favorable growth morphology, both 
contributing to the desired magnetic remanence. The fairly 
high magnetic Curie temperature can be reduced to the level 
of the iron garnets by diamagnetic substituents, such as 
Ga3 +, Al"+, 1n3 +, and Sc3 +. Recording experiments at an 
800-nm wavelength resulted in a carrier-to-noise ratio 
( CNR) at a 30-kHz bandwidth of 50 dB. 1 Processing infor­
mation on rf sputtering of barium hexaferrites is reported in 
Refs. 2 and 3. 
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The iron garnets can be tailored over a fairly wide range 
of their intrinsic magnetic and optical properties by chemi-
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cal substitution. By doing so one can achieve particularly 
high magneto-optical performance at shorter wavelengths 
through enhanced spectral transitions of the iron ions; one 
can realize high write-in sensitivity through lowering their 
Curie temperature; and one can minimize demagnetizing ef­
fects on the magnetic remanence through adjustment of 
their magnetic compensation temperature. Favorable con­
stituents in the iron garnets for optical recording are bismuth 
Bi3 + ions to enhance their magneto-optical activity and co­
balt Co2+ ions to increase their optical absorption in the 
visible spectrum, and dysprosium DyH ions to improve the 
magnetic wall coercivity in polycrystalline films via magne­
tostriction.4-6 In spite of their intrinsic cubic symmetry, bis­
muth-iron garnet films can be prepared with perpendicular 
magnetic anisotropy, as will be mentioned below. A CNR 
value of 49 dB has been achieved by Itoh et al. in recording 
experiments with Ar+ ion laser light at a 514-nm wave­
length in 300-nm-thick pyrol.ytically deposited, randomly 
crystallized films on glass substrates carrying 1.5-µm-diam 
bubble domains. 6 Shono et al. have reached a CNR value of 
57 dB in rf magnetron-sputtered highly ( 111) textured films 
on GGG substrates under similar recording conditions. 6 

In the cobalt spinel ferrites prepared by spray pyrolysis a 
CNR below 35 dB has been achieved and so far interpreted 
as being due to nonuniform magnetic anisotropy.7 The com­
positional variability of this class of materials is limited, sim­
ilar to the hexaferrites. 

In this study, optical and microstructural properties of 
rf magnetron-sputtered iron-garnet films are discussed with 
relevance to optical recording. Emphasis is put on the work 
performed at Philips Research. The magneto-optical perfor­
mance of iron garnets is compared with that of the hexafer­
rites, RETM alloys, and Co/Pt multilayers in the near-in­
frared to near-ultraviolet spectrum. Based on the optical and 
magneto-optical data reported here the magneto-optical fig­
ure of merit of a multilayer film structure is calculated which 
consists of the garnet layer and a dielectric mirror with 
100% reflectivity. If only their intrinsic properties are con­
sidered, the iron garnets are found to exhibit significantly 
better magneto-optical readout performance in reflection at 
blue to near-ultraviolet wavelengths than RETM films and 
Co/Pt mu1ti1ayers. However, other key recording param­
eters, like wall coercivity He and uniaxial magnetic anisotro-

py Ku, which have been studied by other authors, 5•6 are still 
critical. For improving the CNR much beyond the reported 
values, much work has still to be devoted to the mastering of 
the rf sputtering process in order to meet the system require­
ments on morphology and magnetic anisotropy of polycrys­
talline iron-garnet films. 

II. SAMPLE PREPARATION 

Apart from the polycrystalline Co-substituted 
Gd3F e5O 12 (GIG) garnet films, all the single-crystalline 
samples reported here have already been discussed else­
where concerning preparation and various physical proper­
ties. In particular, the bismuth-substituted GIG films grown 
by rf magnetron sputter epitaxy are the same as presented in 
Ref. 8; the bismuth-substituted Y3Fe5O 12(YIG) garnet 
films made by liquid-phase epitaxy (LPE) are the same as 
studied in Refs. 9-11; the barium hexaferrite BaFe12O 19 film 
prepared by LPE is the same as investigated in Ref. 12; and 
the barium hexaferrite single-crystal wafers made by solvent 
growth are the same as explored in Ref. 13. Therefore, the 
reader is referred to those articles from our laboratory for 
details on the applied technology and the crystal quality. 

The polycrystalline Co3 + -substituted GIG films have 
been grown by classical rf diode sputtering from powder tar­
gets under similar conditions as reported in Ref. 14. The 
applied process parameters are listed in Table I. The single­
crystalline Coz+ -substituted iron-garnet film has been pre­
pared by LPE, the growth conditions are summarized in 
Table II. The composition of those samples identified here is 
compiled in Table III. 

111. GROWTH OF IN SITU CRYSTALLIZING IRON~ 
GARNET FILMS UNDER THE CONDITIONS OF rf 
MAGNETRON SPUTTERING 

Among the preparation techniques used to obtain prop­
er samples needed in the present study, we now consider rf 
magnetron sputtering in more detail because it is particular­
ly suited for optical recording media. 

In situ crystallization in about I-Pa argon plasma is as­
sumed to proceed as outlined in Fig. 1. 16 At substrate tem­
peratures above about 7 50 Kand growth rates of a few 10-1 

( nm s- 1 ) bismuth-iron garnet films order epitaxially on sin-

TABLE I. Sputtering parameters of the Co-' 1- •substituted iron-garnet films Nos. 2, 3, and 4. 

