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Using magneto-optical Faraday and Kerr measurements, we investigate the magnetic and magneto-
optical properties of a thick Bi-substituted gadolinium iron garnet film over a broad range of wavelengths
(250850 nm) and temperatures (150300 K), including the magnetization compensation point, 7,. We
observe an exchange-bias-like effect in the vicinity of 7),. By slightly changing the sample temperature,
we can precisely tune the bias field, which reaches a magnitude 6 times higher than the coercive field.
We explain this phenomenon by considering the short-range superexchange interaction and a change in
the magnetic behavior when moving from the surface to the bulk of the film. This finding may lead to the
development of single-film magneto-optical devices based on the exchange-bias effect.
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I. INTRODUCTION

Exchange bias (EB) is a magnetic phenomenon that
manifests itself by a shift of the magnetic hysteresis
loop along the field axis. This shift was discovered
in 1956 by Mieklejohn and Bean in the ferromagnet
(FM)-antiferromagnet (AF) system of core-shell Co/CoO
nanoparticles [1] and phenomenologically related to the
exchange interaction at the FM/AF interface, which cre-
ates a unidirectional magnetic anisotropy that alters the
magnetization reversal of the FM layer. Since that time,
EB has always been a very active research topic [2—6], in
particular, due to its high potential impact for many tech-
nological applications, ranging from data-storage products
[7,8] to spintronic devices [9—11], magnetic field sensors
[12—-16], and permanent magnet [17,18]. From a funda-
mental point of view, it provides an important opportunity
to improve the understanding of surface and interface mag-
netism, which constitute a crucial issue in magnetic thin
films and multilayers [2—6,19-23].

Most experimental and theoretical investigations of EB
have been performed on FM/AF systems. However, over
the years, EB was also observed in other types of interfaces
involving a ferrimagnet (FI), as in FI/AF [24-26], FI/FM
[7,27-29], and FI/FI [30,31] multilayers. Very recently,
it was found that ferrimagnetic metallic films of Dy-Co
showed an EB-like effect [32,33] associated with different
bulk and surface magnetism, which are strongly coupled
via exchange interactions. In this context, demonstrating
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the existence of an EB effect in a single FI insulator film of
iron garnet is of utmost importance for both basic research
and technological applications. Indeed, these garnets with
large superexchange interactions [34] can also possess a
significant perpendicular anisotropy, huge magneto-optical
(MO) responses, and good optical transparency to visible
and infrared light [34-37]. All these factors make them
very suitable for magneto-optical recording and integrated
optospintronic devices.

Here, we investigate the magnetic and magneto-optical
properties of a thick Bi-substituted gadolinium iron garnet
film by both Faraday and Kerr measurements over a broad
range of wavelengths (250-850 nm) and temperatures
(150300 K). The sample, with perpendicular magnetic
anisotropy much larger than the in-plane demagnetizing
field, presents large MO responses, allowing us to demon-
strate the existence of an exchange-bias-like effect near the
compensation temperature, Ty, ~ 242 K. By tuning the bias
field, Hgp, through small changes to the temperature, we
prove that it can be much higher than the coercive field
(Hgg =6.4H¢). We explain this EB-like phenomenon by
considering a change in the magnetic behavior when mov-
ing from the surface to the bulk part of the film together
with the atomic superexchange interaction.

