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Abstract. Magnetic exchange coupling has been observed for ultrathin films of yttrium iron garnet
(Y3Fe5O12 or YIG). Single-crystalline YIG films were prepared on yttrium aluminium garnet (Y3Al5O12

or YAG) substrates by pulsed laser deposition. (111) and (110) oriented substrates were used. Film thick-
nesses were varied from 180 Å to 4600 Å. Epitaxial growth of YIG on YAG was obtained in spite of
the lattice mismatch of 3%. Magnetic hysteresis loops recorded for ultrathin YIG films have a “bee-waist”
shape and show a coupling between two different magnetic phases. The first phase is magnetically soft YIG.
A composition study by secondary ion mass spectroscopy shows the second phase to be Y3Fe5−xAlxO12

due to the interdiffusion of Fe and Al at the film/substrate interface. This compound is known to be
magnetically harder and to have weaker magnetization than YIG. The coupling of the two phases leads to
a hysteresis loop displacement at low temperatures. This displacement varies differently with film thick-
ness for two substrate orientations. Assuming an interfacial coupling, the maximal interaction energy is
estimated to be about 0.17 erg/cm2 at 5 K for (111) oriented sample.

PACS. 75.60.Ej Magnetization curves, hysteresis, Barkhausen and related effects – 75.60.Jk Magnetization
reversal mechanisms – 75.70.Ak Magnetic properties of monolayers and thin films

1 Introduction

Low dimensionality effects in thin films are of great in-
terest for fundamental science and applications. Recently
much attention has been paid to ultrathin metallic mag-
netic films, whose magnetic properties exhibit numerous
changes compared to bulk magnetic properties [1]. Thin
magnetic oxides, and in particular ferrite films, are also of
increasing interest due to their various technical applica-
tions (see for example Ref. [2,3]).

Yttrium iron garnet (Y3Fe5O12 or YIG) has been
extensively studied in bulk and thick film (thickness
t > 1 µm) samples (Ref. [4] and references therein). We
choose YIG as a model material to investigate the changes
of a magnetic oxide properties as a consequence of reduced
thickness.

The “classical” substrate for the deposition of sin-
gle crystalline YIG films is gadolinium gallium garnet
(Gd3Ga5O12 or GGG) [4]. The lattice mismatch between
GGG and YIG is about 0.1%. This allows the growth of
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single-crystalline epitaxial films of good quality. Unfor-
tunately, GGG is a strong paramagnet, and is therefore
not suitable for the detection of the weak magnetic sig-
nal arising from ultrathin YIG films. An alternative could
be a diamagnetic garnet substrate such as yttrium alu-
minium garnet (Y3Al5O12 or YAG). However, epitaxial
growth is expected to be difficult due to a significant lat-
tice mismatch for this material. The YAG lattice param-
eter is 12.005 Å, which is 3% smaller than the size of the
YIG unit cell (12.376 Å).

2 Film preparation

Thin and ultrathin YIG films were prepared by pulsed
laser deposition on single crystalline yttrium aluminium
garnet substrates of (111) and (110) orientation. Film
thicknesses were varied between 180 Å and 4600 Å.

A polycrystalline YIG target was ablated by the
third harmonic (355 nm) of a Nd:YAG laser. The laser
beam was displaced on the target surface by means of
the computer-controlled XY-scanner. The pulse length of
the laser was 6 ns at a repetition rate of 10 Hz and
maximum energy 180 mJ/pulse. The laser fluency was
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Fig. 1. X-ray diffraction diagrams of YIG thin and ultrathin
films deposited on (111) YAG substrates. Dotted lines show the
positions of the (444) diffraction peaks of the YAG substrate
and the YIG target.

around 8 J/cm2 and the substrate temperature TS was
kept close to 660 ◦C. The deposition was carried on in a
partial oxygen pressure PO2 of 30 mTorr. The films were
not annealed after the deposition. The target to substrate
distance was 50 mm.

In spite of the significant lattice mismatch between
YIG and YAG, all films were single-crystalline and epi-
taxial as proved by cross-section transmission electron mi-
croscopy [5]. Figure 1 shows the evolution of the (444)
diffraction peak as a function of film thickness. The per-
pendicular lattice spacing of the first ten YIG monolayers
(120 Å) is close to that of YAG. This can be deduced from
the slight shift of the diffraction peak corresponding to the
(111) orientation of YAG to the smaller angles, i.e. to the
bigger lattice parameters. The perpendicular lattice pa-
rameter of these first YIG layers is about 12.011 Å. The
relative lattice match of this layer to YAG is due to diffu-
sion of Al from the substrate into the film as will be shown
in Section 3. The partial substitution of Fe by smaller Al
atoms is more important near the film/substrate interface,
and, consequently, the lattice spacing of first ten substi-
tuted YIG layers is closer to that of YAG substrate.

