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12 Abstract: This work is devoted to physical vapor deposition synthesis, and characterisation of
13 bismuth and lutetium-substituted ferrite-garnet thin-film materials for magneto-optic (MO)
14 applications. The properties of garnet thin films sputtered using a target of nominal composition
15 type BiosLuissYoz2sFes0GaiOn2 are studied. By measuring the optical transmission spectra at room
16 temperature, the optical constants and the accurate film thicknesses can be evaluated using
17 Swanepoel’s envelope method. The refractive index data are found to be matching very closely to
18 these derived from Cauchy’s dispersion formula for the entire spectral range between 300-2500 nm.
19 The optical absorption coefficient and the extinction coefficient data are studied for both the
20 as-deposited and annealed garnet thin-film samples. A new approach is applied for accurately
21 deriving the optical constants data simultaneously with the physical layer thickness, using a
22 combination approach employing custom-built spectrum-fitting software in conjunction with
23 Swanepoel’s envelope method. MO properties, such as specific Faraday rotation, MO figure of
24 merit and MO swing factor are also investigated for several annealed garnet-phase films.
25 Keywords: magneto-optics; magnetic thin films; optical constants
26

27 1. Introduction

28 Yttrium Iron Garnet (YIG) is one of the most common and well-known iron garnet materials
29  possessing unique functional properties suitable for magneto-optic and microwave-range radio
30  frequency (RF) applications. It is chemically formulated as Ys[Fe2](Fes)Or where Y3+ ions occupy the
31 dodecahedral sublattice sites, two of the Fe3* ions reside in the octahedral sites, and the remaining
32 three Fe¥ ions are in tetrahedral sublattice sites. Research efforts, focusing on the refinement of
33 structure and composition of garnets through the addition of a number of elements into the garnet
34  material system, have resulted in scientific and technological benefits for various emerging
35  applications [1-12]. Many reports have demonstrated the successful synthesis of new garnet material
36  typesby substituting the yttrium with either the transition-metal or rare-earth ions eg. Bi3*, Ce3, Er%,
37  Tb% and others, into the dodecahedral sites, and also replacing the Fe3+ ions by other elements (such
38  as Gad, AP, or other metals) into the tetrahedral sublattice sites [13-22]. Also several composite-type
39  material systems have been explored to improve the optical and magneto-optical properties of
40  highly bismuth-substituted ferrite garnet thin-film materials [23-29]. Bismuth substitution into the
41  YIG-based garnet lattice structure enhances the Faraday rotation performance, while other added
42 components like Ga or Al contribute to the preferential dilution of iron inside the octahedral and
43 tetrahedral sites, which then reduces the net magnetization. Modified ferrite garnets, especially
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Bi-substituted iron garnets (with compositions close to BisFesO12) have very high specific Faraday
rotations across the visible light spectrum and relatively low optical absorption in the near-infrared
spectral region. Multiple process parameters relevant to the synthesis of substituted iron garnet
materials have a significant influence on their physical (structural, optical and magnetic) properties
[30-33]. However, it is always challenging to develop application-specific substituted ferrite garnet
thin-film materials with high quality (in terms of their structural, optical and magneto-optical
properties being optimized simultaneously) by using physical vapor deposition techniques. It is
often difficult to keep the composition-dependent lattice parameter as close as possible to that of YIG
(12.38 A), and most of the magneto-optical devices require the lattice mismatch between the garnet
layer and the substrates be very small, to ensure film properties and morphology being close to these
obtainable with liquid-phase epitaxy techniques. Also, the accurate determination of complex
refractive index (optical constants data) of each particular thin-film garnet material composition is
crucial for the design and optimization of all MO and magnetic photonic crystal (MPC) based
devices.

In this work, we report on the successful synthesis of bismuth and lutetium co-substituted
ferrite garnet thin-film material using RF magnetron sputtering process followed by
high-temperature annealing in air. Co-substituted (Bi, Lu) yttrium gallium-iron garnet films
prepared wusing an oxide-mix-based ceramic sputtering target of stoichiometry type
BiosLuissYo2sFesGaiOrz are investigated. The structural, optical, and magneto-optical properties of
this material are investigated. Special attention is devoted to the determination and investigations
of the optical constants (refractive index, absorption coefficient and extinction coefficient) of
thin-film materials of this composition type across the visible and near-infrared spectral range. The
reason for choosing this particular composition type of the sputtering target was to produce a garnet
layer with its lattice parameter as close as possible to that of YIG, and also to obtain low coercivity
for applications requiring magnetization-state switching such as MO imaging. The other motivation
was to explore a new type of garnet material stoichiometry, particularly BiooLuissYo2sFes0GaiOnz,
with a combined substitution of Bi and Lu ions at yttrium (Y) lattice sites, which has so far not been
explored extensively using physical vapour deposition techniques.

