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We have studied the influence of the stoichiometry on the structural, magnetic, and magneto-optical prop-
erties of bismuth iron garnet �Bi3Fe5O12� thin films grown by pulsed laser deposition. Films with different
stoichiometries have been obtained by varying the Bi/Fe ratio of the target and the oxygen pressure during
deposition. Stoichiometry variations influence the Curie temperature TC by tuning the �Fe�-O-�Fe� geometry:
TC increases when the lattice parameter decreases, contrary to what happens in the case of stoichiometric
rare-earth iron garnets. The thermal variation of the magnetization, the Faraday rotation, and the Faraday
ellipticity have been analyzed in the frame of the Néel two-sublattice magnetization model giving energies of
−48 K �4.1 meV�, −29 K �2.5 meV�, and 84 K �7.3 meV� for the three magnetic exchange integrals jaa, jdd,
and jad, respectively. Magneto-optical spectroscopy linked to compositional analysis by Rutherford back-
scattering spectroscopy shows that Bi and/or Fe deficiencies also affect the spectral variation �between 1.77
and 3.1 eV�. Our results suggest that bismuth deficiency has an effect on the magneto-optical response of the
tetrahedral Fe sublattice, whereas small iron deficiencies affect predominantly the magneto-optical response of
the octahedral sublattice.
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I. INTRODUCTION

Bismuth substitution on the dodecahedral site of ferrimag-
netic iron garnets is known to enhance drastically the Fara-
day rotation in visible light �Ref. 1 and references therein�.
Apart from the obvious interest of these Bi-substituted com-
pounds in view of applications,2–9 there has also been much
attention paid to the theoretical aspects �see Ref. 10� espe-
cially concerning the influence of Bi on the spectral depen-
dence of the magneto-optical properties.11–19 However, stud-
ies on the role of bismuth in iron garnets have long been
confined to compounds with relatively low bismuth content
because the pure bismuth iron garnet Bi3Fe5O12 �BIG� does
not exist in bulk form �due to the large ionic radius of the
Bi3+ cation� and cannot be grown by liquid-phase epitaxy
�LPE�. Since 1989, several authors have shown that BIG can
be grown as a thin film on suitable garnet substrates by
pulsed laser deposition �PLD�,4,6,18,20–28 reactive ion-beam
sputtering �RIBS� �Refs. 29–31�, or other vapor deposition
techniques.32–34 Much information has been gained through
these works but comparison of the available data for BIG
films reveals a significant dispersion of the experimental re-
sults. For example, Curie temperatures vary between 618 and
643 K �Refs. 21, 31, 35, and 36� and typical values of the
saturation magnetization �0Ms range from 0.12 to 0.165
T.20,22–24,30,31 The cubic lattice parameter is certainly an in-
fluent parameter since, depending on the garnet substrate, the
film lattice-parameter values vary between 1.2619 and
1.2671 nm.22,23,28,30–33,37 However, another important issue is
the stoichiometry of the films: contrary to liquid phase epi-
taxy, vapor phase deposition techniques, such as used to
grow BIG films frequently yield off-stoichiometric films,38

and the reported Bi/Fe ratios vary indeed in a wide range
�from 0.48 to 0.66�.22,26,28,30,33,34,39

In the present paper we study the effect of variations to
the stoichiometry of bismuth iron garnet thin films on the
magnetic and magneto-optical properties. We report on the
temperature dependence �100–700 K� of the Faraday rotation
and ellipticity at a photon energy of 2.25 eV for BIG films
grown by PLD under different oxygen pressures and from
targets of different compositions. These magneto-optical
properties give us access to the magnetization and the Curie
temperature. The magnetic sublattice exchange integrals are
obtained by a self-consistent calculation and fitting of the
Néel two-sublattice model to the experimental data. The re-
lations of the Curie temperature and exchange integrals with
the lattice parameter and the stoichiometry of the films are
discussed in Sec. III B.

These parameters also appear to affect the spectral depen-
dence �1.77 to 3.1 eV� of the Faraday rotation and ellipticity
at room temperature. In the literature, the quantitative analy-
sis of the influence of bismuth substitution on the Faraday
rotation spectra has attracted much interest11–19 but was
mainly investigated on stoichiometric films grown by LPE,
i.e., with relatively low bismuth content. Building on ideas
from Dionne and Allen,11,12 Helseth et al.13,14 analyzed the
Faraday rotation spectra with a simple model based on two
optical transitions. Recently, Dionne and Allen15 have dis-
cussed the concept of intersublattice transitions and proposed
a crystalline electric level scheme based on molecular-orbital
hybrid states. This analysis allowed them to assign the ob-
served transition energies in the experimental dielectric func-
tions to excitations occurring on the tetrahedral and octahe-
dral sites of Fe-O polyhedra. Another approach proposed by
Zenkov and Moskvin16,17 based on a semiquantitative model
calculating explicitly the charge-transfer transitions in the
octahedral �FeO6�9− and tetrahedral �FeO4�5− complexes

