Circularly Polarized Light-Induced Magnetization Reversal in
Bi,Ga-Substituted Magnetic Garnet Films
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All-optical magnetization switching (AOS) in magneto-optical materials is promising phenomena for applications
such as high-speed optical modulation technology, as it allows for magnetization reversal using only ultrashort laser
pulses. We report on AOS induced by circularly polarized light in Bi,Ga-substituted magnetic garnet, Bi2sRosFesGaO12
(R= Eu, Nd and Y), thin films prepared by the metal-organic decomposition method, which possess bothlarge Faraday
effect and perpendicular magnetic anisotropy. The experiments for circularly polarized light-induced magnetization
reversal were performed using laser pulses with a wavelength of 514 nm and a pulse width of 230fs. Helicity-
dependent ring-shaped magnetic domains were formed around demagnetized domains for all samples, when
approximately 200 pulses were cumulatively irradiated onto a single spot on the samples.
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1. Introduction

The advent of femtosecond pulsed lasers enabled the
investigation of magnetization dynamics on timescales
below 1 ps?. Subsequently, the phenomenon of All-
optical magnetization switching (AOS) was discovered in
Gd-Fe-Co thin films, where the magnetization reverses
solely by the irradiation of a single laser pulse?. AOS is
classified into helicity-independent AOS (HI-AOS) and
helicity-dependent AOS (HD-AOS). Switching that is
achieved with a single pulse is termed deterministic (or
single-shot), while that which requires multiple pulses is
referred to as cumulative (or multi-shot).

To date, deterministic HI-AOS has been reported in
Gd-Fe-Co thin films® and Co-substituted Yttrium Iron
Garnet (Co:YIG)?. Additionally, cumulative HI-AOS has
been reported in materials such as NiCo204. HI-AOS is
a thermally driven process that has been reported to
arise from differences in the demagnetization times of
the spin sublattices of antiparallel aligned magnetic
moments®. Consequently, HI-AOS has been considered a
phenomenon unique to ferrimagnetic materials.

In contrast, deterministic HD-AOS has only been
reported in Gd-Fe-Co thin films to date?.®. Other
ferrimagnetic materials? and ferromagnetic materials,
such as Co/Pt multilayer films®, exhibited cumulative
HD-AOS. The mechanism of HD-AOS was initially
attributed to the inverse Faraday effect (IFE)9. However,
subsequent studies suggested that the magnetic circular
dichroism (MCD) effect during light absorption!®.1D in
magnetic materials played a more dominant role.
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Bi-substituted magnetic garnets examined in this
study are ferrimagnetic materials that exhibit large
magneto-optical MO) effects. Given these features, it is
highly plausible that HD-AOS could be observed in Bi-
substituted magnetic garnets, which possess large MO
effects. However,
substituted magnetic garnets have been published to

date. Therefore, in this study, we investigated circularly

no AOS reports concerning Bi-

polarized light-induced magnetization reversal using Bi-
and Ga-substituted  magnetic garnet films,
Biz2sRosFesGaO1z (BizsGarRIG) where R is rare-earth
element, which possess excellent MO properties and
perpendicular magnetic anisotropy (PMA). In this paper,
we report on circularly polarized light-induced
magnetization reversal in Bi2sGa1: RIG (R= Eu, Nd and
Y) upon cumulative irradiation with laser pulses of
varying polarization states.

2. Bi,Ga-substituted rare-earth iron garnet

Rare-earth iron garnets, RsFes012 (RIG) have a garnet
crystal structure, in which iron ions, Fe3*, occupy the
tetrahedral and octahedral lattice sites, and rare-earth
ions, R3*, occupy the dodecahedral sites!?. Within the
molecular formula unit RIG, Fe3* occupies three
tetrahedral sites and two octahedral sites. Due to the
antiferromagnetic coupling between these sites, the net
magnetic moment per molecule | 3 X5 B -2 X5 uB| =5
4812, On the other hand, the magnetic moments of the
rare-earth ions vary depending on the specific rare-earth
element.

It is well known that substituting Bi3* for R3*
significantly enhances the MO effect’?. Furthermore,
Ga3* substitution enables to reduce the saturation
magnetization, since it has no magnetic moment and 90%



of the substituting Ga3+ replaces Fe3* in the tetrahedral
sites, resulting in a reduction of the demagnetization
field (4mMs )19.19, In this study, Bi substitution amount
was set to 2.5 to achieve a large Faraday rotation angle.
In addition, to achieve PMA, the Ga substitution amount
was set to 1.0 to decrease demagnetization filed¥, and
GdsGasO12 (GGG) single-crystal substrate with a (111)
orientation was chosen to utilize that RIGs have the
easy-axis of magnetization along the (111). Furthermore,
to investigate the rare-earth ion dependence of the AOS
induced by circularly polarized light, Eu, Nd and Y were
selected as the rare-earth elements, where magnetic
moments of Eu3*, Nd3+* and Y3* are oriented antiparallel,
parallel, and exhibit no moment, respectively, with
respect to the net magnetic moment of Fe3* in the garnet
structure!?-16,