2. Experimental work

2.1 Thin film garnet layer preparation

Several batches of ferrite garnet thin films were deposited on cleaned glass (1 mm thick)
substrates from an oxide-base-mixed target of composition type BiosLuissYozsFesoGaiOnz.
Specifically, the garnet thin films were sputtered using RF gun power of 250 W (5.4 W/cm? at the
surface of 3 inch diameter target) inside a high-vacuum chamber. The chamber pressure was kept at
around 2 mTorr with continuous flow (at 12 sccm) of pure argon (Ar). The substrates were kept at
room temperature (21-23 °C), with a substrate stage rotation rate being about 15.5 rpm. The
distance between the sputtering target and the substrates stage was kept at 18 cm. The growing film
thicknesses of the layers were measured directly in-situ during the deposition using a quartz
microbalance sensor, which was located very close to the substrates stage inside the sputtering
chamber. The thickness sensor was calibrated using a series of preliminary deposition runs followed
by optical characterization. Different annealing regimes were trialled using a conventional annealing
oven at an ambient air atmosphere in order to find the optimized annealing regime (in terms of both
the crystallization temperature and process duration) for this garnet composition. Finding the most
suitable annealing regime for each newly-trialled garnet composition type is always a key factor for
obtaining garnet thin films demonstrating a combination of maximized specific Faraday rotation
and optical transparency. Figure 1 presents the schematic diagram of process sequence employed to
identify the most suitable annealing crystallization process. The ramp rates of heating and cooling
applied during the oven-annealing process were kept at a constant value of about 5 °C per minute in
this work.

d0i:10.20944/preprints201805.0059.v1
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96 Figure 1. Schematic diagram of annealing process optimization experiments conducted to find the most
97 suitable annealing regimes (in terms of both the maximum process temperature and crystallization
98 process duration) for this type of garnet layers.
100 2.2 Structural investigation
101 The crystal structure type and the crystallized garnet-phase lattice parameters of all annealed

102 films were investigated using x-ray diffractometry (XRD). The experiments were performed by
103 using a Siemens 5000D x-ray diffractometer at room temperature. This diffractometer was operated
104  in theta-theta geometric configuration; the x-ray source was run at 40 kV and 30 mA. It generated a
105 Cu Ko collimated x-ray beam that provided radiation at the wavelength A = 0.154056 nm.
106  Measurements were performed using a range of 20 angles between 20° and 70°, at near-grazing
107  x-ray radiation incidence, which allowed reliable measurements despite small sample thickness, and
108  led to detecting multiple diffraction peaks coming from the samples, the signal strengths of which
109  were sufficient for reliable indexing of the diffraction pattern. From the data obtained, the lattice
110 constant and the averaged crystallite size were calculated by using the methods described in Refs
111 [34, 35]. Energy dispersive spectroscopy (EDS) based elemental analysis experiments were also
112 performed, using a Quantax Q100 system (Bruker.com), to determine the elemental composition in
113 the garnet films. The measurement system used for EDS experiments, was calibrated with a
114  standard Cu sample provided by the manufacturer.

115 2.3. Optical properties measurement

116 The optical transmission spectra of both the as-deposited and annealed garnet films were
117  measured and recorded using a UV/Visible spectrophotometer (Agilent Cary 5000). The
118  transmission spectra measurements were carried out at room temperature at normal incidence for all
119  the garnet samples in a wavelength range from 300 to 2500 nm. The obtained optical transmittance
120 data were used to estimate the optical constants by using the well-known analysis method suggested
121 by Swanepoel (established on the basis of the Manifacier idea [36]) which is suitable to calculate the
122 optical constants of semi-transparent thin-film materials with relatively higher transparency (weak
123 and medium absorptive media) [37-39]. The transmittance spectra envelopes were generated
124 digitally to get the interference maxima (Twm), interference minima (Tm) to determine the refractive
125  index (n) values as well as the film thickness. Using the calculated refractive index values (SWEM) in
126  Cauchy’s dispersion equation the refractive index over the spectral range 300-2500 nm were
127  determined. Later, the transmission spectra were modelled with help of MPC software [25, 27] using
128  the refractive index data (obtained from Cauchy’s formula) and re-fited with experimentally
129  obtained transmission spectra of the garnet films. From the iterative fitting of transmission spectra
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130  (modelled and experimental), the physical layer thicknesses and also the absorption coefficients of
131  garnet films were derived.

