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Films of polycrystalline terbium iron garnet (TbIG), cerium substituted TbIG (CeTbIG) and
bismuth substituted TbIG (BiTbIG) were grown on Si substrates by pulsed laser deposition. The
films grow under tensile strain due to thermal mismatch with the Si substrate, resulting in a
domina elastic anisotropy which, combined with shape anisotropy, leads to in-plane
magnetizaﬁ [G has a compensation temperature of 253 K which is reduced by substitution
of Ce and Bi. The Faraday rotation at 1550 nm of the TbIG, Ceo3sTbIG and Bio.osTbIG films were
5400 + 600 °/cm, 4500+ 100 °/cm and 6200+ 300°/cm respectively while Ceo3sTbIG and
Bio.osTbIG exhibited lower optical absorption than TbIG, attributed to a reduction in Fe2*and
Th#+ absorgtion Eathways. The high Faraday rotation of the films, and in particular the high

magnetooptical ofigure of merit of the BioposTbIG of 720 odB-! at 1550 nm, make these
polycrystalline filflas valuable for applications in integrated photonics.

Keywordsw-earth iron garnets, magneto-optical, optical absorption, Faraday

rotation, : merit
Introductgn

Magnetooptic 0) materials provide nonreciprocal functionality in optical circuits and

networks. In particular, optical isolators based on nonreciprocal mode conversion or phase shift

onents of optical networks, ensuring unidirectional propagation of light.[1-61 The
MO material is given by the off-diagonal terms of the permittivity tensor,
haracterized by measuring the Faraday rotation. For the near-IR optical
communications bands, materials based on ferrimagnetic yttrium iron garnet (YIG, Y;Fe.0,,)
offer a desjirable combination of a high Faraday rotation and a low optical absorption. Cerium-
and bism ituted yttrium iron garnet (CeYIG, BiYIG) have an excellent MO figure of merit
(FoM, the ratig, of Faraday rotation to optical absorption),3-18] and bismuth iron garnet and
paramagn @ jum gallium garnet are both used in bulk optical isolators.

[

ho

In orde rate these complex oxides into photonic integrated circuits, films with high
FoM mustbe grown onto photonic substrates and devices. Although YIG crystallizes readily on
non-gar ates, it has a low Faraday rotation (~ +100 °/cm at 1550 nm)[%and FoM.
Crystalliz eYIG or BiYIG without secondary phases can be accomplished by depositing
then annealing th€ film directly or by annealing a bilayer consisting of a YIG seedlayer placed
ow the active MO layer.[12.13.18] When a seed layer is included, a top seed layer
is prefer it maximizes coupling of the MO garnet with an optical mode propagating
erlying waveguide.

{

X

either above or

Like YIG, rare earth garnets such as terbium iron garnet (TbIG) or dysprosium iron garnet [19.20]
can crystallize directly on non-garnet substrates to form polycrystalline films. TbIG is a
thermodynamically stable phase [21.22] which promotes garnet-phase crystallization without a
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seed layer. TbIG has a Faraday rotation in the 1100 - 1550 nm wavelength range of ~ +270 to
+1000 °/cm. [23-25] Bi-substituted TbIG has been grown by liquid-phase epitaxy and flux
methods[23-27] or sol-gel methods [28], and more recently thin films of Ce- and Bi-substituted TbIG
(CeTbICMrere grown on Si by sputtering.[29-341 Sputtered BiTbIG with Bi substitution of
14% of the ites has a Faraday rotation of ~ -500 °/cm at 1550 nm,[29 the same sign as that of
CeYIG, wh @ 50 nm wavelength had a Faraday rotation of at least -3700 °/cm.3% CeTbIG
films with ubstituting up to 25% of the Tb sites showed a Faraday rotation above -3200 +
200 o/, BTSIER 2 44 nm thick magnetic dead layer formed between the waveguide and the
CeTDbIG, hifdering the interaction of evanescent light with the MO garnet cladding.321 However,
the opticam@ion and FoM of these Bi- and Ce-substituted TbIG materials has not yet been

reported.

