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Epitaxially grown bismuth-substituted lutetium iron garnet films of composition Lu;_, Bi,FesO;,
and (Lu,Y);_,Bi,FesO;, have been investigated with respect to the bismuth-induced changes of the
saturation magnetization M, the Curie temperature 7¢, the growth-induced anisotropy K$, the op-
tical absorption a, and the Faraday rotation 6r. The composition and temperature dependence of
M, and 6 at A=633 nm have been measured in the range 0<x <2.17 and 4.2 K < T < T, respec-
tively, revealing basically the same dependences on x as observed for bismuth-substituted yttrium
and gadolinium iron garnet films. In contrast to the latter compositions, K§ turns out to be much
smaller in lutetium-bismuth iron garnet films and is significantly increased by small yttrium addi-
tions. The temperature dependence of 6r can be described in terms of the sublattice magnetizations
using constant magneto-optical coefficients. The measured temperature dependence of K¢ is com-
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pared with calculated results based on the single-ion theory.

I. INTRODUCTION

Lutetium and bismuth substitutions in epitaxially
grown iron garnet films have been used to control both
the magnetic and magneto-optical properties and the lat-
tice constant. In particular, the strong influence of the
bismuth on the superexchange interaction, the effective
spin-orbit coupling, and the local crystalline fields and its
nonuniform distribution on dodecahedral sites cause a
pronounced increase of the Curie temperature, the optical
and magneto-optical effects, and the uniaxial anisotropy.
In certain limits these properties can be varied indepen-
dently using a proper choice of the composition and the
growth conditions which make such films attractive can-
didates for various applications such as bubble!=* or
magneto-optical®~° devices. The influence of the bismuth
on the magnetic and magneto-optical properties have been
focused essentially on yttrium- (Refs. 10—15) and
gadolinium- (Refs. 13 and 15—17) based garnets. For
bismuth-substituted lutetium iron garnet films, however,
very few data are available, except for some investigations
concerning primarily the growth-induced anisotro-
py.2*18=20 In the present work, therefore, we have inves-
tigated films of composition R;_,Bi,Fe;O, (R=Y,Lu)
with respect to the compositional and temperature depen-
dence of the magnetic and magneto-optical properties.
The experimental data are compared with theoretical re-
sults based on the molecular-field theory and the single-
ion theory.

II. EXPERIMENTAL RESULTS
A. Garnet material characterization
Garnet films of composition
Luz_,_,Bi,Pb,Fes_,Pt,0y,

and

(Y,Lu)s_,_,Bi,Pb,Fes_,Pt,0y,

were grown by liquid-phase epitaxy onto [111]-oriented
rare-earth gallium garnet or onto Ca-, Mg-, or Zr-
substituted gadolinium gallium garnet substrates.”?! The
films were grown from a supersaturated melt applying the
horizontal dipping mode and a rotation rate of 90 rpm.
The sign of rotation was reversed every six revolutions.
Different melt compositions and growth conditions were
used'® to control the bismuth content and to affect its dis-
tribution on dodecahedral sites. The maximum bismuth
content achieved in Lu-Bi films is about 1.5. Higher
values have been realized in (Y,Lu)-Bi films. The analysis
data, lattice constant a, film thickness ¢, and supercooling
AT, are compiled in Table I for those films selected for
the temperature-dependence measurements. The lead and
the platinum enter the crystal as impurities. ‘The lead and
the bismuth content are primarily determined by AT,.
The film lattice constants determined from the lattice
mismatch measured with an x-ray diffractometer using a
Cu Ka reflection and the substrate lattice constants in-
crease linearly with the bismuth content yielding approxi-
mately a~ay(1+0.0095x) where a;=1.2287 nm. The

~ film thickness has been deduced from the reflection spec-

tra in the wavelength range between 1000 and 2000 nm.
The strong influence of the bismuth on the refractive in-

dex'>?2 n has been taken into account using the empirical
relation
n(A,x)=2.174+0.059312