Sputtering parameters" 

Target composition 
Sputter gas 
Target potential (V,.m,) 

Substrate potential (V ,m, ) 
Substrate temperature (K) 
rfpower (W) 

Deposition rate (µm/h) 
Film thickness (µm) 
Substrate 
Annealing 

Film No. 2 

Gd)'e45 Co0 _5 O 12 

0 2, 2 Pa 
600 

85 
725 
420 

0.16 
2.60 

GGCMZ(lll),a0 = 1.250111m 
0 2, 1 bar, 1073 K, 2 h 

"rf diode sputtering conditions otherwise as in Ref. 14. 
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Film No. 3 

Gd3Fe4 _,Co0 ,O12 

0 2, 2.2 Pa 
600 
60 

725 
400 

0.15 
3.40 

GGCMZ(l 11 ),a0 ,~ 1.250111m 
0 2, l bar 1073 K, 2 h 

Film No. 4 

Gd2_78 Fe4 _25 Co0 _91 O,., 
0 2, 2.2 Pa 

600 
floating 
725 
300 

0.11 
3.40 

GGCMZ( 11 !),a0 -~ 1.2501 nm 
0 2, l bar 1073 K, 2 h 

Krumme et al 4394 



TABLE It Growth parameters of the liquid-phase epitaxial Co2 + -substituted iron-garnet film No. 5. 

Growth parameters• 

Growth temp. (K) 
Undercooling (K) 
Film thickness (µm) 
Growth rate (µm/min) 
Misfit (a, - a.}) 

Melt 
Substrate 

"Liquid-phase epitaxial (LPE) growth otherwise as in Ref. 15. 

gle-crystalline gallium-garnet substrates beneath an about 1-
nm-thick bismuth-enriched segregation zone. 17 Ion migra­
tion in this shallow surface region is significantly enhanced 
by low-energy argon Ar+ ions accelerated towards the film 
surface across the adjacent plasma sheath. Their penetration 
depth is of the order of only 1 atomic monolayer. 

The sputtered target species arrive at the film surface as 
partially ionized and partially therrnalized particles and es­
sentially consist ofmonatomic metal M, monatomic oxygen 
0, and diatomic MO. Saturation of the film lattice with oxy­
gen is maintained due to the oxygen supply from the target 
and, to a lesser extent, from the residual gas. The argon in­
corporation in crystalline garnet films is generally below 
0.01 atoms per garnet formula [a/gf]. The loss by thermal 
desorption of monatomic Bi and diatomic 0 2 , being the least 
tightly bound constituents in the garnet surface, is negligible 
provided the rf potential distribution in the sputteting sys-

Film No. 5 

1060 
t1 T, = 45 ( = T saturntion - 'fgrowt~ ) 

10.4 
0.52 
-0 

[Co]/[Fe] =0.10,[Ge]/[FeJ =0.45,T, ,.,, 1!05 K 
Nd-,Mg-,Zr-substituted GGG,a, = 1.2508 nm 

tem is strongly asymmetric, the target magnetization is < 30 
mT, the substrate is electrically floating, the oxygen level in 
the noble gas plasma is not more than a few parts per thou­
sand and the noble gas pressure is in the 1-Pa range. Under 
these favorable growth conditions, rf magnetron sputtered 
single- and polycrystalline bismuth-iron garnet films devel­
op a uniaxial magnetic anisotropy normal to the growth di­
rection as has been recently discovered. 16 

IV. MICROSTRUCTURE OF IN SITU CRYSTALLIZED 
BISMUTH~IAON GARNET FILMS PREPARED BY rf 
MAGNETRON SPUTTERING 

A" Epitaxial films 

Sputter epitaxially grown iron-garnet films of high crys­
talline quality exhibit the characteristic magnetic domain 
patterns shown in Figs. 2 (a) and 2 (b) depending on the sign 

TABLE III. Chemical composition in atoms per garnet formula [a/gf] of all specified iron-garnet films, measured by electron-probe microanalysis 
(EPMA). 

Sample composition [a/gf] 
Sample 

No. y Gd Bi Pb Fe Al Ga Pt Co Ge Ba Mn Ar Process Ref. 
1 1.69 1.25 0.06 4.97 O.o3 LPE 9.10 
la 2.0 1.0 4.4 0.4 0.2 LPE 15 
lb 1.97 1.04 4.51 0.26 0.22 0.005 rf magnetron, 

glass IRG3 
2 3.51 4.17 0.32 } <fdi<><le 
3 3.16 4.39 0.45 sputtering 14 
4 3.20 3.98 0.93 (Table I) 

5" 1.98 0.92 0.10 4.13 0.23 0.19 O.ot 0.16 0.27 LPE (Table II) 
6 1.99 1.35 4.12 0.33 0.22 0.01 substrate 

ion bombarded 
7b 2.04 1.24 4.10 0.38 0.24 0.01 rf 
8 2.08 0.98 4.12 0.82 o~{ magnetron 8 

substrate sputtering 
9 2.10 1.01 4.06 0.83 0.00 coated with 5 nm 

amorph. layer; 
initial substrate bias 

10 I 1.95 1.04 )flux growth 13 
11 11.81 1.02 0.17 on hexagallate seed 
12 0.08 12.00 0.06 0.97 LPE 12 

"Substrates Nd-, Mg-, Zr-substituted Gd3Ga~O 12 (NGGMZ), a0 = 1.2508 nm, (111 ). 
bSubstrates Ca-, Mg-, Zr-substituted Gd3Ga5O 1l(GGCMZ), a0 = 1.2488 nm, (110); all other substrates on (lll)Ca-, Mg-, Zr-GGG(GGCMZ), 

a0 = 1.2501 nm. 

4395 J. Appl. Phys., Vol. 66, No. 9, 1 November 1989 Krumme et al. 4395 



sheath 
~500µ,m 
"-'20 V de 

upper ML 

a. 

C. 