The concentration of aluminium in YIG film de-
creases gradually with increasing film thickness. Finally,
for films exceeding a thickness of typically 120 Å to
150 Å, a pure YIG is formed on top of the substituted
Y3Fe5−xAlxO12 layer. Because of the lattice mismatch,
the YIG film is compressed in-plane, and a Poisson ex-
pansion in the out-of-plane direction is observed (see the
curve for 220 Å-thick sample on Figure 1, where the lat-
tice parameter is about 1.4% larger than bulk lattice spac-
ing). Then the film starts to relax towards the bulk lat-
tice parameter. However, a slight out-of-plane expansion
of about 0.4% remains even at 4600 Å because of the resid-
ual stresses.

Fig. 2. Concentration profiles of ions and aggregates through-
out the entire film and a part of the substrate. Dotted
lines show the position of the interfaces carbon/YIG and
YIG/substrate in a YIG film of thickness of 4600 Å. SIMS
analysis was performed with a Cs – ion source.

3 Film structure

As the films are deposited at an elevated temperature,
an interdiffusion between Fe and Al at the film/substrate
interface becomes possible. Consequently, a layer of
Y3Fe5−xAlxO12 can be formed, with x changing grad-
ually from 5 to 0 within the film. The counts of the
secondary ions emitted from the sample after its bom-
bardment by Cs+ ions are presented in Figure 2. Differ-
ent elements (C, Al, Fe) and aggregates (O2, AlO2, YO2)
were traced in order to ensure a precise profiling of the
film composition. The abrasion was performed through-
out the entire thickness of the film and through a part
of the substrate. The significant quantity of carbon ions
on the surface of the sample is due to the presence of a
conducting carbon coating. This layer was deposited on
the surface of YIG to evacuate the charges induced by the
beam of primary ions. The dashed line marks the position
of the interface between the film and the substrate. The
interface was reached when the intensity of the signals
resulting from iron (aluminium) decreased (increased) to
50% of its maximum value. Besides, a significant increase
of the quantity of carbon ions was detected; this corre-
sponds to a slight pollution of the substrate surface before
the deposition.

From Figure 2 it is clear that the cation ratio Y / Fe
is constant through all the film, which confirms the good
film quality. The quantity of iron ions decreases when the
primary ions penetrate into the substrate, and on the con-
trary, the quantity of aluminium increases.

To clarify the problem of the interdiffusion, the depth
of the crater created by the bombardment of the sam-
ple was measured. This allows to calculate the abrasion
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Fig. 3. Aluminium ion and aluminium oxide concentration as a
function of a film thickness. The measurements are performed
from the film surface (0 Å) to its interface with a substrate
(4600 Å). The film was deposited at 650 ◦C during 12 hours.

rates of YIG and YAG, which are indeed different, and
the relative thickness of the aluminium diffusion into a
film. Figure 3 represents the counts of detected Al ions
and AlO2 aggregates throughout the thickness of a film,
from the surface (0 Å) to the interface with YAG (4600 Å).
It would appear that aluminium penetrates into the YIG
film on a thickness of about 600 Å for a film deposited at
650 ◦C over a 12 hours period. As the depth of the diffu-
sion at a given temperature is proportional to the square
root of the time of deposition [6], one can calculate the
thickness of Y3Fe5−xAlxO12 layer to be 100 Å in a ultra-
thin film of 200 Å.

YIG substituted by Al has been extensively studied
in the past [7–11], and is known to have a weak magne-
tization and high coercivity compared to bulk YIG. In
pure Y3Fe5O12 crystal there are tree tetrahedral and two
octahedral positions per formula unit occupied by iron
ions, forming two antiparallel magnetic sublattices [8]. The
magnetic moments of two Fe3+ on octahedral positions
are compensated by moments of two Fe3+ onto tetrahe-
dral positions, leaving one uncompensated iron moment
on a tetrahedral site. The substitution of Fe3+ by dia-
magnetic Al3+ ions is possible in the full range of con-
centrations in Y3Fe5−xAlxO12 [10]. Al3+ ions can replace
Fe3+ ions on octahedral and tetrahedral sites. However,
for most of the composition range x these Al3+ ions have
a preference for the tetrahedral sites [8–11]. This can be
explained qualitatively by the fact that the octahedral po-
sitions provide a larger volume than the tetrahedral sites.
Therefore, the smaller aluminium ions preferentially oc-
cupy the smaller tetrahedral positions. As the resulting
magnetic moment of YIG comes from uncompensated mo-
ment of iron ion in tetrahedral position, the substitution
of Fe3+ by Al3+ leads to the formation of a ferrimagnetic
layer with reduced magnetization or of a compensated an-
tiferromagnetic layer depending on the concentration x
of aluminium ions. In the particular case of formation of
substituted YIG by diffusion, x changes gradually from
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Fig. 4. Magnetic moment per unit surface area for films of
different thickness measured by SQUID at 300 K. The solid
line represents the expected variation for 4πMS = 1780 G.