PHYSICAL REVIEW B 78, 094429 �2008�

1098-0121/2008/78�9�/094429�9� ©2008 The American Physical Society094429-1

http://dx.doi.org/10.1103/PhysRevB.78.094429


gives a quantitative basis to the semiempirical assignment of
the observed transition energies to excitations occurring in
different Fe-O coordinations. Concerning the description of
the electronic structure, these two approaches used to be the
only means to assign the observed transitions to excitations
in the Fe-O polyhedra. Only very recently, the first fully
relativistic band-structure calculation performed by Oikawa
et al.19 reporting a density-functional theory calculation of
the electronic structure of Bi3Fe5O12 became available. Con-
cerning completely substituted �and possibly nonstoichio-
metric� Bi3Fe5O12, studies giving an interpretation of the ob-
served optical and magneto-optical transition lines within the
frame of the above sketched theoretical interpretations are
scarce: Kahl et al.18 found that a single diamagnetic transi-
tion seems to be sufficient to describe the Faraday rotation
spectrum between 1.24 and 2.4 eV. In Sec. III C, we use the
simple two-transition model based on the works by Zenkov
et al.,16,17 Dionne et al.,11,12,15 and Helseth et al.13,14 to sug-
gest a qualitative link between the modified spectral response
and a possible site preference for the cationic vacancies.

II. EXPERIMENTAL METHODS

BIG films were deposited on 5�5 mm2 �001�
Gd3Ga5O12 �GGG� substrates by laser ablation with a KrF
excimer laser �Lambda Physik LPX210, �=248 nm, pulse
energy density �2.5 J /cm2, and a repetition rate of 50 Hz�.
Targets with different compositions were used. The first was
a commercial target with 3/5 nominal Bi/Fe ratio. The other
two were prepared by standard solid state reaction of Bi2O3
and FeC2O4.2H2O with nominal Bi/Fe ratios of 3.15/5 and
3.3/5. The distance between the substrate and the target was
5.5 cm. The temperature of the substrate holder was kept at
570 °C during deposition. The films were cooled at
10 °C /min immediately after ablation. The deposition pa-
rameters for each film can be found in Table I.

General x-ray diffraction characterization was performed
with a four-circle Siemens D5000 diffractometer �Cu K� ra-
diation�. Cu K�1 � /2� scans and rocking curves were col-
lected with a PANalytical X’Pert PRO MRD for precise de-
termination of the cell parameters.

The composition of the films was studied by Rutherford
backscattering spectroscopy �RBS�. The films were irradi-
ated with 2 MeV 4He+ ions with beam currents of 1–3 nA
and total accumulated charges of 1–2 �C. All spectra were

normalized to 1 �C charge. The RBS spectra were collected
with two semiconductor Si detectors, placed at angles of
140° and slightly less than 180° with respect to the incoming
beam direction, and having energy resolutions of 13 and 16
keV, respectively. For each film, two sets of spectra were
taken sequentially in the same conditions in order to make
sure that the analyzing beam did not induce any change in
the samples due to ion irradiation. In all cases the spectra
overlapped entirely. The spectra were obtained under 3° tilt
in order to avoid channeling.

Temperature-dependent Faraday rotation measurements
have been performed using a custom-designed magneto-
optical magnetometer.40 The samples were mounted succes-
sively in a high-temperature furnace and in a liquid nitrogen
cryostat allowing variation of the sample temperature from
100 to 900 K. Measurements were performed at fixed photon
energies of 1.77, 1.90, 2.06, 2.25, 2.48, 2.76, 3.10 eV and in
spectroscopic mode with a second setup based on a phase
modulation technique using a commercial charge coupled
device �CCD� spectrometer.