~- 500µm b. -· 50 µrn 

1-----< 50µm 

FIG. 2. Transmission photomicrographs of typical magnetic domain pat­
terns (a,b,c) ofrf magnetron sputtered epitaxial (a,b) and in situ polycrys­
talline ( c) bismuth-substituted iron-garnet films using polarized light and a 
reflection photomicrograph (d) of film (c). Films (a) and (b) are grown 
under compressive lattice misfit stress. Film ( a) is grown at 770 K without 
and films (b) and (c) are grown at 830 K with perpendicular growth-in­
duced magnetic anisotropy. Film ( c,d) is grown on an ion-bombarded gal­
lium-garnet substrate. 
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FIG. 1. Schematic representation of epitax­
ial growth of bism nth-substituted iron-gar­
net films by rf magnetron sputtering under 
favorable conditions. The major species in­
teracting with the growing film surface are 
indicated; ML denotes monolaycr; M, mon­
atomic metal; and MO, diatomic metal ox­
ide species sputtered from the target ( se< 
Refs. 16 and 17). 

of the uniaxial magnetic anisotropy constant Ku. Their mag­
netic wall coercivity He is as low as that of magnetic bubble 
memory materials, as deduced from the magnetic hysteresis 
curve (1) in Fig. 3. Optical waveguide losses in the 1.3-1.5-
nm wavelength range and the x-ray diffraction linewidth are 
extremely small,8 confirming oxygen saturation and crystal 
perfection. Within the lattice misfit range -1.9<Aa1 / 

a0 X 10- 2 <0.4 the strain-induced magnetic and optical an­
isotropies behave strictly linearly with b.a1 ( Ref. 8), con­
firming the epitaxial alignment of the film with the substrate 
lattice. The quantity Aa1 = as - aj- is defined as the differ­
ence between the free lattice constant as of the substrate and 
the perpendicular lattice constant a; of the strained film. 

The smooth pattern of cleaved cross sections normal to 
the epitaxial film plane resembles that of glassy amorphous 
films, as can be seen in the scanning electron microscope 
(SEM) picture of Fig. 4(a). Transmission electron micro­
graphs (TEM) of cross sections through the film/substrate 

FIG. 3. Magnetic hysteresis curves of an epitaxial (I) and a polycrystalline 
(2) rf magnetron-sputtered bismuth-iron garnet film with perpendicular 
magnetic anisotropy measured by the magneto-optical Faraday rotation 
0 F using a light spot much larger than the domain size. d denotes the film 
thickness. 
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f'IG. 4. Scanning electron micrographs (SEM) of cleaved cross sections 
through bismuth-iron garnet films grown by liquid-phase epitaxy (LPE) 
(a) and by rfmagnetron sputtering (b,c); one film is amorphous (b), the 
other in situ polycrystalline ( c). The film/substrate interface is indicated by 
an arrow. 

interface at low and at very high magnification do not reveal 
any extended or local defects, respectively, as elucidated by 
Fig. 5. In the lattice image mode of the TEM a perfect align­
ment of the film with the substrate lattice is observed with no 
evidence of stacking faults and disiocations even at thick­
nesses in the 10-µm range. It is emphasized that the sample 
of Fig. 5 is grown on a ( 110) substrate under 1 % compres­
sive lattice misfit strain, a situation that would not result in 
epitaxial growth under LPE conditions. 

B. Polycrystalline films 

Sputtered polycrystalline gadolinium-bismuth-substi­
tuted iron-garnet films have been prepared in situ at floating 
substrate potential on ion-bombarded gallium-garnet sub­
strates where epitaxial crystallization is impeded by a bom­
bardment-induced amorphous interface layer of < 1 nm 
thickness. 18 This type of substrate is advantageous over glass 
substrates with respect to their thermal expansion coeffi­
cient, stability, and handling. Films deposited in this way 
develop a growth-induced uniaxial magnetic anisotropy nor-

4397 J. Appl. Phys., Vol. 66, No. 9, 1 November 1989 

(bl 

FIG. 5. Transmission electron micrographs (TEM) of a cross section 
through the film/substrate interface of the rf magnetron-sputtered ( 110 )­
oriented epitaxial bismuth-iron garnet film No. 7 with 
/:;.a 1 ~ - 1.33 X 10- -2 nm misfit; (a) bright-field picture with electron dif­
fraction pattern of film No. 7 (insert), the rough edge being an artifact from 
thinning the specimen by ion milling; (b) lattice image taken along the 
I t 11 ] zone axis of the garnet. The arrows indicate the interface between 
film ( upper part) and substrate. A carbon layerabout 10 nm thick was used 
to avoid charging of the sample. 

ma! to the film plane, demagnetize in a coarse domain pat­
tern [see Fig. 2(c) j, have a rough surface topology with an 
average feature of 2-5 µm width [see Fig. 2(d)], exceed the 
magnetic wall coercivity of epitaxial films by at least 2-3 
orders of magnitude ( see Fig. 3, curve 2), and reveal a col­
umnar morphology in cleaved cross sections normal to the 
film plane [see Fig. 4(c) ]. X-ray and electron diffraction 
patterns indicate random crystallite orientation, as inferred 
from Fig. 6 and the insert of Fig. 7 ( c). 

