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We demonstrate how controlled changes in oxygen stoichiometry tune the magnetic properties and the
superexchange interaction, thus providing a simple and efficient method to elaborate magnetic oxides with
strongly modified magnetic and semiconductor properties. Structural and magnetic properties of the model
system of yttrium iron garnet �YIG� thin films were tuned by controlling oxygen stoichiometry. The YIG phase
diagram has been explored by creating cation and oxygen vacancies during film growth by pulsed laser
deposition. Especially, unexplored in thermodynamic equilibrium growth conditions, excess oxygen stoichi-
ometry in a YIG unit cell was investigated: a significant increase of Curie temperature �+10% � and magneti-
zation �+20% � were observed. These changes are understood in the framework of a microscopic model
implying the formation of Fe4+ and Fe2+ in the films with oxygen excess and vacancies, respectively.
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INTRODUCTION

Control of stoichiometry is an efficient tool for tuning the
physical properties of materials. This has been intensively
demonstrated over the last decade in oxides with perovskite
structure, where significant modifications of the electrical
transport and the magnetic properties are observed with
changes in the oxygen stoichiometry. Prominent examples
are high Tc superconductor cuprates1 and manganites.2 Also,
it has been recently shown that changes in oxygen stoichi-
ometry can modify magnetic properties of simple oxides like
HfO2.3 Another family of magnetic oxides with garnet struc-
ture has been intensively studied due to their widespread use
in microwave devices. Its most prominent member is yttrium
iron garnet �Y3Fe5O12 or YIG�. For this particular garnet an
extensive body of studies has been performed on polycrys-
talline and single crystalline bulk material as well as for
thick films grown by liquid phase epitaxy. The objectives
were to fine-tune and understand the physical properties for
essentially microwave and data-storage technologies with re-
spect to the effect of substitutions and impurities �see Ref. 4�.
An efficient method to adjust the oxygen content and to al-
low considerable variations in stoichiometry is the technique
of pulsed laser deposition �PLD�. Growth dynamics involved
in PLD is indeed in “nonthermodynamical equilibrium” as
compared to bulk sample preparation.5

As a further step in off-stoichiometric tuning for new
physical properties, we report on the model system of yt-
trium iron garnet. The garnet structure remains effectively
robust with off stoichoimetry, either with cation substitution6

or with oxygen treatments.7 Since the discovery of YIG,8 the
magnetic, electrical, and structural properties of pure and
substituted YIG have been intensively investigated.6 The
Ia3d cubic centered structure of stoichiometric YIG �a
=1.2376 nm�6,8 consists of a closed-packed oxygen sublat-

tice. Cations occupy all available interstitial sites: Y3+ on 24
dodecahedral �c� sites, whereas Fe3+ both at 16 octahedral
�a� sites and at 24 tetrahedral �d� sites �with respective ef-
fective ionic radii 0.1019, 0.049, and 0.0645 nm �Ref. 9��.
The ferrimagnetism of stoichiometric YIG is well-described
in the frame of the Néel theory:10 the �16a� and �24d� Fe3+

sublattices are coupled antiferromagnetically, resulting in an
effective moment of 5 �B per formula unit. Curie tempera-
tures between 545 K �Ref. 6� and 559 K �Ref. 11� have been
reported for bulk stoichiometric YIG.

EXPERIMENT

Polycrystalline YIG films were deposited onto fused silica
substrates maintained at 840 °C from high purity �5N� sin-
tered Y3Fe5O12 targets. Ablation was performed with a Nd-
YAG laser at 355 nm at a laser fluence stabilized slightly
above the YIG ablation threshold �3 J /cm2�. One of the char-
acteristics of the PLD growth of oxides from stoichiometric
targets is the necessity to supply additional oxygen in order
to restore the oxygen content of the films.5 The total pressure
in the deposition chamber was maintained at 400 mTorr by
adjusting oxygen and nitrogen partial pressures. The oxygen
partial pressure PO2

was varied between 5 and 400 mTorr.
This deposition procedure maintains similar growth condi-
tions: same deposition rate �100 nm/h� and same rms rough-
ness �4 nm as measured by atomic force microscopy�. All
film thicknesses are 200 nm. The x-ray diffraction �XRD�
�-2� scans of the films show polycrystalline single phase of
Y3Fe5O12 with slight texture. Stoichiometries of the films
were measured by the Rutherford back scattering �RBS�
technique. Film magnetization, 4�Ms, was determined by
superconducting quantum interference device �SQUID� mag-
netometry, by ferromagnetic resonance at room temperature,
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and from magneto-optical Faraday rotation hysteresis loops.
Curie temperatures TC were deduced from the thermal varia-
tion of the specific Faraday rotation at a photon energy of
2.25 eV.

