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a  b  s  t  r  a  c  t

Interactions  between  light  and  magnetic  matter  attracted  great  attention  lately  due to  their  potential
applications  in  nanophotonics,  spintronics,  and  high-accuracy  sensing.  Here,  we  grew bismuth  quantum
dots  (Bi–QDs)  with  strong  spin–orbit  coupling  on  a magnetic  insulator  yttrium  iron  garnet  (YIG)  via
molecular  beam  epitaxy.  The  YIG/Bi–QDs  material  shows  an enhanced  magneto-optical  Kerr  rotation  up
to 130%  compared  with  that  of  a  bare  YIG  film.  The  Bi–QDs  were  also introduced  onto  a lutetium–bismuth
co-doped  YIG  film  to form  a hybrid  system  with  remarkably  enhanced  Kerr  rotation  (from  1626  to  2341
mdeg).  Ferromagnetic  resonance  measurements  showed  an  increased  effective  magnetization  as  well  as
interfacial  spin–orbit  field  in  the YIG/Bi–QD  heterostructures.  Localized  plasmons  were  mapped  using
electron  energy  loss  spectroscopy  with  high  spatial  resolution,  revealing  enhanced  plasmon  intensity  at
ismuth quantum dot
erromagnetic resonance

both the  Bi–QD  surface  and  YIG/Bi–QD  interface.  Introducing  Bi-QDs  onto  the  YIG  film  enhanced  Kerr
rotation  owing  to  the  attenuated  optical  reflection  and  increased  effective  magnetization.  The  Bi–QD-
enhanced  magneto-optical  effect  enables  development  of efficient  nanoscale  light  switching,  spintronics,
and  even  plasmonic  nano-antennas.

©  2020  Published  by Elsevier  Ltd  on  behalf  of The editorial  office  of  Journal  of  Materials  Science  &
Technology.
. Introduction

Light has both spin and orbital angular momentum, which
etermine many of its dynamic properties. Usually, the spin–orbit
oupling (SOC) of photons is very weak, and observing SOC effects
as typically relied on quantum weak measurements [1]. Enhanced

ight SOC has been explored in plasmonic metal nanostructures and
ould be harnessed for nanophotonic applications [2]. Interactions
etween light and condensed matter have received much attention
ecause of potential applications in nanophotonic components and

ircuits [3–5]. Studies have shown that metal optical components
an enhance typically weak magneto-optical (MO) effects [6–9].
hin and co-workers demonstrated a plasmonic MO  heterostruc-
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H. Zhang).

ttps://doi.org/10.1016/j.jmst.2020.03.025
005-0302/© 2020 Published by Elsevier Ltd on behalf of The editorial office of Journal of
ture with greatly enhanced Faraday rotation in a patterned periodic
array of gold nanowires on a bismuth–iron garnet film [10]. Most
studies of surface plasmons have focused on noble metals such as
gold and silver. However, these metals must be combined with
optically active materials to provide active control of plasmons. In
particular, magneto-plasmons can be controlled with a magnetic
field applied to a magnetic-metal hybrid system [11,12].

The magneto-optical Kerr effect (MOKE) converts linearly polar-
ized light into elliptically polarized light in MO materials. Recently,
the MOKE has been used to detect SOC-related torque in magnetic
films, such as insulating yttrium–iron garnet (YIG) and metallic
CoFeB, and heavy-metal Pt heterostructures via the interactions
between electron spin angular momentum and light [13,14]. The
MOKE in YIG is small for near-infrared wavelengths. Substituting
yttrium with bismuth or a rare-earth element can enhance the

MOKE with only small changes in the magnetic moment [15–18].
The large MO effect in Bi- or Ce-doped YIG stems from intra-atomic
orbital dipole transitions between the 4f and 5d states of Ce or inter-
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Table 1
Size and distribution of different samples as determined by atomic force microscopy
and STEM. Each number in parentheses denotes the Bi–QD growth time (time, min).

