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Ultra Thin Films of Yttrium Iron Garnet with Very Low

Damping: A Review

Georg Schmidt,* Christoph Hauser, Philip Trempler, Maximilian Paleschke,

and Evangelos Th. Papaioannou

Thin film Yttrium Iron Garnet (YIG) is a promising material for integrated

magnonics. To introduce YIG into nanofabrication processes it is necessary to
fabricate very thin YIG films with a thickness well below 100 nm while retaining
the extraordinary magnetic properties of the material, especially its long magnon
lifetime and spin wave propagation length. Herein, a brief introduction into the
topic is given and the various results published over the last decade in this area
are reviewed and discussed. Especially for ultrathin films it turns out that pulsed
layer deposition and sputtering are the most promising candidates. In addition,
the application of room-temperature deposition and annealing for lift-off based
nanopatterning is discussed, as well as the properties of nanostructures obtained

by this method over the past years.

1. Introduction

In the past decade, the field of magnonics has become more
and more attractive. Using magnons for information processing
would allow for low-dissipation data-processing devices and hold
the promise of complex functionality.'™* Novel concepts have
already been proposed including magnon logic circuits, magnon
transistor, reconfigurable magnonic devices, spin-wave fre-
quency filters, signal processing and computing.”'% At the
same time, the use of ferromagnetic materials immediately
brings to mind the possibility of nonvolatile data storage or
nonvolatile programmability. Even the use of magnons in the con-
text of quantum information processing has been attempted.!""
All these concepts, however, rely on one prerequisite. They all
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need to be integrated and to compete as a
post-CMOS  technology, they somehow
need to approach the density of ultra
large-scale integration. Although multifunc-
tional devices can by some means relax the
constraints which nowadays drive lithogra-
phy for CMOS processes toward 10nm
resolution, it is still obvious that any post-
CMOS technology needs to be able to
address at least sub-100 nm lateral resolu-
tion. From the point of view of commercial
lithography this is not a problem at all.
The challenge, however, is on the materials
side. Thin-film metallic ferromagnets can
easily be patterned with the required resolu-
tion as has been demonstrated in magnetic
random access memory (MRAM) process-
ing. Nevertheless, to realize complex magnonics, it is necessary
to have very low damping and very long spin-relaxation lengths
in the ferromagnet of choice. Here, the range of a <5 x 10~*
is still restricted to the ferrimagnet Yttrium Iron Garnet (YIG).
This material is well known and well studied since several decades
and as a bulk or thick-film material can exhibit ferromagnetic res-
onance (FMR) linewidths of 15 pT (full width at half maximum
[FWHM]) at 9.6 GHz!"? and show a damping of @ < 3 x 1075,
Many concepts of magnonic devices have been realized in
YIG, however, mostly in films with a thickness much larger than
100 nm. The main reason lies in the fabrication technology for
thin YIG films. YIG films of several micron thickness have tradi-
tionally been deposited using liquid phase epitaxy (LPE). This
method still yields the lowest damping and linewidth in non-bulk
YIG. However, there seems to be a lower thickness limit for
LPE-YIG under which the quality starts to degrade. A large effort
in this respect now makes 100 nm YIG films with damping below
a = 10~* commercially available on substrates of 3” diameter or
more, but still thinner films with similar quality cannot be reliably
fabricated by LPE. This is a large drawback, because for nanopat-
terning, the aspect ratio is always a critical factor, as for many etch-
ing processes, it limits the lateral structures size to more than the
layer thickness. Large aspect ratio in nanopatterning is mainly
achieved by dry etching. No etching technique is known that
yields an aspect ratio of more than 1:1 in YIG and still retains
its magnetic properties. So, one would rather want to use a layer
thickness which is well below the lateral target resolution. As a
consequence, alternative deposition techniques are needed.

A major competing deposition technique is pulsed laser depo-
sition (PLD). This technique uses a target which typically has the
stoichiometry of the film that is to be deposited. The material is
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ablated by a ns laser pulse and transferred in a so-called plasma
plume to the substrate which is placed opposite to the target.
The substrate can be heated yielding the necessary surface mobil-
ity for the different impinging species to arrange in the desired
lattice structure during the deposition. For YIG, this method was
already demonstrated more than 20 years ago, for example, in
1993 by Dorsey et al.l'’ Although for thick films the quality
of PLD-deposited films is not as high as for LPE-grown material,
for ultra thin films of well below 100 nm PLD seems to yield
better results. Only recently, further progress was made using
room temperature PLD and subsequent annealing, resulting
in layers with a damping of a= (6.154 1.50) x 10751
Room temperature deposition and annealing also allows to
use the more industry-compatible process of magnetron sputter-
ing to achieve very high quality," which is not possible with
sputtering at high temperature.

The remaining part of the article is structured as follows: First,
we will briefly discuss the assessment of magnonic quality and
possible quality criteria. Concentrating on film thicknesses
below 100 nm and setting the lower limit of the quality to a damp-
ing of a <4 x 107* or an FMR linewidth of less than 400 pT, or
both, we will then discuss results published since 2012. In the
sequence of their appearance, we will start with PLD at elevated
substrate temperature. Then results obtained by off-axis sputter-
ing, sputtering at room temperature with subsequent annealing,
and finally by PLD at room temperature will be described.
Because room-temperature deposition processes offer the oppor-
tunity for novel nanopatterning strategies, another section is
dedicated to lift-off patterning of YIG.

In the end, we present a table with the parameters for all layers
presented in the articles discussed here as far as details were
given by the respective authors.

2. Damping, Linewidth, and Propagation Length

To assess the quality of a magnetic film for magnonics, different
criteria can be used. Obviously for magnonics, magnons need to
propagate. So the propagation (or decay) length lgec,, can be an
important parameter and a large propagation length is certainly a
good argument to use a material. The decay length is the relevant
length scale for the decay of the spin wave amplitude.

x

A(x) = A(0)e ey 1)

In contrast, it is not necessary to achieve a propagation length
which is far beyond the size of the target device. It is merely nec-
essary for lje.,y to be long enough so that at the end of the propa-
gation the signal is sufficiently large for further processing
including all possible damping effects which may occur on
the propagation path. The propagation length in turn is related
to the magnon lifetime 7,,,4n0n and the group velocity v, by the
equation

ldecay = TmagnonVg (2)

This is quite important because it imposes much more severe
constraints on thin films than on thick films. For small k-vectors
the magnon dispersion for thin films is much more flat
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(Figure 1) than for thick films and the group velocity dw/ 0k
is much lower. As a consequence, for the same propagation
length in a thin film much larger magnon lifetimes are needed
than in a thick film. The lifetime, however, can be calculated
from the Gilbert damping a and/or the resonance linewidth
HoAH, by the following formulal*®!

