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ABSTRACT

YsFes012 (YIG) thin films are typically grown on Gd3GasO12 (GGG) substrates; however, such YIG thin films typically suffer from significantly increased damping at

low temperatures due to the interfacial exchange coupling between the YIG magnetization and the lossy G

d®* moments in GGG. To overcome this problem, we grow

high-quality epitaxial YIG(35 nm) films on a thin diamagnetic Y3Scg 5Al5 5012 (YSAG) bilayer on GGG, where the YSAG buffer layer eliminates the exchange coupling
between YIG and GGG. As a result, we obtain a much-improved damping of 1.2 x 10 at 2-5 K.

1. Introduction

Spin waves, also referred to as magnons, are an essential part of
magnonics and spintronics [1-8] as these magnetic excitations can be
utilized for the manipulation and transmission of information. As a
magnetic insulator, yttrium iron garnet (YsFesO12, YIG) is one of the
lowest damping materials [9] and has received tremendous attention for
fundamental studies and device applications. For example, its low
damping leads to long spin relaxation length which makes it a good
medium for spin-wave propagation. We previously reported growth of
epitaxial YIG films on GdsGasO;2 (GGG) substrates using off-axis sput-
tering, which exhibit very low Gilbert damping of 6.1 x 10™ at room
temperature [10]. However, the ferromagnetic resonance (FMR) line-
width of the YIG films increases significantly as temperature decreases,
indicating enhanced damping at low temperatures (<100 K) [11]. The
larger damping in YIG thin films at cryogenic temperatures limits their
low temperature application such as in magnonics and magnon-based
quantum information science (QIS) [12,13]. If the damping can be
reduced to a very low level near 1 K or below, YIG thin films will provide
an excellent platform for magnonics and QIS studies. There has been
active ongoing research about the coupling between bulk YIG and mi-
crowave resonators, such as cavity and coplanar waveguide [12-15],
but planar YIG films that can be readily incorporated in large scale
fabrication will be an attractive platform. In addition, metallic ferro-
magnetic films with high saturation magnetization and very low
damping are also promising for low-temperature QIS applications [16],
which is beyond the scope of this work.

To probe the underlying mechanisms responsible for the increased
damping in YIG/GGG thin films at low temperatures, we first look at the
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widely-used Landau-Lifshitz-Gilbert (LLG) equation which describes the
resonance dynamics of a magnetic material [17]:
— —
ar_ MxH +aﬁ7de(cs) (€8]
a7 T M dr 8
where y is the gyromagnetic ratio, a is a phenomenological coeffi-
cient that governs the rate of the damping, Ms is the saturation

magnetization and ﬁeff is the effective field that is a combination of the
external magnetic field and the anisotropy field. This classic model is
intuitive but does not reveal the sources of energy dissipation. In gen-
eral, it is believed that there are several mechanisms contributing to the
relaxation of YIG, either in bulk form or thin films. In the few-K to room
temperature range, some of the most commonly mentioned ones are
magnon-magnon scattering at interfacial defects [11] and relaxation
through rare-earth impurities and/or Fe®" defects [11,18-20].

However, as the YIG film thickness is reduced toward 10’s or even
several nm, the interfacial interactions between YIG and GGG become
increasingly important. At low temperatures, the paramagnetism of the
frustrated magnet GGG increases strongly and the interfacial magnetic
coupling between the YIG magnetization and the Gd*" moments serves
as the dominant relaxation source in YIG, causing a significant increase
in the damping of YIG thin films [11,21]. There have been reports of
removing the GGG substrate after the YIG deposition [22,23], where the
linewidths of YIG thin films are improved. However, such removal of the
substrate requires extraordinary efforts and the free-standing YIG thin
film is quite fragile. For the purpose of scalable device fabrication, a
different approach of eliminating or weakening the relaxation of the YIG
thin film by the GGG substrate is desired.
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Herein, we exploit the absence of paramagnetism in (diamagnetic)
Y5Sc2.5Al5 5012 (YSAG; Y3, Sc3F, and AI®Y ions are all non-magnetic),
which has the same garnet structure with a lattice constant close to
those of GGG and YIG, to serve as a buffer layer for the growth of YIG
thin films. A high-quality epitaxial YIG film can grow on YSAG-buffered
GGG substrate while the magnetic moments of the YIG film and GGG are
decoupled. As a result, we observe significantly narrower FMR line-
widths and lower damping in the YIG/YSAG/GGG samples at low tem-
peratures, as compared to those of YIG films directly on GGG.

