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Abstract

We report measurements on yttrium iron garnet (YIG) thin films grown on both gadolinium gallium
garnet (GGG) and yttrium aluminium garnet (YAG) substrates, with and without thin Pt top layers.
We provide three principal results: the observation of an interfacial region at the Pt/YIG interface,
we place a limit on the induced magnetism of the Pt layer and confirm the existence of an interfacial
layer at the GGG/YIG interface. Polarised neutron reflectometry (PNR) was used to give depth
dependence of both the structure and magnetism of these structures. We find that a thin film of YIG
on GGG is best described by three distinct layers: an interfacial layer near the GGG, around 5 nm
thick and non-magnetic, a magnetic ‘bulk’ phase, and a non-magnetic and compositionally distinct
thin layer near the surface. We theorise that the bottom layer, which is independent of the film
thickness, is caused by Gd diffusion. The top layer is likely to be extremely important in inverse spin
Hall effect measurements, and is most likely Y,05 or very similar. Magnetic sensitivity in the PNR to
any induced moment in the Pt is increased by the existence of the Y,0; layer; any moment is found
to be less than 0.02 uB/atom.

Introduction

Yttrium iron garnet (YIG) has long been known to be a ferrimagnetic insulator and is used widely as a
tuneable microwave filter or, when doped with other rare earth elements, for a variety of optical
and magneto-optical applications. However, since the discovery of the spin Seebeck effect in
insulators™?, YIG, particularly when grown on gadolinium gallium garnet (GGG), has become the
model system for investigating the physics of the spin Seebeck effect. The spin Seebeck effect
combines two future technologies: the pure spin currents of spintronics promise to eliminate Joule
heating in computing and many other industries®™, whereas energy recovery materials seek to
harvest waste heat and movement to reduce energy losses, either actively®™®, or passively from the
conventional Seebeck effect’ or otherwise®. The combination of these into a single material
provides a great opportunity for energy efficiency and a new generation of future devices.

It is therefore extremely important that both the interfacial physics of GGG/YIG and the physical
system, with all possible imperfections, are well understood. Much work has been done on the

theoretical understanding of the spin Seebeck effect™*™

, with a general consensus that the effect is
magnon driven, with non-equilibrium phonons also playing a role. This paper seeks to explore the
material science aspect of the GGG/YIG system, and to understand the effects of interfacial structure

on high quality epitaxial films.

Thin films of YIG, with different annealing times, were grown on GGG by sputtering and these films
were characterised using polarised neutron reflectivity (PNR) to extract a magnetic depth profile, as
well as x-ray reflectivity (XRR) and magnetometry. Films were measured both with and without thin
Pt layers on top of the YIG; these layers are conventionally used for inverse spin Hall effect (ISHE)
measurements, to quantify the strength of the spin Seebeck effect. Additional films were grown on
yttrium aluminium garnet (YAG) in order to investigate the effects of the substrate on the films.



Methods

Samples were grown in both Leeds and Tohoku Universities with common growth methodologies
with the exception of the annealing time. The Leeds samples were sputtered in a RF magnetron
sputter chamber with a base pressure of 2x10® Torr, with oxygen and argon flow rates of 1.2 and
22.4 sccm respectively. They were deposited onto either GGG or YAG substrates, 1” in diameter. The
samples were then removed from the vacuum and annealed in air at 850 °C for 2 hours. They were
then sputtered with a thin layer of Pt ~ 27 A thick, a typical thickness for ISHE measurements. The
films grown in Tohoku were prepared according to the methods detailed in the work by Lustikova et
al”®, where the same annealing temperature was used, but for 24 hours instead of 2.

A total of eight samples were measured: six from Leeds, four grown on (111) orientated GGG
substrates and two on YAG, and two from Tohoku, both on GGG. The Leeds films on GGG were
either 300 A or 800 A thick with and without a thin Pt layer on top. Both of the YAG films were 800
A, and one had a Pt top layer. The Tohoku films were both around 1500 A thick, one with a Pt layer
(135 A thick) on top and one without.

PNR measurements record the neutron reflectivity as a function of the neutron’s wave-vector
transfer and spin eigenstate. Modelling of the resultant data allows the scattering length density
(SLD) to be extracted and provides a quantitative description of the depth dependent structural and
magnetic profile’®.