RESULTS AND DISCUSSION

In our case we find that polycrystalline YIG films grown
at PO2

=30 mTorr possess the crystalline structure and the
magnetic properties �Ms and TC� of the stoichiometric bulk
YIG.12 As such this pressure will be referred to as Pstoich. A
typical �-2� diffraction scan is presented in Fig. 1 for a poly-
crystalline YIG film grown at PO2

=30 mTorr. For compari-
son, the figure also includes the diffraction pattern taken for
single phase bulk YIG. As is shown, all diffraction peaks of
YIG are present in the film diffraction pattern. Closer inspec-
tion of the relative intensities of the �400�, �420�, and �422�
diffraction peaks indicate the polycrystalline films to be
slightly textured. Superimposed to the YIG diffraction peaks
is the diffraction intensities of the amorphous quartz sub-
strate with a prominent maximum at around 2��22°. As
will be shown below, films with PO2

values different from
Pstoich exhibit different structural and magnetic properties.
RBS spectra have been measured on all YIG samples. A
spectrum for a representative YIG sample is shown in Fig. 2.
Several parameters can be determined from these RBS spec-
tra. Modeling the intensity of the backscattered He atoms
with a chemical concentration profile of the film allows the
determination of the film stoichiometry and its thickness.
Furthermore the sharpness of the retrodiffusion peaks and the
absence of modification of the profile within the plateau of
the peaks indicate that the films are homogeneous in compo-
sition with thickness. Further important information is con-
tained within the shape of the rising edge of the Si-
retrodiffusion peak. Its sharpness indicates that only a very
limited diffusion of Si into the film is present. Modifications
in cation and oxygen stoichiometry of the films, as deduced
from RBS measurements, are reported in Table I for different
PO2

. In stoichiometric YIG, there is no possibility in its
closed-packed O2− structure for the interstitial sites to ac-

commodate excesses of Y, Fe, or O without drastic lattice
distortions. Consequently, films corresponding to PO2
� Pstoich have oxygen deficiencies. In particular, the film
grown at 5 mTorr has 4% of oxygen vacancies ��4 vacan-
cies per unit cell�, inducing randomly localized perturbations
to the oxygen lattice. Considering the global charge distribu-
tion, oxygen vacancies can act as donors13,14 and change, in
the ionic model, the iron valence to 2+ as the yttrium is
stable in the 3+ state. Formation of single ionized oxygen in
YIG appears less probable since the ground state of Fe3+ in
iron oxides lies generally above the oxygen valence band,14

thus favouring a localization of the hole near the iron ion.
Therefore random Fe2+ are formed in the case of PO2
� Pstoich. We thus conclude that for PO2

=5 mTorr, resulting
films have an average 8 Fe2+ ions among the 40 iron ions of
the unit cell. On the other hand, the films corresponding to
PO2

� Pstoich have iron and yttrium deficiencies. In the ionic
model, since the yttrium valence is stable, this implies the
formation of Fe4+. From RBS results, it can be calculated
that an oxygen pressure of 140 mTorr results in four iron
vacancies and 2.6 yttrium vacancies per unit cell. As these
act as acceptors, one has to redistribute around 20 holelike
carriers per unit cell. Thus around 20 Fe4+ should be formed
among the 40 iron sites �16 octahedral �a� and 24 tetrahedral
�d��. The site occupation of Fe4+ in the respective a or d sites
and the distribution of iron vacancies has to be considered as
a function of PO2

. From the charge redistribution, we can
calculate the expected changes in magnetization due to the
fact that both Fe2+ and Fe4+ have a lower magnetic moment
�4�B� compared to Fe3+ �5 �B�.

The existence of vacancies produces localized deforma-
tions of the crystal lattice, whose overall effect can be seen
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FIG. 1. �Color online� X-ray diffraction �-2� scan measured
with the Cu-K� wavelengths for a polycrystalline YIG film depos-
ited on an amorphous quartz substrate at Pstoich=30 mTorr of oxy-
gen pressure �red solid line� and for a polycrystalline bulk YIG
reference sample �gray dotted line�.
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FIG. 2. �Color online� Typical RBS spectrum �online red line�
determined for a polycrystalline YIG deposited at 100 mTorr of
oxygen pressure and measured for a beam energy of 2.0 MeV in
normal incidence.