132 2.4 Magneto-optical properties measurement

133 The specific Faraday rotation values and magnetic hysteresis loop data for the annealed garnet
134 layers were measured using a Thorlabs PAX polarimeter system in-conjunction with a custom-made
135  calibrated electromagnet with an applied external magnetic field. The applied magnetic field
136  direction during the measurement process was kept perpendicular to the film plane and parallel to
137  the light propagation. The specific Faraday rotation and MO figure of merit of the annealed garnet
138  films was calculated using the following expressions:

139 Specific Faraday rotation ©f =Rotation angle (one way) / Film thickness (*/um) ......... 1)
140 MO figure of merit Q=2% Op / 0 (A€F) ..+ eevvvruineeieiiiiii et )

141  where ais optical absorption coefficient at the same wavelength.

142 The MO figures of merit were calculated by taking into account the measurement errors in the
143 films’ thickness (within estimated + 5% accuracy) as well as in Faraday rotation angles (measured
144  with a maximum error of + 0.05°) and presented with the possible error bars.

145  3.Results
146  3.1. X-ray diffraction study

147 The X-ray diffractograms of as-deposited and annealed garnet thin layers are illustrated in
148  Figure 2. It was observed that the as-deposited garnet layers did not have any identifiable peaks
149 which confirms the amorphous phase of the samples just after deposition. On the other hand, high
150  temperature annealed samples showed high-intensity diffraction peaks for wide range of diffraction
151  angles. The positions of the X-ray diffraction peaks obtained from the annealed garnet
152 (garnet-phase) samples were determined by using the software called “JADE 9” (MDI Corporation).
153  The annealed garnet samples showed a nano-crystalline microstructure nature and the analysis of
154  the XRD pattern revealed the presence of a crystal structure with a body-centered cubic (bcc) lattice

155  type.
156
25000
—Annealed garnet sample (batch 1)
—Annealed garnet sample (batch 2)
411 :
20000 (411) —As-deposited garnet layer
3 15000 |
&
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2 (400) (642) (842)
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£ | ) \ L (824) |
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158 Figure 2. X-ray diffractograms of as-deposited and annealed garnet layers.
159 The experimentally measured lattice parameter (average 12.39 A) of this garnet type material

160  was found to be close to the predicted lattice parameter of a garnet layer of this composition type
161  described by the stoichiometry BiooLuissYozsFesGaiOr. Theoretically predicted crystal lattice
162  parameter for this type of doped iron-garnet material was (40)=12.376 (A) + 0.0828*0.9 (A) -
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0.031+1.85 (A) - 0.0151+1 (A) =12.378 (A), where 12.376 (A) is the lattice parameter of YsFesO12 (YIG).
The average crystallite size of the annealed garnet films was calculated using Scherrer equation, Dp
= KA / BcosO [34, 35, 40] where the value for the shape factor K is 0.94 and the X-ray wavelength A =
0.154056 nm were used. The measured average crystallite size for this garnet films was 33.9 nm.

3.2 EDS measurement

Figure 3 presents a typical energy dispersive spectroscopy (EDS) spectrum of a garnet
(as-deposited) sample displaying the Y-axis representing the counts per second (number of X-rays
received and processed by the detector) and X-axis presenting the energy level of those counts. EDS
microanalysis typically helps to identify the particular elements belongs to the garnet samples and
their relative proportions (in atomic %). EDS experiments were performed using a beam power of 10
keV. All peaks of the expected elements (Bi, Lu, Y, Fe, Ga and O) were seen very clearly on the
measured spectra. These results confirm the introduction of both Bi and Lu ions into the garnet
structure. Also, a large oxygen content (> 60 at. %) was measured in all films which could be the
cause of experimental errors in measuring the elemental content of other atoms, or extra oxygen
could, in fact, be present either within the substrates or trapped (from air) within the film pores.

cps/eV Atom
9+ Element At. No. %]
3] Oxygen 8 65.38]
| Iron 26 1245
73 Gallium 31 5.24
1 Yitrium 33 0.85
6 Lutetium 71 8.99
| Bismuth 83 7.09
57
4 1Lu . Ga Lu ﬁ . Lu Ga
34
21
1] E
5 : L
1. 2 3 4 5 6 7 8 9 10
Energy [keV]

Figure 3. A typical energy dispersive X-ray (EDS) spectrum of a garnet (as-deposited) sample with the
characteristics peaks for each possible element present in the film. The inset shows the obtained
constituent elements (atomic %) in the sample. To avoid any type of contamination such as by carbon or
other substances/gases, the measurement time was limited (at 5 minutes maximum) according to the
manufacturer recommendations provided in the system manual.

