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The properties of nanometer-thick yttrium iron garnet (YIG) films are strongly influenced by interfa-
ces. This work employs spectral ellipsometry (SE) and magneto-optic polar Kerr rotation (PKR) to
characterize YIG films with thickness, ¢, from 6 nm to 30 nm grown on Gd;GasO;, (GGG) substrates
oriented parallel to (111) plane. The films display a surface roughness of 0.35nm or lower. The
analysis of the SE data at the photon energies of 1eV < E < 6.5¢eV provided the ¢ and permittivity
values. The PKR at 1.3eV < E <4.5¢eV is reasonably explained with the optical model for the YIG
film/GGG substrate system. Even better agreement is achieved by assuming a 1.07-nm-thick layer
sandwiched between YIG and GGG that has Fe>" sublattice magnetization opposite to that in
the YIG volume. This suggests the existence of antiferromagnetic coupling between the Gd*" and tet-
rahedral Fe®". © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942379]

Low damping sub-100nm thick yttrium iron garnet
(Y3Fes0q,, YIG) films present interest for miniaturized mag-
nonic devices.'”” Chang er al.® reported high-quality YIG
films deposited by magnetron sputtering on single-crystal
Gd;GasO;, (GGG) substrates and treated by annealing
at 800 °C in O,. Their films displayed the saturation magnet-
ization 4nM values consistent with that in bulk YIG materi-
als, sub-nm surface roughness, and very low damping with
the Gilbert damping constant o= (8.58 +0.21) x 107>,
Recently, the properties of nm-thick YIG films were also
characterized by spectral ellipsometry (SE) and magneto-
optical (MO) polar Kerr effect (PKR) measurements.” The
SE studies provided a refined information on the film thick-
ness (). The diagonal optical permittivity, the MO spectra,
and the MO saturation magnetic field agreed with the data
found for high-purity bulk YIG single crystals. The well
resolved structure in the MO spectra indicated the absence of
Fe cations other than Fe’" as expected in the low damping
films. The present work employs SE and MO PKR techni-
ques to characterize the YIG films in the 6-30 nm thickness
range with a focus on the roles of the YIG/GGG and air/YIG
interfaces, as at the thickness # < 10 nm, the YIG film proper-
ties can be strongly influenced by these interfaces. There
were several previous studies on interface effects in YIG
films,”'*"'® but no special attentions were devoted to sput-
tered, nm-thick, low-damping YIG films. Recently, Mitra
et al. reported on thickness dependent magnetization in sput-
tered nanometer thick YIG film on (111) oriented GGG."”

The YIG films studied in the present work were pre-
pared by sputtering on GGG substrates. Their thicknesses
ranged from 6nm to 26 nm. The details of the preparation
process and microstructural characterization of the films
were provided in Ref. 8. In brief, the sputtering process was
carried out in Ar atmosphere with a sputtering power of
75 W onto (111)-oriented, one side polished, 0.5-mm-thick
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GGG substrates. After sputtering, the films were annealed at
800°C in 1.1 Torr O, atmosphere for 4 h and then slowly
cooled down (1 °C/min). The rms roughness of the film sur-
face was determined by atomic force microscopy (AFM)
measurements carried out in a tapping mode. The AFM
images of investigated films (Fig. 1) showed the YIG film
surface roughness of 0.35 nm or lower.

The films were studied by SE and MO azimuth rotation
measurements in magnetic fields applied perpendicular to
the sample planes. The GGG substrates had unpolished mat
back faces, which helped increase the signal-to-noise ratio.
To minimize the effect of spurious reflections, their back
faces were painted with a non-reflecting black color before
being fixed on the top of a water cooled pole piece. The pole
was kept at a constant temperature of 12 °C. The SE data for
the YIG/GGG samples and a bare GGG substrate were
acquired using a Woolam variable angle spectroscopic ellip-
someter at the angles of incidence between 55° and 70° in
the photon energy range of E=1—6.5¢eV.

