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A B S T R A C T   

Polycrystalline cerium-substituted yttrium iron garnet (Ce:YIG, Ce1Y2Fe5O12) films were deposited on synthetic 
fused silica substrates with various thicknesses using ion beam sputtering, and their roughness, transmissivity, 
optical constants, microstructure, and their magnetic and magnetooptical properties were measured. Thicker 
films exhibit cracking due to thermal mismatch stress. A ~5 nm thick amorphous layer was observed at the 
interface between Ce:YIG and the substrates, resulting in a non-monotonic thickness dependence of the measured 
properties. A 338 nm thick Ce:YIG film showed the largest magnetooptical figure of merit defined as the ratio of 
Faraday rotation angle to absorption coefficient, 127◦/dB at a wavelength of 1550 nm, more than three times 
larger than prior work.   

1. Introduction 

Magnetooptical garnet films have been used in many applications 
including optical sensors, switches, displays and isolators [1–9]. Appli
cations, such as magnetooptical hologram media [4], visualizers for 
electromagnetic signals [3,6], small-pixel spatial light modulators [7], 
and on-chip optical isolators [5,10–15], take advantage of the isotropic 
behavior of polycrystalline magnetooptical garnets which are fabricated 
on non-garnet substrates including glass, silicon, and silicon on insu
lator. Several optical isolators have been demonstrated using cerium 
substituted yttrium iron garnet (Ce:YIG) as a magnetooptical material 
[16–20] because of its large Faraday rotation (FR) and low absorption at 
near-infrared (NIR) wavelengths. In earlier publications [12,13,17], film 
thicknesses of Ce:YIG were targeted at ~200 nm which is suitable for the 
magnetooptical cladding of waveguides in a NIR on-chip optical 
isolator. However, other magnetooptical devices require thicker films, 
such as spatial light modulators [21–23] operating at NIR wavelengths 
[24], and magnetooptical Q-switches [2,25,26] for compact high-power 
lasers [27,28] in which the light propagates perpendicular to the 

magnetooptical film. Recent studies [13,14,20] have improved the 
quality of polycrystalline Ce:YIG, but enhancing FR for next generation 
applications is challenging, and the dependence of the magnetooptical 
properties of Ce:YIG over a wide range of film thickness has not been 
reported. 

In this study, we prepared ten Ce:YIG films with various thicknesses 
using radio-frequency (RF) ion beam sputtering (IBS) and vacuum 
annealing [12,17], and we characterized the thickness dependence of 
the structure and the magnetooptical and magnetic properties using 
stylus profilometry, x-ray diffraction (XRD), photospectrometry, mag
netooptical measurements, vibrating sample magnetometry (VSM), 
x-ray photoelectron spectroscopy (XPS), and transmission electron mi
croscopy (TEM). The magnetooptical figure of merit (FOM) was calcu
lated and compared with other works. The effects of an interfacial layer 
between the film and the substrate were investigated to clarify the 
thickness dependence of the properties. 
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2. Experimental methods 