PNR measurements were taken on the Polref and Offspec’’ beamlines at the ISIS neutron and muon
source, as well as the Magnetism Reflectometer beamline at the Spallation Neutron Source, in Oak
Ridge. X-ray measurements and magnetometry was carried out in the R53 Characterisation lab at
ISIS.

Fitting to both the neutron reflectivity and the x-ray reflectivity data was performed in the GenX
fitting package'®. The Pt cap layers thickness were determined by XRR since the scattering contrast
between Pt and YIG or GGG is very good for x-rays and reduced for neutrons, whereas the contrast
between YIG and GGG is poor for x-rays and good for neutrons. Magnetometry was performed using
a Durham Magneto Optics NanoMOKE3 and showed that all of the films presented here had a
coercivity of <5 Oe and generally ~1-2 Oe, indicating high quality YIG. Surface roughnesses were all
fitted to be less than 10 A, on both Pt capped and uncapped films, this values is in agreement with
AFM measurements.

Results and Discussion

Figure 1 presents the polarised neutron reflectivity and resultant SLD for the YIG layer on GGG and
YAG substrates. From the nominal structure of the sputtered samples the neutron reflectivity can be
calculated. This simple model does not accurately describe the observed data. To describe the GGG
system an additional interfacial YIG-like layer was required, see layer (a) in Figure 1. This layer was
either non-magnetic, or had a very small moment (~<0.1 pg /unit cell), and was not found to depend
on the total YIG film thickness. The large gradient(~100 A) of the interface between the GGG and the
YIG in the models suggests that a diffusion process created this layer. A recent temperature
dependent study of this interface also using neutrons showed that Gd*° diffusion is responsible.
Gadolinium iron garnet has long been known to have a compensation temperature around room



temperature®®! in a variety of forms, which would give the layer zero net moment in our
measurements. This re-enforces our view that Gd diffusion is responsible for this “layer”. In our
models the layer was defined as roughly 100 A thick, with a roughness almost half this; the SLD was
also slightly reduced with respect to bulk YIG. This lead to an effective large region of interdiffusion,
with ~50 A of almost zero moment, then an increasing moment up to the bulk value, as would be
observed in a layer formed by such diffusion.

The low moment layer was not required in the models of films grown on YAG substrates, though the
interface interdiffusion was still relatively large ~50 A. This is most likely because in YAG, the
equivalent atom to gadolinium is yttrium, whose diffusion into YIG would not cause a reduction in
moment.

Beyond the initial ~50 A non-magnetic layer and subsequent ~50 A increase to near bulk values, the
structural and magnetic properties of the sputtered YIG films of differing thickness were very similar
and did not have any thickness dependences. This was true of the films grown on both GGG and
YAG, meaning that the effects of the substrate, for these at least, are minimal beyond its ability to
diffuse during annealing.

From the magnetic SLD the moment of the bulk YIG (away from both interfaces) was found to be
consistently 3.8(1) pg / unit cell, this value did not depend on the film thickness. This value compares
well with literature values®” at room temperature, though very slightly higher.

The measurements on the YIG films with extended annealing times were less conclusive. Models
both with and without the non-magnetic layer at the GGG interface gave similar fits to the PNR data.
These films were significantly thicker than the films with a 2 hr anneal, ~1500 A, and as such the
sensitivity to the GGG/YIG interface is reduced. As a result it is not possible to conclusively identify
the presence of an interfacial layer. Since the annealing procedures for both sets of films are very
similar we can assume that the Gd diffusion will also be similar, and a common feature of the
GGG/YIG interface.

The effect of this layer on spin Hall measurements is unclear. It was shown for ~micron thick YIG*
that making the YIG thinner reduces the magnitude of the spin Seebeck effect, though the
lengthscales in this study mean that its results may not be comparable.