+(0.1034+0.0371A~2)x (1)

applying approximately to the long-wavelength region of
a single transition ¢ and A is expressed in um. This equa-
tion is also valid for other rare-earth—bismuth iron gar-
nets since to first approximation »n remains constant for
all rare-earth iron garnets.> At A=1152 nm the
bismuth-induced change of n is An/x=0.13 which is in
agreement with data reported for (Y,Lu);_,Bi,FesO;,
garnet films.?*
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TABLE L. Supercooling AT, chemical analysis data, lattice constant a, and film thickness ¢ of epit-

axial garnet films of composition Lu;_,_,Bi,Pb,Fes_,Pt,0;; and (Lu,Y);_,_,Bi,Pb,Fes_,Pt,O,.

Sample AT, (K) x y z a (nm) t (um)

1 4 0 0.014 0.019 1.2287 1.2

2 35 0 0.053 0.035 1.2297 3.2

3 4 0.09 0.010 0.022 1.2297 2.5

4 28 0.18 0.025 0.039 1.2310 5.2

5 5 0.53 0.020 0.022 1.2340 2.3

6 37 0.99 0.031 0.021 1.2395 2.6

7 57 1.31 0.045 0.028 1.2437 3.9
82 40 1.40 0.044 0.022 1.2435 4.4

9 1.48 0.050 0.024 1.2453 2.0
10? 124 1.57 0.037 0.023 1.2469 3.6
112 1.67 0.033 0.027 2.3
122 150 1.81 0.050 0.024 1.2505 2.9
13a? 2.17 0.034 0.024 1.2499 3.7
Error +2 +0.03 +0.01 +0.005 +0.001 +5%
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2Samples 8, 10, 11, 12, and 13 contain an yttrium concentration of 0.33, 0.71, 0.70, 0.63, and 0.57 at. %,

respectively.
®This sample contains 0.53 at. % aluminum.

B. Magnetic properties
1. Saturation magnetization

The saturation magnetization M; was measured with a
vibrating sample magnetometer in fields up to 1.6 10°
Am~!. The M, data are obtained from extrapolation to
zero field. The temperature dependence of the saturation
polarization I, =uoM; is shown in Fig. 1 for three compo-
sitions, indicating a small decrease of I; towards increas-
ing x at low temperatures and an increase of I; at high
temperatures due to the rise of the Curie temperature.
The low-temperature M, data are influenced by the im-
purity content, the fraction of lutetium ions on octahedral
sites, and the bismuth content causing an increase of the
lattice constant. For “pure” lutetium iron garnet (sample
1) the analysis data reveal a fraction of 0.03 lutetium on
octahedral sites, explaining the value of I;=210 mT at
T=0 K which implies for the Fe** moment guzS=>5uz.
Here g, S, and pp are the Landé factor, the spin quantum
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FIG. 1. Temperature dependence of the saturation polariza-
tion I, =uoM; for lutetium-bismuth iron garnet films. The solid
lines were calculated applying the molecular-field theory.

number, and the Bohr magneton, respectively. The higher
iron moment reported for polycrystalline lutetium iron
garnet?® has been presumably attributed also to a small
amount of octahedral lutetium as it has been observed for
other lutetium-containing iron garnets.'®*?® The solid
lines in Fig. 1 have been calculated in terms of the
molecular-field theory,

M;(x,T)=M;(0,T)Bs(z;) ,
(2)
gupS

i ’T=
z;(x,T) 5T

[?»,-iM,-(x, T) + )\,,-ij(x, T)] N

where Bg(z;), M;(x,T), and k are the Brillouin function,
the tetrahedral (i,j =d) and octahedral (i,j =a) sublattice
magnetizations, and the Boltzmann constant, respectively.
The molecular-field coefficients are obtained from the fit
of Eq. (2) to the measured temperature dependences of M,
for various bismuth concentrations, yielding

Aaa=—29.4 ,
Aga=—65.5 , 3)

Aog =94.7(14-0.04x) .