II. SAMPLE PROPERTIES AND EXPERIMENTAL
METHODS

The sample is a 7-um-thick ferrimagnetic (GdTmPrBi);
(FeGa)sOj, single-crystalline garnet film, grown by
liquid-phase epitaxy (LPE) on a (111)-oriented gadolin-
ium gallium garnet (Gd;GasO,,, GGG) substrate obtained
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from CEA-LETI, France [38]. More information on the
sample-growth conditions and the LPE system used can
be found in Refs. [38,39]. The garnet film crystalizes in
a centrosymmetric cubic structure with the space group
Pa3d, which is characterized by three different crystallo-
graphic sites (tetrahedral, octahedral, and dodecahedral)
formed by the oxygen atoms [34,35]. These three crys-
tallographic sites contribute to the magnetization of this
material. The magnetic iron atoms are distributed over
the nonequivalent tetrahedral and octahedral sites, which
are coupled by a strong antiferromagnetic superexchange
interaction. The noncompensated iron magnetic moment
is coupled antiparallel to those of the rare-earth ions in
the dodecahedral site by a much weaker superexchange
interaction. Magnetization of the dodecahedral site comes
mainly from Gd atoms, where a small amount of Pr is used
to tune the magnetic anisotropy [38]. The exchange inter-
action within the Gd sublattice is very weak and magnetic
ordering of the dodecahedral sublattice is mainly estab-
lished by the strong negative exchange field induced by
iron in the tetrahedral sublattice [34,35]. Due to the differ-
ent temperature dependence of the antiferromagnetically
coupled Gd and Fe magnetic moments, the net magne-
tization, Mg, of the film vanishes at the compensation
temperature, T),. The value of T), is determined by the rel-
ative composition between Gd and Fe ions in the film and
is estimated to be about 288 K in pure Gd;FesO1, [40].
The nonmagnetic Bi and Ga ions are added to, respec-
tively, improve the MO responses [41] and the optical
transparency [42] of the film. A very small amount of Pb
ions is also known to exist in dodecahedral sites in LPE
garnets grown from PbO-based flux [41,43], as in the case
of our film [38].

The magnetic and MO properties of the film are inves-
tigated using a custom-designed broadband MO spectrom-
eter based on the 90°-polarization modulation technique
[36,37]. Briefly, collimated white light emitted from a
150 W Xe arc lamp is polarized by a Rochon polarizer and
modulated at 50 kHz with a Hinds photoelastic modulator
(PEM). The modulated light is focused onto the sample
at a near-normal incidence angle of 1.5°. The transmit-
ted (resp. reflected) light is collimated and analyzed with
a Rochon polarizer. The analyzed light is focused onto
a monochromator equipped with a motorized filter wheel
to eliminate higher-order diffraction and three diffraction
gratings to cover the 200—2200 nm spectral range. The syn-
chronous detection consists of a photomultiplier and two
lock-in amplifiers at the fundamental and double PEM fre-
quencies. The first-harmonic signal is proportional to the
ellipticities (¢, €g), whereas the second-harmonic signal
is proportional to the rotation (®, k). The sample is
mounted in a helium-cooled magneto-optical cryostat with
temperature stability better than 0.2 K. The external mag-
netic field, H ¢y, can be applied perpendicular or parallel to
the film plane.

III. RESULTS AND DISCUSSION

Figure 1 shows the spectral dependence of the MO
Faraday and Kerr rotations (®p, ®k) and ellipticities
(¢r, €x) measured at room temperature for a perpendic-
ular saturating field, He =8 kA/m. ®p has a negative
sign with a maximum of 3.9°/um at 570 nm, whereas ep
increases gradually when approaching the optical band gap
(Eg ~2.45 eV). We note that the Faraday responses can-
not be measured below this wavelength of 510 nm due
to the large thickness of the studied film. Regarding the
Kerr spectra, strong interference oscillations are observed
between 510 and 750 nm for both ®5 and ¢r. They reach
a value of about 2.6° near 575 nm. Above the band gap,
i.e., for A <510, Ok has two peaks with opposite signs
and an equal amplitude of 0.66°, whereas ex reaches a
maximum of 0.98° at 374 nm. The large Kerr signals and
interferences below E, are due to the multiple reflections in
the film. Not surprisingly, the spectral dependencies of the
Faraday and Kerr effects are in good agreement with pre-
vious studies of Bi-substituted iron garnet [36,37,4447].
From a fundamental point of view, they are well explained
in the visible and infrared regions by the crystal energy lev-
els of Fe** ions in octahedral and tetrahedral symmetries
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FIG. 1. Room-temperature magneto-optical polar (a) Faraday
and (b) Kerr rotations (®p, Ok) and ellipticities (ef, €x) of
garnet film.
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and their strong hybridization with the Bi 6p orbital, which
is characterized by large spin-orbit coupling [46—49].