2. Experimental methods

YIG and YSAG thin films were epitaxially grown on GGG (111)
single crystal substrates using off-axis magnetron sputtering [10]. The
YIG and YSAG sputtering targets are cold pressed using phase pure
garnet nano powders synthesized by a sol-gel method [24] with Y203,
Fey03, ScpO3 and Al(NOs3)3-9H,0 as the starting materials. The GGG
(111) substrates were purchased from MTI Corporation. The bulk lattice
constant of the Y3Scy 5Aly 5012 powder is a = 12.344 A, which has a
small lattice mismatch of —0.3 % (tensile strain) with GGG (a = 12.383
A), while YIG has a mismatch of only —0.06 % (a = 12.376 A). The
sputtering gas is a mixture of Ar and O, with a total pressure of 11.5
mTorr. The substrate temperature is 800°C and 650°C for YSAG and YIG
deposition, respectively.

The quality of the YIG and YSAG films as well as YIG/YSAG bilayers
is characterized by X-ray diffraction (XRD) and X-ray reflectivity (XRR),
as shown in Fig. 1a and 1b. The well-defined (4 4 4) peaks and their clear
Laue oscillations indicate highly coherent crystalline ordering of the
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Fig. 1. (a) 20/w XRD scans of YIG(63 nm)/GGG(111), YSAG(89 nm)/GGG
(111) and YIG(35 nm)/YSAG(40 nm)/GGG(111) films. (b) XRR scans of YIG
(63 nm)/GGG and YSAG(89 nm)/GGG films. (¢) Schematic of broadband FMR
measurement with both the side view and the top view.
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films, and the XRR periodic peaks reveal the film thickness and low
interfacial and surface roughness. For the YSAG (89 nm) film, the (444)
peak is located at 20 = 51.728°, corresponding to an out-of-plane lattice
constant of 12.210 A, which is smaller than the bulk lattice constant of a
= 12.344 A due to tensile strain on GGG. Scanning transmission electron
microscopy (STEM) images from our previous reports on the magnetic
garnet and YSAG films [25,26] also show single crystal ordering without
detectable defects in our epitaxial garnet films. From the symmetrical
shape of the YSAG(444) XRD peak and previous STEM images, it ap-
pears that the YSAG layer is essentially fully strained (tensile), meaning
that its in-plane lattice constant is the same as that of GGG while the out-
of-plane lattice constant is reduced. Consequently, the YIG film grown
on the YSAG bulffer layer will have the same, negligible lattice mismatch
as YIG directly grown on GGG. In this work, we focus on three samples: a
YIG(35 nm) film directly grown on GGG (111), YIG(35 nm)/YSAG(2
nm)/GGG (111) and YIG(35 nm)/YSAG(5 nm)/GGG (111).

Broadband FMR measurement is performed on the three YIG samples
in a Physical Property Measurement System (PPMS) from Quantum
Design, which allows control of magnetic field and temperature in the
range 2-300 K. The garnet film is placed on a coplanar waveguide
(CPW) that transmits microwave of frequency between 5 and 20 GHz.
Fig. 1c gives a schematic of the broadband FMR measurement setup. The
microwave’s radio-frequency (rf) magnetic field component drives the
precession of the YIG magnetization. An in-plane DC magnetic field is
applied to the sample together with a modulating field for lock-in
detection of the microwave absorption, from which a derivative FMR
spectrum is obtained.