1
270 o

G)

To =

where f,.. is the eigenfrequency of the respective mode.
Although thinner films are less favorable in terms of v, even
for thin films, propagation lengths have been presented which
seem long enough for magnonics applications. In the following,
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Figure 1. Calculated dispersion relation for a 100 nm thick and a 1 pm thick
YIG film, respectively, with Damon-Eshbach modes (DEM), backward
volume mode (BVM), and forward volume mode (FVM). It is clearly visible
that |0w/ 0k| is smaller for the thinner film, at least for small k-vectors.

a number of examples are given from layers which are also
described later in detail. All values are obtained for Damon-—
Eshbach modes. The results strongly differ because the lifetime
is inversely proportional to damping and frequency, respectively
(Equation (3)). So, Talalaevskij et al.l'”) use a 49nm thick
film which due to metal coverage and spin-pumping only has
a damping of @ = 2.8 x 1073, At a frequency of 6 GHz and an
external field poH = 160mT, they obtain a decay length of
ldecay = 3.6 pm. No values for the magnon lifetime or group
velocity are presented.

A very detailed investigation is presented by Qin et al."® They
investigate magnon propagation at various magnetic fields, fre-
quencies, and k-vectors. The results clearly show that due to the
dispersion relation (Figure 1), that has the highest slope close to
the uniform mode, small k-vectors show a larger group velocity
than large ones. Similarly for constant k-vector smaller magnetic
fields also yield larger group velocities, mainly because the shape
of the dispersion relation changes for different magnetic fields.
In addition, lower magnetic fields which go along with lower fre-
quency for constant k-vector also lead to an increasing lifetime
which is inversely proportional to the frequency (Equation (3)).
For a 40 nm thick film with a damping of @ = 3.5 x 1074, they
find a magnon lifetime of up t0 ZTmagnon = 500ns and group
velocities up to v, = 3000ms~'. From these values, a decay
length of ljecy = 1.5mm can be inferred.

Also, based on this analysis,the following two results can be
understood. Collet et al.'® used a 20 nm thick film and per-
formed their investigation at f = 6.6 GHz and poH = 150mT.
For the relatively thin film, the group velocity observed is approx-
imate, v, ~320ms~'. The observed decay length is only
lgecay = 25 pm  corresponding to a magnon lifetime of
Tmagnon = /8 18. Especially, the small magnon lifetime can be
related to the high frequency and magnetic field which are used.

Yu et al.' achieved large magnon lifetimes up to 620 ns
working in the frequency range between 0.7 and 1.5 GHz.
Although the YIG film which is used is only 20 nm thick, they
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achieved group velocities up to v, = 1200 ms !, which decreased
to 600 m s~ for higher k-vectors. These values are determined
at a relatively low magnetic field of yyH = 5 mT. The maximum
propagation length resulting from these properties is
iecay = 580 pm.

So, even for very thin YIG films, it is possible to achieve prop-
agation lengths which are sufficiently large for integrated mag-
nonics. However, it also becomes clear from these results that
the propagation length is only of limited use to determine the
Gilbert damping. Although the magnon lifetime is directly
related to the damping, the group velocity strongly depends
on magnetic field, frequency, and k-vector, making the extraction
of the damping itself rather complicated.

After discussing the lifetime, it makes sense to have a closer
look at the linewidth. Because the linewidth is often measured at
a fixed frequency by sweeping the magnetic field, we discuss the
linewidth in units of the magnetic field. In an ideal system,
the linewidth in FMR puoAH is proportional to the frequency
and the linewidth for zero frequency pyAH, is zero

2naf e

, “)

HoAHFMR iy =
with y/2n = 28 GHz/T being the gyromagnetic ratio and a being
the Gilbert damping. This equation uses the half width at half
maximum (HWHM) value of the linewidth. As mentioned
before, however, the magnon lifetime is the relevant parameter
for magnonics applications. Using Equation (3) and (4), we are
allowed to directly convert linewidth into lifetime. The latter is no
longer possible if yyAH, # 0. Unfortunately, a vanishing uoAH,
is unrealistic and it needs to be understood how pigAH, Tmagnon,
and a are interrelated and how this needs to be considered when
assessing the layer quality.

From Equation (4), we can see that a certain linewidth at a
fixed frequency always imposes an upper limit to the damping
because it assumes yyAH, = 0. This upper limit corresponds
to a damping of ~ 2.8 x 10~* per 100 pT linewidth at 10 GHz.

If oA H, is finite, the following equation may be applied

Znafres (5)

HoAHpMR 0 = HoAHoy g +
where this equation uses again the HWHM value of the
linewidth.

It should be noted that this equation assumes that the inho-
mogeneous linewidth broadening uyAH, is completely fre-
quency independent, an assumption which is difficult to prove
in the experiment (if at all). An inhomogeneous broadening
involving two-magnon scattering, for example, would be fre-
quency dependent. So, in this case, something intuitively odd
can be observed. When for a constant linewidth yoAH at a given
frequency, the inhomogeneous linewidth py,AH, is increased,
the slope of uyAH(f) decreases, which corresponds to a nomi-
nally reduced damping (Equation (5)). This happens despite the
fact that we apparently introduce physics which at low frequency
broaden the lines and thus seem unfavorable for long-lived
magnons.

So, it is theoretically possible to extract ultra low damping
values from very broad lines if the linewidth does (almost) not
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Figure 2. Examples for different combinations of linewidth (at 9.5 GHz)
and damping. The dashed line shows a very small linewidth. The corre-
sponding damping is also very small, although it is the maximum possible
value for this linewidth because uyAH = 0. The dash—dotted line shows a
much larger damping, although with 150 uT, the linewidth is still small.
For the solid line, the damping is again lower, although with 350pT,
the linewith is much larger. In this case, the low damping is only due to
the intercept of the plot with the y-axis corresponding to uoAH, = 300 pT.

change with frequency, see Figure 2. Nevertheless, the broaden-
ing can have multiple reasons. For example, the layer can be
inhomogeneous or one can observe a line which in reality is
composed of several lines and the change in linewidth with
changing frequency is merely caused by the frequency-
dependent line position of the individual lines. For any discus-
sion, one also needs to consider that Equation (5) is based on a
single spin approximation and it is at least debatable whether this
approximation holds for an inhomogeneous sample. It is thus of
utmost importance to determine whether the magnon lifetime
Tmagnon 18 Only given by @ as determined from Equation (5) or
whether the physics leading to a large pyAH, in FMR can
reduce the magnon lifetime, a question which in some cases
may only be answered by investigating magnon propagation
or time-domain FMR.

