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This work presents a combined optical and magneto-optical spectroscopic study of

garnet (Gd, ¢Cap4Gas1Mgp 2521065012, SGGG) substrates. Spectroscopic ellipso-
Funding information metry, transmission spectroscopy, magneto-optical Kerr effect spectroscopy and
Deutsche Forschungsgemeinschaft Raman spectroscopy results are presented for TmlG films with a thickness in the
range from 20 to 300 nm grown on sGGG by pulsed laser deposition. The complex
dielectric functions of TmIG and sGGG are determined and compared with
previously published results for bulk yttrium iron garnet and GGG, respectively.
The magneto-optical spectroscopy corroborated with Raman spectroscopy sheds

light on strain-induced changes as a function of TmIG film thickness.
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INTRODUCTION unique properties, such as ferromagnetic insulators [1], ultra-low

magnetization damping [2] and high magneto-optical response [3], as
Garnets are complex orthosilicate minerals that have been used for well as strong and tunable magnetic anisotropy [4]. Such properties
several centuries as semiprecious gemstones. Among the vast family make magnetic garnets indispensable materials for applications
of garnets, magnetic garnets are of special interest due to their including optical isolators [5], insulator spintronics [6, 7], data storage

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2023 The Authors. Applied Research published by Wiley-VCH GmbH.

Appl. Res. 2024;3:e202200064. wileyonlinelibrary.com/journal/appl 1of 11
https://doi.org/10.1002/appl.202200064


http://orcid.org/0000-0002-2565-9675
mailto:salvan@physik.tu-chemnitz.de
https://wileyonlinelibrary.com/journal/appl
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fappl.202200064&domain=pdf&date_stamp=2023-08-10

2of 11
291 | \WILEY-VCH

APPLIED RESEARCH

[8, 9] and magneto-optical displays [10]. A quintessential property for
high-density storage or other device applications of garnets is the
transformation of the magnetic anisotropy from out-of-plane (OOP)
to in-plane (IP), depending on the choice of the substrate [11-14],
film-thickness [15] and crystallographic orientation [16]. Tang et al.
[17] demonstrated that lattice mismatch-induced strain in ferromag-
netic garnet epilayers can be harnessed to promote strong OOP
anisotropy. Often gadolinium gallium garnet (GGG), a synthetic
garnet crystal, is used as a substrate for the growth of ferromagnetic
garnet films due to its symmetry-equivalent crystal structure (lattice
constant 12.381-12.385 A) and its typically low defect density [18,
19]. However, its lattice parameters are too small to ensure the
epitaxial growth of substituted iron garnets. To overcome this issue,
usually, the native GGG crystal structure is altered by the coupled
substitution of gallium by magnesium and zirconium, and gadolinium
by calcium, resulting in a lattice constant of 12.505 A [20]. Using such
an altered garnet as a substrate, Ciubotariu et al. [15] demonstrated
an OOP (Ky=9+2kJ/m® to IP (Ky=3+0.2kJ/m® magnetic
anisotropy transition for pulsed laser-deposited (PLD) thulium iron
garnet (TmsFe;04,, TMIG) films with increasing film thickness from
20 to 300 nm. They attributed this transformation to the relaxation of
the compressive strain, present in the thin films due to the lattice
mismatch between the TmiIG (111) film and the substituted
gadolinium gallium garnet (Gd,¢Cag4Gas1Mgo25Zr0.65012, SGGG)
(111) substrate. Recently, Moodera's group presented the possibility
of further tuning the magnetic anisotropy in an epitaxial TmIG/Au/
TmIG multilayer structure for obtaining an even stronger perpendic-
ular magnetic anisotropy, which is useful in spintronic devices [21].
Therefore, it is of utmost importance to investigate and understand
the electronic structure of TmlG thin films and the influence of strain
on the electronic states.

Here, we report on the room temperature magneto-optical and
optical properties of thin film thicknesses in the range from 20 to
300 nm deposited on sGGG substrates using PLD. The optical and
magneto-optical properties were assessed by SE and MOKE
spectroscopy, respectively. The results reveal a strong dependence
of the magneto-optical spectra on the film thickness that we relate to
the effect of strain relaxation with increasing film thickness. A
thickness-dependent Raman spectroscopy study was performed to
probe the strain in the TmIG thin films. Furthermore, we present the
first extensive study of bulk sGGG using SE in the spectral range from
0.73 to 5.0eV.

