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Magnetic and magneto-optical properties of bismuth-substituted
gadolinium iron garnet films
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The saturation magnetization M,, the uniaxial anisotropy K,, the optical absorption a,
the Faraday rotation 6, and the Faraday ellipticity ¥r of epitaxial garnet films of composi-
tion Gd;_,Bi,FesO;, have been investigated for x < 1.43. The temperature dependence of
M, and 6 have been measured in the range 4.2 K < T < T¢c. The compensation temperature
decreases and the Curie temperature increases linearly with the Bi content in accordance
with data reported for bismuth-substituted yttrium iron garnets. The contribution of the
bismuth to the rotation A6r/x at A=633 nm was found to be —23800 degcm~! and
—20600 degcm ™! at T=4.2 and 295 K, respectively. 0y has been described in terms of the
sublattice magnetizations inferred from the fit of the molecular-field theory to the satura-
tion magnetization. The extracted magneto-optical coefficients exhibit a nonlinear variation
with x for both octahedral and tetrahedral sites. The growth-induced anisotropy shows a
linear dependence on x and reaches a value of 1.74 X 10* Jm—3 at x=1.43. The optical ab-
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sorption was measured for wavelengths ranging between 500 and 800 nm.

I. INTRODUCTION

Bismuth-substituted iron garnets have received
much attention because of their high magneto-
optical effects which made these materials very at-
tractive for various fundamental investigations as
well as for device applications such as displays,' >
printers,* gyrolasers,’ or optical components.® In a
recent paper we have reported the magneto-optical
properties of gallium-substituted gadolinium-
bismuth iron garnets’ which are of particular in-
terest for optical printing devices.* In this work we
present results of the Gd;_,Bi,FesO;, system to
complete the picture of the influence of the bismuth
on the temperature, concentration, and wavelength
dependence of the Faraday rotation, the Faraday el-
lipticity, and the optical absorption. Furthermore,
we discuss some additional aspects such as the max-
imum attainable rotations, the stress- and growth-
induced anisotropies, and the influence of the
bismuth on the superexchange interaction. The ex-
perimental results are presented in Sec. II and are in-
terpreted and discussed in Sec. III. In particular,
the temperature dependence of the Faraday rotation
is described in terms of the sublattice magnetiza-
tions inferred from the fit of the molecular-field
theory to the measured saturation magnetization.
The magneto-optical coefficients have been deter-
mined as a function of the bismuth content.

II. EXPERIMENTAL RESULTS
A. Garnet material characterization

The garnet films of composition
Gd,_, _,Bi,Pb,Fes_,Pt,0;, were grown by
liquid-phase epitaxy (LPE) onto (111)-oriented Ca-,
Mg-, and Zr-substituted gadolinium and neodymium
gallium garnet substrates. The lattice constants are
a;,=1.24770, 1.24935, and 1.25079 nm, respective-
ly® The films were grown from PbO-Bi,0;-
B,0;—based fluxes.” Two melts were used, differing
by the gadolinium content, which causes different
growth rates. The bismuth content of the films was
controlled by supercooling. The film thickness
ranged between 2.5 and 21 um. The cation compo-
sitions of the films were measured by electron-probe
microanalysis.'® The results for selected film com-
positions used for measurements of the temperature
dependence are compiled in Table I together with
the supercoolings AT;. Sample 1 was grown from a
bismuth-free PbO-B,0;—based flux at a low super-
cooling. The lead and platinum enter the crystal as
impurities and are assumed to occupy essentially
dodecahedral and octahedral sites, respectively.
This is confirmed by lattice-misfit measurements
and the magnetic data.

Nearly all films are exposed to a compressive
stress. The  perpendicular lattice  misfit
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TABLE 1. Supercodings AT, and chemical analysis data of epitaxial garnet films of com-

position Gd;_, _,Bi,Pb,Fes_,Pt,0,.

Sample AT
No. (K) x u v
1 5 0 0.010 0.010
28 11 0.41 0.038 0.051
3 27 0.55 0.033 0.031
4 51 0.76 0.044 0.038
5 72 0.94 0.056 0.043
6 109 1.25 0.079 0.053
7 128 1.43 0.099 0.051
Error +1 +0.03 +0.01 +0.005

*This sample was grown from a melt containing 15 at. % less gadolinium than the melt used

for the growth of the other films.