The A are expressed in mole cm™3. The dependence of
Aqq on x reflects the increase of the Curie temperature T
by the bismuth owing to its influence on the superex-
change interaction. The variation of T, with x is
displayed in Fig. 2. The value for LusFesO;, is found to
be T¢=531 K, in good agreement with T¢-=530 K re-
ported for a polycrystalline sample.?’” The slope of the
straight line AT¢/x~42 K results in being slightly larger
than that found for yttrium- (dashed line) and
gadolinium-bismuth iron garnets.!%141517
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FIG. 2. Curie temperature vs bismuth content. The solid cir-
cles represent films containing yttrium.

2. Uniaxial anisotropy

The incorporation of bismuth in yttrium and gadolini-
um iron garnet films gives rise to large uniaxial anisotro-
pies, depending on the bismuth content and the growth
conditions,! ~#1417-20.28 Eor lutetium-bismuth iron gar-
net films different results have been reported concerning
the magnitude of the uniaxial anisotropy constant
K, %18-2029 The films of composition Lu;_,Bi,FesO,
and (Lw,Y);_,Bi,FesO,, investigated in this work have
been grown under different growth conditions'® revealing
low or moderate K, values.

The K, data of the [111]-oriented films have been mea-
sured with the torque method. These data were corrected
for mismatch strain according to a standard relation in-
volving the magnetostrictive - constant A;;;, Young’s
modulus E, and Poisson’s ratio u [for Y;FesO;, at
T=295 K (Refs. 14 and 30): A;;;(x)=A;(0) (1 +0.23x)
with  Aq1;(0)=—2.73%X10"¢ (Refs. 31 and 32),
E=2.055x10" J m™3 u=030]. The temperature
dependence of A;;; has been taken into account using data
obtained from bulk crystals.'* The resulting growth-
induced anisotropy constant K§ is plotted in Fig. 3 as a
function of x for films grown from different melt compo-
sitions. The Lu-Bi films (open and solid circles) are
characterized by small positive or even negative K&
values. This applies also to those films grown from the
melt composition given in Ref. 18 (solid circles). In that
paper large uniaxial anisotropies are found exhibiting no
dependence of KZ on additions of yttrium. Our films
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FIG. 3. Growth-induced uniaxial anisotropy constant vs

bismuth content at 7'=295 K for [111]-oriented films. The
slope of the dashed-dotted line representing Y-Bi and Gd-Bi
films depends strongly on the growth conditions (Refs. 14 and
20). The Lu-Bi films represented by the open and solid circles
have been grown from melts described in Refs. 19 and 18,
respectively.

show a significant increase of K& when yttrium is added
(open and solid squares) but even then the absolute magni-
tude of K¢ and the slope of the linear dependences are
much lower than those reported in Ref. 18 and for Y-Bi
and Gd-Bi films. The reason for the different anisotropy
of the films grown by almost the same growth conditions
is still unaccounted for.

The magnitude of K and its temperature dependence is
controlled by the bismuth-induced change of the atomic
parameters determining the energy levels of the Fe3t ions
on octahedral and tetrahedral sites and by the preferential
ordering of the Bi’" ions on the dodecahedral sites along
the growth direction. This influence of the Bi** ions has
been studied recently,>>3* leading to a uniaxial anisotropy
of the form

K&(x,T)=c,(x)ps(x,T)+cq(x)ps(x,T) . (4)

pi(x,T) is determined by the energy-level splitting
governed by the exchange energy and the local axial
crystalline-field energy. For [111] films the coefficients
c;(x) are proportional to the difference of the occupation
probabilities of the two classes of dodecahedral sites and
to the bismuth-induced change of the axial-field parame-
ters. p;(x,T) can be expressed in terms of the sublattice
magnetizations by>’

pix, D =Z5 " (5—y; —4y/ — 4y} —y} —5y) ,

(5)

M;(x,T)
o =5Zo) 543y 4yl =y =3y —5p])