TEM micrographs of cross sections through the film/ 
substrate interface [ Fig. 7 (a) and 7 (b)] elucidate that the 
film growth in zone I undergoes an initial transient period 
covering the first about 200 nm of film thickness and corre­
sponding to about a 15-min process time. The 200-400-nm­
sized grains in zone I exhibit strong ( 111 ) texture [ Fig. 
7 (a) ] ; some are even epitaxially related with the ( 111 )-ori­
ented garnet substrate. The ion bombardment induced < 1-
nm-thick amorphous interface layer between substrate and 
film is clearly discerned [Fig. 7(a) ]. This textured coarse­
grained zone I is followed by an about 200-nm-thick fine­
grained randomly crystallized zone II [Fig. 7(b) 1 on top of 
which a columnar-grained zone III has developed with the 
column axis oriented parallel to the growth direction. The 
average 70-nm-wide columnar grains have random crystal 
orientation, as supported by the TEM micrograph of Fig. 
7 ( c) representing a planar section of the film in zone III and 
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FIG. 6. X-ray diffraction spectra of film No. 6(a) and a powder sample of 
Gd3Fe5O 12 (b) for comparison; CoKa radiation was used. 

by the electron diffraction pattern [ insert of Fig. 7 ( c) ] . 
Their grain boundaries are free of a second phase, as dis­
cerned from the lattice image in Fig. 7 ( d) where four colum­
nar grains are in intimate contact. The macroscopic hillocks 
observed in the outer film surface [see Fig. 2(d)] are com­
posed of many columns. 

Of course, such a granular morphology is not conducive 
for achieving high readout performance and storage density, 
in particular because the depth of this irregu1ar nucleation 
zone I and II exceeds the range of optimal thicknesses of the 
iron-garnet film, as discussed in Sec. VI. 

However, our preliminary experiments show that the 
film morphology can be much improved by temporarily in­
creasing the dose and energy of the impinging Ar+ ions from 
the adjacent plasma sheath during the initial nucleation peri­
od. As an example, we have found that a very pronounced 
( 111 ) texture results in the whole film if during the first 15 
nm of deposited matter the 1f substrate potential is raised to 
35 Vrms and then reverted to floating electrical potential 
( ~ 3 Vrms). Concomitantly, the average energy of the Ar+ 
ions is initially increased to about 80 e V and then reduced to 
about 20 eV at floating potential. Prior to film deposition the 
substrate had been coated with a 5-nm-thick noncrystalline 
layer with similar composition as the magnetic film in order 
to reduce the interfacial energy and to preclude epitaxial 
growth of the magnetic film. The absence of a coarse nuclea­
tion zone, as in Figs. 7(a) and 7(b) is elucidated by the 
cross-section TEM micrograph in Fig. 8. Furthermore, a 
strong crystallographic ( 111 ) texture is identified from the 
double-crystal x-ray rocking curve in Fig. 9 that also in­
cludes the ( 888) reflection of the single-crystal GGCMZ 
substrate beneath the 5-nm-thick amorphous separation lay­
er. To ensure that the lattice of the film and the substrate are 
not epitaxially aligned and, insofar as possible, simulate the 
configuration of a garnet film on. an arbitrary amorphous 
substrate, we have compared the apparent "misfit" ~a1 

= - 3.76X 10- 3 nm ofthis film No. 9 with that of the sput-
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ter epitaxial film No. 8 with very similar composition, t:..a1 

= - 8.65 X 10- 3 nm. t:..a1 can be transformed to the differ­
ence !:w0 between the lattice constant of the substrate and 
the free film by the relation 

l:ia,, =LiaL(1-p111 )/(1 +µ111), (1) 

,vhere µ 111 = C. 3 is the Poisson ratio. It turns out that 
fl.a 0 = - 4.66X 10- 3 nm of film No. 8 is still somewhat 
more negative than fl.a1 of film No. 9, and we conclude that 
the polycrystalline :film No. 9 has developed its ( 111) tex­
ture during the initial nucleation period through low-energy 
ion bombardment independent of the substrate lattice. At 
later stages of film growth, however, enhanced Ar+ ion 
bombardment is unnecessary for maintaining the texture 
and even undesirable because bismuth would be preferential­
ly backsputtered and the formation of a uniaxial magnetic 
anisotropy would be suppressed. 16 

These ( 111) textured iron-garnet films have a fairly 
smooth surface; in contrast, the hillocks in conventionally 
sputtered iron-garnet films [Fig. 2(d) I are a direct conse­
quence of the coarse-grained nucleation zone at the substrate 
interface. 

V. OPTICAL AND MAGNETOmOPTICAL PROPERTIES 

The optical and magneto-optical properties of rare­
earth iron garnets have been reviewed together with the 
magnetic properties in Ref. 19 and will not be treated here in 
depth. They are essentiaUy determined by electronic transi­
tions of the Fe'-+ ions occupying tetrahedrally and octahe­
drally coordinated lattice sites with 0 2 - ions. 20 A unique 
substituent on dodecahedral lattice sites, which are typically 
occupied by rare-earth ions, are the bismuth Bi3+ ions that 
enhance the optical and magneto-optical properties of the 
Fe3+ ions via orbital mixing with the 0 2 - ions and, thereby, 
increase their spin-orbit coupling and super-exchange inter­
action. 21 The optical effects are phenomenologically de­
scribed by the complex dielectric tensor E 20 

(2) 

0 

whose complex components £ 12 are related to the observable 
parameters Faraday rotation 0 F and ellipticity £ F• Kerr ro­
tation 0K and ellipticity EK, absorption coefficient 
a = 41rk I A, and refractive index n, as given in Ref. 20. A 
detailed account of the optical measurement techniques ap­
plied here is presented in Refs. 9 and 10. The component 
spectra of the dielectric tensor are calculated from these data 
and presented as unsmoothed curves in the following fig­
ures. The real ( ei 1 ) and imaginary ( E~1 ) part of the diagonal 
component € 11 vs photon energy is given in Fig. lO(a) with 
increasing bismuth substitution in LPE-grown YIG films 
containingupto0.08Pb [a/gfJ and0.03Pt [a/gf] as impur­
ities. The photon energy dependence of the real ( c;2 ) and 
imaginary (€;'2 ) part of the off-diagonal component € 12 that 
represents the magneto-optical properties is depicted in 
Figs. 10 ( b) and 10 ( c) with increasing bismuth substitution. 