As a consequence, it is realistic to state that a very narrow line-
width is a reasonable indicator for long magnon life times and
always must go along with a reasonably low damping. What
damping is extracted in the analysis, is then determined by
uoAHy, which for a linear dependence of linewidth on frequency
also determines the slope. In contrast, a small damping can be
considered a necessary but not always sufficient condition for
long-lived magnons. Ideally, always both linewidth and damping
values should be mentioned. Furthermore, when the damping is
determined by measuring the frequency dependence of the FMR
linewidth, it is good to check whether properties of a single line
and of a homogeneous layer are observed. This can be achieved
by, for example, doing measurements over a wide frequency
range and by doing experiments on samples of different size.
For these reasons, also our following discussion of thin film
YIG, the properties will always discuss damping and FMR line-
width (if given in the respective publications). It should be noted
that although the linewidth is mentioned in most of the relevant
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publications, a direct comparison needs to be done with caution.
In different experiments, the linewidth may be determined in a
different way and even the definition of the linewidth can be
different. In most cases, the relevant linewidth is the HWHM.
In some cases, also the FWHM may be mentioned, which intui-
tively is more like the width of the line. A third alternative results
from the way the FMR is measured. Quite often the sensitivity of
the FMR detection is enhanced by modulating the external
magnetic field and using lock-in detection. As a consequence,
the measured signal is the derivative of the RF-absorption.
From this data, usually the peak-to-peak (p—p) linewidth is
extracted and sometimes listed as the relevant linewidth.
There is, however, a conversion factor of \/§/2 which needs
to be applied to the p—p value to get to the HWHM. So, the
p—p value overestimates the linewidth compared with the
HWHM. Quite often it is not explicitly if it is not mentioned
what definition of the linewidth is used. However, in many
cases, this can be concluded from the way the linewidth is
converted into a damping. So, while Equation (5) is to be
used with HWHM, the relevant equation for the p—p linewidth
would be

2 21af o
HoAHpmr, , = poAH,y  + N (©)
and for FWHM
Anaf e

HoAHpMR gy = HoAHopgy + (7)

From the changing prefactor, one can also deduce the
meaning of yyAHj in the equation, which in Equation (5) would
be p9AHo,,,,» while in Equation (6), it means ypAH,  and in
Equation (7) poAHg,,,-

Finally, it should me mentioned that for the extraction of the
linewidth, a fit by a Lorentzian line shape should be done to make
sure that indeed a single line is present and not multiple
overlapping lines.

3. Growth Methods

In the following, three different growth methods are described
and compared in terms of results, namely high temperature
PLD, room temperature sputtering with subsequent annealing,
and room temperature PLD with subsequent annealing. For all
three of them, growth of sub-100 nm YIG films with extraordi-
nary properties has been published some with outstanding
results and several more which still can be considered as
high-quality films. It is noteworthy that in all of these experi-
ments Gadolinium Gallium Garnet (GGG) has been used as a
substrate. In addition to the fact that the garnet structure of
GGG is favorable for YIG growth, the lattice constant of the GGG
substrate (1.2383nm) is very close to the YIG bulk value of
1.2376 nm. As expected, most layer grow pseudomorphic and
are fully strained. Although most experiments use (111) orienta-
tion, a few exceptions show that the crystalline orientation of the
substrate does not have a clear influence on the magnetic layer
quality, see Table 1. To place the values given below into the right
context, it should be noted that for thick films grown by LPE, a
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Table 1. Summarized results of different YIG properties. For better comparison, we have converted values to S| units wherever necessary.

Deposition technique GGG Film thickness HoMs HoAHpwhm Gilbert damping Ref.

[nm] [mT] [1T] a/107*
PLD @ 650°C 111) 20 210£5 165 @ 6 GHz 23 [20]
PLD @ 650°C 111) 7 210£5 - 16 [20]
PLD @ 650°C 111) 4 170+ 5 - 38 [20]
PLD @ 650°C 111 20 210 - 4 [21]
PLD @ 650°C 100 20+3 103 £15 - 21.69 £ 0.69 [22]
PLD @ 650°C 100 75+10 166 £+ 22 - 4.89 £+ 0.07 [22]
PLD @ 650°C 100 17 £1 158 + 4 450 + 40 @ 10GHz 7.0+0.7 [23]
PLD @ 650°C 100 3441 170 + 4 265+ 50 @ 10GHz 58+0.5 [23]
PLD @ 650°C 100 49+2 170 + 4 240+ 50 @ 10GHz 4.1+£0.5 [23]
PLD @ 650°C 100 64 +2 167 +4 220+ 30 @ 10GHz 3.8+0.2 [23]
PLD @ 650°C 100 79+2 172 +4 150 £ 20 @ 10GHz 22+0.2 [23]
PLD @ 650°C 100 92+2 172+ 4 185+ 20 @ 10GHz 34+03 [23]
PLD @ 650°C 111 20 - - 4.8+£0.5 [24]
PLD @ 650°C m 20 213 (Meg) - 40 9]
PLD @ 750°C 110 100 ~1809 - 1.0 [25]
PLD @ 750°C 110 17 - - 7.2 [25]
PLD @ 750°C 111 1220 178 78 @ 9.1 GHz - [26]
PLD @ 790°C 111 11 167 (M) 520 @ 9.5GHz 32+03 [27]
PLD @ 790°C 111 19 188 (M) 294 @ 9.5GHz 23+0.1 [27]
PLD @ 800°C 111 40 144 - 35+0.3 [18]

23 160 173-268 @ 9.5 GHz 1.8 28]

(
(
(
(1)
(100)
(100)
(100)
(100)
(100)
(100)
(100)
(100)
)
)
(110)
(110)
(1)
a1
)
)
PLD @ 825°C 11
PLD @ 700 — 850°C a1 1000 - 50 @ 9.5 GHz - [13]
(117)
a1
a1
)
(U]
(1)
(1)
(001)
a1
a1
(U]
(1)
(1)
(117
(U]
(U]
(U]
(U]
(117

PLD @ RT 111 20 130.7 £ 0.25 3494+ 10 @ 9.6 GHz 0.739+0.14 [14]
PLD @ RT 111 56 144 £0.25 130£5 @ 9.6GHz 0.615 £0.15 [14]
PLD @ RT 111 65 - 226 @ 9.6 GHz 1.61 £0.25 [29]
PLD @ RT 111 65 - 511 @ 9.6 GHz - [29]
PLD @ RT 111 65 - 709 @ 9.6 GHz - [29]
PLD @ RT 111 130 179.6 603 @ 9.6 GHz - [29]
PLD @ RT 111 130 - 229 @ 9.6 GHz . [29]
PLD @ RT 001 70 148 470 @ 10GHz 504+0.1,5.5+0.1 [30]
Sputter @ RT 111 19 100 £12 - 8+2 [17]
Sputter @ RT 111 29 140 £ 20 - 58+£0.7 [17]
Sputter @ RT 111 38 150 £10 - 26+0.3 [17]
Sputter @ RT 111 49 160+ 10 400 @ 10 GHz 24+03 7
Sputter @ RT 111 40 153+0.4 - 2.77 £0.49 [22]
Sputter @ RT 111 75 - 346 @ 9.868 GHz - [31]
Sputter @ RT 111 40 163 - 2.93, 3.53, 7.56 [32]
Sputter @ RT 111 22 177 641 @ 16.5GHz 0.858 £0.21 [15]
Sputter @ RT 111 23.4 175-192 (Mgr) 850-1200 @ 16.5 GHz 0.85-0.94+0.2 [33]
Sputter @ RT 111 96 129+5 329 @ 9.45GHz 7.0+1.0 [34]
Off-axis Sputter @ 750°C 111 30 - 238 @ 9.6 GHz = [35]

IThe values have been extrapolated from data given in the respective publication or from a graph. Wherever necessary the linewidth has been converted to soAHywim-

FWHM linewidth of 15 uT@9.5 GHz was reported,®! which as For sake of completeness in Table 1, we also list the values of
described earlier corresponds to an upper limit for the damping  the determined saturation magnetization in the various experi-
ofa=2x107°. ments, which can be compared to the bulk value for YIG, which
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is uo Mg ~ 180 mT.*® However, it turns out that although there is
a huge variation of yyMg, no clear relation between the saturation
magnetization and the damping can be observed. Also, the values
need to be taken with a grain of salt. In some cases, the saturation
magnetization is obtained by a fit to the Kittel formula,?”! which
leaves an uncertainty of the crystalline anisotropy, which in some
cases may not be negligible.'* In those cases, uoMg will be
given instead.