MATERIALS AND METHODS
Materials

Pristine, defect-free GGG has the composition Gd;GasO4, (GGG)
[19]. It crystallizes in the body-centred cubic space group 230, la3d
(m3m; Oy%) with a lattice constant of 12.38-12.41A at ambient
conditions [22, 23]. Crystal field parameters were obtained in good
correspondence between experimental and theoretical data for the

following occupation of the Wyckoff positions: Gd at the 24c site, Ga
at the 16a and 24d sites and O at the 96h site [24]. Crystallographic
and Raman reference data can be obtained from repositories such as
the one created by the RRUFF project under data set number
X090006 [25]. Pristine GGG was observed to be a frustrated
antiferromagnet down to 25 mK [26], which requires (weak) external
fields to develop long-range order [27, 28]. Further thermodynamic
and spectroscopic data are available from the Materials Project under
data set number mp-2921 [29] and references therein.

The substrate material employed here is partly substituted by Ca,
Mg and Zr; thus, it exhibits a stoichiometry Gds-,Ca,Gas_x-2
yMg,Zr, ., 012 (x=0.4 and y = 0.25) and an expanded lattice constant
of 12.50A. The ordered parent compounds are the triclinic (P-1),
ferromagnetic insulator CaCd,ZrGas04, [30] and the cubic garnet
Gd3GasMgg sZro 501, with a lattice constant of 12.49 A [31, 32]. The
CaCd,ZrGas04, lattice is close to a symmetric body-centred cubic
(1a3d) crystal with a corresponding cubic lattice constant of 12.66 A
with minor deviations of 0.03 A. Concerning the fully cubic structure,
Zr substitutes regularly on the Ga 16a sites and Ca occupies specific
ones of the Gd 24c sites. In Gd3zGasMgg 5Zro 50412 both Mg and Zr
reside on the Ga 16a sites; the maximum lattice expansion to 12.49 A
is achieved for y=0.54, the two-phase region starts from y>0.7
onwards.

The terahertz determination of the response functions of pristine
and Sc-doped GGG [33] indicates that at least Sc substitution does
not significantly change the low-temperature THz Faraday rotation,
low-loss and nondispersive optical response properties of the
pristine material.

Bulk TmlG is a ferromagnetic insulator, which exhibits a body-
centred cubic symmetry with space group la3d (space group 230,
point group m3m; 0,1°) and a lattice constant of 12.45 A. Fe occupies
the 16a and the 24d Wyckoff positions, Tm resides on the 24c sites
and O on the 96h sites forming the typical garnet oxygen sublattice,
which is also present in the GGG substrate (see [34] and references
within). Density functional band structure calculations indicate that
the 4f electrons of Tm do not significantly influence the crystal
structure or the magnitude of the local magnetic moments on the Fe
sites [35]. Perpendicular magnetic anisotropy was observed in
epitaxially strained (111) oriented TmIG films on a pristine GGG
substrate [36].

The oxygen atoms of both parent compounds occupy the same
96h positions of the la3d space group, with (x, y, z) coordinate triples
of (0.40015, 0.30275, 0.22259) in bulk GGG and of (0.40182,
0.30876, 0.22526) in bulk TmlG. In relative coordinates, the
positional mismatch amounts to 0.00676 or about 0.7%. For identical
lattice constants, the two sublattices would thus be able to grow
epitaxially on top of each other with only a marginal local excess
volume relative to the bulk crystals. As the relative coordinate
changes in the two oxides close to the boundary amount only to
0.3%-0.4%, we can expect the GGG/TmIG interface energy to be
lower than the sum of the two surface energies.

The lattice constant of the GGG substrate is, however, larger
than the one of bulk TmIG by 0.0107 or 1.07%. Thus, TmIG is under
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moderate tensile strain parallel to the interface plane if it grows
epitaxially on GGG (111). This tensile strain can lead to a reduction of
the lattice constant in the TmIG film perpendicular to the interface, at
least in the interface-near region, and limits the achievable epitaxial
film thickness.