The substrates consisted of double-side polished 1-inch diameter 0.7 
mm thick synthetic-fused-silica substrates (with no anti-reflection 
coating) and 1-inch diameter 0.725 mm thick Si (100)-oriented sub
strates with native oxide, and cleaned by sonication using acetone, 
isopropanol, and deionized water. The samples deposited on the Si 
substrates were used as references and for characterization of charging 
effects. Samples were cut into 5 mm × 5 mm using a dicing saw (Disco, 
DAD321). Films were deposited using an RF IBS deposition system 
(RMTec, RM17-0010). The base pressure before the deposition was 3.0 
× 10−4 Pa and the working pressure was 9.0 × 10−2 Pa. Substrate 
temperature was held at 200 ◦C with a heater, and 8-sccm O2 gas was 
blown onto the samples, which were rotated during deposition. A 4-inch 
diameter sintered target with a Cu backing plate and water cooling was 
used. The composition of the target was nominally Ce1.0Y2.5Fe5.0O12 
(Kojundo Chemical) which yields a stoichiometric garnet film as 
described below. The ion gun beam voltage was 800 V, and the beam 
current was 36 mA. 10 sccm Ar flowed to both the ion gun and low- 
frequency neutralizer (LFN). The ion beam accelerator voltage was 
160 V, and RF power was 75 W. The deposition rate was 1.45 nm/min. 
The as-deposited film was amorphous, and then the sample was 
annealed in a rapid thermal annealing system (Ulvac, SSA-P610CP) with 
a glass chamber as described previously [17]. The working pressure 
during annealing was 2 Pa, and no gases were introduced into the 
chamber. The heating speed was 1292 ◦C/min (i.e., it took 0.6 min to 
heat from 25 to 800 ◦C). The sample temperature was held at 800 ◦C for 
20 min and cooled at −214 ◦C/min from 800 to 550 ◦C and −21 ◦C/min 
from 550 to 100 ◦C. The temperature change during cooling is shown in 
Fig. S1 in the Supporting Information. 

Sample thickness t was measured using a diamond stylus profil
ometer (Kosaka Laboratory, ET4000 M). The stylus tip radius and taper 
angles were 2 μm and 60◦. The surface roughness was measured using 
the same stylus profilometer, and the surface was imaged by optical 
microscopy. The stylus force of the profilometer was 5 μN, and the scan 
speed was 0.1 mm/s. The root-mean-square roughness Rq was obtained 

from scans with the cutoff values and evaluation lengths shown in 
Table S1. 

Composition was measured using energy-dispersive x-ray spectros
copy (EDS, Ametek EDAX Genesis APEX2 Octane) mounted to a low 
vacuum scanning electron microscope (SEM, Hitachi High Technologies 
SU 3500). The acceleration voltage was 20 kV, and emission current was 
93 μA. The working distance was 10 mm. The ZAF method was used for 
quantitative correction, which eliminated the influence of the atomic 
number effect, the absorption effect, and the fluorescence excitation 
effect on the characteristic x-ray peak intensities. The Ce:YIG films on 
silicon substrates were fixed by silver paste and carbon tape to eliminate 
charging. XPS (Ulvac-Phi, Quantera AXM-CI) was used to obtain 
composition along the thickness direction. The x-ray output current was 
100 μA, the voltage was 15 kV, and the power was 25W. The sample was 
etched using Ar with the acceleration voltage of 1 kV. The obtained data 
was analyzed using CasaXPS [29] version 2.3. The background effect 
was eliminated using the Shirley method. 

Crystal structure was characterized by XRD using a Rigaku Smartlab 
in grazing incidence geometry. The x-ray source was a 2 kW Cu Kα1 
radiation source with a wavelength of 0.15418 nm. A one-dimensional 
x-ray detector (D/teX, Ultra 250) was used. The incident angle of the 
x-ray ω was set to 0.7◦, and the parallel soller slit collimator (PSC) angle 
was 5.0◦. The incident slit (IS) width and length were 1.0 mm and 10.0 
mm, respectively. The first receiving slit (RS1) and second receiving slit 
(RS2) widths were 20 mm, and the parallel soller slit analyzer (PSA) 
angle was 0.5◦. The detector scan speed was 4.0◦/min without an 
attenuator, and the data recording angle resolution was 0.02◦ in 
continuous scan mode. Lattice parameters were determined using the 
Rigaku PDXL2 analysis software. 

Optical transmissivity was measured with a spectrophotometer 
(Shimadzu, UV-3150). The optical source is a double-monochromated 
randomly polarized lamp, with a spot diameter at the sample surface 
of 2.2 mm. The light was incident perpendicular to the sample. A slow 
scan speed and 8 nm wavelength resolution were used. 