Aa'=a,—aj varies in the range
—0.007 <Aa*<0.0005 nm, where aj denotes the
lattice constant perpendicular to the film normal.
From these data and the lattice constants of the sub-
strates the strain-free lattice constants of the films
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FIG. 1. Lattice constants vs bismuth content for
gadolinium-bismuth and yttrium-bismuth iron-aluminium
garnets. Open circles refer to the investigated garnet
films and solid symbols are literature data (Refs. 12 and
14—20). Dashed and solid lines were calculated from the
ionic radii (see text).

can be determined.!! The results are shown in Fig. 1
(open circles). The solid circles represent data from
polycrystalline materials.'!> The solid and dashed
lines (films and bulk crystals, respectively) were cal-
culated from the ionic radii.!* The steeper slope for
the films has solely to be attributed to the higher
impurity content as compared to the bulk crystals.
From these data the maximum bismuth content
which can be achieved for these compositions can be
estimated. For bulk iron garnets the maximum at-
tainable lattice constant a,,(bulk) is 1.2540 nm
(dashed-dotted line in Fig. 1).!* For epitaxial films a
higher maximum lattice constant a,,(film) can be
realized where a,, (film) was estimated by

a,, (film)=a,, (bulk)
+[(1—p)/(14p)]Aat=1.2580

in units of nm (dotted line). The maximum substi-
tutional level x,, for bismuth in gadolinium iron
garnet films thus is expected to be 1.7. The max-
imum value of the strain-free lattice constant calcu-
lated from the mismatch which has been achieved is
1.25597 nm. Higher lattice constants are possible
but the required substrates were not available. Ad-
ditional aluminum substitutions increase this limit
as shown by the solid lines calculated for a corre-
sponding impurity content. For comparison experi-
mental'>1*~% and calculated lattice constants for
the bismuth- and aluminum-substituted yttrium iron
garnet system are shown yielding higher maximum
values for x,. Further, it can be concluded from
the data presented in Fig. 1 that significantly higher
bismuth substitutions are attainable than those re-
ported for polycrystalline materials.?!

B. Magnetic properties

The saturation magnetization was measured with
a vibrating-sample magnetometer in fields up to
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FIG. 2. Saturation magnetization vs temperature for
different bismuth contents. Theoretical curves were cal-
culated from the molecular-field theory. The data for
T < Tcomp (Open symbols) apply to the left-hand scale and
those for T > Tomp (solid symbols) to the right-hand

scale.

1.6 10% A/m. The M, data were obtained from an
extrapolation to zero field. The temperature depen-
dence of M, for some compositions is shown in Fig.
2. The M; value at T=0 K decreases linearly with
increasing bismuth content owing to the dilution of
the gadolinium sublattice.  Furthermore, the
bismuth raises the Curie temperature and reduces
the compensation temperature substantially as
shown in Fig. 3. This behavior must be attributed
to the influence of the Bi ions on the superexchange
interaction as it was reported for Bi-substituted yt-
trium iron garnets.'*~'¢ The T comp values have been
determined from the Faraday rotation exhibiting a
sign change at Ty, at fixed direction of the exter-
nal field. The solid and dashed lines represent the
molecular-field theory and will be discussed in Sec.
III. The magnetization data are summarized in
Table II.

Bismuth-substituted iron garnets are character-
ized by a large uniaxial anisotropy aligning the mag-
netization parallel to the film normal. The measure-
ment of the anisotropy was performed at T=295 K
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FIG. 3. Compensation temperature T.m, and Curie
temperature T¢ vs bismuth content. Solid and dashed
lines were calculated from the molecular-field theory (see
text).

with a torque magnetometer. The uniaxial anisotro-
py constant K, was evaluated from the torque L (a)
using a plot of L(a)/H?* vs L(a), where a
represents the angle between the film normal and
the direction of the applied field H.?> The presented
data were extracted from the results obtained for
a=45°. For the measured samples the cubic aniso-
tropy was negligible. K, composes of a stress-
induced and a growth-induced part expressed by the
anisotropy constants K,f‘ and K&, respectively,

K,=KM+KE,

_34dd E_
2 a l14p

(1)

A
Ku= 111 -

TABLE II. Measured magnetic and magneto-optical (at A =633 nm) data of the investigated garnet films.