Sample preparation

Single-crystal sGGG (111) substrates of composition Gds - ,Ca,Gas -
x-2yMg,Zry+,01, (x=0.4 and y=0.25) with a lattice constant
a=12.50A in dimensions size 5mm x 5mm x 0.5 mm were acquired
from MaTeck Material-Technologie & Kristalle GmbH. A single-side
polished sGGG crystal was used for the SE measurements and similar
substrates were used to grow TmlIG films. TmIG thin films were
deposited using the PLD technique from a commercially available
polycrystalline 4 N pure TmIG target, procured from G-Materials
GmbH. Before deposition, the target was preconditioned in high
vacuum (107¢ mbar) with 10,000 laser (A = 248 nm) pulses of pulse
duration 20 ns at an energy of 300 mJ. For a conformal deposition,
the samples were placed ~4 cm away in the direct line of sight to the
target. The temperature of the substrate was monitored with a
thermocouple placed on the sample holder and maintained at 615°C.
A small quantity of silver paste was used to improve the thermal
conductivity between the substrate and the sample holder. The
deposition conditions (oxygen pressure of 0.04 mbar, laser energy
300 mJ and pulse frequency of 2Hz) were kept the same for all
samples. After the deposition, the samples were cooled at a rate of
-13°C/min. These deposition conditions were found to yield
stoichiometric TmIG films [15]. The deposition rate was calibrated
using Rutherford backscattering spectrometry and the structural and
magnetic properties of the films were investigated in detail in a

previous study by Ciubotariu et al. [15].

Spectroscopic ellipsometry

In ellipsometry, the relative change in polarization of the reflected
light from a sample is recorded in terms of the ellipsometric angles ¢
and A defined in Equation (1)

tan()eid = = = p, (1)
)

where r; and r, are the Fresnel reflection coefficients for s- and
p-polarized light. Their ratio p is, in the case of an ideal film grown
onto a semiinfinite substrate, a function of the complex refractive
indices of air (no, ko), of the film (n4, ky) and of the substrate (n,, k), of
the thickness of the layer (t;), of the angle of incidence (a) and
the wavelength (A) [37]. In practice, the layer has a certain surface
roughness or is covered by contaminants that can influence the

optical response as well.
The SE measurements were performed using an M2000
ellipsometer (rotating compensator ellipsometer) from J. A. Woollam

Co. Inc. in the spectral range from 0.73 to 5.0eV for the sGGG
samples and the TmIG films. All measurements were conducted in
ambient conditions.

The optical dielectric functions of the samples under study were
extracted from the experimental ¢ and A data by fitting the
parametrized optical function model (referred to as the optical model
throughout this work) to the experimental data by an iterative,
nonlinear regression method implemented in the proprietary soft-
ware CompleteEASE® from J. A. Woollam Co. Inc. The goodness of
the fits was quantified by the root-mean-squared error (MSE) value

calculated as

1
-m;

M

(NEi - Nci]2 . [CEi - CGi)z N (55 - 50:’]2
1 0.001 0.001 0.001 ’

()

MSEncs = \j an

where n is the number of spectral data points and m is the number of
fit parameters in the optical model. The parameters N, C and S are
defined as: N =cos(2¥), C=sin(2¥)cos(A) and S =sin(2¥)sin(A). A
detailed description of the N, C and S parameters can be found
elsewhere [38]. The typical precision in measuring the N, C and S
parameters is =0.001, hence this factor is included in the MSE
definition, implying that an ideal data modelling should have an MSE
of =1 [38].

sGGG substrate

The SE parameters ¢ and A as a function of wavelength were
recorded at seven angles of incidence (AOI) ranging from 45° to 75°
over the spectral range of 248-1700 nm (5.0-0.73 eV) in steps of
2.5nm. The optical constants of sGGG were derived from the
experimental data by fitting the optical model using an extended

Cauchy dispersion model

n(A)=A+F+— (3)

k(E) = koelEFe). (4)

Here, A, B and C are fit parameters that govern the line shape
of n(A). The absorption tail k(E) is described by the parameters
amplitude of absorption (ko), and band edge (E;). Additionally, a
Bruggemann effective medium approximation (BEMA) 50%
void:50% sGGG of thickness 4.0 nm was added in the optical
model to account for surface roughness, similar to Jellison and
Modine [39].