FR and Faraday ellipticity (FE) spectra were measured using a 
magnetooptical measurement system (JASCO, J-1700FK). The rotating 

Fig. 1. (a) Grazing incidence XRD ω−2θ scan of the prepared samples with various thicknesses t. The incident angle was fixed at ω = 0.7◦. The black triangles 
indicate the peak positions of YIG. (b) Enlarged figure of (a) in the vicinity of the strong peaks. 
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polarizer and polarization modulation methods were combined for these 
measurements. The sample temperature was held at 40 ± 0.5 ◦C using a 
Peltier temperature controller because of the strong temperature 
dependence of Ce:YIG magnetization. Photomultiplier and InGaAs- 
based optical detectors were used for visible and NIR wavelengths, 
respectively. The resolution of FR and FE were <0.01◦ and <0.1◦, 
respectively. The spot size of the light at the sample surface was 1 mm ×
5 mm and a magnetic field of ±0.5 T was applied. 

Magnetic hysteresis loops were measured using a VSM (Tamakawa 
TM-VSM261483). TEM (JEOL JEM-ARM200F) cross-sectional images 
were obtained for films grown on a Si substrate to avoid charging. 

3. Results and discussion 

The thicknesses t of the ten samples were 51 ± 1.1, 87 ± 2.8, 106 ±
4.7, 177 ± 1.4, 207 ± 2.5, 338 ± 7.9, 515 ± 1.9, 1007 ± 5.5, 1511 ±
12.5, and 2056 ± 4.3 nm, with the error representing the standard de
viation of ten repeated measurements. Films grown on silicon substrates 
had almost the same thicknesses as those on fused silica. The composi
tion of the films can be written (normalized to Fe = 5.0) as Ce1±0.02Y2 

±0.02Fe5O12–δ, where δ represents oxygen deficiency (not measured), 
and the error is the standard deviation of ten EDS measurements at 
different positions. 

From the XRD scans, Fig. 1a and b, most of the samples showed an 
untextured polycrystalline garnet structure [30] without secondary 

phases, though the peaks of the 51 nm thick sample were weak and only 
some of them could be resolved. The lattice constant of the poly
crystalline Ce:YIG was 1.243 ± 0.001 nm, 0.012 nm larger than that of 
YIG because of the larger ionic radius of Ce3+ (0.112 nm) compared with 
Y3+ (0.104 nm). 

The measured roughness Rq is shown in Fig. 2a with optical micro
scopy images as insets. Rq increased with thickness and saturated in the 
range of t > 1 μm. This corresponds to the onset of cracking seen in the 
optical micrographs at t > 515 nm. These cracks, with spacing ~10–100 
μm, are caused by the large difference in thermal expansion between the 
film and substrate [12]. The thermal expansion coefficients of garnet 
(YIG) [31] is 2.5 × 10−5 K−1 between 23 and 280 ◦C and 1.0 × 10−5 K−1 

between 280 and 1125 ◦C, and that of synthetic fused silica [32] is 6 ×
10−7 K−1. The Ce:YIG is therefore in a state of in-plane tension after 
cooling which leads to cracks in thicker films. Parts of the film then 
delaminate leading to the high roughness values. 

Transmissivity for the film/substrates with various film thicknesses 
was measured (Fig. S2a), and Fig. 2b shows the transmissivity versus 
thickness at three different wavelengths λ. The transmissivity generally 
decreases with increasing thickness. The deviation of the transmissivity 
was caused by the phase interference generated at the surface of the film 
and the interface between the film and substrate. The optical constants 
comprising the refractive index n and extinction coefficient κ of samples 
and substrates were obtained using the fringes of the transmission 
spectra, Fig. 3a and b (also separately plotted in Fig. S2) using fitting and 

Fig. 2. Thickness dependence of (a) the roughness Rq of the films, (b) transmissivity T of the film/substrates, (c) the refractive index n of the films, (d) the extinction 
coefficient κ of the films, (e) Faraday rotation (FR) of the film/substrates, (f) figure of merit (FOM) of the films. That of (g) the saturation magnetization Ms, (h) the 
coercivity Hc, and (i) the saturation magnetic field Hs of the films. (a) Inset images show optical micrographs of the samples. 
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Fig. 3. (a) The refractive index n and (b) the extinction coefficient κ of the films. (c) Faraday rotation (FR), and (d) Faraday ellipticity (FE) angle spectra of the film/ 
substrates with various sample thicknesses t. The individual data are shown separately in Figs. S2 and S4. 