M;(0,T)

where y; =exp(—gugH), /kT) and Zy= =1V
The coefficients c¢;(x) cannot be calculated at present
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FIG. 4. Temperature dependence of the growth-induced uni-
axial anisotropy constant for [111]-oriented films. The dashed
lines have been calculated from the single-ion theory.

and must be considered as adjustable parameters. The
sublattice magnetizations can be inferred from the fit of
the molecular-field theory to the measured saturation
magnetization using Egs. (2) and (3). The measured and
calculated temperature dependences of K§ are displayed
in Fig. 4 for films of composition R;_,Bi,FesO, with
R=Y, Lu, or (Y,Lu). The theoretical curves have been
adjusted at 7=0 and 295 K. For Y-Bi and (Y,Lw)-Bi
films a satisfactory agreement between theory and experi-
ment can be achieved which applies also to films with
other orientations.”’ The measured temperature variation
of K& for Lu-Bi films is characterized by a faster reduc-
tion at low temperatures leading to a higher deviation be-
tween theory and experiment. This may be associated
with a stronger lattice distortion as compared to that of
Y-Bi and Gd-Bi films. In this case the fourth-order terms
in the spin Hamiltonian may be important.

C. Magneto-optical properties

The growth of garnet films from a lead-containing melt
implies the presence of more or less Pb?™* ions in the crys-
tal affecting the optical and magneto-optical proper-
ties.!#36—3% This applies in particular to the optical ab-
sorption a, the Faraday rotation 6y, and the Faraday el-
lipticity ¥p, which are shown in Fig. 5 as a function of
the lead content at A=633 nm and T=295 K. For Lu-Pb
films a deviation from linearity occurs already at very low
y while Y-Pb films (dotted lines) exhibit a linear depen-
dence up to y =~0.2 (Ref. 14). This difference is presum-
ably associated with the different influence of the band-
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FIG. 5. Faraday rotation 0, Faraday ellipticity ¥, and opti-
cal absorption x vs lead content at A=633 nm and T =295 K.

edge shift with increasing y on these properties at A=633
nm and possibly also with a different charge-com-
pensation mechanism. The rotation and absorption of a
lead-free lutetium (yttrium) iron garnet can be evaluated
by extrapolation to y=0 yielding 0r(y =0)=1.4X%10°
degm~! (1.2 10° degm™") and 0.75% 10° m~! (0.6 X 10°
m™!), respectively. The reason for the higher value of
0r(y =0) for a lutetium iron garnet as compared to an yt-
trium iron garnet becomes obvious from the spectral
dependence of Oy displayed in Fig. 6 at T=295 K for
these garnets. The spectrum of the lutetium iron garnet is
slightly shifted toward longer wavelengths. Its higher
lead content (sample 2, y=0.053) causes lower 6y values
as compared to the yttrium iron garnet (y ~0.035). How-
ever, in the limit y=0 the @ values of the lutetium iron
garnet exhibit the higher values around A=633 nm owing
to the shifted spectral dependence.

From a plot of 6 versus Pb?>* concentration Y2+
==(y +2), which leads approximately to a linear depen-
dence, the contribution AOF/be2+ can be estimated,
yielding —1.5% 10° degm™~'. This is slightly lower than
that extracted for Y;_,Pb,FesOy, films,'* which is
ABF/ppa =—1.8X10° degm™1.

The bismuth induces a large Faraday rotation in iron
garnets essentially due to strong transitions occurring
around A=300, 380, and 440 nm."> @y increases linearly
with the bismuth content, as is demonstrated in Fig. 7 for
A=633 nm and T=295 K. The solid circles represent
(Y,Lu)»-Bi films. The . contribution per Bi** ion
AOp/x~—1.9%10° degm™! is slightly lower than that
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FIG. 7. Faraday rotation vs bismuth content at A=633 nm
and T =295 K. The solid circles refer to (Y,Lu)-Bi films.
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observed for Y-Bi (Ref. 14) and Gd-Bi (Ref. 17), and
(Lu,Sm)-Bi (Ref. 39), films.

