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Abstract—This letter reports the development of low-damping yttrium-iron-garnet (YIG) thin films via sputtering. The films

were deposited by sputtering at room temperature first and were then annealed in O2 at high temperature. It is found that

the annealing temperature critically affects the structural properties of the YIG films and thereby dictates the static and

dynamic properties of the films. A 75 nm thick YIG film annealed at 900 °C shows an rms surface roughness of 0.08

nm, a coercivity of only 14 A/m (or 0.18 Oe), a saturation induction of 0.1778 T (or 1778 G), which is very close to the

bulk value, a gyromagnetic ratio of 2.82 × 104 MHz/T (or 2.82 MHz/Oe), which almost matches the standard value, and a

Gilbert damping constant of α ≈ 5.2 × 10–5, which is the lowest among the values reported so far for magnetic films in the

nanometer thickness range.Frequency-dependent ferromagnetic resonance measurements with different field orientations

confirmed that two-magnon scattering, if present, is very weak, and the measured damping value represents the actual

damping of the YIG film.

Index Terms—Microwave magnetics, yttrium iron garnet, magnetic thin films, ferromagnetic resonance, Gilbert damping, sputtering,

annealing temperature.

I. INTRODUCTION

Magnetic damping in yttrium iron garnet (YIG) Y3Fe5O12 is lower

than in any other magnetic materials. As such, YIG materials have

been widely used in microwave devices, including phase shifters,

isolators, and circulators [Pardavi-Horvath 2000, Harris 2009]. Recent

years witnessed a strong interest in the use of YIG materials for

spintronic and magnonic device applications. This interest derives

mostly from the facts that the damping in YIG materials is two or

three orders of magnitude lower than in ferromagnetic metals, and

YIG-based devices may therefore enable faster domain wall motion,

magnetization switching with lower currents, and more energy efficient

information transfer than metal-based devices. In fact, there have been

recent experimental demonstrations of spin-torque nano-oscillators

[Arkook 2019] and logic gates [Goto 2019] that take advantage of

nanometer-thick YIG films.

Spintronic and magnonic applications require YIG thin films with

a thickness in the nanometer range, but it is challenging to grow YIG

films that are nanometer thick but yet exhibit a damping comparable to

the bulk value. There have been rather significant efforts in using liquid

phase epitaxy (LPE), pulsed laser deposition (PLD), and magnetron

sputtering methods to grow nanometer-thick YIG films [Heinrich

2011, Sun 2012, d’Allivy 2013, Chang 2014, Liu 2014, Lustikova

2014, Pirro 2014, Wang 2014, Howe 2015, Hauser 2016, Onbasli

2014, Tang 2016, Dubs 2017, Beaulieu 2018, Goto 2019, Yu 2019,

Dubs 2020]. However, the Gilbert damping constants (α) of those

films are still higher than the intrinsic damping in YIG single crystals,

which is about 3 × 10–5 [Sparks 1964], and there is still room for the

improvement of the damping of nanometer-thick YIG films. This letter

reports the development of nanometer-thick YIG films via sputtering

at room temperature and postannealing in O2 at high temperature. The

optimization of the annealing temperature enabled the realization of

YIG films with α ≈ 5.2 × 10−5, which represents the lowest damping
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Table 1. Sputtering and annealing parameters for YIG film fabrication.

reported so far for magnetic films, either metallic or insulating, thinner

than 200 nm.

II. EXPERIMENTS

The YIG films were grown on single-crystal (111) Gd3Ga5O12

(GGG) substrates by radio-frequency sputtering. The GGG substrate

is rinsed sequentially with acetone, isopropyl alcohol, and deionized

water, before being loaded into the sputtering chamber. A commercial

YIG target with diameter of 2 in and a thickness of 0.25 in was

used. The deposition is carried out at room temperature, at a rate of

about 0.63 nm/min; prior to sputtering, the chamber system has a base

pressure of 2.0 × 10−8 torr. The deposited YIG film is then annealed

at high temperature in a separate chamber. The major sputtering and

postannealing control parameters are summarized in Table 1. More

details about the sputtering and annealing processes can be found in

Chang [2014] and Liu [2014].