3.1. Pulsed Laser Deposition

High-temperature PLD was used for the fabrication of thin-film
YIG already in the nineties.'*) Already in 1993, the growth of
YIG on GGG by PLD was demonstrated. In that case, no value
for the damping was determined. Nevertheless, a linewidth of
uoAHy_.., = 100 yT@9.5 GHz is given which sets the damping
to @ < 1.5 x 107* assuming pyAH, = 0. Obviously, the real
damping is even lower than this, most likely below 1 x 107*.
In this case, the thickness of the layer was 1 pm, which is above
the range that we are discussing here. Nevertheless, as an early
and extraordinary result, it can serve as a reference of what is
possible using PLD. Similar results were obtained later by
Manuilov et al.*® who achieved uoAH = 90 pT@9.5 GHz for
a 1.22pm thick film, however, only for measurements with
the magnetization saturated perpendicular to the film. This mea-
surement geometry can avoid two magnon scattering and in
many cases can yield damping values below those measured with
in-plane magnetization.’®® As mentioned, both these experi-
ments used film thicknesses much larger than 100 nm and more
results can be found in literature for this thickness range.

For thinner films grown at high temperature, a first outstand-
ing result was published in 2012 by Sun et al.”” In this
publication, a p—p linewidth of uyAH,_, = 340pT @ 9.5GHz
was achieved for an as-grown YIG film of 19 nm thickness grown
by high-temperature PLD on (111)-oriented GGG substrates.
Because poAHj is almost 300 pT, the damping is also very small
with @ = 2.3 x 107, In this work, the correlation of growth
conditions, structural and chemical properties of the layers
and damping is investigated. After deposition, an annealing step
in oxygen at growth temperature for 10min is performed.
The authors observe that low growth rate and higher substrate
temperature (maximum substrate temperature is T, =850°C
yield the smallest linewidth. They attribute this mainly to the low-
ering of the surface roughness and Fe deficiency at the surface
which decreases for increasing growth temperature and decreas-
ing growth rate. The Fe deficiency and its change with growth
parameters is evidenced by X-ray photoelectron spectroscopy
(XPS). The Fe deficiency and the roughness should increase
two magnon scattering and thus cause the linewidth broadening.
This theory is further supported by removal of the top surface by
soft ion bombardment which indeed within certain limits
reduces the FMR linewidth of a sample, Figure 3. The surface
roughness of the samples as-grown was as small as 0.16 nm.
Based on these results, the authors also claim that the trend
of higher damping for thinner films which is also observed by
other groups can be attributed to the decreasing contribution
of the bulk compared with the detrimental influence of the sur-
face layer. No lattice constant of the YIG layers is explicitely
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mentioned, but the X-ray diffraction shows a larger interlayer dis-
tance for the strained YIG film than for the GGG substrate,
meaning that in the relaxed state the YIG would also have a larger
lattice constant than the GGG. At first glance, this is surprising,
because the lattice constant of bulk YIG is smaller than the one of
GGG. However, this effect is observed for all the experiments
discussed later (as far as can be determined from the information
supplied). The two layers for which poM.g is listed show values
of 167 mT (11 nm thickness) and 188 mT (19 nm thickness). The
second value is even above the bulk value. As shown in the fol-
lowing, a trend of larger M for thicker films is often observed.

In 2013, d’Allivy Kelly et al. published an even smaller line-
width for similar thin YIG films.*% Here, layers with three dif-
ferent respective thicknesses were investigated (4, 7, 20 nm).
Even the thickest of those layers is among the thinnest for which
a linewidth of ~200pT has ever been reported. The p—p line-
width at 6 GHz for the 20nm film is as small as 190 T,
Figure 4. For comparison: considering the extracted damping,
this corresponds to a HWHM of ~200 pT at 10 GHz. The corre-
sponding value for the damping is a = 2.3 x 107*, which is
larger than for thicker films but up to that time together with
the result from Sun et al., the best value observed for that thick-
ness range. The fact that despite the smaller linewidth compared
with Sun et al., the damping is not decreased is due to the
smaller zero frequency linewidth. The layers were deposited on
(111)-oriented GGG substrates at a temperature of 650 °C. It is
interesting to note that the substrate temperature is much lower
than the optimum value determined by Sun et al., and the line-
width is achieved despite a surface roughness of 0.23 nm which
is larger than for the aforementioned layers. The cubic lattice
constant of the 20 nm thick film is 1.2459 nm and thus consid-
erably larger than that of the substrate. Although for a thickness
of 20 nm the layer quality is excellent, for the thinner films pre-
sented by d’Allivy Kelly et al., however, the magnetic properties
quickly start to degrade. For these films, yyMg was determined
by SQUID magnetometry. With a value of 210 mT for films of 20
and 7 nm thickness, the values are much higher than the bulk
value, and only for 4nm thickness, uoMs goes down to
170 mT. These results are exceptional, because in all experiments
discussed here pyMs is not or only slightly larger than in bulk
YIG. In a subsequent publication,'® a magnon decay length
of 580 pum was estimated for a film with identical properties
fabricated by the same process.

One year later, low damping and linewidth for PLD grown thin
YIG films were also reported by Onbasli et al.”? Among the
results discussed here, it is the only one where (100)-oriented
GGG substrates were used. Here, a linewidth of 300puT at
10 GHz is mentioned for a 79 nm thick layer, however, the
FWHM is given. So, with pgAHpwiy = 150 puT, the linewidth
is even lower than for d’Allivy Kelly.*® The corresponding damp-
ing value is @ = 2.2 x 107*. Onbasli et al. investigate several
thicknesses and also observe a clear trend toward higher damp-
ing for thinner films (Figure 5). For comparison, a 34 nm film
prepared by the same method exhibits @ = 5.8 x 107*. As in
ref. [20], the films were deposited at a substrate temperature
of 650 °C. For layer thicker than 50 nm, the out-of-plane lattice
constant was determined by X-ray diffraction, which varied
from 1.2391 to 1.2408 nm without a clear dependence on the
thickness. For layers with thicknesses between 34 and 190 nm
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thickness, yo Mg varied between 167 and 172 mT with no system-
atic thickness dependence. Only for a very thin film (17 nm)
uoMs dropped to 158 mT.