TmlG films on sGGG substrates

The Y and A spectra for the TmIG thin film samples were measured at
AOIs from 45° to 70° in steps of 5° in the spectral range of
246-1700 nm (5.0-0.73 eV). For the data analysis, a layer-by-layer
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optical model was designed, where the optical constants derived
from the sGGG SE analysis were used to model the bottom layer and
the optical dispersion of the top layer accounting for TmIG was
addressed using a GENOSC-layer (see Equation 5), which comprises
two Lorentzian (see Equation 6) and a Tauc-Lorentzian oscillator (see
Equation 7), mathematically implemented as

ermiG(E) = 1 + er-L(E) + €Lorentz-1 + ELorentz-2- (5)

A Lorentz dispersion formula for the nth oscillator is given as

(Equation 6)

AnlnEn
& (E) = E (6)

5 - E2-iEy,

where A,, I, and E, are amplitude (unitless), broadening (eV) and
central energy (eV) of the nth oscillator, respectively [40]. This
oscillator represents the absorption probability of photons with the
central energy of E, in the considered spectral range. Here, the fit
parameters are A,, I, and E,.

The Tauc-Lorentz dispersion function is a complex function that
takes into account the presence of a Lorentzian oscillator as well as

the onset of absorption near the bandgap of a material

er-L(E) = &n1 + ign2, (7)
where
AnEonTH(E - E,)?
€np(E) = ———— & on n(2 o) % for E > E, @)
(e2- £3,) + r2e2
€n2(E) = O for E < Eg, (9)
and
_ 2> xen2(x)
en(E) = P [ T (10)

where Eg, is the central energy of the electronic transition, E; is the
material bandgap and T, is the broadening in eV [39]. As Equation (9)
shows, the Tauc-Lorentz dispersion function has the constraint that
€no is zero below the bandgap, corresponding to the transparent
region in the spectra. The fit parameters for the Tauc-Lorentz
function in our modelling are A, T, Eg and Eg.

Surface roughness was taken into account with a BEMA layer as
a mixture of the dielectric function of TmIG and 50% of voids, with
the thickness of the surface roughness layer (t.ougn) as a fit parameter
[41]. Similarly, an intermix layer was considered between TmIG and
sGGG substrate and its optical properties are modelled as a 50%:50%
mixture of TmIG and sGGG.

For greater confidence in the optical model, the SE data of the
200 and 300 nm thin films were analysed together using a multi-
sample analysis approach. In the multisample analysis, the optical
constants of the TmIG layer are fitted as common fit parameters for
both samples, while the thickness and roughness are independent fit
parameters for each sample. For 20-, 50- and 70-nm-thick films,

individual optical data modelling was conducted. The dielectric
function of the TmIG obtained for the thicker samples (200 nm and
300 nm) was used as starting parameters and adjusted along with the

thickness to fit the ¢ and A spectra of each thin film sample.

MOKE spectroscopy and magnetometry

A home-built MOKE spectrometer in polar geometry (PMOKE) was
utilized to measure the photon energy-dependent Kerr rotation (6k)
and ellipticity (nk) [42]. Both 6k(E) and nk(E) were recorded within the
spectral range of 248-827 nm (5.0-1.5 eV) under an incidence angle
of 1.3° and an applied magnetic field of ~1 T. The spot size on the
sample was about 0.7 cm?. In the PMOKE geometry, the direction of
the applied magnetic field is perpendicular to the sample plane.
Hysteresis loops were recorded using the same PMOKE spectrome-
ter by sweeping the magnetic field between +1 T while recording the
changes in Bk at a fixed photon energy of 2.7 eV. The choice of the
photon energy for hysteresis loops is based on the maximum spectral

slope in the visible spectral region thus giving the highest sensitivity.

Raman spectroscopy

A LabRam HR 800 spectrometer from Horiba Scientific was employed
to perform the Raman spectroscopic measurements in the back-
scattering configuration. The spectra were acquired with a x100
microscope objective using the 514.7 nm line of a Cobolt laser with a
laser power of 5mW. The measurements were performed using a
2400 grooves per millimeter grating and an electron-multiplying
charge-coupled detector. The spectral resolution achieved was
1.3cm™?! (as measured from the linewidth of a neon spectral line).
Each sample was measured in multiple locations (>10) for 120 s
with two repetitions. The influence of the laser power was probed to
ensure that no heating effect or sample damage takes place with the
chosen laser power. The stability of the instrument was monitored
during and in between the measurements using the spectrum of a
neon lamp to make sure that no instrument-related spectral shifts

occurred.