The PKR spectra were measured by the use of a MO
spectrometer based on an azimuthal modulation technique
using the following optical element sequence: 450W Xe arc
lamp — quartz prism monochromator — polarizer — dc
Faraday-rotation compensator — ac Faraday-rotation modula-
tor — sample — analyzer — photomultiplier. The magnetic field
was applied perpendicular to the sample surface (MO polar
Kerr effect). The strength of the magnetic field was 5 kOe,
which was more than sufficient to saturate the YIG films.
The angle of light incidence is less than 10°. The spectra
were measured in the energy range of 1.2eV <FE <4.5eV.
Further PKR measurements were carried out at a fixed radia-
tion wavelength of 308 nm (E~4eV) as a function of the
magnetic field, which was swept between —3 kOe and +3
kOe.

The numerical analysis of the SE data at the photon
energy range of 1eV < E < 6.5eV assumed a YIG film sand-
wiched between an ambient and a GGG substrate, as shown
in Fig. 2(a). The procedure provided optical constants for the

© 2016 AIP Publishing LLC
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FIG. 2. Uniform yttrium iron garnet (YIG) film on gadollinium gallium
garnet (GGG) substrate (a). YIG/GGG system with a region of reversed iron
sublattice magnetization formed at the YIG-GGG interface (b). The mag-
netic field is applied normal to the film surface. Its orientation is indicated
by an arrow on right. Under its action tetrahedral Fe®'(d) and octahedral
Fe*"(a) spins order as shown.

YIG films, which are consistent with those expected for bulk
YIG single crystals9 and ¢ values, which are close to the val-
ues estimated according to the growth rate and the sputtering
time. The effects of the surface (air/YIG) and interface
(YIG/GGG) roughnesses on the SE were negligible. The val-
ues of the nominal film thickness, the film thickness refined
using SE, and the AFM-deduced surface roughness are given
in Table I. The spectra of real index of refraction, n, and
extinction coefficient, k, for the GGG substrate, which were

TABLE 1. Characteristics of Y;FesO;, films grown on (111)-oriented
Gd;GasO,, substrates.

Sample YIG6 YIG12?* YIG20 YIG26
Nominal thickness (nm) 5 23 30
SE thickness (nm) 6.2 12 20.6 26.3
Surface roughness (nm) 0.35 0.14 0.088
Saturation field (kOe) 1.6 1.8 1.8 1.8

“Reference 9.

Appl. Phys. Lett. 108, 082403 (2016)

FIG. 1. AFM surface images of
Y;Fes0, films. (a) YIG26, (b) YIG20,
and (c) YIG6. The details of these
samples are provided in Table I.

required in the analysis of the data obtained for the YIG
films, were determined from a separate SE experiment on a
0.5-mm-thick, (111)-oriented GGG substrate with one side
polished. The results shown in Fig. 3 extend to higher E than
those previously published.'®

Figure 4 shows the PKR hysteresis loops (normalized to
unity) measured with the magnetic field applied parallel to
the crystallographic axis (111), the easy axis of the magneto-
crystalline anisotropy. Note that the YIG films are all (111)
oriented. In thicker films (> 12nm), the PKR hysteresis
loops measured at a fixed radiation wavelength saturate in
the field of about 1.8 kOe, which is close to the saturation
magnetization in bulk YIG materials (4nM = 1.75kG). For
the thinnest film (=~ 6 nm), the saturation field decreased to
1.6 kG, see Table I. The dominant contribution to the satura-
tion field Hy, comes from the magnetic shape anisotropy,
namely, H,,, ~4nM,. Other contributions to H,, originating

T T T T —~L |
Refractive index of GGG 0.5
24F V0 n
- kK 0.4
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FIG. 3. Real index of refraction, n, and extinction coefficient, k, for
Gd;Gas0O,, measured on a (111) face.
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FIG. 4. Polar Kerr rotation (PKR) hysteresis loops (in arbitrary units) for
samples YIG26 (a), YIG20 (b), and YIG6 (c), measured with the magnetic
field applied parallel to the crystallographic axis (111) normal to the film
plane at the photon energy of 4eV.

from the magnetocrystalline anisotropy,'® interface stress-
induced magnetic anisotropies, and that due to a partial
(~1%) Y>* occupation of octahedral sites were assumed
small and neglected. Figure 5 presents the measured PKR
spectra for the YIG film samples. As the samples showed
negligible MO rotations (<0.005°) at £ <2.2eV, the range
of displayed E was limited to 2.2—4.5eV.