In 2015, Howe et al. also published data from 23 nm thick
PLD deposited films.[?®! In this case, the damping was even lower
than for’®” with @ ~ 1.8 x 10~* with slight variations, depending
on the measurement technique. With uoAH,_, = 200 uT, the
linewidth at 10 GHz is also smaller than that reported in
ref. [20], Figure 6. Howe and coworkers used a higher deposition
temperature of 825 °C. The lattice constant that they obtained
by X-ray diffraction (1.2525 nm) is even larger than that observed
in ref. [20]. o Mg was measured by vibrating sample magnetom-
etry (VSM) to 160 mT.

Another interesting result with low damping was obtained
by Tang et all®® in 2016. They deposited YIG films on
(110)-oriented substrates at a temperature of 750 °C. By anneal-
ing the substrates at high temperature prior to growth, they
achieve a very smooth substrate surface and as a consequence
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also very flat layers. With 0.067 nm, the root mean square
(RMS) value of the surface roughness is the smallest for high-
temperature PLD grown films discussed here. Damping and
linewidth of the films show a peculiar dependence. For a thin
film of 17nm thickness, the authors observe a damping of
a =72 x 107*, whereas for a 100 nm thick film, the damping
is @ = 1.0 x 10~* Nevertheless, for the thick film, the zero fre-
quency linewidth is g AHy ~ 700 pT, whereas for the thin film,
itis g AHy = 250 pT. Even up to a frequency of 8 GHz, the line-
width for the thin film remains below the one measured for the
thick film, although the damping of the thick film nominally is
seven times smaller. Still the observation of Sun et al.’*”) seems to
be confirmed that low surface roughness is a necessary ingredi-
ent for low damping. One more result from this work should be
mentioned. For the films grown on (110)-oriented substrate, hys-
teresis loops taken by VSM at room temperature indicate a large
in-plane anisotropy and in certain in-plane directions almost
20 mT are necessary to fully saturate the films, whereas for films
grown on (111)-surfaces, the anisotropy is usually only a few
hundred pT. Tang et al. do not mention an explicit value for
UoMs, but from a hysteresis loop, a value of ~180 mT can be
extracted, which is close to the bulk value.

Further results were reported in the last 5 years, but for PLD at
elevated temperatures, to the best of our knowledge, none of
them show similar combinations of low damping and small line-
width. Nevertheless, we will discuss the best results known to us.

In 2014, Hahn et al.*!! reported on 20 nm thick YIG films and
nanostructures fabricated by the same process as used in
ref. [20]. The nanopatterning was performed by electron beam
lithography and ion-milling. Interestingly, the damping that is
obtained for the continuous film is only @ = 4 x 10~* compared
with @ = 2.2 x 10~* in ref. [20] for a similar film nominally fab-
ricated by the same process. For a nanodisk of 700 nm diameter,
no damping is given; however, the linewidth at 8.2 GHz is
smaller than for the continuous film. It should, however, be
noted that the FMR measurements on the disk were done in
a perpendicular bias field while those for the film were per-
formed with in-plane field. Depending on the layer, the measure-
ment in perpendicular field can yield a smaller linewidth than for
the in-plane field due to the absence of two-magnon scattering
as mentioned in ref. [27] and also observed by Manuilov
et al.’®! Nevertheless, the linewidth observed for the disk is so
small that in the limit of yoAH, = 0, the damping of the disk
cannot be larger than the one determined for the film. uyMg
of the film is 210 mT as in ref. [20].

In 2017, two more articles appeared by Collet et al. in which
also 20 nm thick films fabricated as described in ref. [20] are
used. In one of them, the layers show a damping of a = 4 x 10~*
with oMz of 213 mT;* in the other one, the damping is
a=48x10"41

In 2015, another publication by Jungfleisch et al.** reported
damping values for layers grown by the process presented
in 2014 by Onbasli et al.*®! Also in this case, the damping
obtained is not as good as the one reported in the original article.
The best value is achieved for a 75 nm thick film with a value of
a=4.89 x 107* compared with a =2.2 x 10~* published in
ref. [23]. Here, the values for poMg partly differ from those
obtained in ref. [23]. For the 75nm film, they observe

1.[22]
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Reproduced with permission.”®! Copyright 2015, IEEE.

HoMg = 166 mT, which is close to the value of the original article.
For a 20 nm film, however, uoMg drops dramatically to 103 mT.

A final example from 2018 used YIG thin films for the inves-
tigation of spin-wave propagation. Qin et al.*®! also deposit the
films by PLD on (111)-oriented GGG substrates. The deposition
temperature is 800°C and the layer thickness is 40nm.
With 144 mT, uoMjs is considerably smaller than the bulk value.
X-ray diffraction again shows the YIG lattice constant to be larger
than that of the substrate.

Summarizing these results, it is obvious that depending on
the process details it is possible to obtain high-quality YIG atleast
in a substrate temperature range from 650 to 850 °C. Although
most publications present growth on (111)-oriented GGG sub-
strates, low damping was also obtained for films grown on
(011) or (001)-oriented GGG. For (011), however, the linewidth
was relatively large. For all films, the lattice constant is larger
than for bulk YIG and even larger than for the GGG substrate.
In view of these results, the assumption by Sun et al. that surface
roughness and damping are related are at least not disproved. All
films with low damping also have a very low surface roughness.
The second assumption of a change in stoichiometry at the sur-
face, however, is debatable. None other publications presents

Phys. Status Solidi B 2020, 257, 1900644 1900644 (9 of 16)

XPS data. Some at least show X-ray rocking curves with very
small FWHM, indicating a homogeneous lattice constant
throughout the film. As we will show later, however, Fe defi-
ciency at the surface can go along with a narrow peak in the rock-
ing curve. However, this Fe deficiency is even observed for the
films with the lowest damping demonstrated so far.

In addition to this, neither lattice constant nor saturation mag-
netization can be correlated to the magnetization dynamics.
Among layers with high quality, the values of Mg vary between
160 and 210 mT; the first value well below, the second well above
the bulk value. The only clear trend is that for the thinnest films
the magnetization seems to drop rapidly; however, in some
cases, this drop happens already at 20 nm thickness, in other
cases well below this value.