The temperature dependences of the magnetic and MO
properties of the film are investigated by measuring the
polar Kerr and Faraday hysteresis loops as a function of
temperature [Figs. 2(a) and 2(b)]. The Faraday hysteresis
loops reveal the magnetic properties of the entire sample,
as transmitted light is analyzed. The Kerr hysteresis loops
are measured at a wavelength of 450 nm, which is only
sensitive to the first 1 0.2 um of the film. This value is
estimated from an optical study performed on compara-
ble samples with lower thickness. It is in good agreement
with the one calculated from the penetration depth, p,
which is defined as the depth for which the intensity of
light is reduced by a factor of 1/e. Indeed, the Kerr sig-
nal stems primarily from about twice §p [50], which can
be determined from the absorption coefficient, «, using the
relationship 8 p = 1/a. The absorption coefficient at 450 nm
in films with a composition of YGdTmGa ;Fe;301,, very
similar to our garnet, is o = 1.8 x 10* cm™! [51]. This
gives 6p =0.55 um, and therefore, a thickness of about
1.1 um can be probed via the Kerr effect. The normal-
ized Kerr and Faraday hysteresis loops measured at 300 K
are identical. The out-of-plane saturation field (~3 kA/m)
is very small compared with the in-plane saturation one
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FIG. 2. Temperature dependence of magnetic and magneto-
optical properties of garnet film measured with external magnetic
field, H ., applied perpendicular to film plane. Normalized polar
(a) Faraday and (b) Kerr hysteresis loops measured as a function
of temperature. (c) Temperature dependences of Faraday rota-
tion, ®f, and Kerr rotation, ®k, measured at wavelengths of
620 and 450 nm, respectively. (d) Temperature dependence of
coercive field, Hc.

(160 kA/m, not shown), revealing strong perpendicular
anisotropy. When decreasing the temperature from 300 to
260 K, the hysteresis loops become increasingly square
and the coercive field, H¢, continuously increases. By fur-
ther decreasing the temperature, the MO hysteresis loops
change in sign and H¢ decreases, as can be seen between
230 and 210 K. Below 205 K, the hysteresis loops revert
to the nonsquare shape, as at 300 K [Figs. 2(a) and 2(b)].

To further illustrate the temperature dependence of
the magnetic and MO properties, the amplitudes of O,
Ok, and H¢ are plotted as a function of temperature in
Figs. 2(c) and 2(d). The absolute amplitudes of ® and Ok
have a very small or no dependence on temperature, which
is in good agreement with the approach describing the MO
effects in Bi-doped iron garnets with diamagnetic optical
transitions [46,47,52]. On the other hand, near 242.5 K,
both ®r and O change sign [Fig. 2(c)] and He maximizes
[Fig. 2(d)]. Such behavior of H¢ is typical at T),. Indeed,
to reverse magnetization, the applied energy field, M;H,
must overcome a constant magnetic energy barrier, and
therefore, H¢ increases significantly when Mg goes to zero
[53—55]. The nonzero amplitude of the MO responses and
their change of sign when crossing T}, are also common of
ferrimagnets where the MO effects are dominated by the
prevailing magnetic sublattice [46,47,52,56], and there-
fore, are not affected by the zero net value of My. Indeed,
in Bi-substituted iron garnets, the MO signals in visible
and infrared regions come from the resultant magnetiza-
tion, M., of the Fe sublattices [46,47,52]. The change of
M; from being dominated by M. to being dominated by
M Gq when crossing Ty, leads to a reverse in the direction
of Mg, along H ¢, and therefore, to a change in the sign of
the MO responses.