Bi2sGar:RIG (R = Eu, Nd and Y), i.e. Bi2sGar:EIG,
Bi25Ga1:NIG and Bi2sGa1:YIG, thin films were prepared
on GGG (111) substrates using the MOD method!?. The
MOD solutions, produced by Kojundo Chemical
Laboratory Co., Ltd. were used. Bi25Ga1:EIG thin film
was prepared using MOD solution prepared by mixing
the MOD solutions, BiEuFe-04(2.5/0.5/5) and BiEuFeGa-
04(2.5/0.5/3/2), in a 1:1 ratio. Bi2sGarNIG and
Bi25Ga1:'YIG thin films were prepared using BiNdFeGa-
04 (2.5/0.5/4/1) and BiYFeGa-04 (2.5/0.5/4/1),
respectively. For the MOD method, the GGG (111)
substrate was placed in a spin coater, coated with the
MOD solution, and spun at 3000 rpm for 30 s. This was
followed by a drying process on a hot plate at 100°C for
10 min, and then a pre-annealing at 450°C for 10 min. In
this study, the coating to pre-annealing process was
repeated five times, followed by a final annealing at
700°C for 3h in an electric furnace. The total film
thickness fabricated by this process is estimated to be
approximately 150 nm.

The crystallinity of prepared Bi2sGai:RIG thin films
was characterized by the X-ray diffractometer (XRD)
(Rigaku, SmartLab) using CuKau1 radiation (A = 0.154059
nm) for out-of-plane measurements monochromized with
a double Ge (220) monochromator. Faraday rotation and
ellipticity spectra and Faraday rotation hysteresis were
measured using MO spectrometer, and magnetic domain
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Fig.1 X-ray diffraction patterns of Bi2sGaiEIG,
Bi25Gai:NIG and Bi25Gai:YIG thin films.

structures were measured using MO imaging technique.

Figure 1 shows XRD patterns (20/w scan) of
Biz2s5Ga1:EIG, BizsGai:NIG and BizsGai1'YIG thin films,
where an inset shows ¢ scan for (422) of Bi2sGar:NIG.
Diffraction peaks were clearly observed in the lower
angle side of GGG 444 peak for all samples, which can be
estimated as 444 diffraction peaks of BizsGaiEIG,
Bi25Gai:NIG and Bi2sGai'YIG thin films, respectively.
The ¢ scan of the Bi25Ga1:NIG showed 6-fold symmetry,
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Fig.2 Faraday rotation (solid line) and Ellipticity
(dotted line) spectra of BizsGar:EIG, BizsGa1:NIG and
Bi25Ga1'YIG thin films.
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Fig. 3 Faraday rotation hysteresis of Bi2sGai:EIG,
Bi25Ga1:NIG and Bi2sGai:YIG thin films.

Fig. 4 MO images measured for demagnetized states
of (a) Bi2sGarEIG, (b) Bi2sGar:NIG and (o)
Bi25Ga1’YIG thin films.



and similar results were obtained for the other two
samples, not shown here. These results suggested that
all samples were epitaxially grown with (111) orientation
on GGG substrates. The out-of-plane lattice constants for
the Bi2sGaiEIG, Bi2sGaiNIG and BizsGaiYIG thin
films were obtained to be 1.258, 1.260 and 1.255 nm,
respectively.

Figure 2 shows Faradayrotationand ellipticity spectra
of all samples, exhibiting the characteristic spectral
shape of Bi-substituted rare-earth iron garnets. Faraday
rotation and ellipticity angles at a wavelength of 514 nm
were approximately -2° and 2°, respectively. Figure 3
shows Faraday rotation hysteresis of BizsGar:EIG (at1=
519 nm), Bi25Gar:NIG (at 1 =514 nm) and BizsGar:'YIG
(at 1= 514nm) thin films. The magnetic hysteresis loops
showed a square shape, although the coercivity field (Hc)
varied among the samples. These results suggested that
the magnetic and MO characteristics in Bi25Ga1:RIG do
not significantly depend on the rare-earth element.

Figure 4 shows MO images of Bi2sGai:EIG,
Bi2sGai:NIG and  Bi2sGarYIG measured  at
demagnetization states. Magnetic domain patterns
clearly
observed. Many magnetic domains measuring several
tens of microns were observed in the Bi2sGai:EIG thin
film, and it was found that their size was larger than that
of Bi25sGa1:NIG or Bi2sGai'YIG.

indicating perpendicular magnetization are

3. AOS experiments

Figure 5 illustrates the optical setup used in this
experiment, which integrates the laser excitation and
magneto-optical systems. The
irradiation was performed using a Yb: KGW laser
operating at a wavelength of 514 nm, a pulse duration of
230 fs, and a repetition rate of 10 kHz. A polarizer and a
quarter-wave plate (QWP) were used to control the
polarization state of the laser beam. The polarization-
controlled laser pulses were focused onto the sample
using a 20X objective lens with a numerical aperture
(NA) of 0.45. The sample was fixed onto a sample stage
capable of movement along the x and y axes. Observation
of the formed magnetic domains was performed using a
green LED with a wavelength of 520 nm as the light
source and a polarization cameral?.