S

In this pa eport the growth, magnetic and optical characteristics of polycrystalline thin
films of Ti IbIG and BiTbIG synthesized using pulsed laser deposition (PLD) on Si
substrates. The efflect of the growth conditions on the stoichiometry of TbIG, CeTbIG and BiTbIG
. We show that by composition control of the Ce- and Bi-substituted TblG, high
achievable, up to 6200 °/cm at 1550 nm wavelength. The optical absorption

L

films is di
Faraday r

i

of the Tbl films can be reduced by addition of Bi3*and Ce3*and the possible mechanisms
of optical absorptjon in these films are discussed. The figure of merit reached 720 °/dB, the
highest repo or polycrystalline garnet films with the added benefit of improved device
performan o the absence of a seed layer. The temperature dependence of the magneto-
optical ic properties of these thin films are also characterized.

2. Res

2.1. StrunSral, Compositional and Surface Characterization of TbIG/Si, CeTbIG/Si and
BiTbIG/S

TbIG, Ce BiTbIG films were grown on Si substrates with native oxide by PLD as

described 1 Experimental Methods by codeposition from TbsFes01,, Ce1TbzFes012 and
Bio_gsznggets. Iron garnets such as TbsFes0:2 form cubic crystals with lattice
paramete ~1.2 nm and 8 formula units per unit cell, illustrated in Figure 1a. Tb, Bi and Ce
are expeci to ﬁccupy 3 dodecahedral sites per formula unit whereas the Fe occupies 2

Tb+Ce+Bi

Fe
which characterizes how close the film is to the ideal cation stoichiometric ratio of R=0.6. Table

octahedraland 3 tetrahedral sites. We define a composition parameter R as the ratio of

Slinthes ntary material shows the cation ratios of films made in this study determined

by wav?ersive x-ray spectroscopy (WDS).

Figure 1b-d shows the x-ray diffraction (XRD) patterns and R ratios for several samples of TbIG,
CeTblG and BiTblG after rapid thermal annealing (RTA) at 900 °C for 3 min. The nominally TbIG
samples have an R ratio of 0.70, 0.57 and 0.54 (Figure 1b), yet they each crystallize well on §j,
showing the characteristic garnet (400), (420) and (422) powder peaks near 20 = 30° with no
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detectable peaks from secondary phases. An iron deficiency similar to that of the TbIG with
R=0.70 has also been reported for single crystal TbIG films with the excess Tb incorporated into
the octahedral sites usually occupied by Fe [351. The iron deficiency of the films in this study was
reducedH lower laser fluence which is believed to result in less scattering of Fe atoms

in the PLD dpared to the rare earth.

In the c-as MIG, while all the compositions shown in Figure 1c form garnet phases, only
the Ceo,ge'lh, which has a R ratio that is closest to 0.6, crystallizes with all three of the
garnet peaks neag 20 = 30°. Increasing Ce content led to the formation of broad garnet peaks or
secondar@ormation. For BiTbIG, most of the films have very low bismuth content
compared to the target. This is due to the volatility of bismuth, which is commonly depleted
during him(ﬁlture deposition or annealing.[!2] By using a lower substrate temperature of
700 °C an gll€r oxygen pressure of 100 mTorr, the Bi content was greatly enriched, forming
Bio.70TbIG wi ratio of 0.66, but this composition did not crystallize as a single phase garnet
according to the X¥RD data (Figure 1d).

Based on :ctural and compositional analysis we selected three exemplary films for
iggl@nd magneto-optical characterization. The films, of composition TbIG (123 nm
omposition Th:Fe = 2.9:5.1, R=0.57), Ceo36TbIG (72 nm, Ce:Tb:Fe =

further mag

thick, me@su a

0.36:2.59:5705,RF= 0.58) and Big03TbIG (79.8 nm, Bi:Tb:Fe = 0.03:3.06:4.9, R = 0.63), consist of
polycr gle-phase garnet. AFM images of these three films in Figure 2(a-c) and
supplement igure S1(a-c) show that the TbIG has a grain size of the order of 100 - 150 nm,
the CeT its a range of grain sizes from 20 - 100 nm, and the Bio.03TbIG had a grain size
of 10-3 he grains forming larger clusters. Even though the final Bi content in the film

is small, we expect that the film contained a much greater fraction of Bi prior to RTA which was
lost on an\Saling, and this affected the microstructural development compared to that of TbIG.