TABLE I. Atomic composition variations ��O, �Fe, and �Y�
with respect to stoichiometric films deduced by RBS.

PO2
�mTorr� �O �Fe �Y

5 −0.04 0.00 0.00

30 0.00 0.00 0.00

140 0.00 −0.04 −0.026
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as a change of lattice parameter �Fig. 3�a��. Nevertheless, the
structure determined by XRD presents, to first order, no av-
erage distortion and remains of the Ia3d space group, as the
partial oxygen pressure is varied. This is verified on several
inter-reticular distances �Bragg reflections 420, 422, 640,
642, and 400�. The lattice parameter determined for PO2
� Pstoich presents an increase compared to its bulk value in
almost the same proportions as in previous studies by Met-
selaar et al. of oxygen postannealing effects on high purity
single crystals.15 For PO2

� Pstoich, the lattice parameter de-
creases with the increase of PO2

. This region of the phase
diagram was not accessible in previous studies15 as crystal
growth was performed in thermodynamic equilibrium condi-
tions. Hence cation stoichiometry is fixed and the maximum
oxygen content could not exceed 96 atoms per unit cell.

The use of PLD allows the investigation of an unexplored
area of the YIG phase diagram. The effect of PO2

on the
lattice parameter is important and can be compared to the
influence of the gallium Ga3+ substitution in the Fe3+ sites in
Y3

3+Fe5−x
3+ Gax

3+O12
2− with 0�x�5 �Fig. 3�b��.6,16 The substitu-

tion of trivalent nonmagnetic ions proceeds on a steric basis:
those ions smaller than Fe3+, such as Ga3+, preferentially
occupy the smaller, tetrahedral �24d� sites.2 For increasing
substitution �namely xGa�1.5�, Ga3+ ions also start to popu-
late the larger octahedral coordinated �a� sites.16 The steric
pressure is larger for the �16a� site substitution than for the
�24d� site as shown in the change of slope in Fig. 3�b�. One
can estimate the reduction of the lattice parameter per Fe4+ in
a unit cell which is caused by the change of ion radius with
the change of valence from 3+ to 4+ using the general equa-
tion �a�Fe3+→Fe4+�=ka,d	 �rFea,d

4+ −rFea,d
3+ ��Fe4+�, where a

and d refer to the a-site and d-site, respectively, and where
rFe are the effective ionic radii �rFea

4+ =0.0585 nm and rFed
4+

=0.0415 nm�.9 The constants k have the respective values
ka=0.80 and kd=0.64.17 For 4% of Fe4+ per unit cell, the
lattice compression are −0.000 35 nm for the d-site and
−0.0002 nm for the a-site compared to the measurement of
−0.002 nm, which is almost ten times larger. Hence com-

pression of the lattice parameter cannot be attributed to
simple Coulomb ionic interactions only, but one has to take
into account the effect of the cationic vacancies and domi-
nant crystal field modifications.18 These influences need
more local structure determination �by extended x-ray ab-
sorption fine structure, for instance� to be precisely esti-
mated. In any case, these localized structural distortions
�changes in Fe�a�-O-Fe�d� distances and angles� will affect
the superexchange mechanism between Fe�a� and Fe�b� sub-
lattices. Their influence on the magnetization and the Curie
temperature TC are directly measured by high temperature
Faraday rotation �F�H� hysteresis loops in polar configura-
tion at a photon energy of 2.25 eV. Figure 4 presents the
thermal variation of the specific Faraday rotation �
F� mea-
sured for selected samples grown with PO2

of 17.6, 30, 100,
and 250 mTorr. Saturation of 
F was obtained at magnetic
fields equal to 4�MS ��1750 G�, see Fig. 4�b�. The tempera-
ture scale in Fig. 4 was normalized to the Curie temperature
of each film �cf. Fig. 5�a�� in order to explicitly show the
changes induced by the stoichiometry to the temperature de-
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pendence of the specific Faraday rotation. The variation of
the 
F curves with temperature is characteristic for the
magneto-optical response of YIG.19 The specific Faraday ro-
tation measured is the sum of two components, one for each
of the two magnetic sublattices �i.e., the tetrahedral and the
octahedral magnetic sublattice�. As a result of the antiparallel
alignment of the two sublattices a partial compensation oc-
curs. Consequently, a change in the temperature dependence
of 
F with stoichiometry indicates directly the changes in
the individual sublattice magnetizations.