The measured temperature dependence of 0p at A=633
nm is presented in Fig. 8 for various Lu-Bi and (Y,Lu)-Bi
compositions and for Y;FesO;,. For Lu;FesO;, and
Y;FesO;, the data reveal basically the same temperature
dependence as expected from the saturation magnetization
and the position of the magneto-optical transitions for
these very similar garnets. The small differences of the
curves arise from the different lead content and the dif-
ferent Curie temperature. The temperature dependence of
the Faraday ellipticity ¥ for LusFesO;, and Y;FesO;, is
shown in Fig. 8(a). In the low-temperature range the shift
of r towards lower values is already obvious. In the
lead-free case a curvature of 0 like that of Y;Fe;0y, is
expected.

The temperature dependence of 0 is governed by the
sublattice magnetizations and can be expressed in the

wavelengths range sufficient away from the transitions
by40

Gp(x,73==u4(x)ﬂd;(x,TU—FI)(X)A4Q(X,Tv ) (6)

where A(x) and D(x) are the magneto-optical coeffi-
cients for octahedral and tetrahedral sites, respectively.
Considering A4(x) and D(x) as temperature independent
and as adjustable constants Og(x,7) can be calculated
from the sublattice magnetizations which can be inferred
from the fit of the molecular-field theory to the measured
saturation magnetization using Egs. (2) and (3). The cal-
culated dependences (dashed lines) are in good agreement
with the experimental data for Lu;FesO;, and Y;FesOy,.
For the films with a higher bismuth content the agree-
ment is less good and deviations between theory and ex-
periment occur in the high-temperature range. For small
bismuth contents (x=0.09 and 0.18) large deviations are
present which can partly be attributed to the lead content.
In this case a better description of the experimental results
can be achieved with temperature-dependent coefficients
or taking into account higher-order terms*' in Eq. (6).
The extracted magneto-optical coefficients reveal a non-
linear dependence on x similar to that found for
R3_xBixFe5012 with R=Y,Gd.l4 For LU3F65012 the
adjustment yields the values A4 =4.62%10* and
D = —2.76 X 10* expressed in degm ™~ 5 .

III. CONCLUSION

Bismuth-substituted lutetium-based iron garnet films of
composition R;_,Bi,Fe;0;, with R=Lu and (Lu,Y) and
a maximum bismuth content up to 2.17 have been investi-
gated with respect to the magnetic and magneto-optical
properties. The influence of the bismuth on the superex-
change affects the saturation magnetization essentially via
the increase of the Curie temperature which is
ATc/x~42 K. At T=295 K M; is not much changed,
as in the case of Y;Fe;O;;. The temperature dependence
of M; can be well described in terms of the molecular-
field theory implying an a-d exchange constant increasing
linearly with x. The growth-induced uniaxial anisotropy
constant K§ ranges between — 103 and 7 10° Jm~3. The
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FIG. 8. Temperature dependence of the Faraday rotation at A=633 nm. The dashed lines were calculated using the sublattice
magnetizations inferred from the fit of the molecular-field theory to the measured saturation magnetization. The samples with
x =1.57, 1.81, and 2.17 contain some yttrium (see Table I). The dotted lines in (a) represent the measured Faraday ellipticity for a lu-
tetium (sample 2) and an yttrium (Ref. 14) iron garnet film.
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dependence of K§ on x and the growth conditions are
much less pronounced than for Y-Bi and Gd-Bi films.
The comparison of the measured temperature dependence
of K§ with calculated values based on the single-ion
theory leads to a much less satisfactory agreement than in
the case of Y-Bi films.

The influence of lead and bismuth on the optical ab-
sorption and the Faraday rotation is basically the same as
in other iron garnets. The bismuth-induced rotation was
found to be AOr/x~—1.9%10% degm~! at A =633 nm

and T'=295 K. The basic features of the temperature
dependence of 8 can be described in terms of the sublat-
tice magnetizations using temperature-independent
magneto-optical coefficients.
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