For the YIG films presented in this letter, the surface morpho-

logical properties were analyzed through tapping-mode atomic force

microscopy (AFM) measurements. The crystalline structure and film

thickness were characterized through X-ray diffraction (XRD) and

X-ray reflectivity measurements, respectively. The static magnetic

properties of the YIG films were measured by a vibrating sample

magnetometer (VSM). The dynamic properties of the films were

determined through ferromagnetic resonance (FMR) using X-band

and Ku-band shorted rectangular waveguides and lock-in detection

techniques. Shorted waveguide-based FMR approaches generally have

lower signal-to-noise ratios and require the use of larger samples

than microwave cavity-based FMR techniques, but they allow for

measurements over a frequency range, in contrast to single-frequency

measurements in the cavity FMR case. For the data presented below,

the FMR frequency ranges from 8 to 17 GHz, and the sample size is
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Fig. 1. AFM surface image, XRD spectrum, and magnetization versus
field responses of a 75 nm YIG film. (a) AFM image. (b) XRD spectrum.
(c) Magnetic hysteresis responses.

Fig. 2. FMR data on a 75 nm thick YIG film. The left and right columns
show the data for (a) field IP and (b) OOP FMR measurements, re-
spectively. In each column, the first graph shows an FMR profile and a
Lorentzian fit. The second and third graphs show the FMR field and
linewidth data, respectively, which were obtained via the Lorentzian
fitting. In all the graphs, the blue symbols show the data, whereas the
red lines show the fits.

about 1.5 by 1.5 mm. The analyses of the FMR data yielded the FMR

field (HFMR) and linewidth (�H) values of the films. Note that all the

�H values presented below refer to the peak-to-peak linewidths of the

FMR power absorption derivative profiles.

III. RESULTS AND DISCUSSIONS

For the data presented below, the YIG films are all 75 nm thick.

They were prepared under the same conditions except that they were

annealed at different temperatures. This section first presents and

discusses the properties of the YIG film that shows the lowest damping

among the films studied in this work. After that, the effects of the

annealing temperature on the film structural, static magnetic, and

damping properties are discussed in detail.

Figs. 1 and 2 show the representative data obtained for the YIG

film that was annealed at 900 °C and shows the lowest damping.

Fig. 1(a) gives an AFM image that clearly indicates that the film

has a very smooth surface; the analysis of the AFM data indicates

a root-mean-square roughness of 0.08 ± 0.02 nm. Such smoothness

allows for the fabrication of YIG-based bilayered structures with

sharp interfaces for spintronic and magnonic device applications. Note

that the surface roughness values in this work were all determined by

averaging over AFM measurements on five different 5 µm × 5 µm

areas on the film while the uncertainty for each roughness value is the

corresponding standard deviation.

Fig. 1(b) shows an XRD spectrum that indicates the (111) orientation

of the YIG film. This is expected because, first, the GGG substrate is

(111) oriented and, second, the YIG lattice almost perfectly matches

the GGG lattice [Sun 2013, Wang 2014]. Note that the lattice constants

of YIG and GGG materials are 12.376 and 12.382 Å, respectively, at

room temperature [Sun 2013]. Three important points should be made

about the XRD spectrum. First, in Fig. 1(b), the YIG (444) peak appears

as a relatively small hump on the left shoulder of the GGG (444) peak,

and this hump can be much better resolved for other samples [see

Fig. 3(a) and (b)]. Second, theoretically speaking, the YIG (444) peak

should be present on the right side of the GGG (444) peaks according

to Bragg’s law, and the presence of the YIG (444) peak on the left side

suggests that the YIG lattice has been expanded or enlarged vertically.

The location of the YIG (444) peak on the opposite side of the

GGG (444) peak has been previously reported [d’Allivy 2013, Howe

2015, Hauser 2016]. Possible reasons include: 1) lattice mismatching

between the film and the substrate [Wang 2014, Fu 2017, Guo 2019,

Li 2019] and 2) small off-stoichiometry, such as oxygen deficiency, in

the film [Howe 2015]. For the YIG films in this work, it is believed that

2) is dominant over 1), because the YIG and GGG lattice constants

are very close to each other, and the YIG films are also relatively thick

and are therefore expected to be insensitive to the interfacial lattice

mismatching. Third, the aforementioned lattice expansion may induce

magnetoelastic anisotropy in the YIG film. For the films in this work,

one can expect easy-plane anisotropy, as discussed in detail in Ding

[2020]. This corresponds to Ha<0, if one defines Ha as the effective

field of the uniaxial perpendicular anisotropy in the film.