Sample poM; (mT) T comp Tc 0r (degem™)

No. X T=42 K T=295 K (K) (K) T=4.2 K T=295 K
1 0 771 7 283 562 200 345
2 0.41 575 40 213 570 —9560 —7670
3 0.55 547 49 198 577 —13600 —11360
4 0.76 442 60 172 584 —17670 — 15050
5 0.94 400 73 153 590 —23120 —19420
6 1.25 292 89 121 599 —31340 —26500
7 1.43 230 105 97 606 —33200 —28500
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K,f can be calculated from the relative perpendicular
lattice mismatch Aa*'/a, the Young modulus E, the
Poisson constant p, and the magnetostriction con-
stant A;;;. With the use of the values £ =0.31 and
E =1.95%10" Jm~3 which apply for Gd;FesOy,,
Aqq; can be derived from a plot of K, vs Aa'/a at
constant bismuth content yielding
A1=—3.6X10"° for x=0.94. This value can be
compared with results from ferromagnetic resonance
measurements which we have performed at 9.2 GHz
on bulk crystals?®> of composition Y;_,Bi,FesO,
yielding a contribution AA;;;/x=—0.7x10~% at
T=295 K. Since the bismuth behaves similarly in
“gadolinium and yttrium iron garnets we expect A,y
to vary as

A.“1=—(2.9+0.7X)X10_6, (2)

where the value of A;;; for x=0 was taken from
Ref. 24. The magnetostriction constant obtained
from Eq. (2) for x=0.94 agrees well with the value
extracted before. On the basis of this good agree-
ment we used Eq. (2) and the measured Aa'/a data
to calculate K ,f as a function of the bismuth content.
From the measured K, values and these K,f values
K& can be determined and the result is presented in
Fig. 4. Whether the linear relationship obtained for
high x is also valid for low x cannot be decided on
the basis of the available data. For substituted ga-
dolinium iron garnets exhibiting a compensation
temperature near ambient temperature, the demag-
netization energy is relatively small and thus it is
evident from Fig. 4 that only a low Bi concentration
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FIG. 4. Growth-induced uniaxial anisotropy constant
vs bismuth content at 7=295 K.
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FIG. 5. Faraday rotation at A=633 nm: (a) vs tem-
perature for different bismuth contents, and (b) vs
bismuth concentration. Theoretical curves in (a) were cal-
culated from Eq. (4) (see text).

is necessary to obtain a positive uniaxial anisotropy
provided K,i‘ is small. This results in a magnetiza-
tion oriented perpendicular to the film surface as is
required for certain device applications. The magni-
tude of K,, however, strongly depends on the
growth conditions as demonstrated by the K2 data
for Gd;_,Bi,Fes_,(Ga,Al),0,, with y ~0.5 which
were grown at lower supercoolings. The K§ values
reported for other bismuth-containing mixed rare-
earth garnets are higher? since the rare-earth pairs
also contribute to K¥.
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C. Magneto-optical properties

The Faraday rotation and ellipticity have been
measured with two different optical hysteresigraphs
which were set up for temperature-dependent inves-
tigations at A=633 nm in fields up to 1.3 10° A/m
and for room-temperature measurements at A =546
nm at lower fields.?® The data were obtained from
the recorded hysteresis loops by extrapolation to
zero field. The temperature dependence of Of is
shown in Fig. 5(a) for different bismuth contents at
A=633 nm. The sign change of 6 occurring at
Tcomp has been omitted and the given rotations ap-
ply to a fixed direction of the sublattice magnetiza-
tions. The O values appear to be slightly higher
than those reported for polycrystalline garnets of
corresponding composition.!> The contribution A
of the lead impurities of concentration u to the rota-
tion (A@f/u ~ —7700 degcm ™) is less than 3% of
the total rotation.”?’ The solid lines represent the
Or dependences calculated from the sublattice mag-
netizations and will be discussed in Sec. III. The
concentration dependence of 6r at A=633 nm is
displayed in Fig. 5(b) yielding for Afr/x —23800
degem ™! and —20600 degcm ™! at T=4.2 and 295
K, respectively. For comparison the rotation for
Gd;_,Bi,Fes_,(Ga,Al),0;, is given for y~0.3

x
o} 0;5 I‘.O 1‘5
J
°
o
/
2
Ve o \¢
° .
€
o
g
°
>
5 o
5 F
u
(45}
6} o
o
-8t
Gd3_yBiyFeg0y2
oL