For identification of the major magneto-optically active 
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(a) 

ib) idl 

FIG. 7. TEM micrographs of the polycrystalline rf magnetron sputtered bismuth-iron gamet film No. 6. The cross section through the interface film/ 
substrate at high resolution (a} and at lower resolution (b) reveals the grain structure in the nucleation zone and the < !-nm-chick amorphous interface layer 
between substrate and film. The planar section parallel to the film plane through the columnar region at lower (c) and high resolution (d} uncovers the 
microstmcture that has formed after the nucleation period. The electron diffraction pattern made of the columnar region along the film nonnal [insert in 
(c)] confirms the random polycrystal!ir,e morphology of the columnar part of the film. The lattice images of respective grain boundaries if! (a} and {d) 
elucidate the phase purity of these films. 
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FIG. 8. TEM micrograph of a cross section through the film/substrate in­
terface of sample No. 9. The insert is a magnified view (schematically 
drawn). No coarse-grained nucleation zone is present, contrary to Fig. 
7 (b), _due to initial low-energy ion bombardment. 

transitions we have analyzed the Eij spectra in terms of para­
magnetic and diamagnetic line shapes. These can be ex­
pressed by the relatiom,20- 22 

~ia - (moi - (,J)2 - r~; + 2tr()i((.Uo; - &) 
xy - I K Ii [ 2 · r2 ] 2 ' ; W0; ( Cu0; - m) -:- o; 

- " (/) ( (t)~i - al - r~;) + tr Oi ( W~; + «l + r~i) 
- £.. K2; [ 2 2 r2 2 IL ,2r2 1 · 

i OJo; ( (J} - 0o; - Ol) + "'rW Oi j 

(3) 

Thus, the spectra can be parametrized in terms of the 
character ( dia- or para-) and the frequency m0 ; of the in-

, (111)GGCMZ 
· substrates 

: ~a.1[10·3nm] 
-3. 76 ___, 
-5.47 ----+< 
-5.83 ----+-< 

3QQQ!:_ssec 

t"- -8·65 ----+---\-tr-ila-y-er___,_ 
#g---

crystal rotation angle 

FIG. 9. Double-crystal x-ray rocking curves of film No. 9 (upper trace, 
scale factor 10) and of an epitaxial trilayer garnet film (lower trace) using 
( 888) CuKa I radiation. The trilayer is grown by rf magnetron sputtering at 
800 K substrate temperature in 0.6-Pa oxygen-doped argon plasma. The 
three x-ray diffraction peaks (lower trace, from the right) refer to 0, 0.5, 
and 1.0 vol% oxygen in the argon plasma, respectively. The sublayer pre­
pared in pure argon plasma (lower trace, right peak) corresponds to film 
No. 8 (see Table III). The quantity b,a1 = a, - a; denotes the difference 
between the lattice constant of the substrate (a,) and the perpendicular 
lattice constant (a}) of the films. 
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valved transitions, the linewidth r 0 ;, and the quantum-me­
chanically determined quantities Ku and K2;. The latter are 
functions of the number of oscillators with eigenfrequency 
w0;, their oscillator strength, and the Zeeman splitting of the 
involved electronic energy levels by spin-orbit coupling. A 
detailed account of this analysis will be presented else­
where. 23 

Taking as an example the spectrum of film No. 1 the 
components E12 and €;'2 can be consistently fitted with a set 
of values for the three parameters Kwm00 and r o; for each of 
the involved transitions [ see Fig. 11 ( b) and 11 ( c) ] using 
the values listed in Table IV. When plotting the oscillator 
amplitude K2; of these transitions versus the bismuth con­
tent x [ a/gf] in Fig. 12 ittums out that only three transitions 
are affected. These are located near w 0 ; = 2. 70 e V ( 460 
nm), 3.40 eV (365 nm), and 4.45 eV (280 nm). They essen­
tially determine the magneto-optical properties ofbismuth­
substituted iron garnets in the visible and ultraviolet spec­
trum. On the other hand, the e:1'1 spectrum has been fitted by 
Gaussian line shapes of various transitions including those 
representing the 1: 12 spectra [ Fig. 11 (a) ] . The relation used 
is given by 

(4) 

with the parameters of the transitions compiled in Table V. 
So far, the assignment of these transitions in terms of 

basic models has not been fully satisfactory since the choice 
of line shapes and parameter values is not quite unique be­
cause the spectra, at least for smaller x values, are fairly 
complex. 23 

Polycrystalline iron-garnet films sputtered on glass sub­
strates exhibit similar intrinsic properties as epitaxial films 
with identical composition. Figure 13 shows the Faraday 
rotation spectrum of the films No. la and lb. 

For optical recording applications in the red and in­
frared, bismuth-iron garnets exhibit insufficient absorption. 
The absorption in the red and near-infrared spectrum can be 
much enhanced by making use of the tetrahedrally coordi­
nated Co2 + and Co3+ crystal-field transitions in the garnet 
host where the cobalt ions substitute for Fe3 + ions. Strong 
absorption bands ofCo2 1 ions at 650( 1.91 eV) and 1500 nm 
(0.83 eV} and ofCoH at 700 ( 1.77 eV) and 1320 nm (0.94 
eV) superimpose on the GIG spectmm,22•24 as demonstrat­
ed for CoH ions in Fig. 14. 