Fig. 1(c) presents magnetization versus field (H) hysteresis re-

sponses measured with a VSM system at different field directions, as

indicated. The analysis of the data measured with an in-plane (IP) field

yields a saturation induction (4πMs) of about 1778 ± 15 G, which is

very close to the bulk value (1750 G) [Sparks 1964], and a coercivity of

about 0.18 Oe only, which indicates the presence of weak anisotropy

and very few defects in the film. These VSM results, together with

the AFM and XRD results, clearly suggest that the film is of high

quality and is therefore expected to show low damping. The damping

properties are presented below.

The top row in Fig. 2 shows the FMR data measured with an IP field.

The blue circles in Fig. 2(a-i) show a representative FMR profile, which

was measured at a frequency (f) of 14.5 GHz. The red curve shows

a fit to a derivative Lorentzian trial function. Fig. 2(a-ii) and (a-iii)

show HFMR and �H, respectively, as a function of f. The dots show the

experimental data obtained through the Lorentzian fitting, whereas the

lines show numerical fits, which are explained below.

The line in Fig. 2(a-ii) is a fit to the Kittel equation

ω = 2π |γ |
√

HFMR (HFMR + 4πMs−eff ) (1)

where ω = 2π f is the angular frequency, |γ | is the absolute gyro-

magnetic ratio, and 4πMs−eff denotes 4πMs − Ha. Ha is the effective

field of a perpendicular anisotropy in the YIG film; “Ha > 0” and

“Ha < 0” correspond to an easy-axis anisotropy along the film normal

direction and an easy-plane anisotropy in the film plane, respectively.

One physical origin of Ha is the above-discussed magnetoelastic

anisotropy associated with the lattice expansion in the YIG film [Ding
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2020]. The other is associated with the magnetocrystalline anisotropy

in the YIG film. In brief, single-crystal YIG materials exhibit cubic

magnetocrystalline anisotropy, with anisotropy constants K1 = –6100

erg/cm3 and K2 = –260 erg/cm3 [Sun 2013]. For a (111)-oriented YIG

film, such a crystalline anisotropy gives rise to an easy-axis anisotropy

along the film normal direction that can be described by an effective

field

Ha =
2 |K1|

Ms

+
4 |K2|

Ms

. (2)

Taking 4πMs = 1778 G presented earlier, one can use (2) to calculate

and obtain Ha ≈ 94 Oe. Note that the actual Ha associated with the

magnetocrystalline anisotropy in the YIG film should be smaller than

94 Oe because the film is not single crystal. The linear fitting in Fig. 2(a-

ii) yields 4πMs−eff = 1761 G, which indicates an anisotropy field of

Ha = 4πMs − 4πMs−eff ≈ 17 Oe. A discussion about this Ha value is

presented shortly. The fitting also yields |γ | = 2.82 MHz/Oe, which

is very close to the standard value (2.8 MHz/Oe).

The line in Fig. 2(a-iii) is a numerical fit to

�H =
2α

√
3 |γ |

ω

2π
+ �H0 (3)

where �H0 denotes the line broadening due to the spatial inhomo-

geneity in the YIG film. The fitting gives α = (5.33 ± 0.18) × 10−5

and �H0 = 1.46 ± 0.06 Oe, which are key results of this work, as

discussed shortly. It should be noted that the damping constant and

its error were obtained through the mathematical least-square fitting

of the mean values of �H excluding their error bars. The purpose of

presenting the error bars of the �H data points in Fig. 2(a-iii) is to

show the quality of the Lorentzian fitting of the FMR profiles, such as

the fitting shown in Fig. 2(a-i).

It is known that if present, two-magnon scattering can contribute

to �H and thereby changes the slope of the �H versus f response,

making it bigger or smaller, or turn an otherwise linear response to a

curve response [McMichael 2004, Krivosika 2007, Kalarickal 2008,

Lu 2012]. As such, the aforementioned α value may not represent

the true damping in the film. To check this, FMR measurements were

also carried out in an out-of-plane (OOP) field configuration in which

there is no degenerate spin-wave modes at the FMR frequency and two-

magnon scattering is therefore prohibited. The bottom row of Fig. 2

shows the data. The graphs are shown in the same format as those in

the left column, to ease the comparison. The line in Fig. 2(b-ii) is a fit

to

ω = 2π |γ | (HFMR − 4πMs−eff ) (4)

whereas the line in Fig. 2(b-iii) is a fit to (3). The linear fitting in

Fig. 2(b-iii) yields α = (5.16 ± 0.16) × 10−5 and �H0 = 1.92 ±
0.07 Oe. This damping value is only about 3.2% smaller than the value

from the IP FMR measurements. This nearly perfect agreement clearly

confirms that the two-magnon scattering, if present, is very weak in

the YIG film.