3.3 Study of optical properties

3.3.1. Optical transmittance

The transmittance spectra of as-deposited and annealed garnet thin films of two different
thicknesses (indicated in the figure caption) are shown in Figure 4 (a and b). Clear and distinct
interference fringes are observed in the transparent region (longer wavelengths section) with a
relatively large intensity above 90%. The intensity of the interference fringes of transmission starts to
decrease moving towards the shorter wavelengths due to the beginning of absorption within the
films and continues towards zero at the fundamental absorption edge of the film. The number of the
observed interference fringes was found to be about 4-5 fringes only for the relatively thin samples
(701 nm) and 6-7 for the samples with higher thickness (1292 nm). The number of interference
fringes in the transmission spectrum were found to be fully dependent on the film thickness as
reported in Ref [41]. The appearance of adequate interference patterns in the measured
transmittance spectra of the samples (as-prepared and annealed) also revealed that high quality
garnet thin films were obtained. Figure 4 also revealed that although transmittance became slightly
reduced in the longer wavelength range due to the annealing process, it improved the transmittance

d0i:10.20944/preprints201805.0059.v1
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199  significantly across the short wavelength range (at around 450-620 nm), which indicated directly the
200  lower absorption in the crystallized garnet samples.

201
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203 Figure 4. Measured transmission spectra of as-deposited and annealed garnet samples of about 701 nm
204 (a), and (b) 1292 nm thickness. The insets of the figures showed the shift in the absorption edge to lower
205 wavelengths due to the annealing crystallization process. The shift of the band gap due to the annealing
206 process attributed to remove the residual stresses of the garnet layers and improved the structural and
207 crystalline quality of the annealed garnet films.

208 3.3.2 Calculation of the refractive index and film thickness

209 The spectral dependence of the refractive index (n) garnet samples was calculated using
210  Swanepoel’s envelope method (SWEM ). The theory of SWEM are extensively described in Refs
211 [36-39]. Figure 5 presents the typical transmission spectrum of an as-deposited garnet film including
212 the envelopes transmission maxima (Tm) and minima (Tm) intensities.

213
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Figure 5. Typical transmission spectrum for the as-deposited garnet sample; where Texp is the measured
transmission of the sample, Tu and Tm are the maxima and minima of the envelopes. Transmission
spectrum of 1 mm thick glass substrate is also included in the figure.

To calculate the approximate values of refractive index of garnet films and for the clear glass
substrate the following well-known basic set of expressions were used:

=[N 4 (NS 2J12, e 3)
N = 28{(Tot-Tan)/ T Tn} + (SHI)/ 2o, )

where Tm and Tm denote the maximum and minimum transmittance at a given wavelength,
respectively. Parameter S represents the refractive index of used glass substrate. The necessary
values of the refractive index of the glass substrate (S) were obtained from the measured
transmission spectrum using the following equation:

S=1/Ts+ (1/TS -1)12 ..ooovoeieee e, G)

Here Ts represents the transmission coefficient of the substrate. No significant dispersion was
present in the transmission spectrum of the transparent glass substrate (Figure 5). The average
calculated n value for the used glass substrate was around 1.47. Using Equation (3), the primary
refractive index (n1) values were calculated as shown in Table 1 (column 5). The order number of
interference fringes was determined by substituting n: values into the basic equation of the
interference fringes:

where mo is called the order number and it is equal to an integer for maxima and a half-integer
for minima. By using the wavelength and refractive index values of wavelengths corresponding to
two adjacent maxima (or minima), the first approximation value of the film thickness (di) were
calculated (Table 1 column 6) using the following expression:

di= AA2/2(M2A1-1A2). e )