Sample Number per �m2 Mean height (nm) Mean diameter (nm)

YIG/Bi-QD(10) 4.9 ± 0.1 18.1 ± 0.1 29.8 ± 0.1
YIG/Bi-QD(20) 6.6 ± 0.1 31.9.±0.1 36.2 ± 0.1
YIG/Bi-QD(30) 12.7 ± 0.1 43.2 ± 0.1 55.1 ± 0.1
L. Jin et al. / Journal of Materials S

tomic dipole transitions between the 4f states of Ce and 3d states
f Fe [19]. In fact, Bi is an interesting semimetal with strong SOC
20]. Two-dimensional Bi has been theoretically predicted to have a
uantum spin Hall effect and enhanced magnetic response [21,22].
se and MacDonald predicted a large MOKE in the Bi2Se3 thin film
wing to a delicate interplay between the thin-film cavity confine-
ent and surface Hall conductivity of helical quasiparticles [23].
oreover, Bi nanostructures show exceptional plasmonic proper-

ies in the visible-ultraviolet and far-infrared regions [24]. Thus,
urther investigations of MO properties in nano-sized Bi/magnetic-
nsulating heterostructures are important for developing advanced
anophotonic devices and circuits.

Here, we grew Bi quantum dots (Bi–QDs) using molecular
eam epitaxy (MBE) on a single-crystalline YIG film, yielding a
trongly enhanced MOKE in the YIG/Bi–QD hybrid system. The
nhanced MOKE results from the attenuated optical reflection
nd increased effective magnetization in Bi–QDs. Localized plas-
ons were mapped using electron energy loss (EEL) spectroscopy
ith high spatial resolution, revealing greatly enhanced plasmon

esonance at both the Bi–QD surface and YIG/Bi–QD interface.
erromagnetic resonance measurements showed an increased
ffective magnetization and interfacial spin–orbit field in the
IG/Bi–QD system. The Bi–QD-enhanced MOKE we  discovered
ffers greater ability to develop 2D magneto-optical materials.

. Experiments and methods

.1. Material preparations

The magnetic layer was a 400-nm-thick single-crystal YIG film
ith the composition La0.03Y2.97Fe5O12, grown via liquid-phase

pitaxy on gadolinium–gallium garnet Gd3Ga5O12 (GGG) sub-
trates at 970 ◦C. Lanthanum was substituted for better lattice
atching. After cleaning with acetone, alcohol, and a mixture of
2SO4 and H2O2, the single-crystalline YIG film was annealed at
00 ◦C for 2 h in an MBE  chamber to restructure the YIG surface. The
i–QDs then self-assembled on the YIG film at 200 ◦C with a pres-
ure of 5 × 10−10 Torr and growth rate of 0.003 nm/s. The Bi–QDs
ave large surface area and they are easy to react with the oxygen

n air. So, all the samples should be kept in vacuum chamber to
void the oxidation.

.2. Material characterizations

To measure ferromagnetic properties, we used a vector net-
ork analyzer ferromagnetic resonance (VNA-FMR) spectrometer

o determine the change in magnetic properties of the YIG/Bi–QD
eterostructure. The coplanar waveguide was 50 � impedance-
atched and could transmit microwave frequencies up to 40 GHz.

he vector network analyzer then applied a −10 dBm power to the
icro-strip line and recorded the complex transmission parame-

er S at a fixed frequency with a sweeping magnetic field. The polar
OKE was measured with a Kerr magnetometer (Nano-MOKE3,

ritish Durham Corp.) with a polarization sensitivity of 0.5 mdeg.
he laser spot could be focused to a size as small as 2 �m at

 wavelength of 660 nm.  Raman spectra were measured with a
onfocal Raman microscope (InVia, Renishaw, UK). The laser spot
as focused to 1 �m at 514 nm.  We  performed the photolumines-

ence measurements using a spectrophotometer (Model F–7000
L, Hitachi) with a 220 nm xenon lamp to detect the fluorescence
pectrum. Atomically resolved microstructures were characterized

ith a spherical aberration-corrected scanning transmission elec-

ron microscope (AC–STEM; Titan Cubed Themis G2 300) operated
t 300 kV. Elemental maps of the YIG/Bi–QDs were collected in
TEM mode with energy dispersive X-ray (EDX) detectors. High-
YIG/Bi-QD(40) 25.8 ± 0.1 45.8 ± 0.1 57.7 ± 0.1
YIG/Bi-QD(50) 38.5 ± 0.1 47.9 ± 0.1 60.4 ± 0.1

spatial-resolution EEL spectroscopy was  performed in STEM mode
to characterize the localized surface plasmons in the YIG/Bi–QD
hybrid system with an incident electron beam energy of 60 keV.