The fitting in Fig. 2(b-ii) yields 4πMs−eff = 1728 G, which indicates

an anisotropy field of Ha = 4πMs − 4πMs−eff ≈ 50 Oe. Thus, one can

see the two Ha values (17 and 50 Oe) from the FMR measurements

are both positive and are both smaller than the value (94 Oe) expected

according to (2). This result indicates that in the YIG film concerned

here, the magnetocrystalline anisotropy (Ha > 0) is stronger than the

magnetoelastic anisotropy (Ha < 0). Furthermore, one can see that

the Ha values from the IP and OOP FMR measurements do not

match with each other. Possible reasons for this mismatching include

Table 2. Properties of YIG thin films reported previously.

misalignment of the magnetic field during the FMR measurements and

errors in the field measurements.

The aforementioned α values represent the lowest value reported

so far for magnetic films, either metallic or insulating, thinner than

200 nm. This low damping is associated with the high structural quality

of the YIG film that is evidently indicated by the very small surface

roughness, very small Hc, and similarity of both 4πMs and |γ | to the

standard values. In general, the damping in magnetic insulators may

consist of an intrinsic contribution from magnon-phonon scattering and

an extrinsic contribution from two-magnon scattering [Sparks 1964].

In the YIG film concerned here, the two-magnon scattering process

is very weak, as indicated by the linear behavior of the �H versus f

response over the entire 8–17 GHz range shown in Fig. 2(a-iii) and the

consistency of the IP and OOP FMR measurements shown in Fig. 2(a-

iii) and (b-iii). This result is most likely because the density of the

defects in the film is low. The very smooth surface suggests the absence

of large imperfections on the film surface, whereas the very small

coercivity and the consistency of 4πMs with the bulk value indicate

the absence of high-density defects in the film bulk.

Table 2 compares the properties of the YIG film discussed earlier

with those of some YIG films reported previously. One can see that

the films showing relatively small damping values all exhibit a 4πMs

value relatively close to the bulk value. It should be noted that Table 2

serves to provide an overview of the properties of YIG thin films

in recent studies, and a rigorous comparison of the listed α values

may be inappropriate because the actual α values also depend on,

first, the FMR measurement techniques and, second, the data analysis

approaches, in particular, when multiple peaks appear in the FMR

profiles.

In addition to the damping constant α, �H is also a relevant

parameter for certain device applications. In addition, �H0 is also a

very useful parameter because it speaks about the spatial homogeneity

of the films. In consideration of these facts, Table 3 compares α, �H,

and �H0 values, as well as the thickness and 4πMs values, of several

YIG thin films with α ≤ 2.3 × 10−4. The third column indicates the

direction of the static magnetic field relative to the film plane during

the FMR measurements. The fifth column lists �H values measured at

or near 15 GHz. All �H and �H0 values are peak-to-peak linewidths.

One can see from the data in Table 3 that even though the YIG film

in this work shows the lowest α value, its �H and �H0 values are not

the lowest. The 106 nm film, which was grown by the LPE method, has

both the lowest �H and �H0 values [Dubs 2017], among all the films.

For the films thinner than 100 nm, the 56 nm YIG film, which was

grown by the PLD technique, shows the lowest �H and �H0 values

[Hauser 2016]. The fact that these two films exhibit smaller �H and

�H0 values than the YIG film in this work may suggest that LPE and

PLD are better techniques than sputtering in terms of the realization

of nanometer-thick, highly homogeneous, low �H YIG films. It may

also result from the use of different FMR measurement techniques.
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Table 3. Static magnetic and FMR properties of nanometer-thick, low-
damping YIG thin films reported previously.

Fig. 3. Effects of the postannealing temperature on the properties of
YIG thin films. (b) (Red circles) Experimental XRD data measured on
the film annealed at 1200 °C. (Blue circles) Data in (c) were obtained
from fitting, such as that shown in (b). Error bars in (c), (d), (f), (g)
are standard deviation values from the numerical analyses or fitting
(described in the text). (a) XRD spectra. (b) Fitting of XRD spectrum.
(c) Position and amplitude of YIG (444) peak. (d) Surface roughness. (e)
Saturation induction. (f) FMR linewidth. (g) Damping and inhomogeneity
line broadening.

The measurements in Dubs [2017] and Hauser [2016] were carried

out using a strip line and a coplanar waveguide, respectively, with the

help of a vector network analyzer. Depending on the widths of the strip

line and the coplanar waveguide signal line, these FMR techniques may

allow for measurements of film samples with size much smaller than

the YIG sample in this work; in general, �H0 is larger in films with

larger dimensions.