III. RESULTS AND DISCUSSION

A. Structure and composition of the films

The homogeneity and epitaxy of all films were character-
ized by x-ray diffraction. Each � /2� pattern displays the
�00�� peaks of the GGG substrate and the BIG garnet film as
shown in Fig. 1 for film C. This confirms that the garnet
phase is obtained for a rather large range of experimental
conditions as reported by most other authors.26,30 Tepper et
al.28 reported a narrower window of deposition conditions,
maybe due to the fact that they used a low laser energy
density for the deposition �1.4 J /cm2�. Traces of BiFeO3 are
observed in films A, C, and E. Slightly more intense BiFeO3
peaks are found in film D. Adachi et al.22 also detected a
weak BiFeO3 peak in films grown by PLD with oxygen pres-
sure above 30 mTorr. Epitaxial cube-on-cube growth is con-
firmed by � scans of the �4010� reflection �see inset of Fig.
1�. The typical full width at half maximum �FWHM� of the
�008� BIG reflection is in the range 0.20° –0.25° similar to
other published work for growth on GGG substrates.24,32 By
using substrates with a better lattice match, such as GSGG,22

the FWHM can be reduced to 0.06°. The lattice parameters
determined for our films are reported in Table I. They were
obtained by applying the Nelson-Riley extrapolation.22,41

TABLE I. Nominal Bi/Fe ratio in target, P�O2� during deposition and cooling, film thickness measured by RBS, Bi/Fe ratio in film, Bi
deficiency ��Bi= �3-xBi� /3�, and Fe deficiency ��Fe= �5-xFe� /5� measured by RBS, crystallographic cell parameter a, Curie temperature TC,
room-temperature saturation magnetization �0Ms, and coercive field �0HC

Film Bi/Fe target PO2 �mTorr� d �nm� Bi/Fe �RBS� �Bi �RBS� �Fe �RBS�
a

�nm� TC �K�
�0MS

�T� �0HC �mT�

A 3/5 500 805 0.50 0.20 0.03 1.2621�0.0005 701 0.113�0.024 6.5

B 3/5 250 430 0.49 0.25 0.08 1.2616�0.0005 695 0.127�0.018 6.9

C 3/5 50 690 0.50 0.20 0.03 1.2638�0.0005 687 0.133�0.023 7.3

D 3.15/5 50 400 	0.59 
0.06 0.04 1.2639�0.0005 675 0.142�0.020 4.5

E 3.3/5 50 400 0.61 0.04 0.05 1.2653�0.0005 653 0.140�0.019 3.6
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Lattice parameters published for BIG in the literature vary
between 1.2620 and 1.2671 nm with an average value of a
=1.2632�0.0015 nm.22,23,28,30–33,37 More specifically, for
BIG growth on GGG substrate, the observed lattice param-
eters vary in the range of 1.2619 to 1.2635 nm.28,32 In the
present work, the lattice parameters vary between 1.2616 and
1.2653 nm depending on the oxygen pressure and target
composition.

The composition of the films was studied by RBS. RBS
channeling experiments were performed in order to discard
the influence of channeling on the experimental data and
confirmed the rather good epitaxial quality of the films. For
film C, the channeling quality �given by the ratio of RBS
yields in aligned and off-aligned situations� is about 22%
�to be compared to less than 4% for the single-crystalline
GGG substrate�. Figure 2 shows the RBS experimental data
and the simulated spectrum in the case of film E. It was
not possible to reproduce the fine details of the RBS spectra
with a constant composition description. For all films, the
results suggest an overall decrease of the Bi/Fe ratio from
the BIG/GGG interface to the BIG surface as also observed

by other authors for BIG films deposited by PLD.28,39 Previ-
ously, Krumme et al.42 had concluded from their experiments
on Bi-substituted iron garnet films grown by rf magnetron
sputtering that the Bi-O bond is weaker than other metal-
oxygen bonds in iron garnets. The average values for Bi/Fe
ratio, Bi deficiency ��Bi= �3-xBi� /3�, and Fe deficiency ��Fe
= �5-xFe� /5� can be found in Table I. Since some BiFeO3 was
detected by x-ray diffraction, the Bi/Fe ratio in the garnet
phase could be somewhat overestimated especially for film
D. These RBS stoichiometry data suggest that films depos-
ited from the stoichiometric target �films A, B, and C� are
strongly Bi-deficient as also observed by other authors.26,39

Films D and E were grown from targets containing a bismuth
excess and have a Bi/Fe ratio close to the nominal value of
0.6.

The variations of crystallographic parameter and compo-
sition will be discussed later in this paper in relation with the
magneto�-optical� properties.