3. Results and discussion

3.1. Synthesis and surface morphology characterization

We examined the surface morphologies of the Bi–QDs using
STEM. Figs. 1(a) and S1 (supplementary information) show notice-
able nanoparticle morphology. Evidently, the Bi grows by island
formation at the temperature of 200 ◦C. It appears that growth at an
elevated temperature allows sufficient movement of the Bi atoms
on the YIG film surface to assemble into nano islands, which do not
coalesce to form thin films. As the growth time increased from 10
to 50 min, the Bi–QDs grew bigger and were more intensively dis-
tributed. After 30 min, their size had changed little (see Table 1).
The STEM images in Fig. 1(a)–(c) show that the Bi–QDs in the sam-
ple YIG/Bi–QD(30) had a mean diameter of 55 nm and a height of
43 nm.  The spatial distributions of bismuth, iron, yttrium, and oxy-
gen were determined via STEM combined with EDX spectroscopy,
as shown in Fig. 1(d)–(g). The elemental maps in Fig. 1(d) show
sharp interfaces between the Bi–QDs and YIG film, which formed
without any bismuth diffusion.

3.2. Ferromagnetic resonance properties of the YIG/Bi–QD hybrid
system

Fig. 2 shows the dynamic magnetic properties of the YIG/Bi–QD
system revealed by the ferromagnetic resonance (FMR) measure-
ments. In Fig. 2(a), the static magnetic field H was fixed in-plane
along the y axis, and the dynamic magnetic field hrf was along the
x axis. An in-plane rotational stage was used to rotate the sample,
which is equivalent to rotating H and hrf. The symbol S21 denotes
the microwave transmission from port 1 to port 2. We  performed
angular-dependent FMR  spectroscopy to determine the magnetic
anisotropy field Hk. The FMR  field HFMR and azimuthal angle ˚H
have the cosine relationship [25,26]:

HFMR=H0–Hkcos(2˚H) (1)

where H0 is the in-plane resonance magnetic field without the mag-
netic anisotropy field Hk. As shown in Fig. 2(c), Hk changed slightly
among the specimens irrespective of the crystal orientation of YIG.
The average Hk values of YIG (100) and YIG (111) were 113.7 and
1.9 Oe, respectively, indicating that the Bi–QDs did not affect the
magnetic anisotropy of the YIG/Bi–QD system. We  measured the
transmission parameter S21 as function of frequency to determine
the effective magnetization 4�Meff and effective damping param-
eter ˛eff. The applied magnetic field H was  fixed along the y axis in
the xy plane.
At a fixed frequency of 11 GHz, the FMR  field shifted down-
field for longer Bi–QD growth times. The YIG/Bi–QD hybrid system
had stronger microwave absorption than that of bare YIG, shown
in Fig. 2(b). The FMR  linewidth broadening �H  is shown in Fig.
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Fig. 1. (a) STEM image of Bi–QDs grown on a YIG film surface; the scale bar is 100 nm.  (b) Bright-field (BF) image of a single self-assembled Bi–QD on a YIG film; the scale
bar  is 10 nm.  (c) Expanded view of the BF image indicated by the square in (a); the scale bar is 5 nm.  (d–g) EDX elemental mapping of bismuth, yttrium, iron, and oxygen,
respectively; each scale bar is 10 nm.

Fig. 2. (a) Schematic of the ferromagnetic resonance measurement. (b) H dependence of S21 in the YIG/Bi–QD specimen; the excitation frequency is 11 GHz, and the crystal
orientation of the YIG substrate is (111). (c) Schematic of the angular-dependent FMR  measurement. (d) Bi–QD growth-time dependence of the magnetic anisotropy field
H nd bl
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k for the crystal orientations (100) and (111) in YIG/Bi–QDs (marked by red dots a
zimuthal angle ˚H for YIG/Bi–QD (40) samples with substrates YIG (100) (red cir
nhomogeneous broadening �H0 (black squares), effective damping parameter ˛eff