2.2. Magn racterization

|
Magnetic hysteresis of the films was measured with the magnetic field applied both in-plane and out-

of-plane (perpendicular to the films) using a vibrating sample magnetometer (VSM), and temperature-
dependent in-plane magnetic hysteresis measurements were carried out using a SQUID
magnetometer. The VSM hysteresis loops at room temperature are given in Figure 2d-f. The TbIG
(R=0.57), Ceo36BIG and Bigo3TbIG films have room temperature saturation magnetization (Ms)
of 43, 26 m-! respectively. The total anisotropy of the films includes the sum of

magnetocryst , magnetoelastic (K,,.) and shape (K) anisotropy contributions. The
magne line anisotropy can be neglected due to the polycrystallinity of the films, and the
net unia otropy becomes

K, = Kpe+Kgp= —>A—

A (g —e) —2ME (1)
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where 1 is the magnetostriction coefficient for the polycrystal, E is the Young’s modulus, v is the
Poisson’s ratio and ¢, and ¢, are the in-plane and out-of-plane strain. Iron garnet is close to
being elastically isotropic, with an elastic anisotropy factor 2css/(c11 + €12) = 0.947 calculated for
YIG [3¢l'where ci1, €12, and css are the three independent cubic elastic constants. The elastic

propertiesg@¥ polycrystalline garnet are then given by E = (Cu+2012)(@17¢12) jdy = —92 The
- (c11+¢12) €11+ C12
room temperature magnetostriction coefficients of single crystal TbIG are Aip0 = —-3.3 x 10-¢ and

A11= +i2 yekBadddd]. The approximation for the magnetostriction A of a polycrystal proposed by

Akulov!38l s

—— TblG/Si, 95nm, R=0.7
s TBIG/S, 1230, R=0.57
= TbIG/Si, 300nm, R=0.54 (b)

TbIG {420)

ThiG {400) ThiG (422)

—— Ce, ,¢TbIG, 125nm, R=0.77 ———Bi__ TbiG, 86.6nm, R=0.66

e G, ThIG, 80nm, R=0.67 (C) 079 ( d)
Ce. ©-TbIG, 97nm, R=0.57 ~—— Bi, . TbIG, 58nm, R=0.42
Ce, ,,TbIG, 73nm, R=0.64 Bi, ., TbIG, 97.5nm, R=0.50
Ce, 45 TDIG, 72nm R=0.58 e Bi, . TDIG, 68.6nM, R=0.67

— Bio.osTmG’ 79.8nm, R=0.63

CeTblG (420) BiTbIG (420)
BiTbIG (400)

CeTbiG (400} BiTbIG (422)

Intensity (a.u.)

Fe O, (104)

30 32 34 36 3828 30 32 34 36 38

20 (degrees) 26 (degrees)
Figure Cubic unit cell of ThiG showing octahedral (pink), tetrahedral (purple) and
dodeca ellow) sites. The cation sites are surrounded by O (indicated by black spheres) at
the vertices o polyhedrons. Magnetization directions of the Tb3* and Fe3* cations are shown

using red arrows. (b-d) XRD w-20 scans for polycrystalline (a) TblG , (b) CeTblG and (c) BiTbIG
films on silicon after RTA at 900°C for 3min.

2 3
A= P A100 + P A1 (2)
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which yields A= +5.88 x 107 for TbIG. An approximation of Callen and Goldbergl39401 which
assumes a non-uniform mechanical stress within the polycrystalline aggregate gives a similar
result of A= +5.73 X 107° based on the elastic constants of TbIG.[38]

The strain g 0 the garnet films on Si is dominated by thermal expansion mismatch. The in-

plane stra @ gy = & = AaAT where Aa = iy — Agupstrate 1S the mismatch between

the thermal™ e€Xpansion coefficient (a) of the film and substrate and AT is the temperature

change. for TbIG that a has little variation within the temperature range, which is a

reasonabl imation for iron garnets.lll The TbIG film on Si will experience an in-plane

tensile straja afer cooling down from 900 °C. For an isotropic film under biaxial stress, the out-
. 2v

of-plane s@ = —1-, -

Both mamtic and shape anisotropy favor an in-plane easy axis, though the
magnetoel ntribution for TbIG (R=0.57) is more than 2 times greater than the shape

anisotrop tal anisotropy for the films, K,, is calculated from the predicted thermal
mismatch, magnefostriction and magnetization and is shown in Table 1. The values of K, have
the same sign and indicate an in-plane easy magnetization direction for all the films. The
calculated opy for TbIG (R=0.57) agrees well with the anisotropy determined
experimemm the difference in area between the in-plane and out-of-plane anhysteretic
loops (i.e. the measured loops with hysteresis subtracted) [40], suggesting that thermal mismatch
provides &
appropriate