After calculating the first approximated values of the refractive index and film thickness, we
followed the evaluation method as described in Ref [37, 38] to reduce the bigger deviation obtained
in first-approximation film thickness. The final film thickness (d2 in table 1, column 9) was found
with a smaller dispersion (less than 1 %), and this was in agreement with the literature and helped
to determine the final refractive index values (n: listed in table 1, column 10) with better accuracy.
Below, Table 1 summarizes the calculated optical parameters for the first batch (as-deposited and
annealed) garnet thin films.

d0i:10.20944/preprints201805.0059.v1
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247 Table 1: Optical parameters obtained from the optical transmission measurements carried
248  out using the first batch (as-deposited and annealed) of garnet samples.
249
Sample Wavelengt  Tm Tm nm d1 m M d> n:
h (nm) (nm) (nm)
As- 1480 0.94699  0.735 211 - 20 200 700 @ 2112
deposited 1186 0.9465 073351 212 710 25 250 700 2116
(thickness 998 092997  0.72 213 692 30 300 704 2136
650 nm, 858 0.928 071101 215 694 35 350 698 2143
measured by 762 0.89588  0.685 217 712 40 400 701 2175
a quartz 682 0.86 0.65927 219 749 45 450 701 2190
sensor during 628 0.77032 0.6 2.21 - - - - -
deposition)
di1 (ave) = 712 nm, d1 = 22.8 nm (3.21%), d2 (ave) =701 nm, d2 = 1.8 nm (0.25%), dmpems =701 nm
Annealed at 1440 091145  0.71 2124 - 20 200 678 2118
800°C for6 1154 0.91 070869 2126 697 25 250 679 2122
hrs 974 0.8894 0.693 2136 692 30 300 684  2.149
838 0.888 0.68786 2149 684 35 350 682 2157
744 087132  0.67 2175 654 40 400 684  2.189
662 0.845 0.64618 2204 681 45 450 676  2.191
608 0.80114  0.615 2224 658 50 500 684 2236
556 0.75 057274 2274 710 56 550 672 2249
528 0.64661  0.505 2.303 - - - - -
d1 (ave) = 682 nm, d1=17.7 nm (2.58%), d2 (ave) =680 nm, d2 = 4.3 nm (0.63%), dmpcmf) =684 nm
250
251 It is noticed from Table 1 that the calculated film thickness is larger than that

252 measured by the quartz sensor. Later, we recalculated the tooling factor (TF), which is one of the
253  important deposition process-control parameters, by using the correct film thickness (701 nm as
254  obtained from the best transmission-spectrum fit obtained over the entire spectral range of
255  measurement) and used the newly calculated TF for the second batch of garnet samples. We
256  deposited a garnet layer of thickness around 1292 nm onto glass substrates and followed the same
257  SWEM to determine the optical constants and the film thickness of the sample. The results obtained
258  from the batch-2 samples are detailed in Table 2.

259 Table 2: Optical parameters obtained from the optical transmission measurements carried
260  out using the second batch (as-deposited and annealed) of garnet samples.

Sample Wavelength Tm Tm n d1 mo M d> n:
(nm) (nm) (nm)

As- 2208 0.905 0.70915 2.115 - 23 25 1305 2.148

deposited 1840 0.92007 0.715 2.125 1264 2.8 3.0 1299 2.148

(thickness 1578 0.918 0.71022 2.136 1247 33 35 1293 2.149

1292 nm, 1382 0.91221 0.702 2.150 1251 3.8 4.0 1285 2.151

measured 1230 0.9122 0.7 2.156 1302 43 4.5 1283 2.153
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by a quartz 1114 0.89607 0.689 2.161 1320 4.7 5.0 1289 2.167
sensor 1014 0.896 0.6887 2.162 1318 5.2 5.5 1290 2.170
during 934 0.88012 0.678 2.166 1314 5.6 6.0 1294 2.180
deposition) 864 0.878 0.6753 2.171 1339 6.1 6.5 1294 2.185
808 0.85129 0.658 2.176 1273 6.5 7.0 1300 2.201
754 0.84 0.64701 2.191 1247 7.1 7.5 1291 2.202
716 0.78892 0.61 2.215 1218 7.5 8.0 1293 2.229
674 0.77 0.59379 2.235 1010 8.1 8.5 1282 2.229
646 0.69356 0.53 2.318 899 8.7 9.0 1254 2.262
610 0.648 0.49496 2.362 1007 94 9.5 1227 2.255