A remarkable feature of sputtering is that, e.g., much 
more Co'+ ions can be forced to enter the garnet lattice than 
can be reached by LPE. This is because sputtering is operat­
ed sufficiently far from thermodynamic equilibrium. Since 
stronger optical and magneto-optical effects are expected 
from tetrahedrally coordinated cobalt crystal-field transi­
tons we have analyzed the temperature dependence of the 
saturation magnetization of these materials in terms of mo­
lecular-field theory. It turns out that the distribution of 
Co3 + ions between octahedral and tetrahedral lattice sites is 
5.7:1 in film No. 3 and 2.5:1 in film No. 4 when treating the 
excess Gd3+ as occupying octahedral sites as diamagnetic 
dilution. Thus, occupation of tetrahedral lattice sites by 
Co3 + is favored if film growth is performed at floating sub­
strate potential rather than with substrate bias. Under these 
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assumptions the agreement between the molecular-field fits 
and the measured magnetization is satisfactory, as shown in 
Fig. 15(a) and 15(b). Themagneto-opticalactivityofcobalt 
ions in iron garnets in the near infrared is presented in Fig. 
16. The strong transition bands at about 1350 nm (0.92 
eV, tetrahedral Co3+) and 1500 nm (0.83 eV, tetrahe­
dral Co2+ ) , exhibiting paramagnetic and diamagnetic line 
shapes, respectively, correspond to those in the optical ab-
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FIG. 10. Calculated 1.msmoothed spectra of the ciements e; 1 and €;'1 (a), 

Ei2 (b), and €;'2 (cJ of the dielectric tensor E for Y, xBixFe,O12 films pre­
pared by liquid-phase epitaxy, using the spectroscopic data reported in 
Refs. 9 and 10. The thick curve in Figs. !O(b) and !O(c) (foreground) 
refers to x = O; increments Ax= 0. l [a/gf] between consecutive curves; 
y<;;;0.06[a/gf] and z(0.03[ a/gf]. Spectra measured at 295 K. 

sorption spectra, shown in Fig. 14 for CoH, The strong 
magneto-optical transition around 650 nm ( 1.91 eV, tetra­
hedral eo2+ ) 24 and the broadband around 700nm ( 1.77 eV, 
octrahedral Co3 + ) 22 are not resolved, however, since they 
superimpose on the tail of the even stronger FeH transitions 
in the blue and ultraviolet. 

The barium hexaferrites exhibit a shift of the fundamen­
tal absorption band edge to the infrared by several tenths of 
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FIG. 11. Comparison between the measured €;', (a),E; 2 (b), and €;'2 (c) 
spectra of film No. l and calculated spectra using Gaussian (a) and para­
magnetic (b,c) line shapes for the involved optical transitions. The frequen­
cy dependence of the paramagnetic transitions is given by Eq. ( 3) using the 
parameters c~0 ,, r o; and K 2, for each transition as listed in Table IV. The 
transition parameters fo the Gaussian lines are listed in Table V. Open 
squares denote the measured values of these spectra and the dashed curves 
represent the calculated spectra (see Ref. 23). Experimental data at 295 K. 

an electron volt, as compared to iron garnets. Pronounced 
effects on the optical properties of the pure BaFe120 19 can be 
achieved by manganese substitution of Fe3+ ( see Fig. 17). 
On the other hand, the magneto-optical activity of this class 
of materials in the 550-450 nm (2.25-2.76 eV) spectral 
range is fairly low ( see Fig. 18) and enhancement by bis­
muth substitution has failed so far. 
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TABLE IV. Parameters of the magneto-optically active paramagnetic tran­
sitions of film No. 1 [Figs. l l(b), I l (c), and 12] when using the frequency 
dependence as in Eq. (3). 

Eo, ro; 
(eV) (eV) K2, 

2.38 0.055 - 0.0006 
2.56 0.038 0.0008 
2.63 0.210 0.2680 
2.91 0.095 - 0.Cl018 
3.05 0.095 0.0180 
3.24 O.o35 0.0..."055 
3.39 0.320 - 0.5530 
3.55 0.042 0.00165 
3.87 0.140 -0.0240 
4.45 0.240 0.2250 

0.7 
0 

0.6 
0 

0.5 

0 

0.4 
~ 
X 0 

0.3 

0.2 

01 

FIG. 12. Oscillator amplitude /Ku i of those paramagnetic transitions sensi­
tive to the bismuth concentration x in the LPE-grnwn Y3 _ xBixFe5O 12 

films whose dielectric tensor components are depicted in the Figs. 10 and 
11; full circles: transition at hv, ::::::2.63 eV; open circles: transition at 
hv, :::: 3.40 eV, and open squares: transition at hv, ::::;4.45 eV (see Table IV) 
( see Ref. 23). Experimental data at 295 K. 

TABLE V. Parameters of the optical [Fig. l l{a)] transitions identified in 
film No. 1 [ Fig. 11 (a) J when using Gaussian line shapes as in Eq. ( 4). 

E()i re; 
(eV) (eV) K, 

1.78 0.191 0.019 
2.08 0.212 0.040 
2.39 0.099 0.860 
2.53 0.108 1.440 
2.63 0.072 0.860 
2.77 0.117 2.560 
2.96 0.114 1.780 
3.16 0.162 2.620 
3.42 0.237 3.580 
3.82 0.275 3.560 
4.22 0.133 0.300 
4.43 0.391 5.090 
5.o7 0.250 3.330 
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.FIG. 13. Faraday rotation spectrum of the LPE film No. la and the sput­
tered polycrystalline film No. lb on glass; data at 295 K. 