The optical permittivity spectra for YIG yielded from
the analysis of the SE data are consistent with the results
found for bulk YIG single crystals and epitaxial YIG films
and also for nm-thick YIG films sputtered on GGG substrates
assuming a simple film substrate system shown in Fig.
2(a).9’20 The SE and PKR results confirm that the films are
stoichiometric, have no Fe*", and preserve bulk YIG proper-
ties down to r~6nm. The computed PKR spectra in the
samples employed the off-diagonal tensor elements of bulk
YIG materials along with the optical constants for YIG® and
GGG'® materials shown in Fig. 3. The model®' based on the
system of Fig. 2(a) also reasonably reproduced the PKR
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FIG. 5. Magneto-optic polar Kerr rotation spectra in nm-thick films of
Y;FesO;, deposited on (111)-oriented Gd;GasO;, substrates. The green
symbols show the experimental data. The curves represent the computed
spectra using the data for bulk Y3FesO;, and Gd;GasO;, materials for the
films of uniform magnetization (red dashed-dotted curves) and for the films
with a 1.07-nm-thick interface layer with opposite orientations of Fe*" sub-
lattices (black curves).
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structure but with somewhat higher computed amplitudes. In
view of a significant ratio of interface to inner volume YIG
unit cells in the films with # < 30 nm, the smaller amplitudes
observed can be assigned to the manifestation of interface
effects.

At first, an attempt was made to assign the reduced MO
activity to the effects originating from the interface regions
with either voids or mixing. However, the effective medium
approach applied to both the air/YIG and YIG/GGG inter-
face layers of varying thickness gave poor improvement.22
This indicates that in the films with a sub-nm roughness and
a very low defect concentration (leading to the low damping
constant), there is no significant migration of Fe*™ and Ga®"
across the interface.”> The SE data, indeed, confirmed negli-
gible contributions from imperfections at the air/YIG and
YIG/GGG interfaces, which is consistent with the sub-nm
surface roughness. As the structure in Fig. 2(a) reasonably
explained the SE results, a model consistent with sharp air/
YIG and YIG/GGG interfaces was considered for the PKR
data, which assumed the existence of the interface layers
with zero MO activity (or zero magnetization). A reasonable
agreement with the experimental spectra was achieved when
a layer of zero magnetization (a magnetically dead layer)
was inserted at the YIG/GGG interface, while the YIG at the
air/YIG interface was left at bulk YIG MO activity. The opti-
mal YIG/GGG interface layer thickness At varied between
I nm and 2nm and was found to be z-dependent and reach
the lowest value in the thinnest film. The model assuming a
magnetically dead interface layer was therefore rejected.

To eliminate the dependence on the penetration depth,
finally, a model was employed with an YIG/GGG interface
layer thickness At independent on the YIG film thickness but
with an opposite sign of the YIG off-diagonal permittivity
tensor element. The PKR spectra for the structure shown in
Fig. 2(b) were computed for Az = 1.07 nm which corresponds
to the length of the body diagonal in an octant of the cubic
YIG unit cell.'"” Using the YIG lattice constant (1.238 nm),
one can estimate the length of the body diagonal to be (3'/%/
2) x 1.238 nm = 1.07214 nm. In Fig. 5, the experiment spec-
tra are compared with those computed from the optical data
for YIG and GGG materials assuming two models shown in
Fig. 2. The model of Fig. 2(b) with the interface layer of the
Fe’" sublattice magnetization rotated by 180° with respect
to the inner volume YIG demonstrates an improved agree-
ment with the experiment. The effect of the interface layer is
the strongest in the thinnest YIG film. This film also shows
enhanced paraprocess probably due to a reduced Curie
temperature.