B. Temperature dependence of the magnetization and the
Faraday rotation

The temperature dependence of the saturation magnetiza-
tion MS can be determined using magneto-optical Faraday
rotation measurements.38 Using the anisotropy constants re-
ported by Adachi et al.22 for BIG films, it can be shown that
the magnetocrystalline anisotropy field HK is approximately
one order of magnitude smaller than the demagnetizing field
Hd �with Hd�MS when H is perpendicular to the film plane�.
Therefore, the extrapolated magnetic saturation field
��0Hsat=�0�Hd+HK�� indicated by the arrow in the inset of
Fig. 3 can be used to determine the saturation magnetization
MS when neglecting HK in the first approximation. The
room-temperature magnetization values are given in Table I.
A maximum value of �0MS�0.14 T is obtained for the stoi-
chiometric BIG films �films D and E�. Typical values re-
ported in the literature are in the range 0.12–0.165 T for films
grown by PLD or RIBS on various substrates.20,22–24,30,31

FIG. 1. X-ray diffraction results. Main figure: K�1 � /2� scan of
film C in logarithmic scale. GGG reflections are marked by an
asterisk. Inset: � scan of the �4010� reflection.

FIG. 2. �Color online� RBS spectrum of film E. The experimen-
tal data are fitted by a model with three layers of decreasing Bi/Fe
ratio from the BIG/GGG interface to the BIG surface.

FIG. 3. Temperature dependence of the Faraday rotation mea-
sured at E=2.25 eV, of the saturation magnetization, and of the
saturation magnetization measured by SQUID for film E. The inset
shows a typical hysteresis loop �F�H� indicating how the values of
Faraday rotation and magnetization are determined. Hsat is the satu-
ration field �see text for details�.
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Films D and E display the lowest coercive fields of the series
��4 mT�, which is two and four times smaller than the co-
ercive fields determined by Kahl et al.24 and Okuda et al.,33

respectively.
Figure 3 shows the typical temperature dependence of the

Faraday rotation �full dots� as measured on film E for a pho-
ton energy of 2.25 eV and in the temperature range of 100 to
700 K. The same figure compares the saturation magnetiza-
tion values deduced from the Faraday rotation data as de-
scribed above �square symbols� with the values measured
with a superconducting quantum interference device
�SQUID� magnetometer �open triangles�. The SQUID data
agree well with the magnetization data obtained from the
Faraday hysteresis loops confirming that HK is small com-
pared to MS. The temperature dependence of the Faraday
rotation of BIG displays a regular decrease of �F with in-
creasing temperature, contrary to the case of yttrium iron
garnet �YIG�,38,43–46 for which the presence of two magnetic
sublattices is evidenced by a maximum at �350 K. This
trend on Bi substitution had already been observed by
Hansen et al.44 for Y3−xBixFe5O12 �x	1.44� compounds. Al-
though the temperature dependence of the Faraday rotation
of BIG might look as if only one magnetic sublattice were
present, the normalized temperature dependence �T /TC� of
the ellipticity displayed in Fig. 4 clearly confirms the pres-
ence of the two magnetic sublattices �tetrahedral and octahe-
dral Fe-O polyhedra� via a pronounced maximum. As in the
case of YIG �see Ref. 38�, the observed maximum here in the
Faraday ellipticity does shift with changes to stoichiometry
and could be an indicator of the relative occupation of octa-
hedral and tetrahedral iron sites. The magneto-optical spec-
troscopy data discussed in Sec. III C seem to indicate that
film B presents an increased iron deficiency of the octahedral
Fe-O polyhedron leading to an increase in the reduced tem-
perature of the maximum in Faraday ellipticity as has been
observed for �F �T� in YIG.38

Another important property of a magnetic material is the
Curie temperature as it is directly related to the exchange
integrals. All determined Curie temperatures can be found in
Table I. These values ranging between 653 and 701 K are

higher than the experimental values reported in the
literature,21,31,35,36 which do not exceed 643 K.31 The Curie
temperatures for the Bi-deficient films are even higher than
the value of 672 K extrapolated from the data of Hansen et
al.45 for Bi-substituted YIG. Figures 5�a� and 5�b� give a
graphical representation of the measured Curie temperatures
as a function of the lattice parameter �Fig. 5�a�� and of the
bismuth content �Fig. 5�b�� compared with data taken from
literature �solid circles� on bismuth substituted YIG films
grown by LPE.44–46 It can be seen that nonstoichiometry
affects strongly the Curie temperature. Compared to Bi-
substituted YIG films,44 Bi-deficient BIG films display in-
verse dependencies of TC on lattice parameter a and bismuth
concentration xBi, i.e., TC tends to increase when a or xBi
decreases.

1. Analysis of magnetization data

The thermal variation of the magnetization, the Faraday
rotation, and the Faraday ellipticity can be described in the
frame of Néel model as the result of two antiferromagnetic
�AF� coupled sublattices. Formally, the magnetization of
Bi3Fe5O12 is given by �cf. Ref 47�

M�T� = Md�T� − Ma�T� , �1�

where Md and Ma are the magnetization of the tetrahedral
and octahedral sublattices, respectively.