Interestingly, the Faraday and Kerr hysteresis loops
measured between 235 and 250 K, i.e., closer to T),, are
more complex [Figs. 3(a) and 3(b)]. The Faraday ones
show two important features. First, for magnetic fields
higher than Hgg, the amplitude of ®f corresponds to
a “pseudosaturated” state lower than the expected fully
saturated state measured at the remanence. This pseu-
dosaturated state is very stable and can be maintained up
to 2800 kA/m. It is also observed in the e hysteresis
loops, confirming the magnetic origin of the phenomenon.
Second, both Hgg and ®p (H > Hgp) highly depend on
the temperature. At the compensation temperature, O
(H > Hgg) tends to zero and Hgg minimizes, which is the
opposite behavior of H¢ [Figs. 3(a) and 3(d)]. Regard-
ing the Kerr hysteresis loops, they show different, but
nonetheless interesting, behavior. Indeed, at temperatures
equal to or slightly lower than Tj,, the hysteresis loops
remain square with jumps at +H, without any further effect
for Hey > H.. However, when the temperature becomes
higher than Tj,, a second hysteresis loop well separated
from the main one appears at fields comparable to Hgg
[Figs. 3(a) and 3(b)].
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FIG. 3. Magnetic and magneto-optical properties of garnet

sample in the vicinity of compensation temperature 7j,. Normal-
ized polar (a) Faraday and (b) Kerr hysteresis loops measured
in vicinity of T),. (¢) Comparison between polar Faraday and
Kerr hysteresis loops measured at 247.5 K. (d) Temperature
dependence of coercive field H¢ and exchange-bias field Hgg.

The square shape with the fully saturated state of the
Kerr hysteresis loops near 7, reflects the high magnetic
anisotropy of the film [see Fig. 3(b)]. This is in good
agreement with the fact that near 7), the in-plane satura-
tion field (~160 kA/m) is still very high compared with
that of the out-of-plane one (~11 kA/m). Additionally, the
abrupt reversal of ®k toward a fully saturated magnetic
state for H.y > Hgp cannot be related to a spin-flop tran-
sition. Indeed, magnetization of the first 1 um probed by
the Kerr effect is always aligned with the direction of H ey,
whereas, for spin-flop transitions, all spins turn continu-
ously from the normal of the sample (i.e., turn toward the
direction perpendicular to H.y), get canted, and form a
noncollinear state [57-59].

To understand the observed Kerr and Faraday hystere-
sis loops and their complex shapes near 7j,, we consider a
composition gradient through the sample thickness, which
leads to a continuous variation of 7,. This effect is not
surprising in thick garnets films grown by LPE, where a
decrease in the amount of incorporated Pb and Bi atoms
usually occurs during growth [60,61], and therefore, fewer
Gd atoms are substituted when the thickness of the crys-
tal increases. This leads to a gradient of the compensa-
tion temperature across the film, which increases when
approaching the surface. To describe this situation, we

define three compensation temperatures for the behavior at
the interface, T; in the bulk, Tg; and at the surface, Tys,
where Ty < Tms = Ty < Tuws. As a consequence, for tem-
peratures between Ty and Ty, the atomic planes near the
interface with GGG, which we call the “interface layer,”
will be dominated by M., whereas the rest of the film
will be dominated by M 4. The individual behaviors of the
interface layer and the rest of the film, as well as their inter-
play, should play a role in the measured hysteresis loops.
On the other hand, for temperatures between Tyg and Ts,
the atomic planes near the surface, which we call the “sur-
face layer,” will be dominated by M g4, whereas the rest of
the film will be dominated by Mg.. In this case, the individ-
ual behaviors of the surface layer and the rest of the film, as
well as their interplay, should play a role in the measured
hysteresis loops. We denote in the following the rest of the
film as “bulk,” as it represents the thicker part of the film
with the same net magnetization direction.