Vi. COMPARISON BETWEEN THE MAGNETO-OPTICAL 
PERFORMANCE. OF AMORPHOUS RAREaEARTH 
TRANSITION-METAL FILMS, Co/Pt MUL TILAYERS, 
AND IRON-GARNET FILMS 

At an 800-nm wavelength, the CNR in today's RETM 
disks is mainly limited by noise arising from noncylindrical 
domain walls, from ripple in the magnetization direction, 
and from surface roughness. Improvements in the storage 
capacity within the present recording concept can be 
achieved, e.g., by reducing the laser wavelength and by mul­
tilevel recording where several storage layers are stacked 
upon each other. The magneto-optical performance of new 
memory media needs not to be better than that of RETM 
films at 800 nm if the noise sources just mentioned are not 
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FIG. 14. Increase of optical absorption by Co3 0 substitution into iron-gar­
net films, as exemplified by the spectra of the sputtered GdFeCo-garnet 
films No. 2 and 4 and pure YIG. Data at 295 K. 

reduced at the same time, because otherwise the noise level 
would be raised, simultaneously. However, these noise 
sources are essentially process dependent and not yet mas­
tered in rf sputtering of polycrystalline iron-garnet films. 
Pioneering work has been performed by Gomi et al., 5 I toh et 
al., 6 and Shono et al. 6 but much has stiU to be done to under­
stand and improve the process. 
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FIG. 15. Temperature dependence of the saturation magnetization M, of the CoH-substituted iron-garnet films Nos. 3 (a) and 4 (b). Open circles and 
squares, respectively, represent measured data and the broken curves represent theoretical fits by molecular-field theory using the lattice site occupation 
given by the chemical formulas in the figure. 
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FIG. 16. Measured :Faraday rotation ~1,- (full symbols) and ellipticity Ep 

( open symbols) of the Co'+ -substituted film No. 4 ( scaled down to ,h of 

values) and the Co2 "-substituted film No. 5. Circles represent film No. 4 
and squares film No. 5. Data at 295 K. 

In this section we restrict ourse1ves to the intrinsic mag­
neto-optical performance and compare RETM films and 
Co/Pt multilayers with iron-garnet films in the wavelength 
regime from 820 to 420 nm. In Fig. 19(a) the absorption 
spectra of a TbFe and a highly bismuth-substituted YI G film 
are plotted against the wavelength, supplemented in Fig. 
19 (b) by the Faraday rotation spectra, and in Fig. 19 ( c) by 
the magneto-optical figure of merit in transmission. Using 
the optical data presented in this article we calculate the 
magneto-optical reflectance of the magnetic film which rests 
on a 100% mirror composed of25 dielectric layers with peri­
odic refractive index steps. The computer program devel­
oped by Kivits25 makes use of a matrix calculus for stratified 
media. It is based on the concept that the phase and ampli­
tude of the right and left circularly polarized component of 
the impinging light beam are individually affected by the 
birefringent and dichroic properties of the magnetic film and 
that these modes interact coherently with those of the re­
flected beam. 

'---' 

10 
M W W D W W U ~ U 

- photon energy P.,11 [ eV ] 

FIG. 17. Optical absorption spectra of the barium hexafcrrite samples No. 
10 and 11 in comparison to Gd,Fe50 12• Sample No. 11 contains 0.17 man­
ganese [a/gf] on FeH sites. Data at 295 K. 
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FIG. 18. Magneto-optical Faraday ( 0 F' Er) and Kerr ( (:, K, € K ) spectra of 
Gd 3Fe,O,, and BaFe, 20, 9 • Data at 295 K. 

The following observations are deduced from this analy­
sis: At a certain thickness d of the magnetic film the mag­
neto-optical azimuth rotation in reflection, 0K undergoes 
significant interference enhancement, concomitant with in­
creased absorbed light power ( 1-R-T) at the expense of total 
reflected light power R. There is a trade-off between 0K and 
R for intermediate values of d, as shown in Fig. 20 for the 
iron-garnet film No. la at the wavelength A= 488 nm. In 
this case the first interference maximum of 0;_ appears at 
d = 103 nm, the second at d = 197 nm accomodating ap­
proximately one half and one effective wavelength of light 
within the magnetic layer, respectively. The quantities 0K 
and EK arise from a superposition of Faraday and Kerr ef­
fects, rather than the intrinsic Kerr rotation ( 0 K) and ellip­
ticity (€K) alone. Theparameter [0;;2 + €;/JR represents 
the magneto-optical figure of merit of recording media for 
readout in reflection. 

In Table VI(a) we summarize the calculated magneto­
optical performance data of iron-garnet films on a 100% 
interference mirror for four different wavelengths. For com­
parison, the magneto-optical performance data of a conven­
tional GdTbFe trilayer have also been calculated26 and are 
presented in part (b) of Table VI. For obtaining a CNR > 60 
dB required in recording systems these values ( I 0K I ::::: 1 •, 
R :::::20%, d < 100 nm) are considered as close to the tolerat­
ed limit for recording and are taken here as reference to 
evaluate the performance of new media. 

It becomes evident that the magneto-optical perfor-
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mance ofRETM media is limited by the fact that these mate­
rials cannot be operated at interference due to high optical 
absorption. It is shown for TbFe in part (a) of Table V[ 
when taking optical data from Ref. 27, that interference ef-
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4405 J. Appl. Phys., Vol. 66, No. 9, 1 November 1989 

co 
"'O 

OJ 
a, 

..:s 

hv[ev] -
102 ...----.-4---;:3 ___ __,2,--___ 1,_.5 __ ~ 

10 

-·-YIG 

- - - Tbo.21 Fea.79 

10-3.__ _ _.____,__-::,'-.J'----'-'----,,"-=---'---=-""":c-----'-----' 
0.2 0.4 0.6 0.8 

- " [µm] 

FIG. 19. Comparison between the absorption (a), Faraday rotation (b), 
and figure of merit (c) spectraofLPE-grown (Y,Bi) 3I·'e,O, 2 and Y,Fe,O 12 

films and an evaporated TbFe film to be used in Table VI. Data at 295 K. 

fects are only significant at thicknesses< 10 nm. Further­
more, the magneto-optical Kerr effects of GdTbFe films are 
weaker at shorter wavelengths, so that their application at 
shorter wavelengths for achieving higher storage density can 
be ruled out. 