Each sublattice magnetization is given by

Mi�T� = Mi�0�Bsi�xi� , �2�

where Bsi�xi� represents the Brillouin function of the ith sub-
lattice �i=a ,d�,

Bsi =
2Si + 1

2Si
coth	
2Si + 1

2Si
�xi� −

1

2Si
coth	
 1

2Si
�xi� ,

�3�

and

FIG. 4. �Color online� Temperature dependence of the Faraday
rotation ��F� and ellipticity ��F� at E=2.25 eV as a function of
reduced temperature T /TC for films B and E. Plain lines are guides
for the eye.

FIG. 5. Curie temperature as a function of �a� cubic cell param-
eter and �b� Bi content in the film. Black symbols are data taken
from Hansen et al. �Refs. 44–46� for �Y,Bi�IG films. The point at
1.263 nm; xBi=3 results from a linear extrapolation of these data.
Empty symbols are the data from the present work. The dashed line
is a linear fit to these data.
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Md�0� = 3gSd�BNAfd, Ma�0� = 3gSa�BNAfa. �4�

Here the constants fa and fd have been introduced to allow
for a variation of the zero-temperature magnetization in each
sublattice. Sk represents the spin quantum numbers of the
magnetic ions with Sk=5 /2 for Fe3+ in the high spin state.
�B is the Bohr magneton �=9.2741�10−24 J /T�, kB is the
Boltzmann constant �=1.3807�10−23 J /K�, and NA is the
Avogadro constant �=6.022�1023 mol−1�.

The coefficients xd and xa are given by

xd =
Sdg�B

kBT
�NddMd + NdaMa�, xa =

Sag�B

kBT
�NaaMa + NadMd�

�5�

and Nik= �2ZikJik� / �nkgigk�B
2�, where Zik is the number of

nearest neighbors, nk is the number of ions per mole in the
kth sublattice, Jik is the exchange integral �Jad=Jda�, and gl is
the spectroscopic splitting factor of each sublattice �=2.0�.
Equation �1� can be self-consistently solved in order to ob-
tain the exchange integrals Jik, which govern the magnetic
order and which determine the Curie temperature of the sys-
tem. In order to perform suitable numerical adjustment of
Eq. �1� to the experimental data, it is preferable to normalize
Eqs. �1�–�5� in order to express them in units of �B. The
magnetization scales as nB=MS /�BNA. Normalizing Eqs.
�1�–�5�, one obtains for the reduced magnetization,

nB�T� = 3gSdfdBsd�xd
�� − 2gSafaBsa�xa

�� �6�

with

xd
� =

2Sd

gT
�jddnd + jdana�, xa

� =
2Sa

gT
�jaana + jadnd�,

jkl = Jkl/kB, �7�

where jkl is expressed in kelvins. Now the magneto-optical
Faraday rotation and ellipticity are both proportional to a
combination of the individual sublattice magnetizations
weighted by a proportionality factor. One may write them as
follows:

�F�T� = CV,d3gSdfdBsd�xd
�� − CV,a2gSafaBsa�xa

�� ,

�F�T� = CE,d3gSdfdBsd�xd
�� − CE,a2gSafaBsa�xa

�� . �8�

Equations �6� and �8� were integrated into a nonlinear least-
mean-square fitting algorithm using a self-consistent deter-
mination of each sublattice magnetization for the adjustable
parameters �jik, f i, Cv,I, and CE,I with i=a ,d�. The algorithm
allows for a simultaneous adjustment of Eqs. �6� and �8� to
the respective data sets. The obtained fitting for film A is
given in Fig. 6 where the magnetization, the Faraday rota-
tion, and the Faraday ellipticity have been adjusted. The fig-
ure shows the calculated thermal variations for MS, �F, and
�F and the two sublattice magnetizations of the tetrahedral
and octahedral sublattice �dashed lines�. Figure 7 gives the
results of this analysis for the exchange integrals jaa, jdd, and
jad as a function of the lattice parameter �Fig. 7�a�� and as a
function of both the bismuth deficit, �Bi �Fig. 7�b��, and the
iron deficit, �Fe �Fig. 7�c��. The experimentally determined

Curie temperatures are also displayed on the same figures.
Both jaa and jdd have negative values characteristic of ferro-
magnetic interactions, whereas jad is positive revealing the
expected antiferromagnetic intersublattice coupling. For our
BIG films, typical values of −48 K �4.1 meV�, −29 K �2.5
meV�, and 84 K �7.3 meV� are obtained for jaa, jdd, and jad,
respectively. The corresponding energies for YIG are −65 K
�5.6 meV�, −30 K �2.6 meV�, and 97 K �8.4 meV�.47 Glo-
bally, the relative values for BIG are in the same order of
magnitude compared to YIG. In BIG films, increasing the
lattice parameter �Fig. 7�a�� appears to weaken the jad inter-
action and strengthen the jaa and jdd interactions, whereas
increasing �Bi �Fig. 7�b�� strengthens the jad interaction and
weakens the other intersublattice interactions.