Fig. 6. Faraday rotation and Faraday ellipticity at
A =546 vs bismuth content at T=295 K.
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FIG. 7. (a) Optical absorption vs wavelength at 7=295
K, and (b) optical absorption and figure of merit at
A =564 (open symbols) and 633 nm (closed squares).

(dashed line)’ indicating the reduction of 6 caused
by diamagnetic tetrahedral substitution.”!? At
shorter wavelengths the rotation strongly increases.
In Fig. 6 the concentration dependence of 6 is



4380 P. HANSEN, K. WITTER, AND W. TOLKSDORF 27

displayed for A=546 nm and A6@/x is found to be
roughly 3 times that at A=633 nm. The data for
the rotation at 7=4.2 and 295 K are summarized in
Table II for selected samples. The angle ¥y corre-
sponding to the Faraday ellipticity €x =tanh(yzL) is
also significantly increased in the short-wavelength
range as shown in Fig. 6 while at A=633 nm and
for higher wavelengths i approximately is not af-
fected by bismuth and thus corresponds to that of
pure Gd;FesO;,. L denotes the film thickness. The
scatter of the ¥y data is caused by the varying lead
content since the lead contribution AYr/u is rough-
ly twice the bismuth contribution.?® The data plot-
ted in Fig. 6 indicate a deviation of ¥ from lineari-
ty at low x values.

The optical absorption is shown in Fig. 7(a). The
shift of the strong transitions of the band edge must
be attributed to the bismuth while the increase for
longer wavelengths essentially is caused by the lead
when x>0.5 where u >v.2® The concentration
dependence of a is displayed in Fig. 7(b) for A=633
nm (closed symbols) and A =546 nm (open symbols).
The scatter in the data again originates from the
varying lead content and is more pronounced at
A=633 nm. Since ¥y corresponds to the circular
diochrism Aa, the influence of the lead on ¥ and a
is comparable. For x <0.5, Pb?* is compensated by
Pt** and in this range ¥ remains unchanged by the
Pb content in contrast to x>0.5 where u >v. The
figure of merit 20 /a at A =546 nm exhibits a max-
imum at x~0.8 in agreement with Bi-substituted
samarium iron garnets.”’ For A=633 nm, 20z /a is
slightly higher and almost constant in the range
09<x<1.5. At wavelengths A>900 nm for
20 /a, a steep increase is observed.!”

III. DISCUSSION
A. Magnetic properties

The saturation magnetization of ferromagnetic
garnets can be well described in terms of the
molecular-field theory.”?*3° To account for the
linear dependence of Tcom, and T¢ with x the
molecular-field constants N,,, Ny, and N,; of pure
Gd;Fe;0;, (Ref. 29) must be modified according to
the relations

Ngg=—65.0, Njg=—30.4, N,.=0,
Ngg=96.9(1+Cx) , (3)
Nge=—3.44(1—Cyx), Ny =6.02(1—C5x),

where a, d, and c refer to the octahedral, tetrahedral,
and dodecahedral sites, respectively. The constants
are expressed in molecm 3. The solid lines in Fig. 2
have been calculated on the basis of the analysis

data given in Table I and these molecular-field con-
stants. With C;=0.035 and C,=0.08, a good fit of
the experimental data is obtained. The same value
for C; was found for the corresponding system
which additionally contains gallium and/or alumin-
um.” The solid lines in Fig. 3 have been calculated
for an average content of Pb and Pt impurities. The
experimental data of sample 1 are not in agreement
with the theoretical curves owing to its considerably
lower impurity content. The shift of the Curie tem-
perature AT /x was found to be about 36 K provid-
ed a T¢ value with an average lead content (of sam-
ples 2—7) is used as a reference at x=0. This value
is in good agreement with the shift AT-/x=38 K
reported for polycrystalline Y;_,Bi,Fe;O;, gar-
nets.!* The dashed lines in Fig. 3 correspond to the
case C,=0. This approximation has been used in
Ref. 7.