RESULTS AND DISCUSSION
sGGG substrate

The measured ¢ and A spectra of an sGGG substrate are shown by
symbols in Figure 1. Since the SE measurements were conducted on a
single-side polished sGGG crystal, the backside reflection is assumed
to be negligibly small. To model these data, the optical model shown
in the sketch in Figure 2a was employed. This model consists of an
extended Cauchy layer to account for the substrate, a BEMA layer
accounting for the surface roughness or adsorbents such as water or
organic contaminants, and the optical properties of the ambient. The
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FIGURE 1 Measured spectroscopic ellipsometry data (coloured solid spheres) of the single crystal substituted gadolinium gallium garnet
substrate and the corresponding fits using the optical model discussed in the text (dashed line) for Y(E) (a) and A(E) (b) for the angles of incidence

of 50°, 60° and 70°. AOI, angles of incidence.

(@)

FIGURE 2
(b) Spectral dependence of the complex dielectric function of the single crystal sGGG, obtained from parametrized optical modelling of the
spectroscopic ellipsometry spectra. The real part € and imaginary part €, are depicted in red and black, respectively.

substrate was considered as a semi-infinite layer. The band edge
value was set to the value of the bandgap estimated from
transmission measurements of a double-side polished sample
(Supporting Information: Figure S1).

Figure 1 also shows the fit obtained (dashed lines) with the
proposed optical model (see Figure 2) for the spectral range of
0.73-5.0eV. It can be observed that for all considered AQls, the fit
matches very well the experimental data and an MSE value of <1 was
achieved after recursive fitting. The dielectric functions obtained
from the fit are shown in Figure 2b. These were then considered as
fixed parameters in the analysis of the TmIG films on sGGG
substrates.

(b) 55———= . . 35
¢,
——, 430
5.0
& 45+ &
40 |
f/ |
Ho0
35 L L
0 1 2 3 4 5

Photon energy (eV)

(a) Schematic representation of the optical model used to describe the substituted gadolinium gallium garnet (sGGG) substrate.

TmIG thin films

The ¢ and A spectra of the TmIG thin films on sGGG substrates are
shown along with the fit data generated from the optical model for
20, 50, 70, 200 and 300 nm thickness in Figure 3. TmIG thickness-
dependent strong interference oscillations can be observed in the ¢
spectra between 0.73 and 3.5eV. The period of these oscillations
decreases with increasing TmlG film thickness. The A spectra, which
contain the phase information, are even more sensitive to the
thickness variation and show changes below 3.0eV. The spectra
fitted with the optical model are in very good agreement with the
experimental spectra, as demonstrated by the low MSE value of <6
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FIGURE 3 The ¢ (a) and A (b) spectra recorded at angles of incidence (AOI) of 75° for 20-, 50-, 70-, 200- and 300-nm-thick thulium iron
garnet (TmIG) film samples are shown in red-, blue-, yellow-, green- and purple-filled circles, respectively. The spectra, generated from the three-
layer optical model, are shown with dashed black lines for each sample. The samples marked with * (i.e., 200 and 300 nm) were modelled using a

multisample analysis approach.

TABLE 1 Nominal thickness of the TmIG layers along with the thickness and roughness determined from SE data analysis for the studied
samples.

Nominal

thickness (nm) Intermix (nm) Thickness (nm) Roughness (nm) MSE

20 412+1.0 13.3+0.2 25+0.2 4.7

50 29+1.0 38.4+0.1 74+0.1 3.9

70 3.5+0.2 60.3+0.1 3.2+0.1 3.1

200 3.4+0.5 194.2+0.3 10.1+04 5.2* (multisample)

300 3.0+£0.5 291.2+0.1 6.5+04 5.2* (multisample)

Note: The samples denoted with *were subject of multisample analysis (see Figures 3 and 4 and the corresponding text).

Abbreviations: MSE, (root) mean-squared error; SE, spectroscopic ellipsometry; TmlG, thulium iron garnet.

(see Table 1). The SE-determined thicknesses and the surface
roughness of the investigated samples are shown in Table 1. The
root-mean-square roughness of the films determined by atomic force
microscopy was below 1 nm [15] and, as expected, lower than the
roughness value determined from ellipsometry. The two methods
probe the roughness at different length scales. Please note that the
roughness values determined from the ellipsometry correspond to
the best possible fit to the SE data.

The same optical model developed using multisample analysis (200
and 300 nm) was used to model the experimental data of the 20-, 50-
and 70-nm-thick TmIG films. However, when simulating the experi-
mental spectra of the thinner films, the main difference was that the
amplitude of the Tauc-Lorentz and Lorentz oscillators needed to be
adjusted in addition to the thickness to obtain the best fit.