In Fig. 5�a�, TC is presented as a function of PO2
. One

observes a decrease in TC for increasing oxygen deficiency.
For PO2

� Pstoich, the Curie temperature increases by up to
10% at PO2

=250 mTorr and tends to saturate for higher oxy-
gen pressures. A simple model can be used to describe the
changes in TC caused by the substitution of nonmagnetic
metal-ion �M� to be proportional to the number, n�y ,z�, of
Fe�a�–O–Fe�d� bonds per magnetic ion, where y and z are
the rate of substitution of M in a and d sites, respectively.2

Assuming that changes in interionic distances with substitu-

tion are negligible, one can write: TC�y ,z�=
n�y,z�

n�0,0�TC�0,0�,
where n�0,0�=24/5 represents stoichiometric YIG. This em-
pirical model can be applied in both �16a� and �24d� site
substitutions and n�y ,z� is always smaller in value than
n�0,0� for any changes in stoichiometry. Hence, generally, a
decrease of TC on substitution is to be expected. This model
can be applied for the case of oxygen deficiencies �PO2
� Pstoich� but is insufficient to describe the observed TC in-
crease for cationic deficiencies �PO2

� Pstoich�. In this case,
the dominant effect can be related to the compression of
interionic distances. From molecular field theory of a two
sublattices ferrimagnet, the Curie temperature is given by the
equation

TC =
1

2
��CaNaa − CdNdd�2 + 4CaCdNad

2 �1/2

−
1

2
�CaNaa + CdNdd� , �1�

with Cj =
nj��effj

�2

3kB�0
and Nij =

2zijJij

njgigj�B
2 , where Cj is the effective

Curie constant of the jth sublattice and Nij is the molecular-
field constant connecting the ith and jth sublattice10 �Naa and
Ndd are negative and Nad=Nad�0�. zij represents the number
of nearest neighbors on the jth sublattice that interact with
the ith ion, ni is the number of ion per mole in the ith sub-
lattice, gj are the respective g-factors, �effj

are the respective
effective magnetic moments, and Jij is the superexchange
constant. The critical coefficients in Eq. �1� are Cj and Nad
and their modifications with the partial oxygen pressure. Jad
depends on the orbital overlapping integrals and on the Pauli
repulsion energy.20 Also, as in the case of magnetic 3d5 tran-
sition metal �TM� ions �Fe3+ or Mn2+�, the spatial orientation
of the 3d5 orbitals and the 2p oxygen orbitals result in a
3d5TM–oxygen–3d5TM bonding angle ��� dependence.
Considering recent studies on manganite systems, in which
the bandwidth has a cos2��� dependence,21 it is possible to
transpose this analytical expression in the Goodenough-

Kanamori rules7 to the Fe�a�–O–Fe�d� bond responsible for
the superexchange mechanism. The following functional de-
pendency for the superexchange integral is then determined
by:

Jad �
b2

U cos2��� �2�

where U is the Coulomb repulsive energy, b the exchange
integral, and � is the Fe�a�–O–Fe�d� bond angle. In the case
of PO2

� Pstoich, the lattice parameter decreases, therefore an
increase of Nad is expected as a result of the influence of the
lattice parameter on b, U, and �.

The creation of iron vacancies and the presence of related
Fe4+ ions will decrease the effective Curie constants Cj in
Eq. �1�. The variation of TC with PO2

is the result of the
compensation between the increasing Nad factor as the lattice
parameter decreases and decreasing Cj with any off-
stoichiometry. For PO2

�150 mTorr, the Nad factor is domi-
nant. This linear variation of TC�PO2

� can be compared to the
hydrostatic pressure �p� dependence of the Curie temperature
�Fig. 5�b� and Ref. 22�. The variation �TC can be linked to
the lattice parameter variation �a according to the empirical
relation: �TC=−1.25	103�a.23 For the 100 mTorr film, one
calculates �TC=37 K due to the change of lattice parameter,
which compares well with the experimentally observed shift
of �TC=28 K �Fig. 5�a��. As a consequence, effects of Cj are
already present in the range of linear variation of TC with
PO2

. So both factors are important for these oxygen partial
pressures. The PO2

value of 100 mTorr is significant because
it corresponds to the maximum observed in magnetization at
300 K, see Fig. 6, as determined from Faraday rotation. In
the case of polycrystalline YIG films, the measurement of
magneto-optical hysteresis loops in polar configuration al-
lows one to determine the magnetization directly from the
magnetic external field H* as indicated in Fig 4�b�. H* cor-
responds to the demagnetization field �=4�MS� in the ab-