5 to 0 starting from the substrate. Consequently, the re-
sulting magnetization of Y3Fe5−xAlxO12 is smaller than
pure YIG magnetization. As a result, the magnetization
per unit volume of a whole film should be lower than the
magnetization of a pure YIG film.

The magnetic moment per unit surface area 4πµ/S is
presented in Figure 4 as a function of the film thickness t.
The solid line represents the variation of the magnetic
moment expected for YIG with 4πMS = 1780 G. Indeed,
the magnetization of the films is lower than the value ex-
pected for “ideal” bulk-like YIG films. Note that this re-
duced magnetization can not be caused by the presence of
a “dead layer”, since its contribution would be more sig-
nificant in the ultrathin films than in thicker films, which
is not observed in the experiments.

4 Exchange coupling

Apart from the reduced saturation magnetization, we
observe another interesting magnetic effect in the
YIG / YAG films. This relates to the particular shape
of the hysteresis loop in ultrathin film called “bee-waist”
which exhibits almost zero coercive field (Fig. 5a). The
appearance of such a kind of hysteresis loop suggests the
coupling of two magnetic phases, one hard and another
soft. They could be either exchange coupled at the inter-
face [12], or the magnetically soft material may be affected
by the demagnetizing field of the hard material [13,14].

4.1 Room temperature

The hysteresis loops at room temperature for two films
with different thickness are presented in Figure 5. The
field applied during the measurement is oriented parallel
to the plane of a film. The “bee-waist” shaped hysteresis
loop is observed for the ultrathin films only (Fig. 5a).
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Fig. 5. Hysteresis loops recorded at 300 K for films of thick-
ness: (a) 180 Å, (b) 620 Å. The magnetization was saturated
with an in-plane applied field of 10 000 Oe. Inset to Figure 5b
shows the saturation of the sample in positive field.

When the film thickness is increased, the hysteresis
loop exhibits the usual shape (Fig. 5b). However, as shown
on inset to Figure 5b, the saturation of the sample takes
place in high fields (∼4000 Oe), even though the coercivity
is quite low (25 Oe, Fig. 5b). This can be described with
the presence of two magnetic phases: a magnetically soft
phase (Y3Fe5O12) and the other one magnetically hard
(Y3Fe5−xAlxO12), as is pointed out previously. The soft
magnetic phase has a saturation magnetization close to
that of the YIG and a weak coercivity of a dozen Oer-
sted. This magnetic phase dominates in rather thick films
(t > 1000 Å). The second phase has a weaker magnetiza-
tion and a stronger coercivity, about a few times larger
than soft phase.

The presence of two coupled magnetic phases is con-
firmed by ferromagnetic resonance (FMR) measurements
of ultrathin films. Figure 6 shows the FMR spectrum
recorded in applied field parallel to the film plane. Two
resonance peaks close to each other are observed. They

Fig. 6. FMR absorption spectrum for the ultrathin film
(220 Å) at 300 K. The applied static magnetic field is oriented
in the plane of a film.

shift coherently with the change of the angle between
the applied dc magnetic field and the film plane. This
behaviour is most often attributed to the presence of
two coupled magnetic phases with different magnetization
and/or anisotropy (see Ref. [15] and references therein).
The two peak intensities for an ultrathin film are compa-
rable, i.e. the quantity of two magnetic phases in this film
are almost identical. That is consistent with Al diffusion
lengths estimation from SIMS measurements indicating
for this sample of 220 Å the thickness of the hard phase
to be about 120 Å.

4.2 Low temperature

The “bee-waist” shaped hysteresis is observed in the mea-
surement range between 300 K to 240 K. When the tem-
perature is decreased, the coercive field of the soft and
hard layers increase, as the anisotropy constants increase.
At a certain temperature which depends on the thickness
of the YIG film, the coercivity of the soft layer increases
above a critical value and the hysteresis loop exhibits the
usual shape. The hysteresis curves are symmetric with re-
spect to zero field for the temperatures between 300 K
and 75 K.

The magnetic exchange coupling is observed at lower
temperature by the hysteresis loop displacement (see
the inset to Fig. 7). When the sample is first satu-
rated in a positive magnetic field, the hysteresis loop is
shifted towards negative fields. This is a “standard” ex-
change bias behaviour of a two-layer antiferromagnetic-
ferro(ferri)magnetic system [12]. As the resulting magnetic
moment of YIG originates from the non-compensated
iron moments in the tetrahedral sites, and since the non-
magnetic Al ions occupy preferentially the tetrahedral po-
sitions, it is possible to obtain a compensated antiferro-
magnetic layer at a certain aluminium concentration in a
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Fig. 7. Exchange field Hex at 5 K as a function of the film
thickness for two substrate orientations (110) and (111). Dot-
ted lines are guides to the eye. The inset shows the hysteresis
loop displacement at 5 K for a (111)-oriented sample with a
thickness of 4600 Å.