The Curie temperature and exchange integrals are
strongly influenced by the geometry of the �Fe�-O-�Fe� unit
where �Fe� is an iron ion in octahedral site, and �Fe� is an
iron ion in tetrahedral site. Therefore, it is interesting to ex-
amine the literature data concerning the influence of a cell
parameter variation on the local iron-oxygen geometry in
iron garnets. Iron garnets are usually indexed in the cubic
Ia-3d space group48 with iron and rare-earth ions on fixed
special positions. Therefore, the �Fe�-O-�Fe� angle is
uniquely determined by the fractional coordinates of the oxy-
gen ion, while the �Fe�-O and �Fe�-O distances can be ex-
pressed as a function of the cell parameter and the oxygen
coordinates. As a result, an increase of the cell parameter is
linked to variations of the �Fe�-O-�Fe� angle and/or �Fe�-O
and �Fe�-O distances. Crystallographic data with refined oxy-
gen parameters are required to discuss this issue. Data for
R3Fe5O12 �R=Yb, Tm, Er, Ho, Dy, Y, Tb, Gd, and Eu� can be
found in the powder diffraction file �PDF�-4 crystallographic
database49 and in Ref. 50. The increase of TC when the rare-
earth radius and the cell parameter increase48 seems to be
linked to a small increase of the �Fe�-O-�Fe� angle without
significant variation of the �Fe�-O and �Fe�-O distances.

FIG. 6. �Color online� Temperature dependence of the magneti-
zation �circles�, Faraday rotation �diamonds� and ellipticity �tri-
angles� for film A shown with the corresponding numerical fits
�plain lines; see text for details�, and with the calculated sublattice
magnetization for the octahedral �Ma� and tetrahedral �Md� sublat-
tices �dashed lines�.
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However, these variations are too small �e.g., �Fe�-O-�Fe�
angle varies between 125° and 127°� to draw firm conclu-
sions. Indeed Geller and Colville51 reached opposite conclu-
sions when characterizing an Y1.12Bi1.88Fe5O12 single crystal.
They observed that the increase in cell parameter �due to

bismuth substitution in YIG� seems to be linked to a decrease
in the �Fe�-O distance and an increase in the �Fe�-O distance
without significant variation of the sum of the �Fe�-O and
�Fe�-O distances and without variation of the �Fe�-O-�Fe�
angle. But these variations are very small and the cationic
mixture on the dodecahedral site implies that only average
values are obtained. Therefore, it would be highly interesting
to have reliable crystallographic data on Bi3Fe5O12, but this
is made difficult by the fact that this compound exists only as
a film. Toraya et al.37 have attempted a Rietveld refinement
of x-ray diffraction data of a polycrystalline BIG film depos-
ited on a garnet buffer layer. With respect to YIG, they found
a large decrease in the �Fe�-O distance and a large increase in
the �Fe�-O distance without significant variation of the �Fe�-
O-�Fe� angle. However, the �Fe�-O distance ��1.79 Å�
seems unrealistically small for a �Fe3+�-O distance �usually
�1.87 Å�, and the O-�Fe�-O angles suggest an unusually
large distortion of the FeO4 tetrahedron. On the other hand, a
geometry optimization of the oxygen position in BIG has
recently been calculated by Oikawa et al.19 and predicts an
increase of the �Fe�-O-�Fe� angle of �4° without significant
variation of the �Fe�-O and �Fe�-O distances when BIG is
compared to YIG. The same authors19 obtained similar re-
sults when they calculated the oxygen coordinates using the
empirical relation established by Hawthorne52 through
multiple-regression analysis of structural data taken from
more than 40 garnet compositions. It is of interest to note
that the O-�Fe�-O and O-�Fe�-O angles predicted by Oikawa
et al.19 correspond to significantly smaller distortions of the
octahedra and tetrahedra than in the R3Fe5O12 compounds
discussed above �R=Yb-Eu�.49,50

The above discussion suggests that an increase in the
�Fe�-O-�Fe� angle might be involved in the TC increase ob-
served in stoichiometric iron garnets when the cell parameter
increases. This interpretation is consistent with the angular
variation of the superexchange integral in ferrimagnetic iron
garnets.53 However, our discussion only takes into account
geometrical effects and considers cation- and oxygen-
stoichiometric compounds. The results in Fig. 5 for the series
of BIG films clearly show that nonstoichiometry �both in
oxygen and metal ion content� affects strongly the Curie
temperature. While “stoichiometric” BIG films D and E rea-
sonably agree with the linear extrapolations derived from
results for Bi-substituted YIG,44 Bi-deficient BIG films dis-
play inverse dependencies of TC on lattice parameter a and
bismuth concentration xBi, i.e., TC tends to increase when a
or xBi decreases.