3.2. Off-Axis Sputtering

A special technique for growth of thin-film YIG mainly devel-
oped by Yang and Hammel presented for example in ref. [35]
is off-axis sputtering. The films which are grown by this tech-
nique distinguish themselves from other results in several ways.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The saturation magnetization for a 160 nm thick film was deter-
mined to be yyMg = 202 mT, which is even higher than the bulk
value. Also the X-ray diffraction data is different from typical
results for sputtering or PLD growth. Inref. [39], the group also
presents X-ray diffraction data for various film thicknesses. They
find that depending on film thickness the respective lattice con-
stant perpendicular to plane can be either larger than that of
GGG or smaller. This is not consistent with a layer of constant
composition and in different states of relaxation but actually can
only be explained by different bulk lattice constants. FMR line-
width is given for a 30 nm thick film as yyAH,_, = 275 uT cor-
responding to oA Hyywiy = 238 pT. Unfortunately, no Gilbert
damping is extracted for this film thickness. Nevertheless, based
on our initial discussion, we can state that even for an unrealisti-
cally small inhomogeneous linewidth of y,AH, = 0, the damp-
ing must be smaller than a =6.7 x 107 and in reality, a
damping in the lower 10~* range can be assumed. For a 16 nm
thick film, the damping is determined to be @ = 6.1 x 107*. In
this case, the linewidth at 10 GHz is closer to yyAH,_, = 600 T
and the inhomogeneous linewidth is ugAH,  ~ 360uT. In
addition to these values, the layers show exceptional efficiency
in spin pumping experiments. The inverse spin-Hall voltages
measured using even 20 nm thin YIG films covered by metals
with large spin-orbit coupling can be as high as 5 mV. This allows
to determine the inverse spin-Hall effect (ISHE) not only for
materials like Pt or W but also for materials with low spin-
orbit-coupling as for Cu, Ag, or Ti.l*”!

3.3. Room Temperature Sputtering

To the best of our knowledge, the first publication which men-
tions high-quality thin-film YIG by room temperature sputtering
and subsequent annealing is by Chang et al. in 2014.1"! At the
same time, it also reports the lowest damping not only for layers
fabricated this way but also for any sub-100nm YIG film.
The layers were obtained by sputtering YIG from a stoichiomet-
ric target using ordinary magnetron sputtering in Ar atmo-
sphere. Subsequently, the films were annealed in pure oxygen
at a temperature of 800°C for 4h. All films were grown on
(111)-oriented GGG substrates. The resulting films are distin-
guished by a very low surface roughness. The lattice constant
is again larger than for GGG. Five different layers grown at dif-
ferent Ar-pressures are presented, all of them with a damping of
a < 3.1 x 10~*. The best value is obtained for a 22 nm thick film
with a damping of a < 8.6 x 107>, This record value goes along
with a surface roughness of 0.13 nm. FMR results are presented
for perpendicular and in-plane orientation of the external field,
respectively. For both cases, similar values for the damping
are obtained (a <8.58 x 107> for perpendicular field and
a <874 x107° for in-plane field), Figure 7. Surprisingly,
the relatively large p—p linewidth of ~670 pT at 10 GHz (extrap-
olated from Figure 7) is even bigger for perpendicular field, indi-
cating little influence of two magnon scattering, which may be
related to the low surface roughness. The authors attribute the
high quality to the optimization of the Ar pressure during depo-
sition. For the best film, they obtain yoMg = 177 mT, which is
identical to the bulk value of YIG within the measurement
uncertainty.
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In 2017, more experiments on films grown by the same
parameters were reported.?*! All layers described there were also
of a thickness of ~20 nm. Four out of six films showed a damp-
ing of @ < 2 x 107*, three out of those four even had a damping
below 10~*, reproducing the former results. The FMR linewidth
of these films, however, was even bigger than reported in
ref. [15]. While in 2014, Chang et al. reported 690 puT at
16.5 GHz, the linewidth at 16.5 GHz for the films reported in
2017 ranges from 850 to 1200 pT. The values of pgM.g for all
films vary between 175 and 192mT, so on average they are
slightly above the bulk value.

Already in 2014, another group also published data on films
grown by room temperature sputtering and post annealing.**!
The films were grown by on-axis sputtering on (111)-oriented
GGG substrates and annealed in air for 24 h. The surface rough-
ness is extremely small with an RMS value of 0.008 nm. The
interface between YIG and substrate, however, had a much larger
roughness of 0.6 nm and also transmission electron microscopy
showed a large number of spherical defects with a diameter of
10 nm or more, not observed by other groups. The smallest line-
width obtained at 9.5 GHz is as small as yyAH,,_, = 380 uT, but
for a broader range of samples, a linewidth between 400 and
600 T is mentioned. The best damping value obtained in this
case is & < 7.0 x 1074,

In 2017, Talalaevskij et al.'”! also reported growth of high-
quality thin YIG films by room-temperature sputtering and
annealing in air. The annealing was done at T=850°C
120 min. Unfortunately, no X-ray diffraction data or lattice con-
stant are supplied, however, X-ray reflectometry shows extremely
smooth interfaces and surfaces. The films which are investigated
vary in thickness between 19 and 49 nm. In contrast to other
groups, magnetization measurements indicate a 4-6 nm thick
magnetically dead layer at the interface to the substrate, leading
to very low uogMg=100mT for the 19nm thick film.
uoMs increases with thickness over poMg = 140mT (29 nm),
uoMs = 150mT (38 nm), to yoMs = 160mT for a 49 nm thick
film. Assuming a dead layer of 5 nm, the last value corresponds
to the magnetic part of the layer reaching the magnetization
value of bulk material. With a = 2.4 x 10™* for the 49nm
thick layer, the damping is not as good as reported by Chang
et al,™! however, the linewidth at 10 GHz is smaller with
HoAHywim ~ 400 uT. A similar damping (o = 2.6 x 107%) is
achieved for 38 nm thickness, whereas for 29 nm (o = 5.8 x 107#)
and 19 nm film thickness (@ = 8.1 x 107*), the damping is con-
siderably increased following the trend observed by most groups.

Especially, the publications by Chang et al. show that room
temperature sputtering and annealing can reproducibly deliver
YIG thin films with extremely low damping, although the line-
width for these low damping films is typically much bigger than
for high-quality PLD grown samples. There is, however, no other
group that has published similarly good layers fabricated by the
same method.

3.4. Room Temperature PLD

In 2016, results were published from our group on YIG thin
films deposited at room temperature by PLD on (111)-oriented
GGG substrates." Transmission electron microscopy on the
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Copyright 2014, IEEE.

deposited layers showed that they were almost amorphous. The
absence of magnetism was confirmed by SQUID magnetometry
within the measurement limits. After annealing at temperatures
between 800 and 900 °C in pure oxygen at ambient pressure, the
layers became ferrimagnetic with a saturation magnetization,
which is typically 10% smaller than the bulk value known for
YIG. After annealing, transmission electron microscopy shows
an apparently flawless film. No defects are visible, neither in
the layer nor at the GGG/YIG interface. The lattice constant
is again larger than for the GGG substrate with a lattice mis-
match of ~0.06% to the GGG substrate. The surface roughness
determined by X-ray reflectometry is at least better than 0.2 nm.
An X-ray rocking curve shows a FWHM for the YIG (444)-diffrac-
tion peak of 0.015°, indicating that the layer is very homoge-
neous. Although one would expect that this result excludes a
surface depletion of Fe, which was suggested by Sun et al.,*”)
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as a source of two magnon scattering, recent XPS measurements
have shown that even in layers fabricated by this method, the
Y/Fe ratio is strongly increased at the surface. So, it seems on
one hand that the Fe deficiency does not change the lattice quality
on a noticeable level. On the other hand, in constrast to the
assumption by Sun et al., the dynamic properties of these layers
are very good. A 56 nm thick layer fabricated this way exhibited a
minimum linewidth of oA Hywiym = 130 pT at 9.6 GHz and a
damping of a < 6.5 x 107> Figure 8. To date, these are the lowest
values for linewidth and damping ever reported for sub 100 nm
films. This sample was annealed at 800 °C for 30 min. Another
20 nm thick film was annealed also at 800 °C but for 3 h. For this
20nm thick film, the linewidth at 9.6GHz is larger
(MoAHpwam = 349pT), but still the damping is as low as
a < 7.39 x 107>, which is also lower than other values previously
reported. A higher annealing temperature resulted in a linewidth
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Figure 8. a) FMR data obtained at 9.6 GHz for a 56 nm thick YIG layer
after annealing. The main resonance line has a p—p linewidth of
150 £ 5 pT. This p—p linewidth corresponds to a true linewidth of
130 £ 5 pT. b) Frequency dependence of the FMR linewidth for the
same sample. The fit is a straight line corresponding to a damping of
a = (6.1541.50) x 107>. Reproduced under the terms of a Creative
Commons Attribution 4.0 License.'¥ Copyright 2016, The Authors,
published by Springer Nature.