3 of the Supplementary Information. The effective magnetization
�Meff can be determined from the Kittel formula:√
FMR = ��0 (HFMR + Hk) + (HFMR + Hk + 4�Meff) (2)

here �=2.8 MHz/Oe, and �0 = 4�×10−7 H/m is the vacuum per-
eability. The value of 4�Meff increased linearly as the Bi–QD

rowth time increased, as shown in Fig. 2(e). The effective magne-
ue squares, respectively); the inset shows the resonance field HFMR as a function of
nd YIG (111) (blue squares). (e) Bi–QD growth-time dependence of the extracted

 diamonds), and effective magnetization 4�Meff (red dots) in YIG(111)/Bi–QDs.

tization can be written as 4�Meff = 4�Ms+HSOF+4�MBi-QD, where
4�Ms is the saturation magnetization of YIG without considering
the Bi–doping effect, HSOF is the interfacial spin–orbit field, and

4�MBi-QD is the Bi–QD magnetization. The parameter HSOF is due
to the interfacial Dzyaloshinskii-Moriya interaction (DMI) [27,28],
which appears in a ferromagnet (FM) in contact with a heavy metal
(HM) possessing a strong SOC. Thus far, there is no literature on the
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MI in Bi-QD/FM heterostructures. However, spin–orbit effects and
MI exist in HM/FM heterostructures regardless of whether the
M (such as Pt, Ta, or Bi) is in the form of a thin film, patterned
etamaterial, or even nanostructure (a few nm)  [29–31]. Kotaka

nd co-workers have reported large out-of-plane spin states on
he Fermi lines of Bi nano films, where the maximum out-of-plane
pin component was approximately 40% of the magnitude of the
otal spin [32]. As previously reported, an H-decorated Bi bilayer
ecomes a valley-polarized quantum anomalous Hall (QAH) insu-

ator with a large band gap of 0.18 eV at the Fermi energy, with a
agnetic moment of 1.0 �B per unit cell [33,34]. A large band gap

f 0.18 eV has been observed in our studies using Fourier transform
nfrared (FTIR) spectroscopy, as discussed below.

As shown in Fig. 2(e), the effective Gilbert damping parameter
eff can be extracted by fitting the FMR  linewidth �H  as a function
f the resonance frequency fFMR (see Fig. S3) [35]:

0�H  = �0�H0 + 2˛eff

�
f (3)

here � is the gyromagnetic ratio, and �0 �0�H0 is the inho-
ogeneous linewidth broadening associated with the disorder

r fluctuations in the magnetic film. The dependence of ˛eff and
H0 on the Bi–QD growth times is reasonable because when

he Bi–QDs grow, the effective Gilbert damping parameter ˛eff
ncreases through pumping of the spin current into the adjacent
i–QDs via the spin–orbit interaction [36–38]. Moreover, there was
o inhomogeneous linewidth broadening when Bi–QDs were intro-
uced onto the YIG film surface, indicating that the microstructures
f the YIG film were unchanged after the Bi–QD growth.

.3. Raman spectra and Fourier transform infrared-reflection
roperties of the YIG/Bi–QD hybrid system

The Raman spectra of the YIG/Bi–QDs and GGG are shown in
ig. 3(a) and (b), respectively. The YIG vibration modes are below
00 cm−1 and labeled as translations (T) of Y3+ and [FeO4]5−. The
eaks v2 (Eg) and v2 (A1g) represent two internal modes of the
eO4 group [39]. After growth at 970 ◦C, Y2O3 and Fe2O3 have
eacted to form YIG [40,41]. The characteristic peak of Fe2O3 at
90 cm−1 shifts to 272 cm−1 and is labeled L[FeO4]5−. The most

ntense Raman modes at 355, 524, and 741 cm−1 correspond to
he three A1g modes of internal vibrations of GaO4 and GaO6 in
he GGG substrate. The lower-frequency A1g mode can be assigned

ostly to octahedral rotation and partly to tetrahedral rotation.
he intermediate A1g mode might be related to tetrahedral and
ctahedral bending. Meanwhile, the highest-frequency A1g mode
orresponds to symmetric tetrahedral and octahedral antiphase
tretching [42]. There is no shift or change in the full width at
alf maximum of the vibration modes in the YIG/Bi–QD hybrid
tructure compared with those of the bare YIG film. As shown in
ig. 3(c) and (d), introducing the Bi–QDs enhanced the intensity of
he two A1g modes in GGG. Most plasmonic research, specifically
urface-enhanced Raman scattering (SERS), is carried out using
anostructures of the noble metals Au and Ag [43–45]. In fact, the
lasmonic activity in Bi nanostructures have been experimentally
tudied at visible-ultraviolet and far-infrared wavelengths [46,47].
wo theoretical models are used to describe the SERS enhancement.
ne is charge transfer, the excitation transfer of electrons from the
etal to the molecule and back to the metal. The other is electric