The imaginary part of the dielectric function of TmIG determined
by the SE data analysis is shown in Figure 4 along with the oscillators

used for the optical modelling of 200- and 300-nm-thick TmIG film
samples. The real and imaginary parts of the complex dielectric
function of all studied TmIG films are shown in Figure 4b. The
lineshape and the amplitude of the dielectric function of the TmIG are
in close agreement with the yttrium iron garnet (YIG) dielectric
function reported in the literature [43]. The oscillators positioned at
~3.5 and ~4.5eV are analogous to the symmetry-allowed charge
transfer transitions of the type O(2p) — Fe(3d), as proposed for YIG
[43, 44]. Based on the reports on the optical properties of YIG, a
strong optical transition corresponding to an O(2p) — Fe(4s) inter-
band transition is expected above 6.5eV, and thus the second
Lorentzian oscillator was also added to the optical model for taking
into account the transitions beyond the measured spectral range. It
should be noticed that the spectral line profile and position of
spectral features in the dielectric function (cf. Figure 4b) of the 20-,
50- and 70-nm-thick samples are similar to those obtained using the
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FIGURE 4 (a) The imaginary part of the dielectric function of the thulium iron garnet (TmIG) thin films is shown in black along with the Tauc-
Lorentz (red) and the two Lorentzian (green and blue) oscillators used in the optical model for the multisample analysis of the 200- and 300-nm-
thick films. (b) The real and imaginary parts of the complex dielectric function (g4 and &,) spectra were determined for the TmIG thickness series.
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FIGURE 5 (a) Magneto-optical Kerr rotation (6x) and (b) Kerr ellipticity (nk) as a function of photon energy, recorded for different

thicknesses of thulium iron garnet (ttmic).

multisample analysis of the 200- and 300-nm-thick films. The
apparent difference in the amplitude of €1 and &5, spectra above the
bandgap for these samples compared to the other samples can be
attributed to the strain. Nevertheless, the changes in spectra are too
small to be taken into account as optical anisotropy.

The MOKE spectra recorded for the studied thicknesses of the
TmlG thin films are shown in Figure 5. Like YIG, TmIG MOKE spectra
are rich in spectral features. Two strong spectral features located at
2.5 and 4.0eV in TmIG are very similar to those reported by
Jakubisova-Liskova and colleagues [45, 46]. A clear distinction can be
made between the 6y spectra of the TmIG film thickness below and

above 70 nm. At lower photon energy, up to ~2.5 €V, the 6k spectra
of 20-70-nm-thick films show low amplitudes with subtle spectral
details, while the spectral features are more pronounced for the 200-
and 300-nm-thick films. Interestingly, no noticeable spectral features
can be observed up to 2.5 eV in nk spectra for the investigated films,
independently of the film thickness. In the spectral range between
2.5 and 3.25 eV, very sharp spectral features can be observed for the
200- and 300-nm-thick film, while these spectral features fade as the
thickness decreases.

All peaks in the 6k spectra, ranging from 3.25 to 4.25 eV, exhibit
consistent spectral positioning, accompanied by an increase in
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spectral amplitude as the TmIG film thickness decreases, except for
the 50 nm thickness. This phenomenon could be attributed to two
opposing factors: the increase in volume proportional to film
thickness and the competition between IP and OOP anisotropy.
The latter factor is expected to decrease the MOKE signal in the
polar MOKE configuration.

Figure 6 shows the hysteresis loops recorded by PMOKE for the
investigated TmIG thin films. It is evident that the 50- and 70-nm-thick
films have an OOP magnetic anisotropy as indicated by the square-like
loops, with 70nm showing a larger spread of the switching field
distribution, resulting in lower M,/M; values (see Figure 6b). The loops
recorded for the 200- and 300-nm-thick films show lower coercive
fields and M,/M; ratios suggesting an IP anisotropy. The increase in
the coercive field and M,/M; with decreasing TmIG film thickness
(see Figure 6b) is associated with the strain in the thin films due to the
lattice mismatch, which in turn generates magnetoelastic anisotropy,
resulting in an OOP easy axis of magnetization for TmIG thin films.
Therefore, we can conclude that with decreasing the film thickness,
the stress-induced magnetoelastic anisotropy (that orients the easy
magnetization axis out of the sample plane) competes and eventually
overcomes the shape anisotropy (that orients the easy magnetization
axis in the sample plane), in agreement with previous studies performed
by X-ray diffraction [15]. According to Ciubotariu et al. [15], the growth
of the TmIG thin film aligns with the (4-44) lattice plane of sGGG up to
50 nm, leading to the presence of only the (4-44) reflex of TmIG in the
6-26 scans. However, as the film thickness increases, the (4-44)
reflex of TmIG shifts gradually toward the (444) reflex, signifying the
relaxation of the TmIG film lattice.