In contrast measured anisotropy of the Bipo3TblG is 5 times higher than that of the TbIG,
exceeding e predicted from the magnetostriction and thermal mismatch strain. This
sugges train or the magnetostriction are higher than those of TbIG, or there may be

another source of anisotropy. The magnetostriction is likely similar to that of TbIG due to the
small Bi cgntent, but Bi loss on annealingand the subsequent volume reduction could account

for an in ih the in-plane tensile strain, and the Bi may also affect strain relaxation
mechanisb

The magne ion of Ce-substituted garnets is not well characterized, but magnetostriction
coefficien = +120 x 106 and Aq11= +50 x 10-6 [43-451have been extrapolated for the

theoreticalRgarnet CeszFes012 based on data from YIG with small substitutions of Ce. Ce provides
a positive contribution to the magnetostriction of YIG, and extrapolating from data reported by
Wijn[431H¢e A= +35 10-¢ for polycrystalline Ceo36TbIG. This is 6 times larger than the
magnetos f polycrystalline TbIG, and could account for the larger anisotropy of
Ceo36TbIG compakied to TbIG even if the actual value of magnetostriction is not as large as the

extrapolated va u(:.[13,45]
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——TblG, R=0.70|
—=—TblG, R=0.57|
——TblG, R=0.54|

Figure 2. AFM height images post-RTA for (a) TblG/Si (R=0.57), (b) Ceo3sTbIG/Si (c) Big.o3ThIG/Si.

In-plane (i ut-of-plane (OP) VSM room temperature hysteresis loops of (d) ThlG (R=0.57),
(e) CeossTblGgand (f) BioosThIG films on Si after RTA. Temperature dependent magnetization
measured QUID magnetometer for (g) ThiG (R=0.54, 0.57 & 0.7) , (h) Cey3sTbIG and (i)
Big.o3TDIG.

Auth
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Sample

ThIG (95
nm) /Si,
R=0.70

TbIG (123
nm) /Si,
R=0.57

TbIG (300
nm) /Si,
R=0.54

(80 nm) /Si

CeoscThIG

(72 nm) /Si

Table 1. Magnetic, optical and magnetooptical properties of garnet films on Si

Calculated Calculate Calculate  Calculated Measured Farada Optical
A froqu d K,= K.+ Anisotropy y Loss
Refs. 38, K, from Mode Measure Rotatio
42 ‘ K . anhysteret | d n1550 1550
. p I s ki/m ic loops T, T nm nm
(10°) m ki/m P comp
N — /m? (K) " ecm-!  dB.cm’

. -

-3.37 -2.99 266 259.9 3500 19.9
‘w +25 + 300
-0.57
[
5.73 | -2-5 -1.16 -3.96 -3.42 243 252.6 5400 17.4

+25 + 600

-0.20 -3.00 -0.97 237 244.6 1800 -
‘m +24  +240
5.73 ‘q -0.91 3.71 -15.01 236 2299 6200 8.6
+ 300
—
35.4 -17.5 -0.42 -17.92 -9.09 193  145.8+1. 4500 8.3

+100

. - 4

We now cribe the trends in magnetic compensation temperature with composition. In iron
garnet gest superexchange interactions occur between the octahedral Fe3* and
tetrahe es leading to ferrimagnetic ordering. The moment of the rare earth (here
Th3+) in thn?hedral sites is coupled antiparallel to the tetrahedral Fe3+ as shown in Figure
la. The dodecaliedral Tb moments are canted at low temperatures around the [111]
directions.

canting leg

e different temperature-dependences of the Tb3*and Fe3*moments and the
a compensation temperature T¢y.,, where the net Tb moment plus the
oment balances the tetrahedral Fe moment and the total moment is zero, i.e. at
ahedral Tb contribute the same net magnetic moment as one tetrahedral Fe3+.