eld enhancement, which is considered the main cause. Laser exci-
ation of plasmon resonances greatly amplifies the electromagnetic

eld nearby. Near-field amplification close to the Bi–QDs enhances
he optical intensity at the spatial position of the GGG/YIG dielectric
ubstrate. This increases the magnitude of the induced dipoles, thus
nhancing absorption and scattering. Bi-QDs can enhance Raman
 & Technology 51 (2020) 32–39 35

intensities of the GGG/YIG diaelectric substrate, particularly when
the Bi–QDs increase in both size and density.

The optical reflection spectra of the YIG/Bi–QD system were
characterized using FTIR spectroscopy in the frequency range from
20 �m (62 meV) to 3 �m (0.41 eV). Fig. 4(a) shows that when
the Bi–QDs are introduced, they capture incident photons, which
decreases the optical reflection intensity. It should be mentioned
that the absorption peaks around 8.4 and 10.5 �m are due to
the YIG substrate, which already exists in the bare YIG sam-
ple [48]. Interestingly, several attenuated reflection peaks appear
at photon energies of 0.36 ± 0.005 eV (3.42 �m),  0.35 ± 0.005 eV
(3.5 �m),  0.20 ± 0.005 eV (6.05 �m),  and 0.18 ± 0.005 eV (6.85 �m).
The attenuated peaks probably result from the optical absorption
of the large band gaps in Bi–QDs. As the heaviest atom with a strong
SOC, Bi is an important ingredient for both 2D and 3D topological
insulators that host conducting surface states inside bulk insula-
tors. In bulk, Bi displays interesting behavior at the Fermi level: a
very low density of states characterizes the semimetal, and a shal-
low gap separates two filled s and three filled p bands from three
empty p bands, but hole pockets at the T points and electron pock-
ets at the L points cross the Fermi level [49]. For Bi–QDs, surface
states of metallic character become dominant. These surface state
bands can be strongly affected by SOC. From the absorption peaks at
0.35 eV (3.5 �m),  0.20 eV (6.05 �m),  and 0.18 eV (6.85 �m),  we con-
clude the MBE-grown Bi–QDs possess various surface state bands
[33,34,50]. The band gap of 0.35 eV indicates the existence of QAH
states in Bi–QDs. Although it is hard to directly determine the crys-
talline textures of Bi–QDs, FTIR is an efficient way to study their
electronic and structural properties. Previous studies have shown
that the buckled Bi (111) bilayer has a band gap of 0.2 eV, which is
more energetically stable than the flattened sample because of sp2

hybridization [51]. A band gap of 0.18 eV gradually appears as the
amount of Bi–QDs increases. This is a signature of a mixed Weyl
semimetal hydrogenated Bi (111) bilayer, which has out-of-plane
magnetization [33].

The Bi–QDs over the surface of the YIG film emitted fluorescence
under laser excitations at room temperature, as shown in Fig. 4(b).
We attribute the enhanced fluorescence to the excitation of sur-
face plasmon resonance (SPR) in the Bi–QDs [52,53]. Similarly to
Au and Ag, Bi has been found to have plasmonic properties from
the far-infrared to the ultraviolet region [54,55]. Collective excita-
tions of free electrons in Bi–QDs give rise to SPR, which enhances
optical absorption. This large SPR-mediated effect with Bi has been
exploited in many applications, including sensors, fluorescence
materials, and surface-enhanced spectroscopy [56].