Fig. 4. (a)(b) Faraday rotation (FR) loops of 338 and 515 nm thick samples including substrates at the wavelengths of λ = 532, 1064, and 1550 nm. (c)(d) Faraday 
ellipticity (FE) loops of the same samples including substrates. 
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simulation software (W. Theiss Hard- and Software, SCOUT version 
3.04) [17] based on the Fresnel equation. Previous studies have used this 
method, showing good agreement between calculation and experiments 
[20,33]. The fitting model for the thin samples t ≤ 338 nm was a 
film/substrate, but the model for the thick samples t ≥ 515 nm included 
an additional layer above the film representing the surface roughness, i. 
e. the model structure consisted of rough layer/film/substrate. The 
spectra of n and κ, and the thickness of the rough layer determined by the 
simulation are shown in Fig. S3 and Table S2. Fig. 2c and d summarize 
the thickness dependence of n and κ at three wavelengths. The value of n 
slightly increased with t, but the value of κ was independent of thickness 
except for a dramatic increase for the thinnest film with t ≤ 87 nm. This 
is interpreted as indicating an additional layer at the interface between 
the garnet film and the silica substrate, which will be discussed later. 
Since κ did not decrease at t ≥ 515 nm, the reduction of transmissivity 
for thicker films was attributed to film cracking. Absorption coefficient 
α, given by α (dB/cm) = 10 × log10[exp(4πκ × 0.01/λ)] at λ = 1550 nm 
was 2.17 × 10−3 dB/μm for t = 338 and 515 nm, comparable to the 
previously reported value 4.8 × 10−3 dB/μm [17]. 

Fig. 3c and d (also separately plotted in Fig. S4) show the FR and FE 

spectra, where the sign of the direction of FR or FE was positive when a 
clockwise direction of rotation angle is obtained looking towards the 
light source from the detector [34]. The observed fringes were caused by 
film interference. The rotation angle increased as the thickness increased 
(Fig. 2e), but rotation angle normalized to thickness was not constant 
because of the film cracking and delamination at t ≥ 515 nm. Hysteresis 
loops of FR and FE were also measured at wavelengths of λ = 532, 1064, 
and 1550 nm (Fig. 4). The largest FR was obtained with 515 nm thick Ce: 
YIG, 1.19◦/μm, −1.07◦/μm, and −0.21◦/μm at λ = 532, 1064, and 1550 
nm, respectively. These values were comparable with previously re
ported values of polycrystalline Ce:YIG without YIG seed layer, 
−0.13◦/μm [5] and –0.27◦/μm [17] at λ = 1550 nm. However, the 
measured value was smaller than that of bulk single crystalline Ce:YIG, 
−0.38◦/μm [35] and polycrystalline Ce:YIG prepared by 
two-step-deposition, −0.36◦/μm [13] at λ = 1550 nm. As shown in 
Fig. 4d, the FEs of the 515 nm thick Ce:YIG at λ = 532, 1064, and 1550 
nm were 0.32, 0.64, and 0.03◦/μm, respectively, compared to the pre
viously reported values: 0.27 [16] and 0.06◦/μm [36] at λ = 1550 nm. 

The magnetooptical FOM, defined as the FR (◦/μm) divided by ab
sorption (dB/μm), was used to evaluate the thickness dependent 

Fig. 5. (a) In-plane and (b) out-of-plane magnetic hysteresis loops of the films with various thicknesses. Insets show the plots near zero field. The paramagnetic 
components due to the substrates or sample holder were subtracted from the raw data. 