octahedig
Teomp three d08

The polycrystalline TbIG (R=0.57) has a Ty, of 252.6 K [+2.5K] which is near the bulk T,
of 248.6 K. 1351 The iron deficient TbIG (R=0.70) has a T4, of 260 K [£2.6K], while the iron rich

This article is protected by copyright. All rights reserved.
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TbIG (R=0.54) has T¢opyp of 244.6 K [1£2.4K] as shown in Figure 2g, which also demonstrates
that an increase in Tb:Fe ratio raises the magnetization below Tcomp. The increase in
compensation teﬂferature with Tb enrichment is similar to observations of Rosenberg et al. [35]

and can
Tb-rich Tbi@

ed to excess Tb occupying octahedral sites. Tb can also be tetravalent, and in
i b4+ is more likely to occupy the smaller octahedral sites. When the Tb is on
the octahé @ s it is expected to exhibit stronger exchange coupling to the Fe3* and less
canting tham dodecahedral Th. This raises the magnetic moment of the octahedral sublattice
relativé®o a0 the tetrahedral sublattice which increases Teomp and the low temperature net
magnetiza

To compare with experimental data, a modified version of Dionne’s molecular field coefficient
model fol¥ gaifn was employed. 48491 The model was modified to account for off-
stoichiom i e films by assuming that excess rare-earth occupies the octahedral sites,
whereas iron occupies the dodecahedral sites. The molecular field coefficients are
assumed to be iniependent of the site occupancy. Comparison with experimentally measured
compensa mperatures for the TbIG shows close agreement, with the trend of higher R
values lea igher compensation temperatures as shown in Figure S2.

Replacing) with Bi3+ (5d196s2) or Ce3+ (4f!) is expected to reduce the magnetization of
a d

the dodecaltedFf@¥sublattice and lower Tcomp, with Bi having a larger effect than Ce. To estimate
Teomp fi , and Bioo3TbIG we assume that the contribution to the magnetic moment
from the oc | and tetrahedral Fe3+ is the same as that of YIG. [#650-521 The Tb3+sublattice
magnetiza@i® can then be obtained by subtracting the magnetization of YIGI6l from that of
TbIG,

O [MTb3+]T = [Mrpiglr — [Mysglr -

The resultj erature-dependent sublattice magnetization of Tbh3+, [M ,3+] 7, is then scaled
to acc i3* or Ce3* substitution and added back to the temperature-dependent
magnetizagion ofg YIG, [My,;]7, to obtain the thermomagnetic curves for Bioo3TbIG and
Ceo_géTbHedicted values of T,y are shown in Table 1. The measured Ty, for
Bio.03TbIG than that of bulk TbIG by 19 K (Figure 2i), whereas the model predicted a
decrease bEAS a comparison, sol-gel BixTbs«IG showed a decrease in T¢yp, by 80 K for
x=0.5. [28] In the case of Ceo36TbIG, the measured reduction in Tcomp by 103 K (Figure 2h) is much
dicted by the model (56 K). A significant Ce*+ content appears unlikely, since it
iated with Fe?* and a higher optical absorption,[53] and there was no detectable
D. The results show that both the Bi and Ce lower Tcomp further than would
be expected from a model based on simple dilution of the rare earth moment, which may
indicate that the Ce or Bi affects the cation site occupancy in the films or the canting which is
present at and below Tcomp.[47]

CeO; found from
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2.3 Mawlcal characterization
P

The temperature and spectral dependences of magneto-optical effects were obtained using a
high precision magneto-optical spectrometer with a rotating analyzer, which enabled Faraday
effect measurements to an accuracy of ~1 mdeg. Saturation Faraday rotation at 1550 nm at
room temperature for the TbIG (R = 0.57), Ceo3sTbIG and Bio.osTbIG films was 5400 + 600 °/cm,
4500+ 100 °/cm and 6200+ 300°/cm respectively as shown in Figure 3a. The greater Faraday
rotation of TblG in comparison to YIG at energies around 1eV is due to strong optical transitions
at higher energies induced by Tb3+.541 Tb3+is reported to increase the splitting of oscillator
strength for left and right circularly polarized light above 4e V iniron garnets due to exchange
interactions_between Tb3+ and tetrahedral Fe3+54. The Faraday rotation of TbIG is thus
proportional to the magnetic moment of the ions involved in this charge transfer process.[5254]
Bi*and Ce3* both have a negative contribution to the Faraday rotation of YIG 15571 and in
Ceo36TbIG the positive Faraday rotation is lower in comparison to TbIG as expected. However,
in Bio.osTbIG the Bi content is small and the Faraday rotation of TbIG and BiTbIG agree within
the error range.
il