The interpretation of the PKR spectra is based on the
YIG ferrimagnetism.'®**” The model in Fig. 2(a) assumes
an YIG film of uniform distribution of Fe*" sublattice mag-
netization, with the dominating tetrahedral sublattice mag-
netization parallel to the applied magnetic field. The model
in Fig. 2(b) considers an interface layer with the opposite ori-
entation of Fe>" sublattice magnetization with respect to the
rest of the film. In this layer, the Gd> " sublattice magnetiza-
tion and the octahedral Fe’" sublattice magnetization are
parallel to the applied magnetic field. The model takes into
account antiferromagnetic exchange c-d coupling between
Gd>" in the dodecahedral sites (also called c sites) and Fe*
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in the tetrahedral sites (also called d sites) across the inter-
face.”® Dominant contributions to the PKR spectra at
2eV<E<4.5¢eV originate from the allowed transitions
involving 3 d electrons of the strongly anti-ferromagnetically
coupled Fe“(d) and octahedral Fe3+(a) ions.? On this back-
ground, any Gd>"(¢) structures originating from spin forbid-
den electronic f-f (857/2H6P7/2, 6P5/2, 6P3/2, 617/2) transitions
in Gd>" (4f7, 857/2) give too weak intensity to be detected.™
Note that the normal reflectivity spectra of Y3;FesO;, and
GdsFesO, materials observed by Grant were nearly identi-
cal.’' It is thus reasonable to take the interface layer MO
contribution as that of YIG with reversed sign of PKR or
with a reversed sign for the off-diagonal element of YIG per-
mittivity tensor. The sign change of MO effects when the
temperature going through a compensation point is a well-
known phenomenon.32_34

As the films were subject to a post-deposition treatment
at 800 °C, the moderate migration of Fe’* from the YIG
film and Ga®>" from the GGG substrate across the interface
may take place. Using spin-wave resonance, Ramer and
Wilts investigated surface effects in YIG films (f =~ 500 nm)
grown on GGG by chemical vapor deposition (CVD) before
and after annealing in dry O, at 900 °C."? Their results pro-
vided the evidence for regions at the air/YIG and YIG/
GGG interfaces with magnetic properties different from
those of the bulk. In particular, the annealing produced an
increase in the thickness of the YIG/GGG interface region.
They explained the effect by the diffusion of Gd*" and
Ga’" ions into YIG films which may produce layers with
compensation points.*>—®

Manuilov et al. conclude from their studies that in (111)
YIG films grown by pulsed laser deposition ferric ions pref-
erentially leave vacant octahedrally coordinated sites.'* In
gallium substituted iron garnets, in particular, Y;(FeGa)sO,
and Gd;(FeGa)sO,, the distribution of Fe*" and Ga®" ions
among the tetrahedral and octahedral sites depends on the
temperature and can be reversibly controlled by annealing at
the temperatures from 800 to 1200 °C. The substitution of
Fe’' by Ga®" preferentially involves the tetrahedral sites. It
depends on the temperature and increases with defect
concentration.”

A hypothetical (Y 5Gd; s)(FeGa)(Fe,sGa;5)O;, at the
YIG/GGG interface as an ideal Néel ferrimagnet would have
the magnetic moment of 8 ug (Bohr magneton) at 0K and
the Curie temperature around 200 K.**?’ Its strong coupling
to the inner volume YIG may preserve ferrimagnetic order-
ing above the room temperature with the magnetic moments
of the Gd*"(¢) and Fe*>"(«) sublattices dominating that of the
Fe3+(d) sublattice.”®>° The fact that the obtained interface
layer thickness only slightly exceeds the interface roughness
(of several tenth of nanometer) indicates a very mild Fe’™
and Ga>* migration across the YIG/GGG interface, which is
consistent with the low defect concentration.'®**

Present work was devoted to the study of interface
effects in nm-thick YIG films grown by sputtering and sub-
ject to a post-deposition heat treatment at 800 °C for 4 h. The
films, distinguished by extremely low damping, were charac-
terized using spectral ellipsometry and magneto-optical polar
Kerr effect in the visible and near ultra-violet spectral region.
The results confirm the high quality of YIG films with the

Appl. Phys. Lett. 108, 082403 (2016)

properties converging to the bulk YIG materials. Both the
ellipsometry and magneto-optic spectroscopic measurements
indicate a nearly ideal air/YIG interface. The ellipsometry
also predicts a nearly ideal YIG/GGG interface with negligi-
ble migration of Fe*" and Ga®* ions. On the other hand, the
model for magnetooptics suggests the presence of a transi-
tion layer at the YIG/GGG interface that has Fe*" sublattice
magnetization opposite to that in the inner volume YIG due
to antiferromagnetic coupling between Gd>"(¢) and Fe**(d)
in the interface transition layer. The transition layer is re-
stricted to the thickness of Ar~ 1 nm.
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