Raman spectroscopy is a known method to evaluate and identify
garnet oxides [47, 48]. In addition, it is well known that by tracking

shifts in the Raman spectrum, it is possible to determine the strain in

(@)

10 F

0.5 |

Normalized Kerr signal
o
o
1

10 F

-1000 -500 0 500 1000

crystal structures [49]. In Figure 7, Raman spectra recorded for
different thicknesses of TmIG are shown. The comparison with the
reference measurement of sGGG reveals TmIG Raman bands at
=130 cm™* (T, optical phonon) and at =250 cm™ (E, optical phonon)
that are marked by asterisks. Both bands increase in intensity with
increasing TmlIG film thickness, although the intensity does not scale
linearly.

For the 20-nm-thick TmIG films, there is an obvious shift of the T,g
mode toward lower frequencies by 1.5cm™ compared to the 70 nm
TmIG. This can be directly attributed to the strain in the crystal lattice.
The 20- and 70-nm TmIG films are very homogeneous, and there is no
difference in the sample orientation. Orientation-dependent measure-
ments show a larger value spread for 200-and 300-nm-thick TmIG

films, which is connected with larger heterogeneity.

Theoretical calculations

As discussed above, the lattice mismatch of the two bulk materials
amounts to about 1%. When grown epitaxially on the sGGG (111)
plane, TmIG experiences an IP tensile strain at the interface; thus, a
compressive strain may be expected in the direction perpendicular to
the TmlG film surface.

To quantify those epitaxy-induced strains and stresses in the
TmlG film we performed spin-polarized density functional band
structure calculations in the GGA+U approximation by Perdew,
Burke and Ernzerhof (PBE) with PAW potentials [50]. We included
the 4f electrons of Tm explicitly in the valence band and employed
the same numerical settings for that choice as Nakamoto et al. [35]
for calculating the ground state properties of the rare-earth iron

garnet series.

(®) [0 MM,
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0.8 | % § _
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FIGURE 6 (a) Normalized Kerr signal hysteresis loops measured with the magnetic field applied perpendicular to the sample surface for
various thicknesses of the thulium iron garnet (TmlIG) films. (b) Remanence ratio M,/M; versus thickness of TmIG. tr,c, thicknesses of TmIG.
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FIGURE 7 Raman spectra of the investigated TmIG film samples
and the substituted gadolinium gallium garnet (sGGG) substrate were
recorded in the parallel polarization configuration with the light
polarization direction parallel to a sample edge. trmig, thicknesses of
thulium iron garnet.

The relaxed bulk lattice constant of the body-centred TmIG
amounts to 10.912 A, which corresponds to the cubic lattice constant
of 12.217 A reported in Nakamoto et al. [35] for DFT calculations
that include the 4f states explicitly. As pointed out there, the
calculated lattice constant is slightly lower than the experimental one;
this is largely due to the inclusion of Hubbard-U terms with values of
4 eV for the interaction of the Fe 3d and Tm 4f electrons, which are
required to represent the electronic structure around the Fermi level
appropriately.

The calculated (x, y, z) reduced coordinate triple of O on the 96h
sites amounted to (0.4015, 0.3100, 0.2251) for the pristine TmIG,
which compares well with the experimental values of (0.40182,
0.30876, 0.22526). This means that the deviation of calculated and
experimental oxygen positions is one order of magnitude lower than
the strain-relevant difference in oxygen positions in the sGGG and
TmlG crystal structures. We can, thus, assume that our DFT
calculations allow for an estimate of the strain energy in the TmIG
film grown on sGGG.