In addition to the substrate interface layer, an additional layer was discovered for all of the samples,
labelled as layer (b) in Figure 1. This layer is around 15(5) A in thickness, with little variation, across
all samples measured. This layer was distinct from both the Pt and the YIG, as it had a markedly
lower scattering length density than either of them. Figure 2 shows datasets for both thin Leeds (300
A) and thick Tohoku (1500 A) YIG on GGG, with the best fit to the data. Since the SLD of YIG and Pt is
similar, the low frequency oscillations in both datasets results from the low SLD layers contrast
between the Pt and the YIG. Analysing x-ray reflectivity curves of the same samples, with and
without the Pt cap also require this layer. Examining the two scattering length densities (neutrons
and x-rays) of the layer involved we can elucidate its composition. Pt alloys would generate a strong
x-ray contrast, and the layer would not appear in uncapped samples and can therefore be ruled out.
Both iron and all forms of its oxide have too large an SLD for neutrons so it can be ruled out. This
leaves yttrium based compounds: pure Y, Y,0s, (yttria) and YN (which is possible, though unlikely,
due to the annealing of the sample in air). The x-ray SLD of Y,0; is a close match with the SLD of the



layer required for a good fit, as shown in Figure 3. In addition to the matching SLD, we remark that
Y3Fes01, has an oxidation state of +3 for Y, which is the same as Y,0; and both have similar oxygen
co-ordination. The Y-O bond length in Y,05 is between 2.225 and 2.323 A%*, which represents a slight
contraction with respect to the bond length in YIG, which is between 2.37 and 2.43 A%.

The magnetic signal from the YIG decays across this layer (see Figure 3) and as it is likely that the
layer is predominantly yttria (a non-magnetic insulator), the electrical resistivity at some point in the
film becomes that of the Pt. The formation mechanism of the layer is not clear, and will be difficult
to study due to its thickness and similarity to the underlying YIG. We suggest though, that it may be
related to yttria being more temperature stable than either YIG or iron oxide.

%6728 and have determined

Several studies have investigated the influence of the interface quality
that, as might be expected, a high quality interface yields better ISHE results. Qiu et al.”’ found that,
the ISHE voltage varied from around 3.5 uV/K for a minimal interface yttria region, to nearly 0 for
regions over 70 A thick. They also found that, at least for samples grown by liquid phase epitaxy,
optimisation of after growth annealing could minimise this layer’s formation. This interface has also
been investigated by Song et al. *° using electron microscopy, though they attribute the layer to

being oxygen deficient iron (whose magnetic moment is then reduced).

If such a layer is indeed prevalent we know that it is not at all equivalent to a pristine YIG surface
with a tunnel barrier grown on top, such as®, since sputtered YIG films do not give magneto-
transport results appreciably different from films grown by other methods. Instead, it is almost
certainly formed from the YIG, via some diffusive process during annealing. Its electronic properties,
therefore, are unlikely to be those of bulk yttria and its thickness may not be homogeneous
(reflectivity techniques see only an average thickness across their coherence length, which is
relatively large in this case). We cannot infer any more from these measurements, thought
knowledge of the existence and the information about the nature of this layer extracted here may
give an opportunity to further investigate its properties, or even eliminate it.

Since this layer was found in all samples measured, on two different substrates and across two
different labs with different growth and annealing conditions we suggest that this layer is present,
though previously unreported, in most similarly prepared, sputtered samples.

As a result of the low SLD of this layer and its contrast to the Pt layer, we have gained unusual
sensitivity to any induced magnetism in the Pt layer. Proximity effects in the Pt have been widely
studied, with many works extracting the origins of the observed voltages from the iSHE*' ™.
Theoretical studies such as Liang et al.** show how a non-magnetic, or reduced magnetic layer would
be important in proximity effects in this system. Figure 4 shows a portion of the spin asymmetry
(difference in reflectivity of the two spin states normalised by their sum) from GGG/YIG(800)/Pt(27),
at high momentum transfer. The spin asymmetry is sensitive to the magnetism, and is, to a first
approximation, independent of the exact structure. The reflectivity can be approximated as the
Fourier transform of the layer structure, so at high Q we are sensitive to thinner layers, e.g. the top

Pt layer.