Fig. 2a-2c show three representative derivative FMR spectra for YIG
(35 nm)/GGG measured at 300, 45, and 2 K with a microwave frequency
of 10 GHz. The resonance field H; and linewidth AH are extracted from
fitting the lineshapes with.

y = (A~ B(H — )/ [~ 1)+ (ar /2] @

where A and B are the symmetric and antisymmetric amplitudes of
the lineshape, respectively.

3. Results and discussion

According to the LLG equation, the FMR linewidth is linearly
dependent on the microwave frequency, with the slope determined by
the phenomenological Gilbert damping coefficient a:

AH = 4naf /y + AH, 3)

where AH, is the inhomogeneous broadening determined by the y-
intercept, which is generally attributed to magnetic nonuniformity [27]
and surface defects [28]. In Fig. 2a-2c, as the temperature decreases
from 300 K to 45 K and 2 K, the FMR linewidth for YIG(35 nm)/GGG
increases while the peak intensity of FMR absorption decreases, sug-
gesting enhanced damping at lower temperatures. Meanwhile, the
resonant field of the YIG film decreases at lower temperatures, indi-
cating an increasing effective magnetization, which agrees with our
previous report [29]. Fig. 2d shows the frequency dependence of the
fitted linewidth at various temperatures between 2 and 300 K, where the
FMR linewidth exhibits a linear dependence on frequency with the slope
increasing toward the lower temperatures. Fig. 2e and 2f show the
temperature dependence of the damping @ and inhomogeneous broad-
ening AH, extracted from Eq. (3) for the YIG/GGG sample. The damping
constant increases monotonically with decreasing temperature from 4.1
x 10™ at room temperature to 5.9 x 1073 at 2 K, a drastic increase of 14
times. Meanwhile, the inhomogeneous broadening also increases
sharply from AHy = 0.69 Oe at room temperature to 39 Oe at 2 K.

To understand the contributions to the YIG damping at low tem-
peratures, we use a diamagnetic, lattice-matched YSAG buffer layer to
separate the YIG film from the GGG substrate. Since the magnetic
coupling between the YIG magnetization and the Gd*>* moments at low
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Fig. 2. Derivative FMR spectra of the YIG(35 nm)/GGG(111) sample measured at (a) 300 K, (b) 45 K and (c) 2 K, with a microwave frequency of 10 GHz. (d)
Frequency dependencies of fitted FMR linewidths of YIG(35 nm)/GGG at various temperatures. Temperature dependencies of (e) damping and (f) inhomogeneous
broadening of YIG(35 nm)/GGG obtained from linear fits to the variation of the linewidth vs frequency.

temperatures is dominated by interfacial exchange interactions, a few
nm thick YSAG spacer is sufficient to isolate the two. We grow and
perform the same broadband FMR measurement on YIG(35 nm)/YSAG
(2 nm)/GGG and YIG(35 nm)/YSAG(5 nm)/GGG samples at tempera-
tures between 2 and 300 K as shown in Fig. 3a and 3b, respectively, from
which the damping constant and inhomogeneous broadening are
extracted.

Fig. 4 compares the two YIG films grown on YSAG buffer layers to the
YIG film grown directly on GGG. From Fig. 4a, we notice that the FMR
linewidths at 5-20 GHz for both YIG/YSAG/GGG samples are essentially
the same as those for YIG/GGG at 300 K, again proving the excellent
quality of YIG films on buffer layers. However, the FMR linewidths for
the two YIG/YSAG/GGG samples are considerably lower than those for
YIG/GGG at 2 K (Fig. 4b), indicating that the thin YSAG buffer layer
significantly reduces the damping loss in YIG films at low temperatures.