Indeed cationic or oxygen vacancies are expected to
modify effectively the �Fe�-O-�Fe� geometrical environment
and superexchange integral. Considering the large number of
parameters involved �angles, distances, spin-orbit coupling,
iron oxidation state, etc.�, it is difficult to identify the physi-
cal mechanism without theoretical simulations of nonsto-
ichiometric garnet models. Considering the analysis of the
magnetization data �see above�, the observed trends for jad,
jaa, and jdd suggest that in off-stoichiometric BIG, a decrease
in the lattice parameter or an increasing bismuth deficit re-
sults in changes in the local �Fe�-O-�Fe� geometry such that
the antiferromagnetic exchange between octahedral and tet-
rahedral iron ions is favored, thereby, enhancing the Curie
temperature.

(b)

(a)

(c)

FIG. 7. �Color online� The numerically determined exchange
integrals �jaa, jdd, and jad� and the corresponding experimental Cu-
rie temperature of the BIG films as a function of �a� the lattice
parameter, �b� the bismuth deficit �Bi, and �c� the iron deficit �Fe.
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It is worth pointing out that the highest TC is observed for
film A characterized by comparatively large Bi deficiency,
small cell parameter, and small magnetization. Since this
film was grown in an oxygen-rich atmosphere and is prob-
ably not oxygen-deficient, electroneutrality suggests that
Fe4+ ions might be present. This would be consistent with the
small cell parameter because Fe4+ is smaller than Fe3+.54,55

Also because of its size, Fe4+ is expected to be located on the
tetrahedral site, which is consistent with the small value of
saturation magnetization. A small �Fe�-O distance would en-
hance the overlap integral and thereby the exchange integral
and Curie temperature. This interpretation is consistent with
a previous hydrostatic pressure study of YIG.56 In this study,
it has been demonstrated that the Curie temperature of YIG
increases linearly with increasing hydrostatic pressure. When
linked to the variation of TC with decreasing lattice param-
eter, one can obtain a quantitative estimate of the change to
TC for BIG. For YIG, a variation of TC with changes in
lattice parameter, TC=−1.25�104��a, has been deter-
mined by Podsekin et al.57 Using the experimentally ob-
served decrease in the lattice parameter for BIG of �a
�0.002 nm �Table I�, an increase of �TC�25 K is ob-
tained. This increase perfectly accounts for the experimen-
tally observed increase in TC �see Table I�.

C. Room-temperature magneto-optical properties

The Faraday rotation ��F� and ellipticity ��F� of the films
were measured as functions of magnetic field at different
photon energies. A value of −25° /�m for the specific Fara-
day rotation was observed at a photon energy of 2.25 eV
confirming literature results.25,29,33 The largest specific Fara-
day rotation ��34° /�m� was observed for an energy of 2.76
eV. The measured spectral variation agrees well with the re-
sults of Chern et al.21 for Y3−xBixFe5O12 �0.5	x	3.0� films
deposited by PLD.

A second magneto-optical setup based on a rotating com-
pensator method was used to measure the spectral variation
of the principal Faraday rotation peak �centered at
�2.3 eV�. Figure 8 shows the specific Faraday rotation for
all films in the spectral range of 1.9 to 2.4 eV. Films B, D,
and E exhibit the same spectral variation with a pronounced