The Kerr and Faraday hysteresis loops measured at
247.5 K can be used to provide clear insights into the
mechanisms behind the complex shapes of the observed
hysteresis loops (Fig. 4). At this temperature, slightly
above T),, the atomic planes near the surface are domi-
nated by M4, whereas those of the bulk are dominated
by Mpg.. At the magnetic remanence, the strong superex-
change interactions couple the Fe spins of the surface
layer to the bulk ones, leading to the spin configuration
of Fig. 4(c), where the surface magnetization is antiparal-
lel to the bulk one. At high fields, the Zeeman interaction
becomes stronger than the exchange coupling and the net
surface magnetization reverses to align parallel to the field
direction. The reversal of the surface layer occurs at Hgp
and leads to a modulated out-of-plane domain-wall con-
figuration within the volume of the film, in which the
anisotropy and exchange energy are stored [Fig. 4(d)]. This
induces a decrease of the Faraday signal due to the tran-
sition of the surface Fe magnetic moments from parallel
to antiparallel to Hy [Fig. 4(b)]. The full reversal of the
Kerr signal above Hgg [Fig. 4(a)] is related to the large
thickness of the surface layer compared with the probed
thickness by the Kerr effect. The same approach can also
explain the complex hysteresis loops observed for temper-
atures slightly below Ty, i.e., Ty < T < Tvmp, Where an
interface layer is dominated by M., whereas the rest of the
film is dominated by M gq. In this case, when the external
field reaches Hgg, the net magnetization of the interface
layer will rotate to align parallel to H .y, while magnetiza-
tion of the top part of the bulk remains unchanged, as it is
already aligned with H¢y at Hc. The Faraday signal will
therefore show a jump at Hgg, while no effect will appear
in Kerr loops, as the deeply buried interface layer cannot
be detected by the Kerr effect. We note that a study of the
domain wall and magnetization profile inside a magnetic
system can be performed using polarized-neutron reflec-
tivity measurements [62—65]. Indeed, such a technique has
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FIG. 4. Magnetic spin structure near 7j,. Normalized polar
(a) Faraday and (b) Kerr hysteresis loops measured at 247.5 K.
Arrows show evolution of hysteresis loops as a function of exter-
nal magnetic field. Sketch of magnetic spin structure of garnet
film at 247.5 K in (c) remanent and (d) saturation magnetic states.

been previously used to predict an interfacial domain-wall
formation in the ferromagnetic layer of exchange-coupled
Fe304/NiO multilayers [65]. Such a full polarized-neutron
study goes beyond the scope of the present paper.

The position of the domain wall is highly dependent
on temperature. It is located closer to the substrate for
temperatures Ty < T < Ty and moves toward the sur-
face by increasing the temperature above 7yg. The width
of this out-of-plane domain wall, Wp, is given by Wp =
w/A/K, where 4 and K are, respectively, the atomic
exchange stiffness and the crystalline anisotropy of the
film [66]. Using values of 4=23.26 x 10~/ erg/cm and
K =10628 erg/cm® obtained in films with similar com-
positions and anisotropy [67], a domain-wall width of
Wp=174 nm is obtained. On the other hand, Hgg can
be expressed as Hgg = 2J/AK /t:Ms, where ¢, and M, are

the thickness and saturation magnetization of the “sur-
face” [66]. From the amplitude of the Faraday hysteresis
loops for H > Hgg [see Fig. 3(b)], we can safely assume
t;~2.9 um at 247.5 K. Moreover, near 7,,, M, should
have a value of very few emu/cm’. Using a value of
M;=1.5 emu/cm® yields Hgg (T=247.5 K)~270 Oe,
i.e., 21 kA/m, in agreement with experimental data.

IV. CONCLUSION

We investigate the magnetic and magneto-optical prop-
erties of a thick film of Bi-substituted gadolinium iron gar-
net by both Faraday and Kerr effects over a broad range of
wavelengths (250—850 nm) and temperatures (150-300 K),
including the compensation point, 7j,. We show that the
sample has a perpendicular magnetic anisotropy together
with a large MO response, which fully fulfils the condi-
tions for many magnetic and MO applications. In particu-
lar, we demonstrate an exchange-bias-like effect near 7).
We show that the bias field, Hgg, may be much larger than
He (Hgg=6.4H¢), and we explain this phenomenon by
considering a change in the magnetic behavior when mov-
ing from the surface to the bottom part of film. This large
and tunable exchange-bias effect may lead to the devel-
opment of single-film magneto-optical devices based on
exchange bias.
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