1500150015001500

1800180018001800

2100210021002100

0 100 200 300 4000 100 200 300 4000 100 200 300 4000 100 200 300 400

by SQUID at 5K H perp film
by Faraday rotation at 300Kby Faraday rotation at 300Kby Faraday rotation at 300Kby Faraday rotation at 300K

2400

2800

4�
M
SSSS
(G
au
ss
)

P
O2O2O2O2
(mTorr)

StoichiometricStoichiometricStoichiometricStoichiometric

FIG. 6. �Color online� Saturation magnetization �4�MS� at
300 K �black squares� as a function of the oxygen partial pressure
PO2

in YIG off-stoichiometric films, as determined by polar Faraday
rotation measurements at a photon energy of 2.25 eV. Saturation
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sence of any significant further magnetic anisotropy field,24

such as related to the magnetocrystalline anisotropy. As dis-
cussed elsewhere,25 YIG is a special case as the magneto-
crystalline anisotropy is an order of magnitude smaller than
the dipolar fields in polar configuration. Magnetization has
been measured in-plane and out-of-plane �see Fig. 6� by con-
ventional SQUID magnetometry and determined from the
angular variation of the ferromagnetic resonance �FMR� at
300 K in the X band.26 All three techniques give similar
results with a decrease in magnetization for pressures smaller
than Pstoich, the bulk value of MS at Pstoich, and a significant
increase of Ms with increasing pressure �4�MS=2100 G
from FMR�. For PO2

� Pstoich, the decrease of 4�Ms can be
related to the presence of oxygen vacancies. As a conse-
quence the number of cations remains constant, in particular
both iron sublattices remain unaltered for their occupation
numbers. However, the presence of oxygen vacancies modi-
fies globally the charge balance per unit cell. On average
certain Fe ions will assume a valence state of Fe2+. Hence the
reduction of 4% of 4�Ms with respect to the bulk stoichio-
metric value can be attributed to proportional occupation of
the d and a sites by the Fe2+ ion in the Néel approach.18 This
scenario was indeed extensively studied in the past.2 In the
opposite case of PO2

� Pstoich, 4�Ms starts to increase with
increasing pressure and reaches a maximum at 100 mTorr
where the magnetization presents an enhanced value of
�MS /MS of 20% compared to the stoichiometric value. For
higher oxygen pressures, 4�Ms decreases and seems to satu-
rate at a value of 0.1580 G for PO2

�300 mTorr. As men-
tioned earlier, for PO2

� Pstoich, we have iron and yttrium va-
cancies and can suppose the formation of 3 Fe4+ ions in the
vicinity of one Fe3+ or Y3+ vacancy. This situation is unex-
plained until now and it is more complex than simple cat-
ionic substitutions in YIG, as both iron vacancies �with no
magnetic moment� and Fe4+ �with 4�B moment� are simul-
taneously present. The difficulty is to identify on which sites
�a or d� these two species are more stable. Energetic consid-
erations need to be made.18,27 From simple crystal electrical
field considerations, the iron vacancies and the Fe4+ are more

stable in the �16a� sites. The presence of Y3+ vacancies is
equivalent to formation of three associated Fe4+. In the Néel
approach, the increase of 4�Ms is attributed to a reduction in
magnetization of the octahedral sublattice, whereas the tetra-
hedral sublattice magnetization remains constant. A similar
behavior was already observed for the substitution of non-
magnetic ions �Sc3+ and Zr3+� on the �16a� sites.6 A further
compression of the lattice by an increasing number of Y3+

vacancies with higher oxygen pressure reduces the volume
of both octahedral and tetrahedral sites. As a consequence,
the occupation of Fe vacancies on both sublattices and their
population with Fe4+ ions tend progressively to be more bal-
anced, resulting in a decrease of global magnetization. More
complete calculations will be presented elsewhere.18

CONCLUSION

We have explored parts of the YIG phase diagram, some
of which are inaccessible by thermodynamic equilibrium
growth conditions, using PLD as a tool to control off-
stoichiometric growth by creating cation and oxygen vacan-
cies. In particular, YIG polycrystalline thin films, grown in
an oxygen atmosphere with a partial pressure superior to the
stoichiometric value, exhibit metal ion deficiencies and show
a significant increase in magnetization �+20% � and Curie
temperature �+10% �. With the “model system” of yttrium
iron garnet, referenced as robust to changes in stoichiometry,
we demonstrate how the magnetic properties and the super-
exchange interaction can be tuned by controlled changes in
oxygen stoichiometry. This provides a simple and efficient
method to elaborate magnetic oxides with up-to-now unex-
plored promising magnetic and electronic properties.
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