The polar Kerr rotation spectrum of the TbIG film shown in Figure 3b resembles prior results(54
for single crystal TbIG. In TbIG, optical transitions located between 3-4 eV originate from Fe3+
crystalﬁtions.[w The amplitude of the Kerr effect is lower than the results of single
crystals in Ref. 54. Figure 3c shows longitudinal Kerr spectra of CeossTbIG at temperatures
above and below Tcomp. Below Tcomp the octahedral Fe3+ and dodecahedral Tb3+ plus Ce3+
momentsare oriented parallel to the field while the tetrahedral Fe3* moments are antiparallel
(581, The Kerr rotation of the two datasets at 120 and 320 K have opposite signs as the
orientation of the sublattices reverses at Tcomp. This change in sign is because the Kerr rotation
like Faraday rotation is sensitive to the magnetic sublattices rather than the net magnetization
(5859]. Ceo36TbIG has a polar Kerr spectrum similar to that of single crystal CeYIG. 7] Figure 3d
displays the temperature-dependent polar Kerr rotation of BioosTbIG at 2.5 eV. The change in
sign indicates Tcomp in the range of ~220 K, similar to the value of ~230 K found using SQUID

magnetometrz.

-
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Figure 3. (a) Room temperature Faraday rotation spectra of ThiG, Ceo3sThlG and Biyo3ThIG films
(b) Room temperature polar Kerr rotation spectra of TbIG and CeossTbIG films. (c) Temperature-
dependent longitudinal Kerr rotation of CeossTbIG. (d) Polar Kerr rotation versus temperature of
Bio.o3ThIG at energy 2.5eV, showing a sign change at Tcomp in the range of ~220 K.

L
r—

4. Optical erization

A spec ellipsometer (J.A. Woollam RC2) was employed to acquire the spectra of the
ellipsom rameters PSI and DELTA. A set of three measurements at different angles of
incidence were performed to enlarge the experimental dataset for subsequent fitting. For the
fitting a model structure of a TbIG, Ceo36TbIG or Bigo3TbIG layer on an oxidized Si substrate was
considered. The spectral dependence of complex refractive index (N = n+ik) of each garnet layer

was parametrized by the sum of 4 Cody-Lorentz oscillators and their parameters were fitted
together with the layer thickness and surface roughness. The resulting spectra of refraction
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index and extinction coefficient, n and k, for the three TbIG, CeTbIG and BiTbIG samples are
shown in Figure 4a and 4b and the spectrally dependent absorption coefficient is shown in
Figure 4c. The spectral behavior of n and k in Figure 4a,b is typical for ferrimagnetic garnets
[12,56,57,6 absorption edge around 2eV. We were unable to estimate the absorption of
the 300 npagil (R=0.54eV) film under 2eV from ellipsometric measurements, since this
particular leads to high interference in the low energy region and large
depolarizattonFront Figure 4b one can see a slight red shift of the onset of absorption for Bi
and Ce SarAples™Phe shift towards lower energies induced by increasing the amount of Bi in YIG

is well repSted. [56.62]

- -

The CeTbIMTbIG had lower absorption than the TbIG at 1550 nm as shown in Table 2.
The absornpti TbIG at 1550 nm can be attributed to the tail extending from a Faraday
rotation a al absorption line at A=1850 nm from inner 4f electronic transitions in the