For mimicking the epitaxial strain of the TmIG layer in the (111)
plane, the primitive body-centred unit cell of TmIG was compressively
distorted along the [111] direction and the lattice symmetry was
reduced to the threefold symmetric rhombohedral space group R3c
(167). This deformation increases the opening angle between the
primitive lattice vectors, and expands also the IP interatomic distances,
but shrinks the distances between the (111) lattice planes perpendicu-
lar to the interface plane. To find the optimum TmIG structure, which

matches the sGGG lattice epitaxially, the opening angle a was increased
from 109.47° to 112° in steps of 0.5° and the lattice constant was
optimized for each opening angle. The energy optimum under the
epitaxy constraint is obtained for a=110° and an expanded lattice
constant of 12.226 A IP. The corresponding density of states curves
obtained by gradient-corrected (PBE) density-functional band structure
calculations with the projector-augmented plane wave potentials is
shown in Supporting Information: Figure S2.

Per formula unit, those distortions build up a strain energy of
0.178 eV. This value corresponds to an upper bound for the strain
energy of 0.71(J/m?/nm film thickness if the film was strained
homogeneously over the whole thickness. As the TmIG lattice is only
clamped by the substrate and free to relax towards the film surface,
this value reduces to an average value of 0.35 J/m? strain energy/nm
film thickness.

To estimate the stable thickness range of the TmIG film this strain
energy is assumed to compete with the energy of formation of the
free sGGG and TmlG surfaces, which are formed if the film spalls off
the substrate upon stress. Depending on the environmental condi-
tions, the typical surface energies of ternary oxides are in the range
of 1-3.5 J/m? for stoichiometric, nonpolar surfaces [51, 52]; the work
of separation of cubic ternary oxides amounts to up to 5 J/m? on the
(100) cleavage planes [53] and may be higher on the polar (111)
facets. Thus, cleaving the GGG/TmIG interface into two free surfaces
may involve energies of the order of 5J/m?.

From these values, a lower bound for the achievable thickness of
a partially strained epitaxial TmIG is estimated as trmg =5J/m?/
0.35(J/m?/nm= 14.3 nm. The TmIG film with the lowest observed
thickness of 13.3+0.2 nm (nominally 20 nm) and also the lowest
roughness is within this range. In contrast, films with measured
thickness values of 38.4 and 60.3 nm exhibit a considerably higher
surface roughness; even thicker films require a multisample evalua-
tion of the SE measurements. Both types of deviation from the
properties of the flat, uniform thinnest film may thus stem from
strain release.

CONCLUSION

This study provides a comprehensive understanding of the optical
and magneto-optical properties of TmIG thin films on sGGG
substrates, with a detailed analysis of the thickness-dependent
behaviour of these properties. The results suggest the potential
application of TmIG thin films in magneto-optical devices and provide
insight into the strain-induced properties of these films. The optical
and magneto-optical properties of TmIG thin films with various film
thicknesses (ttmig =50, 70, 200 and 300 nm) prepared by the PLD
technique on sGGG (111) substrate. The complex dielectric function
(€ = & + igy) of bulk GGG substituted with Mg, Ca and Zr and the
dielectric function of the TmIG were determined using SE. The
dielectric function of the TmIG showed a remarkable similarity to YIG.

The magneto-optical Kerr spectra of the measured sample in the
photon energy range from 1.5 to 5.0eV clearly demonstrated the
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influence of strain in the thin films, due to the lattice mismatch of the
TmlG with the sGGG substrate. The MOKE spectra show the
increase in the amplitude of the spectral features with increasing
thickness of the TmIG thin film. The magneto-optical transitions
between 2.5 and 3.5 eV are marker spectral features for the stress in
the thin films that show a blue shift with increasing film thickness.
The hysteresis loops recorded using PMOKE showed an OOP
magnetic anisotropy for 50- and 70-nm-thick films, while the 200-
and 300-nm-thick films showed an IP anisotropy. The increase in the
coercive field and M,/Mg with decreasing TmIG film thickness was
associated with the stress-induced magnetoelastic anisotropy com-
peting and eventually overcoming the shape anisotropy.

Raman spectroscopy was used to evaluate and identify garnet
oxides, and shifts in the Raman spectrum were used to follow the
strain in crystal structures. Spin-polarized density functional band
structure calculations were performed to quantify epitaxy-induced
strains and stresses in the TmIG film, and the strain energy was found
to be an upper bound of 0.71 (J/m?)/nm film thickness and the lowest
thickness predicted for a partially strained epitaxial TmIG was in good

agreement with the experiment.
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