These results reveal a pronounced increase of the
superexchange interaction between the octahedral
and tetrahedral iron ions while that between the ga-
dolinium and iron ions in average is reduced owing
to the bismuth dilution. Different models have been
proposed to explain this increase of the superex-
change interaction. The structural mechanism!*!
argues that the change of the bond lengths and an-
gles causes a more favorable interaction geometry
resulting in a stronger interaction strength between
the iron and oxygen ions. The electronic mechan-
ism?® suggests that the observed magnetic and in
particular magneto-optical effects induced by the
bismuth are primarily electronic in origin. Obvious-
ly not only the size is responsible for these effects
since otherwise, e.g., lanthanum also is expected to
induce similar changes of the magnetic properties
which have not been observed.!* The lead ion also is
a candidate and indeed shows magneto-optical ef-
fects”?® which are comparable with those of the
bismuth. Unfortunately this ion tends to enter the
crystal in the divalent and tetravalent state or in
combination with other ions on tetrahedral or octa-
hedral sites. Therefore, this ion also gives no clear
answer whether the structural or the electronic
model is the basic mechanism.

The large growth-induced anisotropies in
bismuth-substituted iron garnet films indicate that
presumably both the structural and electronic
mechanism contribute to this property. The local
deformations induced by the large Bi3* ions define a
“Bi complex” containing the surrounding Fe’* ions
which, therefore, experience an additional local axial
crystalline field. These Bi complexes are assumed to
be preferentially incorporated into the crystal along
the growth direction yielding an ordering. This
causes different numbers for the iron ions with dif-
ferent axes of distortions which are related to the
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growth direction and are proportional to the
bismuth content. In addition, the strength of the lo-
cal distortion is affected by the ordering process.
This configuration is expected to exhibit a growth-
induced anisotropy in contrast to the case where the
Bi complexes are randomly distributed. The magni-
tude of the uniaxial anisotropy is governed by the
strength of the ordering process of the Bi complexes
and the influence of the bismuth on the spin-orbit
coupling via the electronic effect. In contrast to
rare-earth iron garnets the growth-induced anisotro-
py cannot be reduced by annealing treatments indi-
cating that a very stable ordering of these Bi com-
plexes takes place. The single-ion model®! predicts,
for S-state ions, that the anisotropy depends on the
numbers of ions with different axes of the local
low-symmetry crystalline fields, the magnitude of
these fields and that of the spin-orbit coupling
where the first two quantities are expected to be in-
fluenced by the structural mechanism and the
growth conditions while the spin-orbit coupling
essentially is affected by the electronic mechanism.

Ferromagnetic resonance measurements reveal an
increase of the cubic anisotropy constant and the
magnetostriction constant (see Sec. II) with increas-
ing bismuth content indicating the presence of a
higher effective spin-orbit coupling as compared to
bismuth-free garnets. Therefore, a large uniaxial an-
isotropy depending on the bismuth content and the
growth conditions is expected. The influence of the
latter is confirmed by the K¢ data given in Fig. 4 for
Gd;_,Bi,Fes_,(Ga,Al),0;, which were grown at
significantly lower supercoolings as compared to the
films with y=0. The shift in K was probably not
caused by the Ga,Al content since the same result
was obtained for the system Y;_,Bi,Fe;O,, at cor-
responding supercoolings. Further, the concentra-
tion dependence of K¥ shows that a certain level of
Bi ions is necessary to be incorporated into the crys-
tal to achieve an ordering of the Bi complexes. This
level is increased for decreasing supercoolings. K§
turns out to be governed essentially by the super-
cooling AT, and to increase linearly with AT, pro-
vided the other growth parameters were kept con-
stant. The influence of the melt composition and
the saturation temperature on K2 appear to be of
minor importance. However, it should be noticed
that the magnitude of K¥ in contrast to mixed rare-
earth iron garnets’? can also be affected by the
growth rate, which depends, e.g., on the rotation of
the sample during the LPE process.