Tb3+ ion. (2327631 While rare earths predominately occur in the trivalent state, Tb3*only has one
electron above t_he half-filled 4f shell and therefore is known to readily oxidize to Tb#+
especially in cubic materials. 3564661 Th% has been reported to be a quenching site of
fluorescence for its strong and broad absorption in the visible region.l?l High resolution XPS
data from the TbIG, CeTbIG and BiTbIG films shows the presence of Th**in all three films, Figure
4(e) which is in accordance with results from single crystal TbIG films 35l. The higher intensity
of the Tb** peak can be qualitatively interpretated as a larger proportion of Tb* than Tb3+ in
these films. 3567] Moreover, the intensity of Tb* relative to Tb3+peaks was stronger in the TbIG
film compared to CeossTbIG and BioosTbIG films pointing towards a higher fraction of Tb**in
TbIG compared to the other two films. The XPS spectra of Fe 2p in TbIG reveal a shift to a lower
binding energy compared to the Ceo3sTbIG and Bio.osTbIG films. A shift to lower binding energy
of the Fe 2ps/, peak in Fez04has been associated with a reduction of Fe3* to Fe2* [68] due to the
lower binding energies associated with Fe2* compounds than Fe3* compounds [¢869. This higher
amount of_Fe2+ in the TbIG films correlates with the higher amount of Tb#+, and has been
reported in other rare earth iron garnets as a result of the presence of tetravalent ion
impurities. [6370-721 The presence of Fe2*in iron garnets results in enhanced absorption due to
the relaxation of Fe3+ - Fe?* where an electron promoted by a photon in Fe?* transfers to a
nearby Fe3+ ion. This relaxation process is associated with a large change in dipole moment and
strong absorption, and at high concentrations of tetravalent ions the absorption is reported to
be proportional to the amount of tetravalent ions (here Tb#+) because they increase the number
of Fe2+ ions. [63.70]

In addition to Fe3+-Fe2* relaxation, the simultaneous presence of Tb4+*and Tb3+ can also affect the
optical properties of the garnet films. (641 The electron donor behavior of Tb3+allows electronic
transitions from 4f - 4f and 4f->5d between 1.2 and 6eV while the electron acceptor behavior
of Tb*+ allows charge transfer from ligand orbitals to rare earth or Fe3+ ions. 4l These additional
absorption pathways result in TbIG having higher absorption than YIG or BiYIG. [12 However,
we find moderate additions of Ce3+and very small additions of Bi3+ are able to reduce this
absorption to less than half as shown in Table 1 and also depicted in Figure 4c. The Bi3+and Ce3+
ions are associated with lower amounts of Tb#* and Fe2+as indicated by XPS, lowering the
absorption coefficient significantly. Nonetheless, the TbIG (R=0.57) has a good MO FoM of 310
°dB-1compared to the FoM of 38 °dB-1for polycrystalline CeYIG. [121 As a result of having both a
lower absorption than TbIG albeit a slightly smaller Faraday rotation due to the negative
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contribution of Ce3+, the Ceo36TbIG film has a FoM almost 2 times higher than that of TbIG.
Bio.03TbIG triumphs with a FoM of 720°dB-1as shown in Figure 4c. The small amount of Bi3+ does
not negatively impact the Faraday rotation but it reduces the optical absorption significantly. So
far, the highest FoM of 769°dB-1 was reported!?l for polycrystalline BiYIG with a 40 nm bottom
YIG seed layer, and the BioosTbIG in this work has the advantage of having a similarly high FoM
while allowing for simpler fabrication and better device performance by eliminating the seed

layer.
|

Conclusio

Cll

TbIG, CeTWinIG films were grown directly on Si via PLD without a seed layer. The films
exhibit the highést reported Faraday rotation for polycrystalline films at 1550 nm wavelength,
up to 6200 °/cm for BioosTbIG films and a similar value for TbIG. Despite its high Faraday
rotation, the TbIG films exhibited an higher optical absorption than that of CeTbIG and BiTbIG,
attributed o _both the greater concentration of Tb* and Fe?* that can facilitate absorption
through Fe3+-Fe?* relaxation and charge transfer from ligand orbitals, and the 4f electronic
transitions of Tb3+. Addition of Ce and Bi lowered the absorption significantly by reducing

absorption pathways related to the presence of Tb#+, thus improving the overall FoM of these
films. Thisé:@wphasizes the critical importance of controlling the Tb3*/Tb#* ratio, analogous
to the improveément in MO performance obtained by controlling Ce#* in CeYIG via growth
conditi . high FoM and the single layer growth process make Ce and especially Bi-
substituted ttractive materials for integrated nonreciprocal photonic devices or for other
applicati quiring magnetooptical materials such as magnetophotonic crystals or other
nonrec netooptical metamaterials. [7475]

. -
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e
e
-
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T

Q.