of poAHpywym = 160 pT at 9.6 GHz, but no damping could be
determined because of overlapping spin waves in the accessible
frequency range. Experience shows, however, that for the tem-
perature range from 800 to 900 °C and for annealing times from
30 min to 4 h, the variations are merely statistical. Typically, the
damping is as good as @ = 2 x 10~* or better. Although values
lower than @ = 10~ can be achieved, these extraordinary results
cannot be repeated intentionally. The coercive field of these films
for in-plane field as determined by SQUID magnetometry is
below 100 pT. The poMjs for the two films is 144 mT (56 nm)
and 131 mT. Both values are well below the bulk magnetization,
which apparently does not affect magnetization dynamics.

In 2017, we reported studies on YIG films deposited at room
temperature by PLD but annealed in Ar.*” Surprisingly, these
experiments also yield excellent quality, although not as good
as for annealing in oxygen. The best values in this set of experi-
ments are obtained for a 65 nm thick sample annealed for 3 h.
The linewidth at 9.6 GHz is poAHpywum = 226 uT and the
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damping is @ = 1.61 x 107*. For this film, the rocking curve
showed a FWHM of 0.014° and the surface roughness is as small
as 0.05 nm RMS. For a thicker film, the linewidth is of similar
magnitude, but because of numerous additional lines caused by
spin waves, damping could not be determined. All these films
had a coercive field below the resolution limit of the SQUID mag-
netometer of 30 uT. Because the results from Chang et al.l”)
were based on sputtering in Ar and annealing in oxygen, also
other parameter sets were tested. In one experiment, deposition
in Ar with subsequent annealing in oxygen was investigated.
X-ray diffraction data for this film only indicated the presence
of a polycristalline YIG phase but no monocrystalline YIG film.
This can be understood as oxygen needs to be incorporated into
the film during growth. When in a process suitable for the depo-
sition of YIG most of the oxygen present is replaced by Ar, this
effect can be expected. In another experiment, we checked the
necessity of a gas pressure during annealing by depositing a
YIG film under suitable conditions in oxygen but annealing in
vacuum. The resulting film was smooth and showed a crystalline
phase different from YIG. Also, no magnetic phase could be
detected. So, it stands to reason that during annealing, an
atmosphere is necessary to avoid the outdiffusion of oxygen.
Interestingly, this atmosphere does not need to contain oxygen.
Although no further tests were performed, it is likely that also
other nonreactive gases can be used.

Also in 2017, Krysztofik et al.*” reported on lift-off patterned
structures which were deposited by PLD at room temperature
and subsequently annealed. The layers were deposited on (001)-
oriented GGG and were annealed for 30 min at 850 °C. The lattice
constant of the strained films according to X-ray diffraction was
1.2428 nm (larger than GGG) and the surface roughness was
~0.3nm. The microstructures fabricated by optical lithography
and lift-off were as large as 0.5mm x 0.5mm and can almost
be considered as extended films. They show a slightly smaller line-
width in FMR than the full films which may be attributed to the
absence of long-range spin-wave propagation and reflection. At
10 GHz, the linewidth is 470 uT and the damping isa ~ 5 x 10~*.

4. Nanopatterning and Lift-Off

In the following, we want to describe results related to new
opportunities arising from room temperature deposition of
YIG. Making YIG nanostructures can be attractive for integrated
magonics. For the patterning of nanostructures, a number of
aspects need to be considered. Although dry etching has been
demonstrated in the few 100 nm range,”! making smaller nano-
structures is not straight-forward. Ion beam etching leads to
nonvertical sidewalls and redeposition and can also damage
the material. The structures shown by Hahn et al.*!! were
700 nm disks in a 20 nm film, which corresponds to an aspect
ratio of 1:35. For higher aspect ratio, it is necessary to use other
techniques. It is also known that YIG can be etched by phospho-
ric acid. Nevertheless, wet chemical etching suffers from isotro-
pic etch characteristics leading to under-etching and nonvertical
sidewalls. Because of the isotropic etching, also the aspect ratio of
the fabricated structures always is smaller than 1. With the intro-
duction of room temperature deposition, there is a new path to
achieving high-quality nanostructures. Patterning by electron
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Figure 9. a) FMR 1D-spectrum of Fm1 (extended film) and NW (nanowire) series samples recorded at zero external field showing the evolution of the
main FMR mode. b) Percentage change in the resonance frequency of the main FMR mode at different external applied fields, H = 0, —500, —1000, and
—2000 Oe for different widths of the nanowire. c) Resonance linewidth versus frequency of the different samples. d) Extracted magnetic damping

values for nanowires with different widths. Dashed line indicates the damping value for the continuous film. Reproduced with permission.

Copyright 2016, Royal Society of Chemistry.

beam lithography and lift-off avoids the etch damage and can be
used to obtain very small structures with almost vertical side-
walls. Lift-off processes are well established in nanopatterning.
The sample surface is first covered with a resist film wich sub-
sequently is patterned by optical or e-beam lithography. The
material which is to be patterned is then deposited onto the sam-
ple. After dissolving the resist (lift-off), the material inside the
resist openings remains on the sample while the material depos-
ited on the resist floats away. Because of the limited temperature
stability of typical resists, the process is limited to room temper-
ature deposition. Hence, the introduction of room temperature
deposition of YIG leads to several attempts of micro or nanopat-
terning by lift-off with different results. In 2016 and 2017,
two publications came from the group of Hoffmann and
co-workers,?>*% in both of which the described technique was
used. In YIG, stripesm] with a width of 765 nm were fabricated,
but no details on linewidth or damping were given. Li et al.*?
presented arrays of nanostructures varying in size from 300 to
1800 nm, respectively (Figure 9). For all wire structures, the
damping was well above a =1 x 1073, which is much larger
than for the extended film which exhibited @ & 3 x 10~*. The
authors do not attribute this result to damage or defects induced
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[32]

by the patterning process but to additional loss channels because
different spin wave modes (namely edge modes) start to couple to
the main resonance.