In contrast, bismuth-substituted iron-garnet films are 
increasingly attractive for optical recording when reducing 
the wavelength towards the strong magneto-optically active 
transitions in the blue (A'..::::::460 nm) and ultraviolet 
(2::::::365; 280 nm), as can be seen in part (a) of Table VI. 
Setting R::::: 20% and d < 100 nm some enhancement of the 
optical absorption is needed in the red spectrum, e.g., by 
cobalt substitution into the iron garnet (here indicated by 
No. la+ Co), while in the green and blue spectrum the val­
ues of®K and (0;/ + £;/JR are much superior to those 
exhibited by conventional GdTbFe media at an 800-nm 
wavelength. 

An additional advantage of iron-garnet films is the pos­
sibility of conceiving a multilayer recording medium by 
making use of the favorable magnitude of optical absorption. 

This comparative study is supplemented by mentioning 
Co/Pt multilayers, a very recent material whose magneto-
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TABLE VI. (a) Calculated magneto-optical figure of merit in reflection [ 0 ~ 2 + €~ 2 ] R, total reflectance R, and azimuth rotation in reflection 0;, of an iron­

garnet film with thickness don top of a 100% interference mirror at several wavelengths A; dis chosen at the first two interference extrema seen in Fig. 20; n 
denotes the refractive index, k the extinction coefficient, and ( I - R. - 1) the light power absorbed in the magnetic film. Thcmate:rialsx = l.0and 1.5 stand 
for Y 1Bi I Fe,O 02 and Yu Bi1., Fe5O 12, respectively; material No. la + Co denotes film No. la with Co-enhanced optical absorption. (b) Calculated magneto­
optical reflectance of a conventional trilayer film composed of a glass substrate, an AIN antireflection coating, a magneto-optical GdTbFe film with thickness 
d and an Al mirror. ( c) Calculated magneto-optical reflectance of a Co/Pt multilayer with total thickness don a glass substrate and coated with and AIN 
antireflection layer. 

(a) Magneto-optical film on 100% multilayer interference mirror 
,l, Interference d 0K €K 0' K R c0K2+1c;,2) (l-R-D 

(nm) Material maximum (nm) fl k (deg) (deg) (deg) (%) X IO'R (%) 

420 X= 1.0 first 82.2 2.60 0.257 15.19 1.24 8.74 98.8 
420 X•= 1.5 first 74.7 2.85 0.334 17.40 0.57 5.25 99.4 
488 No. la first 103.0 2.57 0,078 4.18 32.00 17.08 67.4 
488 No. la second 196.8 2.57 0.()78 9.51 10.40 28.70 89.6 
633 No. la +co first 135.0 2.40 0.040 l.68 60.00 5.25 
633 No. la+Co second 260.0 2.40 0.040 3.40 36.00 13.20 
800 No. la+ Co second 349.0 2.30 0.024 0.33 54.3 0.18 45.6 
800 TbFe" first 4.3 3.54 3.76 45.(lO 0.03 3.50 99.9 

(b) Trilayer glass AIN/GdTbFc/ Al 

820 GdTbFeb too thick 40.0 3.57 3.32 -0.24 -0.08 -0.96 20.10 0.56 75.9 

(c) Multilayer glass AIN/4-A Co/9-A Pt/4-A Co/9 A Pt/ ... 

820 Co/Pt0 too thick 18.0 3.! 1 5.07 
420 Co/Ptb too thick 24.0 1.65 2.94 

"Data from Ref. 27. 
"Data from Ref. 26. 

optical properties do not degrade when reducing the wave­
length towards the ultraviolet spectrum. 26 In part ( c) of Ta­
ble VI calculated data on the magneto-optical performance 
in reflection of a multilayer stack composed of a glass sub­
strate, AIN antirefl.ection coating and a periodically repreat­
ed sandwich of 4-A. Co and 9-A. Pt having a total thickness d 
are presented. As compared to RETM films this material has 
improved chemical stability and satisfactory readout perfor­
mance in the blue but slightly higher Curie temperature and 
a microcrystalline morphology. The optical absorption is 
too high for exploiting optical interference effects on 0~. 

VII. CONCLUSION 

From the viewpoint of intrinsic magneto-optical perfor­
mance the bismuth-substituted iron garnets are attractive 
contenders for reversible optical recording in the blue and 
near-ultraviolet spectrum. Since interference enhancement 
can be used the iron garnets are, also, candidates for multile­
vel recording. Furthermore, their stability and some aspects 
of magnetron sputtering to prepare this material in thin-film 
form are superior to RETM media. Like RETM alloys, the 
iron garnets can be tailored to meet system requirements by 
chemical substitution; they exhibit an adjustable magnetic 
compensation temperature to minimize demagnetizing ef­
fects, and adjustable Curie temperature to optimize the 
write-in sensitivity. Under favorable sputtering conditions 
iron-garnet films develop a perpendicular magnetic anisot­
ropy and crystallize in a textured columnar morphology. 

The newly reported Co/Pt multilayer media exhibit im­
proved magneto-optical performance at shorter wavelengths 
and a much better chemical stability as compared to RETM 
media, but do not reach the shorter-wavelength perfor-
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-0.20 0.05 -0.99 19.20 0.63 67.3 
-- 0.36 0.10 - 1.11 18.60 0.69 68.2 

mance of bismuth-iron garnets. Furthermore, Co/Pt multi­
layers cannot be applied to multilayer recording. 

Whether iron garnets will become a future generation 
magneto-optical recording medium essentially relies on 
the mastering of process-dependent microstructure-related 
properties, like magnetic wall coercivity and magnetic re­
manence. Other questions to be answered relate to the feasi­
bility of using glass substrates and making grooves for track­
ing. 
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