Figuregd. WRefiigetive index (n) and extinction coefficient (k) spectra of (a) TblG (R=0.54, 0.57, 0.7),
(b) Ceo3sThbIG and BioosTbIG films. (c) Spectral dependence of absorption coefficient of TbIG,
Ceos3sThIG and Bio.osTbIG films. (d) MO figure of merit (FoM) versus energy for TblG (R=0.57,0.7)
Ceo3sThIG and Biy3TbIG films. High resolution XPS spectra of (e) Th 4d and (f) Fe 2p of the ThIG
(R=0.57), BeagggZilG and BioosTbIG films.
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Experimhods

Thin Fi£TbIG, CeTbIG and BiTbIG films were grown on Si substrates by PLD from
targets ion TbsFes012, Ce1ThzFes012 and BigsTbz7Fes012 using a 248 nm wavelength
45 KrF ex er (Coherent, COMPex Pro 205). The targets were prepared by mixed oxide
sintering [12] of 9s<999% pure Tb;03, CeO3, Bi»03, and Fe;03 powders. The films were grown at a
repetition
temperature y
and an 4@ pressure of 10 mTorr. Afterwards the films were rapid thermally annealed
(RTA) at 908 or 3 minutes in oxygen. Different compositions for the CeTbIG and BiTbIG films
were achieved by codeposition with the TbIG target, by alternately ablating the targets using 25
laser shots on TbIG target and between 4-15 laser shots on the CeTbIG and BiTblIG targets.

0 Hz and laser fluence of 1.5 and 2.5 ] cm-2. The substrate heater setpoint
00°C which corresponds to a substrate temperature of approximately 750 °C,
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Material characterization: 6-2w diffraction data of the polycrystalline films were carried out
using a PANalytical X'pert Pro MPD diffractometer. Compositional analysis was done by
wavelength dispersive spectroscopy (WDS) using a JEOL-JXA-8200 Superprobe. The cation
ratios i films were calculated using GMR electron probe thin film microanalysis
programl7é igh takes into account the substrate contributions to the WDS spectrum and the

effect of @

images o e lateral microstructure of the thin films. Also, the photothermal excitation
technique,

rate-film interface. Atomic force microscopy (AFM) measurements were

an Olympu 0TSA-R3 cantilever is used to present the AFM images in the supplementary
Figure S1. ickness was measured by surface profilometry on a KLA-Tencor P-16+ stylus
profiler. perature magnetic properties were characterized by vibrating sample

em (MPMS 3) that allows measurements in the temperature range 1.8 to 400
K with magnetic fields up to -70 kOe and temperature accuracy specification of better than +/-
1% at low temperatures. Spectroscopic ellipsometry was performed on a J.A. Woollam RC2
ellipsomethree light incident angles ranging from 55° to 65°. The experimental data were
processed proprietary software CompleteEase by J.A Woollam. Room temperature
Faraday pptical spectra were collected by a spectrometer based on the compensation

tion. The light from the highly stabilized bulb was monochromated, passed
through the sa at normal incidence, then detected by a PbS detector. The applied magnetic

samples. Kerr magneto-optical spectra were acquired by spectrometer using the rotating

analyzer method with a laser driven lamp and CCD detector. The magnetic field was 1 T.
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This arUMﬂs developments in the integration of high figure-of-merit (FoM) magneto-
optical (M arth garnet films on to silicon for use in optical isolators. TbIG, Ce36TbIG and
Bio.03TbIG ip films are grown on Si substrates by pulsed laser deposition. The films

have a Faraday rotation that is almost twice as high as previous reports for polycrystalline MO
garnet Hlnf Ceo36TbIG and Bio03TbIG exhibited lower optical absorption than TbIG, attributed
to a reduction in Fe2*and Tb#+absorption pathways. The MO FoM of BioosTbIG is 720 °dB-,
similar to that of BiYIG films but without the need for a YIG seedlayer for integration.
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