Fig. 4c and 4d compare the temperature dependence of damping
constant and inhomogeneous broadening for all three samples. We note
that the linewidth vs frequency dependence shows nonlinearity at
temperatures from 10 ~ 75 K, a phenomenon that is known to arise from
slowly relaxing rare earth impurities in YIG [11,18-20]. This can be
described in terms of a frequency-dependent damping constant that
requires physics going beyond the simple Gilbert damping model
embodied in Eq. (1). Nonetheless, the frequency dependence of line-
width here is linear enough above 5 GHz that the damping constant a
provides a good estimate of the damping magnitude. Thus, the damping

constant used here is a simplistic figure of merit obtained from the data
above 5 GHz, which reflects the intensity of relaxation within the films,
and the true picture is more complicated. At 300 K, the three samples
have essentially the same damping constant of 3.6-4.1 x 10", consistent
with variations of substrate and film quality, demonstrating that the
YSAG buffer layer preserves the crystalline and magnetic quality of the
overlaying YIG film. As the temperature decreases to below 100 K, the
damping constants of the YIG/YSAG/GGG samples deviate qualitatively
from that of YIG/GGG, where the former peaks around 20-45 K followed
by a decrease towards 1 x 10 while the latter increases sharply
approaching 6 x 107,

The peaking of damping around 20-45 K for the YIG/YSAG/GGG
samples in Fig. 4c is commonly ascribed to the existence of slow relax-
ation mechanism through rare-earth impurities in the YIG films
[11,18-20]. The absence of the peak in the YIG/GGG damping is likely
due to the strength of the YIG/GGG interfacial exchange coupling that
overwhelms the influence of slowly relaxing impurities in YIG,
compared to the dramatic increase in damping loss of YIG magnetization
through its coupling to Gd** moments across the interface as tempera-
ture approaches a few K. Moreover, the qualitative similarity of the YIG
(35 nm)/YSAG(2 nm)/GGG and YIG(35 nm)/YSAG(5 nm)/GGG results
indicates that the coupling arises from short-range exchange coupling
rather than the long-range dipole coupling and is therefore independent
of the buffer layer thickness beyond 2 nm. We conclude that the YIG/
GGG interfacial exchange coupling is the dominant source of damping in
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Fig. 3. Frequency dependencies of FMR linewidths of (a) YIG(35 nm)/YSAG(2 nm)/GGG and (b) YIG(35 nm)/YSAG(5 nm)/GGG at various temperatures.
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Fig. 4. Frequency dependencies of FMR linewidth for all three samples: YIG(35 nm)/GGG, YIG(35 nm)/YSAG(2 nm)/GGG, and YIG(35 nm)/YSAG(5 nm)/GGG at (a)
300 K and (b) 2 K. Temperature dependencies of (c) damping and (d) inhomogeneous broadening of the three samples.

the YIG film at several K; elimination of this interfacial coupling greatly temperatures down to 10 K, but below this the YIG/YSAG/GGG samples

reduces the damping constant at cryogenic temperatures. exhibit a sharp decrease of AH, while YIG/GGG continues to increase.
Fig. 4d shows that the temperature dependencies of the inhomoge- Since the YIG/GGG interfacial exchange coupling dominates below 10
neous broadening is similar for the three samples from room K, it appears that this dominant source of relaxation is related to that
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underlying the inhomogeneous broadening, although the exact mecha-
nism for this behavior is unclear. We also notice the difference between
the YIG/YSAG(2 nm)/GGG and YIG/YSAG(5 nm)/GGG samples, where
YIG/YSAG(5 nm)/GGG has slightly broader FMR linewidths and inho-
mogeneous broadening. We tentatively attribute this to the fact that
thicker buffer layer can have more defects, which can contribute to the
nonuniformity of the film.

4. Summary

In summary, we grow high-quality epitaxial YIG films on a thin
diamagnetic Y3Scg 5Al, 5012 buffer layer on GGG (111) substrates. The
YIG linewidth and damping at cryogenic temperatures are significantly
improved compared to those of the YIG film directly grown on GGG. The
significantly smaller damping in YIG/YSAG/GGG at low temperatures is
attributed to the decoupling of the YIG magnetization from the Gd®*
moments in the GGG substrate across the interface, eliminating a strong
source of damping. The introduction of a diamagnetic buffer layer that is
nearly ideally matched to YIG as well as GGG can be readily incorpo-
rated into the large scale sputter deposition of YIG films. A very low
damping constant at cryogenic temperatures greatly enhances the
prospects for the application of YIG films in magnonics and quantum
information science that require low temperatures.
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