YIG film [9]. This layer can serve as a pinning film for the
pure YIG.

The measurements of the loop displacement, that we
shall call the exchange field Hex as in the classical case of
exchange bias, were carried out in a SQUID magnetometer
after a field cool procedure. We should stress that there
was no difference neither in the loop shape, nor in its po-
sition between zero field cool and field cool procedure.

The exchange field depends on the film thickness. As
shown in Figure 7, the exchange field exhibits consider-
ably different thickness variations for two substrate ori-
entations (111) and (110). While the exchange field de-
creases with increasing film thickness for (110) oriented
films as predicted by the existing models [12], it seems
to increase for (111) oriented samples. One of the reasons
for this atypical behaviour could be related to the film
growth mode and the resulting interfacial roughness. In-
deed, the growth mode is different for two substrate orien-
tations due to the lattice strains. It has been observed [5]
that YIG exhibits columnar growth on both types of YAG
substrates. In the vicinity of the film/substrate interface
the columns are separated by small fractions of poorly
crystallised zones for the (111) oriented films. The (110)
samples are much better crystallised than those prepared
on (111) substrates. This structural arrangement certainly
modifies the coupling strength of (111) samples in com-
parison to (110) ones. For the ultrathin films the decrease
of Hex is accompanied by a significant increase of the film
coercivity. This is most probably related to the presence
of the imperfections in the hard layer as described in ref-
erence [16].

The thermal variation of Hex gives a significant in-
dication concerning the type of coupling present in this
two-layer system. The two possibilities discussed earlier
are either a dipolar coupling or a pure exchange cou-

pling. In the case of a dipolar coupling, the strength of
the coupling should be roughly proportional to the prod-
uct of the saturation magnetizations of the two magnetic
sublayers, YIG and Y3Fe5−xAlxO12. Moreover, the ther-
mal variation of dipolar coupling should be essentially re-
lated to the thermal variation of the saturation magne-
tization, which is δMS/MS(300 K) ∼ 38% for YIG in
the 5 K to 300 K temperature range. However, the bias
field decreases strongly upon increasing the temperature,
and vanishes above 75 K. This disparity between MS(T )
and Hex(T ) is an indication that Hex does not originate
from dipolar coupling, but from an exchange interaction.

Assuming exchange coupled layers with a flat inter-
face, the coupling energy [12] can be roughly estimated
as Eex ∼ HexMSt ≈ 0.17 erg/cm2 at 5 K for the sam-
ple of (111) orientation showing the highest value of Hex.
This value is comparable to Eex obtained for antiferro-
ferrimagnetic NiO/NiFe2O4 system [17]. For the (110) ori-
ented films the maximal coupling energy is about 20 times
lower in the thickness range from 180 to 1820 Å.

A “bee-waist” hysteresis loop and the loop displace-
ment were not observed when the applied field was per-
pendicular to the surface of the film. This result is pre-
dictable as the easy magnetization axis of both layers is
“in-plane”. It is also worth noticing that, contrary to the
case of ultrathin polycrystalline YIG films [15], the spon-
taneous magnetization always remains “in-plane” regard-
less of the temperature.

5 Conclusions

Single-crystalline epitaxial YIG films were grown on
yttrium aluminium garnet substrates by pulsed laser de-
position. A “bee-waist” shape of the hysteresis loop was
observed for ultrathin YIG / YAG films at room tempera-
ture. This effect can be explained by a magnetic exchange
coupling between two magnetic phases, an interfacial hard
phase and a soft phase. The soft phase is pure YIG. The
hard phase, Y3Fe5−xAlxO12, with low magnetization is
formed as a consequence of a slight interdiffusion of Fe
and Al at the film/substrate interface. The overall film
magnetization is therefore reduced in comparison to that
of “bulk” YIG of similar thickness. The shape of the hys-
teresis loops depend on film thickness and temperature.

At low temperature a hysteresis loop shift is observed.
The value of the displacement field depends on the film
thickness, and varies differently for two sample orienta-
tions (110) and (111). One of the reasons of such a be-
haviour can be the difference in the growth modes and
crystallisation of these two types of films. From the exper-
imental data we estimate the maximal interface exchange
energy for (111) oriented samples in the thickness range
from 220 to 4600 Å to be around 0.17 erg/cm2 at 5 K.

The thermal variation of the saturation magnetization
compared to the observed variation of Hex demonstrates
that the coupling is not due to the demagnetizing fields.

No reorientation of the magnetization perpendicularly
to the film surface is observed between 5 K to 300 K,
contrary to the case of polycrystalline YIG films [15].
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