The best model line is shown in grey and is clearly a good fit, even by this, more highly processed,
measure. In addition to the best fit in Figure 4 (shown in grey) are two models (blue and red), with
the same structural parameters and bulk YIG magnetism, but with an induced moment added to the



Pt of +0.05 pg/Pt atom to show how this would affect the fit. From the deviation of these models
from the data, we can clearly see that the average magnitude of any induced moment in the Pt is
certainly less than 0.05 pg/Pt atom, and likely less than 0.02 pg/Pt atom, within a 1o error bound.
This result is in line with previous experiments®> which specifically tried to measure an induced
moment in Pt, albeit with the YIG grown by a different method. It is worth noting here that it may
still be possible that a more magnetic sub-region of the Pt may exist, since PNR cannot probe
infinitely thin layers. However, the magnitude of the total magnetism would still have to remain
below our upper bound, e.g. if half was non-magnetic and half was polarised, then it would have to
be below 0.04 pg/Pt atom, etc.

Conclusion

We have used polarised neutron reflectivity to determine the magnetic depth dependence of
yttrium iron garnet thin films grown on gadolinium gallium garnet and yttrium aluminium garnet
substrates, with and without a Pt layer on the surface. It was found that if the YIG is grown on a GGG
substrate there can be a ~50 A non-magnetic layer at the substrate interface followed by an
additional ~50 A layer across which the properties tend towards bulk values, this does not depend
on the YIG film thickness. This layer is likely to be caused by Gd diffusion during annealing, since this
layer does not appear when the YIG is grown on YAG, this is in line with recent investigations'®. The
effect of growing YIG on YAG, other than the absence of this interface layer was minimal, with
roughnesses and magnetic moments extremely similar to those grown on GGG.

We also see an additional layer at the YIG/Pt interface, roughly 15 A for all samples measured;
further investigation and cross referencing with x-ray measurements identifies this layer as Y,0s.
While the existence of this (non-magnetic and usually insulating) layer may have large repercussions
for the interpretation of ISHE measurements on this model system, knowledge of its existence and
composition means it may be further studied, or possibly eliminated. We know that from previous
measurements that this layer does not overly adversely affect spin Hall measurements, and
conjecture that this layer is in fact ubiquitous in similarly prepared sputtered films, though
previously unreported.

Our measurements also give us unusual sensitivity to any induced magnetism in the Pt layer, and
allow us to give an upper bound on the magnitude of the moment of £0.02 pg/Pt atom.
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Figure 1 Structural (blue) and magnetic (green) scattering length densities of fitted models for a YIG/Pt
bilayer grown on a GGG substrate (top) and YAG substrate (bottom). The top shows a thin ~300 A YIG
layer, and the bottom shows a thick ~800 A YIG layer, however, the data are representative of all the
samples grown on each substrate irrespective of YIG thickness. The GGG substrate has two extra
layers: (a), at the substrate interface, and (b), at the YIG/Pt interface. (a) is non-magnetic at room
temperature and around 50 A thick irrespective of the thickness of the YIG layer. This layer is not
present at the YAG/YIG interface. The nature of layer (b) discussed later and is absolutely required for
a good fit in all samples with a Pt layer.
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Figure 2 Polarised Neutron Reflectivity data (points) and modelled fit (line) of thin (~300 A ) GGG/YIG/Pt from Leeds, (a),
and thicker (~1500 A) Tohoku, (b), samples, both of which have Pt top layers. The low frequency oscillations (which is the
majority of the curve in (a) since it has a thinner Pt layer) are visible due to the low scattering length density layer between
the YIG and the Pt and is required in models for all samples with Pt on to get a reasonable fit.
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Figure 3 X-ray scattering length density of the interface between YIG and air, with x-ray reflectivity data and fit inset. The
subtle step in the SLD is required in order to correctly model the slow oscillation in the reflectivity data. By using both the
x-ray and neutron scattering length densities we can deduce that the top layer in this, and all other samples measured in
this study, is extremely likely to be yttria (Y,03), whose bulk SLD is indicated by the dotted red line.
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Figure 4 A selected portion of the spin asymmetry of a thick (~¥800 A ) YAG/YIG/Pt structure, with a zoom inset. The higher
Q range is where we are sensitive to any induced magnetism in the Pt layer. The grey curve shows the asymmetry
produced by the optimal fit with no induced magnetism in the Pt. The red and blue curves show the same model with
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