Fig. 6. (a) Cross-sectional TEM image of 515 nm thick sample. (b) A high-resolution image and (c) the electron beam diffraction pattern of the Ce:YIG layer. (d)(e) 
High resolution image and diffraction pattern from the interfacial layer. 
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performance of Ce:YIG. The FOM is highest for t = 300–500 nm (Fig. 2f), 
decreasing at low thickness due to the high absorption, and at the high 
thicknesses due to cracking-induced loss in FR. The 515 nm thick Ce:YIG 
showed the largest FOM of 73◦/dB at λ = 1064 nm. The 338 nm thick 
film showed a FOM of 127◦/dB at λ = 1550 nm, compared to the value of 
340◦/dB for a single crystalline Ce:YIG [35,37] and values for poly
crystalline Ce:YIG films, 20◦/dB [38], 37◦/dB [13], and 38◦/dB [37]. 
These values might be improved further by increasing the oxygen flow 
during deposition, as Du et al. demonstrated [14]. 

Fig. 5a and b (also separately plotted in Fig. S5) show the in-plane 
and out-of-plane magnetization loops, and Fig. 2g, h, and 2i show the 
thickness dependences of the saturation magnetization Ms, the coer
civity Hc, and the saturation magnetic field Hs, respectively. The Hs was 
defined as the magnetic field at which the magnetization reached 90% of 
Ms. The largest value of Ms = 118 emu cm−3 was obtained at t = 338 nm, 
close to other reported values [17,37,39] of 120 emu cm−3. However, Ms 
decreases below this value for t > 500 nm, which is attributed to 
cracking and subsequent delamination of parts of the films. Taking Ms =

118 emu cm−3 and Hs = 1.7 kOe from the out-of-plane (hard axis) loop 
at t = 338 nm, an estimate of total anisotropy Ktotal = HsMs/2 = 1.0 ×
105 erg cm−3 (10 kJ m−3) of which 8.7 kJ m−3 originates from shape 
anisotropy [40] and the remainder is assumed to be magnetoelastic 
anisotropy. 

For the thinnest films the Ms decreased, consistent with the presence 
of an interfacial layer with lower magnetization. The Ms of the as- 
deposited (amorphous) 51 nm thick film was 26 ± 13 emu cm−3 

(Fig. S6) compared to Ms = 104 ± 4 emu cm−3 for the annealed film. 
Assuming that the annealed film includes an amorphous layer with 
magnetization of 26 emu cm−3, we estimate its thickness as ~7.8 nm. 
This value could range between 4.9 nm and 11.6 nm due to the uncer
tainty in the values of Ms used in the calculation. 

XPS and TEM were used to identify and characterize the interfacial 
layer. TEM images of the sample with t = 515 nm on Si are shown in 
Fig. 6a. The high-resolution TEM image showed a stack consisting of Ce: 
YIG/interfacial layer/SiO2/Si substrate. The Ce:YIG layer had crystalline 
grains; the one shown in Fig. 6b has a lattice spacing of ~0.278 ± 0.007 
nm, close to the (420) interplanar spacing of 0.277 nm of YIG [30]. In 
addition, the electron beam diffraction pattern (Fig. 6c) obtained in the 
Ce:YIG area showed diffraction spots. The thickness of the interfacial 
layer was 5.3 ± 0.7 nm, and did not show lattice contrast (Fig. 6d); its 
electron beam diffraction pattern (Fig. 6e) did not show diffraction 
spots. Hence, the interfacial layer was amorphous. 