3.4. Localized plasmon mapping of the YIG/Bi–QD hybrid system

The localized surface plasmons in YIG/Bi–QDs were experimen-
tally observed using EEL spectroscopy at high spatial and energy
resolution. As shown in Fig. 5(a), Bi–QDs were randomly distributed
on the YIG surface. To obtain the EEL spectrum of a single Bi–QD, a
focused electron beam was  transmitted from the vacuum into one
Bi–QD with a diameter of ∼30 nm.  The route of the incident electron
beam is marked by a yellow arrow in Fig. 5(b). Spatially distributed
EEL spectra of the YIG/Bi–QD system were extracted with a highly
refined scanning electron probe along the route shown in Fig. 5(b).
We observed four loss peaks in the energy range 0–32 eV, as pre-
sented in Fig. 5(c). The feature at 20 eV was  the largest peak, which
we assigned to a bulk plasmon of the YIG layer (as shown in Fig. S4 of
the Supporting Information). This loss shows position-dependent
behavior (marked by a purple dashed line). A loss at 3–7 eV was

observed at the Bi–QD surface, which suggests that it originated
from excitation of the localized surface plasmons. Two  other losses
appeared at 10.4 and 29.2 eV, which were only present at the cen-
ter of the Bi–QD. These losses might correspond to the interband
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Fig. 3. (a) Raman spectra of the vibrational modes of the YIG/Bi–QD specimen; the red fitting lines show the YIG modes for a laser wavelength of 514 nm and laser power of
2  mW.  (b) Raman spectra for the (111) orientation of the GGG substrate. Bi–QD growth-time dependence of the Raman intensity for two A1g modes in GGG  at (c) 355 cm−1

and (d) 741 cm−1.

F reak in
s e dep

t
t
i
a
l
w
p
s
m
r
a
r

ig. 4. (a) Fourier transform infrared spectroscopy of the YIG/Bi–QD system; the b
ystem  obtained under 220 nm laser excitation; the inset shows Bi–QD growth-tim

ransition of Bi 6 s and the transitions from the core Bi 5d level
o the bottom of the conduction band, respectively [57]. We  stud-
ed the position dependences of the plasmon intensity and energy,
s shown in Fig. 5(d). Line intensity profiles were taken along the
ine X–X′ in Fig. 5(b) (the distance from the vacuum to the Bi–QD

as ∼7 nm,  and the height of the single Bi–QD was ∼25 nm). The
lasmon energy and intensity were greatly enhanced at the Bi–QD
urface and the YIG/Bi–QD interface. We obtained localized plas-

on  maps at different energy intervals (3–7, 16–23, and 28–32 eV)

evealing enhanced plasmon intensity at both the Bi–QD surface
nd YIG/Bi–QD interface, as shown in Fig. 5(e)–(g). Notably, our
esults show that the localized surface plasmon was  bent at the
 the spectra omits a featureless region. (b) Fluorescence spectra of the YIG/Bi–QD
endence of the fluorescence peak in each sample.

YIG/Bi–QD interface in the presence of a strong spin–orbit field,
which indicates the existence of an interfacial magnetic field that
affected both the spatial distribution and intensity of plasmons.
The discovery gives the spin–orbit field a new role for producing
plasmon excitations at the interfaces of magnetic films and heavy
metals.

3.5. Magneto-optical Kerr properties of the YIG/Bi–QD hybrid

system

The MOKE describes changes to light reflected from a magnetic
surface and is associated with the off-diagonal components of the
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Fig. 5. Localized plasmon mapping. (a) Cross-sectional STEM image of the YIG/Bi–QD hybrid system. (b) High-angle annular dark-field image of an electron beam transmitted
from  the vacuum into a single Bi–QD and into the YIG film (the route of the incident electron beam is shown using a yellow arrow). (c) Spatially distributed EEL spectra of
the  YIG/Bi–QD system with an incident electron beam energy of 60 keV. (d) Position dependences of plasmon intensity and energy with line intensity profiles taken along
t ′ eight 
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he  line X–X in (b); the distance from the vacuum to the Bi–QD is ∼7 nm,  and the h
orresponding to different electron energy intervals: (e) 3–7 eV; (f) 16–23 eV; (g) 28

ielectric tensor ε for the YIG/Bi–QD hybrid system. The external
agnetic field and magnetizations were aligned perpendicular to

he xy plane of the sample, corresponding to a polar MO Kerr con-
guration, as shown in Fig. 6(a). The dielectric tensor has the form
s follows [58,59]:

 =

⎛
⎜⎝

ε a
∏

2 0

a
∏

2 ε 0

0 0 ε

⎞
⎟⎠ (4)

here ε is the (isotropic) diagonal tensor component, and a
∏

2
s the MO constant parameterizing the coupling strength between
ight and the out-of-plane magnetizations. The off-diagonal com-
onent a

∏
2depends on the applied perpendicular magnetic field,

he magnetization of the YIG film, and the QAH state-induced mag-
etizations in Bi–QDs.