The fact that the patterning itself does not decrease the quality
seems to be confirmed by our own results. Using electron beam
lithography, room temperature PLD and lift-off as described in
ref. [14], we have fabricated arrays of 1000 nominally identical
structures. The dimensions of each structure are 500 x 4000 nm
with a thickness of 30 nm. Onto the sample, a coplanar wave-
guide was deposited in a way that the array was placed in the
gap between central conductor and ground plane. Hence,
FMR measurements always show an average over all structures.
Despite this fact we could observe a mode with a linewidth of
HoAHyway = 210 pT at 9.6 GHz (Figure 10a). As we are averag-
ing over 1000 structures, the linewidth can well be even smaller
than this. Also, we were able to determine the damping for
another sample of similar dimensions to a=2.11 x 107*
(Figure 10b), which can even be considered a very good value
for a 30nm extended film. Apparently, as suggested by
Li et al., the patterning does not influence the magnonic proper-
ties, but in our experiments the magnon frequencies might be
more favorable than in ref. [32].
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Figure 10. a) FMR measurement at 9.6 GHz on an array of 1000 nano-
structures (500 nm x 4000 nm x 30nm). In addition to the main reso-
nance which exhibits a linewidth of uoAH,_, of ~250T, several lines
at higher and lower respective frequency appear which are due to confined
spin wave modes in the structures. b) For another array of similar dimen-
sions the damping could be determined to a = (2.11 £ 0.44) x 107%.

In addition to the investigation of damping and spin-wave
modes, this kind of nanopatterning has also been used to engi-
neer anisotropy in nanostructures. In 2017, Zhu et al.*" demon-
strated a clear shape anisotropy in YIG films fabricated by
electron beam lithography, room temperature sputtering, lift-
off, and subsequent annealing. The structures had a size of
3pm x 0.8pum and a thickness of 75nm. These rectangles
showed a clear hard axis along the short side (Figure 11) with
a saturation field of more than 10 mT. Interestingly, they also
showed a largely increased coercive field along the easy axis
(4mT compared to 0.1 mT for the extended film), which can
probably be explained by the increasing domain wall nucleation
energy which is well known for ferromagnetic nanostructures.

5. Annealing and Interdiffusion

5.1. Annealing

As we have shown, a number of processes use room temperature
deposition and annealing. Here, the annealing promotes the
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Figure 11. a—c) Room temperature hysteresis loops of the YIG nanobars
measured at different magnetic field orientations. The insets are the FMR
spectra measured at the corresponding field directions. Reproduced with
permission.®" Copyright 2017, AIP Publishing.

necessary recrystallization. When growth is performed at ele-
vated substrate temperatures, the annealing step usually can
be avoided. Nevertheless, there are also reports where annealing
after high-temperature growth is beneficial for the realization of
smooth surfaces and small FMR linewidth.””) Sun et al. also
show that when lower temperatures are used, the surface rough-
ness increases. At the same time, the authors observe a large Fe
deficiency at the YIG surface, which becomes even larger for
lower growth and annealing temperatures.

However, annealing can also be responsible for the formation
of a dead interface layer, which is discussed later. YIG films can
suffer from gallium or gadolinium diffusion from the GGG sub-
strate during an annealing step as reported by Mitra et al.*!
Furthermore, the existence Y,0; overlayer*?! was attributed to
the annealing. Further annealing of the YIG films in vacuum
at temperatures between 300 and 400°C after growth and
cool-down were performed by Bai et al.**! Although no discern-
ible influence on composition and surface roughness was seen, a
number of changes took place. The damping of the films and the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

v
O
:S:8°

: 7

physica

www.advancedsciencenews.com

coercivity were considerably increased after the annealing.
The authors attribute this to the introduction of oxygen vacan-
cies, which is understandable as annealing is performed in
vacuum. Also, in YIG/Pt hybrid structures, the interface spin
transport was modified. While the ISHE decreased considerably
after annealing, the spin Seebeck effect increased. At the same
time, the authors found Y,0; at the YIG surface as also observed
in ref. [42].

In conclusion, one can say that for both room temperature or
high-temperature deposition a postdeposition annealing can be
mandatory or at least useful to achieve YIG films with low damp-
ing. In these cases, the annealing is usually done at elevated
pressures and in almost all cases in air or oxygen. For a film after
deposition and cool down, to the best of our knowledge, no
positive effects of annealing on magnetic properties were
reported. On the contrary, an annealing step in vacuum even
at medium temperatures seems to be detrimental for the damp-
ing of thin film YIG.

5.2. Interdiffusion

Dead layers or interdiffusion at the YIG/GGG interface have also
been reported by other groups.*'™** The dead layer was found
to be either nonmagnetic, or to have a very small moment.
The thickness of this layer can range from 1.21* to 5-7 nm 1!
The origin of the interlayer was suggested to be either Gd*'* or
Ga atoms,** that diffuse from the substrate into the YIG layer
due to the high growth and annealing temperature usually above
700 °C, or due to resputtering of the substrate. It should be noted
that the origin of the dead layer may differ depending on the
respective deposition technique. In those cases where a dead
layer exists, magnetization measurements typically result in an
underestimation of uyMj if the dead layer is not considered.
It comes to mind that the fact that quite often for thin film
YIG the poMs value is well below the bulk value (see Table 1)
might be related to dead layers. In some cases, this may not
be completely excluded. Nevertheless, in most cases, the evi-
dence of extremely smooth interfaces and a value of uyMjy that
does not vary with YIG film thickness seem to contradict the
presence of an interlayer with reduced magnetization.

6. Conclusion

In Table 1, we have assembled the most useful parameters for the
layers discussed by the various authors.

The results presented here clearly show that for ultrathin YIG
films other methods than LPE may be more suitable. PLD at ele-
vated temperatures yields layers down to 20 nm thickness with a
damping in the lower 10~* range exhibiting linewidths which
may be smaller than 200 pT at 9.5 GHz. Room temperature depo-
sition and annealing either by sputtering or by PLD yields even
lower damping, however, the linewidth with sputtering is slightly
higher than the best values for PLD at elevated substrate temper-
ature. The best values in terms of both damping and linewidth
have been achieved by room temperature PLD and annealing.
In all cases (as also in high-quality LPE thick films) GGG was
used as a substrate because it presents almost perfect lattice
matching to YIG. Interestingly, within certain limits, the
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saturation magnetization and also the lattice constant of the films
do not seem to influence the dynamic properties of the films. In
total, the best results are obtained by room temperature methods,
which as a bonus also offer the possibility to fabricate YIG nano-
structures by lift-off. Although it is difficult to say what param-
eters determine the quality of a grown layer is high or low, one
can at least state that all films with low damping also show low
surface roughness, which is consistent with the assumption of
two magnon scattering as one of the critical processes influenc-
ing linewidth and damping. Also, when measured, PLD grown
films showed an Fe deficiency at the surface, however, this does
not seem to be critical as it was also observed in the very best
layers.
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