Fig. 7a shows the XPS semiquantitative analysis depth profile for the 
51 nm thick Ce:YIG sample deposited on fused silica. Positive depths 
d represents the substrate and negative d the film. The vertical axis 
shows the peak area divided by the relative sensitivity factor (RSF) and 

Fig. 7. (a) Element profile along the thickness direction d, measured by XPS. (b) The depth dependence of the ratio Fe 2p/Ce 3d. (c) The XPS at various depths. (d–i) 
XPS profile measured at the etched top surface of the sample for (d) survey scan, (e) Ce 3d, (f) Y 3p, (g) Y 3d, (h) Fe 2p, and (i) O 1s. 
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was normalized with respect to specific peaks, i.e. the value of the Y 3d 
peak at a depth of d = −15 nm was used to normalize the Ce 3d, Y 3d, Fe 
2p, and O 1s peaks, and the value of the OH− peak at d = 18 nm was used 
to normalize the OH- data. The position of d = 0, i.e. the film/substrate 
interface, was determined from the intensity of the OH− peak origi
nating from the fused silica substrate, so that d = 0 corresponds to an 
intensity of half the maximum. The binding energy of O 1s attributed to 
the film is 529.2–530.4 eV, but that attributed to the fused silica sub
strate is 531.6–532.2 eV [41,42]. 

In Fig. 7c, the film region shows Ce 3d, Fe 2p, O 1s, Y 3p, Y 3d, Ce 4d, 
Fe 3p, and O 2s, and KLL and LMM Auger electrons attributed to Ce:YIG. 
Fig. 7d–i shows the XPS peaks at d = −49 nm, the etched top surface of 
the film. Fig. 7e is consistent with the Ce being present as Ce3+ not Ce4+, 
corresponding to stoichiometric Ce:YIG with a large FR [20]. However, 
in the range of d = −5 to 2 nm near the interface, the amount of Fe 2p 
decreased compared with Y 3d, and the ratio of Fe 2p/Ce 3d reached a 
higher value than it does in the Ce:YIG layer (Fig. 7b). These data sug
gest that this interfacial region was not stoichiometric Ce:YIG, and its 
thickness is several nm, close to the value estimated from magnetic 
properties and TEM images. 

The combined structural and chemical data therefore indicate the 
presence of a non-stoichiometric, amorphous interfacial layer above the 
silica. The optical absorption and the magnetooptical FOM as well as the 
magnetization decrease for the thinnest films. We hypothesize that the 
interfacial layer is responsible for the high absorption as a result of 
mixed valence cations and structural disorder [43,44], and also has a 
magnetization much smaller than that of the Ce:YIG layer, thereby 
degrading the FOM for thin films. On the other hand, the thickest films 
exhibit a reduced FOM resulting from cracking, leading to an optimum 
FOM at intermediate thicknesses of 300–500 nm. 

4. Conclusions 

Ce:YIG films with thicknesses of 51–2056 nm were fabricated on 
fused silica and on Si substrates by RF IBS and vacuum annealing. A 338 
nm thick film showed the largest magnetooptical FOM, 127◦/dB at a 
wavelength of 1550 nm, more than three times larger than prior work. 
The thickness dependence of magnetic and magnetooptical properties 
was not monotonic. Thin films exhibited a lower magnetization and 
increased optical absorption which we attribute to the effects of an 
amorphous interfacial layer of thickness approximately 5 nm formed at 
the boundary between the Ce:YIG and the silica substrate. The satura
tion magnetization of the interfacial layer is five times smaller than that 
of the stoichiometric Ce:YIG, and the optical absorption was three orders 
larger than that of Ce:YIG, dramatically reducing the magnetooptical 
figure of merit of the Ce:YIG film. In contrast, for thick films, cracking 
and delamination caused by thermal mismatch strain leads to a decrease 
in FOM. These results may be used to optimize the magnetooptical 
performance of Ce:YIG films. The interfacial layer may be eliminated or 
reduced by adjusting the composition of the initial few nm of the film, or 
the deposition conditions such as oxygen pressure to improve the stoi
chiometry of the film. The cracking may be reduced by using a substrate 
with closer thermal expansion compared to that of Ce:YIG, e.g. quartz 
instead of fused silica. These strategies may widen the window of 
thicknesses that yield films with a high FOM and contribute to the 
further development of magnetooptical devices based on polycrystalline 
Ce:YIG films. 
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