B. Magneto-optical properties

The maximum Faraday rotations attainable in
bismuth-substituted gadolinium iron garnets can be

estimated from Figs. 1, 5, and 6. For
Gd;_,Bi, FesO;, the maximum bismuth content x,,
is about 1.7. This limits the room-temperature
Faraday rotation |8r| to values which will not
exceed 3.5Xx10* and 10° degcm™! for A=633 and
546 nm, respectively. If aluminum and/or gallium
is added higher x,, values are possible. An alumi-
num content of y=0.3 shifts x,, from 1.7 to 2.1.
However, a corresponding increase of 6y cannot be
achieved since a part of the gain in 6 is lost by the
corresponding iron dilution as indicated by the
dashed line in Fig. 5(b). Since the optical absorption
also decreases with p, the figure of merit of these
compositions ~ with  additional = diamagnetic
tetrahedral substitution is slightly higher in the visi-
ble. The highest bismuth content
of x=1.62 was obtained for the composition
GdL38Bi,.62Fe4'64Ga0,20A10_,6012 exhibiting a rota-
tion of —26000 degcm ™! at A=633 nm. A further
increase of the bismuth content could not be
achieved since the required substrates with a high
lattice constant were not available. In addition, oth-
er growth conditions are necessary to approach the
limit given in Fig. 1.

The temperature dependence of the Faraday rota-
tion can be expressed in terms of the sublattice mag-
netizations™*

0r =AM, (T)+DMy(T)+CM,(T), (4)

where 4, D, and C are the magneto-optical coeffi-
cients for octahedral, tetrahedral, and dodecahedral

500 Gd_,Bi Fes0y,
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A,D(degcnf‘pB
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FIG. 8. Magneto-optical coefficients at A=633 nm vs
bismuth  content. Dashed lines refer  to
Gd;_,Bi,Fes_,Ga, 0, with x ~0.3 (Ref. 7).
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sites, respectively. These coefficients depend on
wavelength and are determined by the electric and
magnetic dipole transitions. 6r can be calculated
from the sublattice magnetizations. These are de-
duced from the fit of the molecular-field theory to
the measured saturation magnetization. The
magneto-optical coefficients were determined from
the adjustment of 6y to the measured data at two
temperatures. For the dodecahedral coefficient the
value for pure Gd;FesO,, of C=25 degcm™! pg!
was used neglecting its temperature dependence.’
The temperature dependence of Oy calculated for
temperature-independent coefficients for A=633 nm
is shown by the solid lines in Fig. 5(a). Small devia-
tions from the experimental data occur in the high-
temperature range which can be removed if either
the coefficients are assumed to depend on tempera-
ture or if higher order terms in Eq. (4) are taken into
account.’® The extracted magneto-optical coeffi-
cients are displayed in Fig. 8. Both the octahedral
and the tetrahedral coefficients exhibit a nonlinear
variation with the bismuth content. For comparison
the results for gadolinium-bismuth iron-gallium gar-
nets are shown’ (dashed lines) indicating the signifi-
cant influence of tetrahedral substitutions on these
coefficients.

IV. CONCLUSIONS

The incorporation of bismuth into the crystals of
gadolinium iron garnets strongly affects the superex-
change interaction causing an increase of the Curie

temperature and a decrease of the compensation
temperature in accordance with results reported in
literature for Bi-substituted yttrium iron garnets.
The local deformations induced by the large ionic
radius of the Bi ions and an ordering process along
the growth direction leads to large uniaxial anisotro-
pies for epitaxially grown films. The stress-induced
anisotropy decreases (Aa'/a and A,;; decrease) and
the growth-induced anisotropy increases with the
bismuth content depending on the supercooling.
The magnitude of the growth-induced anisotropy, in
addition, depends primarily on the supercooling and
the rate of rotation and less on the other growth
parameters. It is almost not changed by annealing
treatments.

The maximum magneto-optical effects attainable
for these materials can be estimated from the max-
imum bismuth content. The magnitude of the Fara-
day rotation |6r| will not exceed values of
3.5%10* and 10° degem~! for A=633 and 546
nm, respectively. For Y;_,Bi,FesOy,, | 0r| is lim-
ited to values lower than 4.5X10* degcm™! at
A=633 nm. The extracted magneto-optical coeffi-
cients reveal a nonlinear dependence on x.
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