The aforementioned discussions indicate that the damping proper-

ties of a YIG film depend on the structural properties of the film. This

result is further elucidated by the data in Fig. 3, which were obtained

on five YIG film samples annealed at different temperatures. Fig. 3(a)

gives the XRD spectra. Fig. 3(b) illustrates the numerical fitting of

the XRD profile. The red circles show the same profile as the red

one in Fig. 3(a), whereas the blue curve shows a fit that consists of

three Viogt functions: one for the YIG (444) peak and the other two

for the GGG (444) peaks. Such fitting was performed for all the five

profiles shown in Fig. 3(a); the fitting-yielded results are presented in

Fig. 3(c), where the left and right axes show the position of the YIG

(444) peak and the amplitude of the YIG (444) peak normalized by the

amplitude of the dominant GGG (444) peak, respectively. Fig. 3(d)

and (e) shows the surface roughness and 4πMs as a function of the

annealing temperature (Ta). Fig. 3(f) gives �H versus f responses for

the five samples, which were measured with IP fields. The symbols

show the data, whereas the lines show fits to (3). The fitting-yielded α

and �H0 values are presented in Fig. 3(g).

The data in Fig. 3 indicate four important results. First, Ta plays

a crucial role in the structural properties of the YIG thin films. This

is evident from the evolution of the YIG (444) peak with Ta, which

is shown in Fig. 3(a) and (c), the change of the surface roughness

with Ta, which is shown in Fig. 3(d), and the dependence of the

film spatial inhomogeneity on Ta, which is indicated by the �H0 data

shown in Fig. 3(g). Second, there is a strong correlation between the

Ta dependences of the roughness, 4πMs, α, and �H0 data; the films

with small α values show small roughness values, close-to-bulk-value

4πMs, and small �H0, and vice versa. Third, among the five annealing

temperatures, 900 °C appears to be the best in terms of the realization

of a smooth, homogeneous, low-damping YIG film. These results

together show that Ta critically affects the structural properties of the

YIG films and thereby plays an essential role in the damping properties

of the films.

Three final remarks are as follows: 1) Previous and ongoing efforts

on YIG film growth utilize mainly LPE, PLD, and sputtering tech-

niques, but sputtering is a much more industry-friendly approach. 2)

In order to clarify the role of Ta, the thicknesses of the YIG films were

kept the same in this work, which is 75 nm. To realize low-damping

films that are much thinner or thicker, one may need to use an annealing

temperature other than 900 °C. 3) The damping analyses in this work

were based on the Gilbert model, which does not capture two-magnon

scattering. As a result, if the two-magnon scattering is present, strictly

speaking one cannot use (3) to fit the �H data measured under IP fields,

even though it is appropriate to use it to fit the OOP �H data. In this

work, however, (3) is approximately valid because the two-magnon

scattering is very weak, which is indicated by the linear behavior of

the �H versus f response and the agreement of α values from the IP

and OOP FMR measurements.

There are several future works that are of great interest. First, FMR

linewidth in YIG thin films represents a complex subject. In addition

to magnon-phonon scattering and two-magnon scattering, there are

also valence-exchange, slowly relaxing impurity, and rapidly relaxing

impurity mechanisms that contribute to the FMR linewidth of YIG

materials, in particular, at low temperature [Sparks 1964]. It would be

very interesting to separate and quantize the contributions of different

mechanisms to the overall FMR linewidth in the nanometer-thick

YIG films through comprehensive frequency, temperature, and field

angle-dependent FMR measurements. Such studies may enable further

improvement in the damping of nanometer-thick YIG films. Second,

the YIG films in this work exhibits magnetoelastic anisotropy, which

is uniaxial (along the film normal), and magnetocrystalline anisotropy,

which is three-fold in the film plane. Future study is very interesting

that takes advantage of field angle-dependent FMR measurements to

determine the anisotropy axes and constants in the films [Makino

1981]. Third, the YIG films in this work have weak anisotropy, but

certain device applications, such as racetrack memory [Bhatti 2017,

Vélez 2019], may require YIG films with perpendicular anisotropy

[Soumah 2018, Ding 2020, Lin 2020]. Future work is of great interest

that explores the growth of YIG thin films that have a damping compa-

rable to that reported earlier but also exhibit perpendicular anisotropy

and square hysteresis loops.
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