Kerr  microscopy

Laserpulses were delivered using both cumulative and
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Fig. 5 Optical setup for AOS experiments.

scanning irradiation methods. In cumulative irradiation,
the number of pulses directed onto the same spot was
controlled by a shutter. In scanning irradiation, the
sample stage was moved at a constant speed of
approximately 50 pm/s during laser exposure. These
experiments were conducted at room temperature (RT)
and in ambient air. Prior to laserirradiation, an external
magnetic field was applied to the sample to achieve
magnetic saturation (i.e., aligning the magnetization
uniformly in one direction).

Figure 6 shows the magnetic domain images of the
Bi25Gai:EIG, Bi2sGai:NIG and Bi2sGai'YIG film after
cumulative irradiation with left-circularly polarized
(LCP), linearly polarized (LP), and right-circularly
polarized (RCP) light (from left to right) for both initial
magnetizationstates,up (M+) and down (M-). The laser
fluence for irradiation was set to 76 md/cm2, and the
number of accumulated pulses was 200.

As shown in Fig.6(a), when the initial magnetization
was upward, cumulative irradiation with LCP and LP
resulted in a demagnetized state, characterized by
magnetic domains randomly oriented both upward and
downward. Cumulative irradiation with RCP revealed
the formation of an annular magnetization reversal
domain (AOS ring), which is characteristic of cumulative
HD-AOS, with a demagnetized state inside the ring.
Conversely, when the initial magnetization was
downward, LCP irradiation resulted in the formation of
AOS ring with a central demagnetized state, while LP
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Fig. 6 MO images of (a) BizsGaiEIG, (b)
Bi25Gar'NIG and (¢) Bi2sGa1'YIG thin films. Initial
magnetization direction: Black represents upward
(M+), and white represents downward (M-).



(a)

LCP Lcp

LP e LP

oon "

LCP

LP

RCP  svser ——
50 pm

Fig. 7MOimages of (a) Bi25Ga1:EIG, (b) BizsGai:NIG
and (¢ BizsGar’YIG thin films measured after
scanning irradiation with LCP, LP and RCP, where
vertical line-shaped magnetic domains with opposite
magnetization state M+ were written in advance by
the scanning irradiation with LCP.

and RCP resulted only in a demagnetized state.
Cumulativeirradiation experiments were also conducted
on Bi25Gai:NIG and Bi25Gai:YIG as shown in Figs. 6(b)
and 6(c), respectively. In both samples, helicity-dependent AOS
rings formed during the cumulative irradiation process as
observed for the Bi25Ga1:EIG thin film.

Figure 7 shows MO images of the Bi2sGarEIG,
Bi25Ga1:NIG and Bi25Ga1:YIG films measured after the
scanning irradiation with LCP, LP and RCP with a laser
fluence of 58 md/cm2. Before the scanning with the three
polarization states, the samples were magnetized in a
downward magnetization state M—, and 5 or 6 vertical
line-shaped  magnetic with  opposite
magnetization state M+ were written by the scanning
irradiation with LCP light at the same power. As shown
in Fig. 7, regardless of the type of rare earth element in
the samples, line-shaped magnetic domains with M+ and
M- were obtained for LCP and RCP, respectively, and
demagnetized domains were obtained for LP. These
results clearly demonstrate HD-AOS in Bi-substituted
rare-earth iron garnets, which is consistent with the results
of other studies on HD-A0S23579, The details of the rare
earth dependence of HD-AOS will be reported in the near
future.

Focusing on the MCD effect, which is considered
crucial for the manifestation of HD-AOS, the
Bi25Ga1:RIG film exhibits a large ellipticity angle. The
ellipticity angle remains nearly constant even when the

domains

rare-earth ion is altered. Consequently, it is suggested
that HD-AOS manifested similarly across the three
Bi25Gai: RIG samples. In other words, this high MCD
effect is considered to play a major role in the
manifestation of HD-AOS in Bi-substituted rare-earth

iron garnets.
4. Conclusion

In  conclusion, we demonstrated that the
magnetization of Bi2sGai:EIG, Bi2sGai:NIG and
Bi25Ga1:YIG thin films can be reversed by circularly
polarized laser pulses without an external magneticfield,
using a pulsed laseroperating at a wavelength of 514 nm,
a pulse duration of 230 fs, and a repetitionrate of 10 kHz.
This magnetizationreversal is determined by the helicity
of the circularly polarized light. We considered that high
MCD effect of Bi,Ga-substituted magnetic garnets plays
a major role in the manifestation of HD-AOS.
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