592 0.52763 0.414 2.419 - - - - -

d1 (ave) = 1215 nm, 1 = 138.5 nm (11%), d2 (ave) =1285 nm, &2 =19.9 nm (2%), dmpemn =1310 nm
Annealed at 2130 0.89 0.69541 2.129 - 24 2.5 1251 2.174
800 °C for 6 1786 0.8811 0.685 2.145 1213 2.9 3.0 1249 2.188
hrs 1534 0.87 0.67214 2.166 1353 34 3.5 1240 2.192
1348 0.85031 0.658 2.174 1193 3.8 4.0 1273 2.201
1200 0.845 0.64917 2.193 1091 44 4.5 1229 2.205
1086 0.81894 0.631 2.203 1192 49 5.0 1232 2.217
988 0.815 0.62326 2.223 1154 54 5.5 1222 2.219
910 0.8 0.61 2.240 1180 5.9 6.0 1218 2.229
844 0.79 0.6 2.257 1219 6.4 6.5 1215 2.240
788 0.77543 0.59 2.263 1244 6.9 7.0 1219 2.252
738 0.77 0.58519 2.270 1253 74 7.5 1219 2.260
698 0.73543 0.562 2.283 1203 7.9 8.0 1223 2.280
658 0.72 0.54988 2.297 1217 8.4 8.5 1217 2.284
628 0.67623 0.521 2.312 1217 8.9 9.0 1222 2.308
598 0.66 0.50732 2.334 1134 94 9.5 1217 2.319
574 0.61721 0.476 2.367 986 9.9 10.0 1213 2.344
548 0.58 0.44593 2416 1063 10.6 10.5 1191 2.349

532 0.49716 0.392 2.444 - - - - -

d1 (ave) = 1185 nm, 81 = 84.7 nm (7%), d2 (ave) =1226 nm, 2 = 18.5 nm (2%), dmpemn =1272 nm
261
262 The calculated film thickness (1285 nm, batch 2 sample) was now found to be much closer to

263  that measured by the quartz sensor (1292 nm) during the deposition process. With the thicker films,
264  a slightly higher variation in the film thicknesses obtained by the two techniques was observed
265 (about 2%), compared to that of the thinner films (701 nm, batch 1). This may be due to the formation
266  of some non-uniformities within the film layers, or due to larger pores present within thicker films
267  formed during the deposition process. However, after examination of the calculated n and d values
268  for all samples, and according to data reported in [37, 38], it was found that the following expression
269  (Eq. 8) is more accurate than Eq. 6 for the evaluation of interference fringes:

270 1/2 =2d (O/A) T (6)

271 where mu is the first order value, which equals an integer for a maximum and a half integer for
272  aminimum, and1=0, 1, 2, 3, .... Figure 6 (a and b) show plots of (1/2) versus (n/A) which are used to
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273  determine the physical film thickness and the first-order value mi, for as-deposited and annealed
274  garnet thin films, according to the modified Equation (8). The plots shown in Figure 6 (a, b) validate
275  Eq. 8, and enable the calculation of the film thickness d (which is half of slope value) and the first
276  order mi value.

277
(@, (b)
g || A BedeEe IR . 8 @ As-deposited (1/2=2570(n/A}-2.5) e
7 0.4
L@ Amnealed 2:1360(n/A} 2 a 6+ Annealed 1/2-2452{n/A)2.5) ,»3:-‘*""
5 A
2 “ 4 ‘.:'!-v
15 o 3 ”.Qb’
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o 0.5 o Qo .‘...
-0 el Ta0 o1 15 2 25 3 35 4 45
050 05 115 2 25 3 35 4 45 5 .o
- 3 n/A (10° nm)*
n/A (10% nm)! 4
15 s
2 5
2.5 .7
3 8
278 -35 i
279
280 Figure 6. Plots of (1/2) versus (n/A) to determine the physical film thickness and the first-order value mi for
281 as-deposited and annealed garnet thin films, according to the modified equation (8). Film thickness (a) 701
282 nm, and (b) 1272 nm.
283
284 Note that if the Cauchy’s constants are known, then the Cauchy’s dispersion formula can be

285  used to determine the values of refractive index over the spectral range of 300-2500 nm [42, 43]. By
286  using the calculated values of the refractive index (n2) listed in Tables 1 and 2, in conjunction with
287  least-square fitting, according to Cauchy’s dispersion equation, the simple two-term expression was
288  found to be accurate for the calculation of the refractive index:

289 NA) =@+ B/AZ0 oo @)

290 where a and b are Cauchy’s constants, which can be determined from the intercept and slope of
291  the n-versus-A2 linear plot, respectively. Figures 7 (a, b) and 8 (a, b) show plots of n vs A2 for as
292  deposited and annealed garnet samples from both batches. From these linear plots, the values of
293  Cahchy’s constants (a and b) can be determined easily. By substituting the a and b values into
294  Equation (9), the values of the refractive index can be derived over the whole spectral range of
295  measurement, 300-2500 nm, for all garnet samples, as shown in Figures 7 (c) and 8 (c). In Figures 7 (c)
296  and 8 (c), the n2 values are represented as blue solid large points, while n values, which were
297  calculated from Cauchy’s dispersion relation, are shown as solid lines.
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Figure 7. Least square fit of calculated refractive index (n2) values for garnet samples (batch-1); (a)
as-deposited and (b) annealed. (c) Calculated refractive index spectra using Cauchy’s model and
measured transmission spectra, for as-deposited and annealed samples.
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Figure 8. Least square fit of calculated refractive index (n2) values for garnet samples (batch-2); (a)
as-deposited and (b) annealed. (c) Calculated refractive index spectra using Cauchy’s model and
measured transmission spectra, for as-deposited and annealed samples.
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306 The impact of thermal annealing on the refractive index was obvious from Figures 7(c) and 8(c).
307  We used the refractive index data (derived according to Cauchy’s formula for as-deposited sample
308  batch-1) in our in-house built magneto-photonic crystal (MPC) software, which was reported in [25,
309  27], to model and simultaneously fit the transmission spectrum of as-deposited sample, as shown in
310  Figure 9(a). From the iterative fitting of transmission spectra (by way of adjusting the physical
311  thickness of modeled film and considering the absorption coefficient value equal to zero) we derived
312  the best-fitted film thickness which was 701 nm (identical to that found in the SWEM calculation
313 Table 1). Later the best-fitted absorption coefficients, shown in Figure 9(b), were derived with the
314  help of the MPC software (across the spectral range 300-1200 nm) by using the measured
315  transmission spectrum data of the sample.

316
(‘a‘i Transmission spectrum (bT Derived absorption spectrum
is id specrum Loaded T Plase us < 500 ponts of data /000
09 50000
0.8 ,\m
§o7 i
R o=
En.s 20000
Eﬂ.l
0.3 20000
0.2 10000
0.1 i
e W om0 w0 e w %0 &0 70 80 000 1100 1200
3 1 7 Wavelength (nm) Wavelength ().
318 Figure 9. Iterative software-assisted fitting of modelled and measured transmission spectra (a), and the
319 derived absorption coefficient (a) of an as-deposited garnet sample grown on glass substrate from batch-1.

320  3.3.3Confirmation of the film thickness, optical absorption coefficient data and extinction coefficient
321 measurement

322 By using the refractive index data (derived according to Cauchy’s dispersion formula) together
323 with the derived absorption coefficient (for as-deposited sample batch-1) with the help of MPC
324 software, we modelled and fitted the transmission spectra for other as-deposited and annealed
325  garnet samples (from batches 1 and 2). Figure 10 (a, b, c) represents the best fitting results of
326  transmission spectra with their respective modelled transmission spectra, which also re-confirmed
327  our calculated refractive index and absorption coefficient datasets for this type of garnet thin films.
328  From the fitting of the transmission spectra, the film thicknesses were recalculated (and accounted
329  for later in measurements of specific Faraday rotation, MO figure of merit and swing factor of
330  photoresponse) and the absorption coefficient data for other annealed and non-annealed samples
331  were derived. Figure 10 (d) shows the derived absorption coefficient data for all batches of sample
332 (as-deposited and annealed). Figure 10(d) reveals that both annealed garnet films (batch 1 and 2)
333 have similar patterns of optical absorption coefficient (a), which is in the range of 1630-3800 cm-!
334 over the visible spectral region.
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337 Figure 10. MPC software fitted transmission spectra of different thin film garnet layers; (a) annealed
338 garnet sample from batch-1, (b-c) as-deposited and annealed garnet samples form batch-2, (d) derived
339 absorption coefficient datasets obtained for the as-deposited and annealed garnet samples.
340
0.25
» As-deposited ( batch 1)
0.225 * Annealed (batch 1)
o2 3 As-deposited (batch 2)
— ) Ly Annealed (batch 2)
=
= 0175
c
&
'S 015
b
g 0.125
c
2 o1
©
S 0.075 .
0.05 N \:’\
0.025 \\ ==
0 T
400 450 500 550 600 650 700 750 800
341 Wavelength (nm)
342
343 Figure 11. Spectral dependence of the extinction coefficient for as-deposited and annealed garnet samples
344 (batch 1 and 2).
345
346 In addition, the extinction coefficient or the absorption index (k) data were investigated