peak at �2.32 eV, whereas this peak occurs at lower ener-
gies of �2.27 eV for films A and C. It must be pointed out
that films A and C are somewhat thicker than films B, D, and
E. A qualitatively similar red shift was observed by Kahl et
al.25,26 when increasing the thickness of BIG films grown in
otherwise identical conditions. These authors could not iden-
tify the cause of this apparent thickness dependence of the
red shift, although a possible correlation with the x-ray co-
herence length was detected by x-ray diffraction. Besides, in
the present case, the observed shift is somewhat larger �by
�35%� than predicted by the equation extrapolated by Kahl
et al.26 ��E�eV��−7.93�10−5 �eV /nm���d�nm��. We
discuss now these observations in relation to the different
target compositions and oxygen pressures used for the film
growth. We have seen above that variations of these experi-
mental parameters result in variations of the stoichiometry,
the lattice parameter, and the physical properties, such as the
Curie temperature and the three exchange integrals jaa, jdd,
and jad. Such changes should also result in modifications of
the spectroscopic magneto-optical response of the different
films. The compositional RBS analysis �see Table I� shows
that both films D and E possess a Bi/Fe ratio of 0.6, whereas
the other three films �A ,B ,C� have Bi/Fe ratio of �0.5. Film
B is a particular case because it displays a spectral variation
identical to that observed in the “stoichiometric” films D and
E while presenting a significant deviation from the ideal
Bi/Fe ratio. A more detailed analysis reveals that this film not
only shows an enhanced deficiency in Bi content but also an
enhanced deficiency in Fe content. In the literature, the spec-
tral variation of the magneto-optical Faraday rotation and
ellipticity �or more precisely the off-diagonal permittivity
tensor elements� in Bi-substituted iron garnets has been sub-
ject to intensive analysis both in terms of molecular-orbital
analysis10–13,15,18,19 and charge-transfer transitions.11,14,16,17,19

These descriptions are based on the identification of the un-
derlying electronic transitions either by a first-principles
approach16,19 or in terms of phenomenological diamagnetic
or paramagnetic transition lines.10–13,15,18 Following the fre-
quency dispersion analysis presented by Helseth et al.13 and
applied by Kahl et al.,18 it turns out that within the experi-
mentally accessible spectral range of 1.7 to 3.5 eV, only two
“diamagnetic transition lines” are relevant.13,16,18 According
to Zenkov et al.,16 for weakly Bi-substituted YIG the most
intense transition lines correspond to a FeO6 octahedral �2.78
eV� and a FeO4 tetrahedral �3.4 eV� O2p-Fe3+ charge-
transfer transition. Hence, one can try to link the observed
“red shift” of the rotation maximum to changes in the respec-
tive oscillator strengths �f� and the densities of absorbing
sites �N�. In this model one diamagnetic transition line is
related to the octahedral Fe-O polyhedron, whereas the sec-
ond one is related to the tetrahedral Fe-O polyhedron. In this
frame, the observed “red shift” of the Faraday rotation maxi-
mum due to an increased Bismuth deficit can be identified
with a reduction in either N or f of the tetrahedral Fe-O
polyhedra. As a consequence and in order to describe the
experimental situation coherently, it is necessary to assume
that an increased iron deficiency as observed in film B affects
essentially the octahedral Fe-O polyhedra by decreasing ei-
ther N or f and results in a blue shift of the Faraday rotation
maximum.

FIG. 8. �Color online� Room-temperature spectral variation of
the Faraday rotation peak centered around �2.3 eV.
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Interestingly, it is possible to use these ideas, especially
the link between red shift and Bi deficiency, to suggest a
possible explanation for the results of Kahl et al.26 as de-
scribed above. If one accepts the fact that the Bi/Fe ratio in
PLD-grown films is larger at the film-substrate interface �as
observed by us, Ref. 28, and Ref. 39�, it means that increas-
ing the film thickness would tend to increase the Bi defi-
ciency resulting thereby in a red shift. Since Kahl et al.26

used the same target composition for all their films, it is
logical that the observed red shift in their case is smaller than
when we used targets with different stoichiometries.

IV. CONCLUSION

We have studied the influence of the stoichiometry on the
structural, magnetic, and magneto-optical properties of bis-
muth iron garnet �Bi3Fe5O12� thin films grown by pulsed
laser deposition. Films with different stoichiometries have
been obtained by varying the Bi/Fe ratio of the target and the
oxygen pressure during deposition. Stoichiometry variations
influence the Curie temperature TC by tuning the �Fe�-O-�Fe�
geometry: TC increases when the lattice parameter decreases,
contrary to what happens in the case of stoichiometric rare-

earth iron garnets. The thermal variation of the magnetiza-
tion, the Faraday rotation, and the Faraday ellipticity have
been analyzed in the frame of the Néel two-sublattice mag-
netization model giving energies of −48 K �4.1 meV�,
−29 K �2.5 meV�, and 84 K �7.3 meV� for the three mag-
netic exchange integrals jaa, jdd, and jad, respectively.
Magneto-optical spectroscopy linked to compositional analy-
sis by RBS shows that Bi and/or Fe deficiencies also affect
the spectral variation �between 1.77 and 3.1 eV�. Our results
suggest that bismuth deficiency has an effect on the
magneto-optical response of the tetrahedral Fe sublattice,
whereas small iron deficiencies affect predominantly the
magneto-optical response of the octahedral sublattice.
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