A large enhancement of the Kerr rotation was observed when
he Bi–QDs were introduced, as shown in Fig. 6(b). Compared
ith the bare YIG film, the YIG/Bi–QD(50) hybrid system had a

30% enhancement of the MO  Kerr signal. The MO activity of the
IG/Bi–QD system is the combined effect of the pure optical and

O properties of the whole heterostructure [58]. The complex

err rotation ϕ in our configuration is given by ϕ =
k+iϕ=rps/rpp,
here rps and rpp are the pure MO and optical contributions. For

he pure MO contribution, the Kerr rotation angle increased lin-
of a single Bi–QD is ∼25 nm.  EEL probability maps of the YIG/Bi–QD hybrid system
V.

early with increasing effective magnetization 4�Meff owing to the
strong SOC-induced interfacial spin–orbit field and Bi–QD mag-
netizations [33,34]. The increased MO  constant in the YIG/Bi–QD
system demonstrated that the coupling between light and the out-
of-plane magnetizations was  indeed enhanced by the Bi–QDs. For
the pure optical contribution, the incident light excites localized
SPR in Bi–QDs, which can be considered an electric dipole. The
electromagnetic amplification close to the Bi–QDs enhances the
optical intensity at the spatial position of the YIG dielectric layer.
This increases the magnitude of the induced dipoles, thus enhanc-
ing absorption and scattering, see the insert in Fig. 6(c). Only a
small fraction of the photons escapes from the YIG/Bi–QD surface,
resulting in decreased reflectivity. The effective photon capture in
Bi–QDs attenuates reflection of the pure optical contribution rpp

according to the Kretschmann configuration [58]. In this instance,
the decrease of this contribution directly affects enhancement of
the Kerr rotation.

To confirm the mechanism of MOKE enhancement by the
Bi–QDs, we  substituted an MO garnet material, a lutetium–bismuth
co-doped YIG (LBIG) film with a thickness of 3.5 �m,  as the mag-
netic dielectric layer. The same series of Bi–QDs was grown on the
LBIG film to form LBIG/Bi–QD hybrid structures. The polar Kerr rota-

tions of the LBIG/Bi–QD systems were measured. Introducing the
Bi–QDs into these heterostructures considerably enhanced the Kerr
rotation from 1626 to 2341 mdeg, shown in Fig. 6(d). The results
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ig. 6. (a) Schematic of the enhanced polar magneto-optical Kerr effect in a YIG/Bi
ntroduction of Bi–QDs. (c) Histogram of Bi growth-time dependence of the pola

agneto-optical Kerr effect in a YIG/Bi–QD hybrid system. (d) Polar magneto-optic

ndicate that the Bi-QDs indeed significantly increase the Kerr rota-
ion, revealing a new route to constructing high-performance MO
evices using Bi–QDs.

. Conclusion

In summary, we fabricated the first high-Z element Bi–QDs with
iameters less than 60 nm on a magnetic insulating YIG film. This
roduced MO Kerr rotation up to 130% greater than that of bare
IG. VNA-FMR measurements showed an increased effective mag-
etization and interfacial spin–orbit field in the YIG/Bi–QD system.
ighly resolved localized plasmon maps obtained via EEL spec-

roscopy revealed enhanced plasmon intensity at both the Bi–QD
urface and YIG/Bi–QD interface. We  attribute the large enhance-
ent in MO Kerr rotation to attenuated optical reflection and

ncreased effective magnetization by the Bi–QDs. This mechanism
s unlike the MO mechanism in a Bi-doped YIG system. The Bi–QD-
riven MOKE enhancement we discovered offers greater potential
o develop 2D MO  systems. This technique is versatile and can be
dapted to studying the MO  effect in any magnetic matter/Bi–QD
onfiguration. It will have wide applications to nanoscale light
witching, spintronics, and plasmonic nano-antennas.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in
the online version, at doi:https://doi.org/10.1016/j.jmst.2020.03.
025.
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