347  and found to follow similar trends as the absorption coefficient of the garnet samples (decreasing in
348  k values with increasing the wavelength), thus confirming the low optical losses at longer
349  wavelengths. The extinction coefficient data for these garnet samples were calculated using the
350  simple formula k= aA/4m, where « is the derived absorption coefficient (Figure 11). Note that the
351  extinction coefficient is an important parameter in optical and magneto-optical thin-film materials
352 related studies, such as electromagnetic wave propagation through structured solid thin-film media,
353 because it controls the decay in the oscillation amplitude of the incident electric field.
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354
355 3.4 Study of magneto-optical properties
356  3.4.1Specific Faraday rotation and MO figure of merit
357 The specific Faraday rotation is one of the key parameters that is used to assess the quality of

358  the annealed garnet thin-film materials. The specific Faraday rotation performance was measured at
359  the visible wavelengths 473 nm, 532 nm and 635 nm. All of the optimally annealed garnet films
360  (batches 1 and 2) exhibited relatively high specific Faraday rotations as well as relatively low
361  absorption coefficients. The best measured specific Faraday rotation and MO figure of merit values
362  obtained at the above-mentioned wavelengths are plotted in Figure 12.

363
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365 Figure 12. Measured specific Faraday rotation data and MO figures of merit at 473 nm, 532 and 635 nm.
366
367  3.4.2MO swing factor and hysteresis loop of specific Faraday rotation
368 The optical efficiency of MO visualization, which is also known as the swing factor of the

369  photoresponse, was calculated using the measured specific Faraday rotation and the absorption
370  coefficient. Figure 13 shows the measured swing factor (QS) of the photo-response at 473 nm, 532
371  and 635 nm and that of a 530 nm BIG/GGG film. The Swing factor is defined as the ratio of change in
372 optical signal intensity ((induced by propagation through the MO medium) to the intensity of the
373  incident polarised light, and can be calculated using the following expression Qs =
374  abs[exp(-2ad)sin?(46rd)], where a is the absorption coefficient, Oris the specific rotation and d is film
375  thickness [44]. Higher Qs factor values were observed for the sputtered garnet films compared to
376  the values attained with a 530 nm BIG/GGG film (as shown in Figure 13). Figure 14 shows the
377  measured hysteresis loop of Faraday rotation at 532 nm of an annealed garnet sample of thickness
378  1.272 um. Note that, although the Qs factor is dependent on the film thickness, in contrast to the
379 MO figure of merit, the high swing factor attained by our developed garnet films, together with the
380  low coercive force of <100 Gs (as shown in Figure 14), makes this type of material attractive for the
381  development of magneto-optical visualization devices.

382
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384 Figure 13. Measured swing factor of photo-response (Qs) data points at 473 nm, 532 and 635 nm are
385 presented against the Qs values of a 530 nm BIG/GGG film. The Qs values for the BIG/GGG film are
386 reproduced digitally from the published result in Ref. [44].
387 Note also that, as shown in Figure 14, the measured coercive force and the saturation

388  magnetization values were 60 Gs and 500 Gs, respectively. The almost square shape of the hysteresis
389  loop and the strong remanence property indicate that the magnetization of this garnet material is
390  perpendicular (out-of-plane).
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393 Figure 14. Measured hysteresis loop of Faraday rotation at 532 nm of a 1.272 pm thick annealed garnet
394 sample.

395 4. Conclusions

396 We have successfully fabricated garnet thin-films sputtered using a target of nominal
397  stoichiometry BiosLuissYo2sFesoGaiOr and crystallized using high-temperature oven-annealing
398  processes. The optical properties, mainly the spectral dependency of the refractive index for this
399  type of garnet material, have been calculated by using only the transmission spectra. The methods
400  used for the derivation of optical constants data have been described. All of the annealed garnet
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401  films have exhibited relatively high specific Faraday rotations as well as relatively low absorption
402  coefficients (i.e., high figures of merit). We have also investigated the magnetic and MO properties of
403  the developed garnet films. The high swing factor and the low coercive force of the developed garnet
404  films make them attractive for numerous applications, including magneto-optical visualizers and
405  integrated optics.
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