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ABSTRACT

In this study, we investigate the growth and characteristics of ultrathin ferrimagnetic yttrium iron garnet (YIG,
Y;Fe;0),) films on a Gallium Gadolinium Garnet (GGG) substrate using the pulsed laser deposition technique
(PLD). We aim to improve the magnetic quality of the films by varying the deposition parameters, specifically
the laser energy and oxygen pressure. We conduct broadband ferromagnetic resonance (FMR) measurements
to characterize the magnetic properties and Gilbert damping of the films. Our findings demonstrate that
adjusting the deposition parameters systematically controls the saturation magnetization and Gilbert damping
of YIG films. Our measurements show that in the absence of oxygen, the films exhibit higher-than-expected
values of magnetization and Gilbert damping, suggesting that the films have a higher Fe concentration.
Conversely, when introducing oxygen in the chamber, we observe a decrease in the magnetization and damping
values, approaching those of bulk YIG films. Notably, we achieve a saturation magnetization of 0.185 T and
an ultra-low Gilbert damping of 1.7 x 10~ for films deposited under conditions of high laser energy and
oxygen pressure. This is mainly due to a better Y:Fe ratio approaching the stoichiometric value of 0.6 as
the oxygen pressure increased. Our findings provide valuable insights for preparing high-quality ferrimagnetic

films suitable for various magnonics applications and spin Hall devices.

1. Introduction

Future progress in the field of spintronics and magnonics requires
high-performance magnetic films, in which spin waves can propagate
with minimal losses [1]. The propagation length of spin waves is crit-
ical, particularly for applications such as data transmission and signal
processing [2-4], where an active search for optimized materials is on-
going [5,6]. Ferromagnetic materials are the preferred choice for active
elements due to their high spin polarization [7]. Ferromagnetic thin
films with a thickness below 1nm can be fabricated with state-of-the-
art deposition techniques such as sputtering or molecular-beam epitaxy.
However, magnetic losses are typically high in most ferromagnetic
materials [8,9], which greatly affects the performance of magnonic
and spintronic devices, resulting in a limited propagation length, high
threshold current for high-frequency spin-torque devices [10,11], and
ultimately significant heating in these devices. A potential solution
to overcome the limitations of ferromagnetic materials is to explore
other materials such as antiferromagnetic [12,13], Heusler alloys [14],
and ferrimagnets [15,16]. Ferrimagnets are interesting because their
resonance frequencies can oscillate in the GHz range and have low
magnetic losses. Bulk yttrium Iron Garnet (YIG, Y;Fes0,,), for example,
has extremely low damping coefficient in the order of 10>, This is
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due to the absence of the electron-magnon relaxation process [17],
which is very attractive for various applications [18-21]. While liquid
phase epitaxy is the traditional technique for growing relatively thick
films [22], recent research has shown that pulsed laser deposition and
sputtering can be used to grow YIG thin films with a thickness below
100 nm [23-26]. YIG films have been implemented with spintronic
devices thanks to the spin Hall effect, where a pure spin current can be
generated at the interfaces between YIG and an adjacent heavy metal
such as Pt layer [27-29]. The application of YIG in magnonics and
spintronic devices requires the growth of high-quality YIG films with a
thickness in the nanometer range. What remains to be shown is how the
fabrication process for ultra-thin YIG films can be optimized to produce
films of high quality with magnetic properties that resemble those of
bulk YIG. In this study, we investigated the growth and characteristics
of ultrathin ferrimagnetic YIG thin films. The pulsed laser deposition
technique (PLD) was employed to grow YIG thin films with thicknesses
of 30 nm and below on a GGG substrate. To improve the quality of the
films, we varied the deposition parameters, namely the laser energy and
oxygen pressure. The magnetic properties and Gilbert damping of these
films were characterized using broadband ferromagnetic resonance
(FMR) measurements. Our results showed that the magnetic properties
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Fig. 1. (a) Schematic illustration shows the setup for broadband ferromagnetic
resonance (FMR) measurements, including the thin film sample, its orientation, the
directions of the applied magnetic field (H), and the microwave field (4,,). (b) The
typical FMR signal for a YIG film is measured at different frequencies, with curves
recorded between 2-15GHz at 1GHz frequency intervals. (c) A zoom-in of an FMR
signal is shown at 14 GHz, which is fitted (solid lines) to Eq. (1).

0.395

and Gilbert damping of YIG films can be significantly controlled by
varying the deposition parameters. Our measurements reveal that the
films exhibit high values of magnetization and Gilbert damping in the
absence of oxygen, indicating a higher concentration of Fe in the films.
In contrast, when oxygen is introduced into the chamber, we observe a
decrease in the magnetization and damping values, approaching those
of bulk YIG films. We can achieve thin films with ultra-low Gilbert
damping of 1.7 x 10~* by depositing films at high energy and under
high oxygen pressure. These findings provide a systematic approach to
preparing high-quality ferrimagnetic films that can be integrated into
various magnonics applications and spin Hall devices.

2. Experiments

YIG films were grown on a single crystal with (111) orientation
Gd;Ga;0;, (GGG) substrates using the PLD technique. A 1.5-inch high-
density stoichiometric Y;Fe;0,, target was ablated with a 248 nm KrF
laser with a repetition rate of 10 Hz. The films were grown in a vacuum
system with an ultimate pressure of 10~7 mbar. The target-to-substrate
distance was 60 mm. All films were grown at a constant substrate
temperature of 750 °C. Two parameters, laser energy, and oxygen gas
pressure, were controlled to determine the optimal growth conditions
for producing high-quality thin YIG films. The deposition time was
kept constant at 90 min for all grown films. Moreover, the films were
annealed for two hours at 750 °C in an oxygen environment, followed
by slow cooling, and the chamber was opened after 12 h. Note that the
annealing and cooling of samples are important steps to achieve films
of good quality. To achieve the primary objective of the study, a set
of samples were prepared as shown in Table 1. Using a profilometer,
we determine the film thickness as indicated in Table 1. We observe
variations in film thickness among the samples, which can be attributed
to the influence of deposition parameters on the deposition rate.
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Fig. 2. Variation of (a) the effective magnetization and (b) the Gilbert damping versus
the laser energy. These samples were deposited without introducing oxygen in the PLD
chamber. Insets: (a) the frequency-field dispersion relation and (b) the variation of
linewidth vs. frequency for all samples.

3. Results and discussion

Measurements of FMR, on rectangular pieces measuring 5 x 5 mm?,
were conducted using a homemade broadband ferromagnetic setup.
The sample orientation on the coplanar waveguide (CPW), as well
as the directions of the applied magnetic field and the microwave
excitation field h., are illustrated in Fig. 1(a). For FMR signals, the
absorbed power variation (dP/dH) was measured using a lock-in de-
tection technique, while scanning the magnetic field up to 0.5T, at
multiple frequencies ranging from 2-15GHz with the input power
0dB, as depicted in Fig. 1(b). The measured absorption spectra were
analyzed as typical derivatives. Fig. 1(c) shows an FMR absorption
spectrum along with its fitting to a derivative of a Lorentzian:

HHH - Hre) gy €}
[4(H — H,)? + (4H)?]?

dp _
dH ~—

where A, B, and C, represent the amplitude, slope, and constant
factor, respectively. The resonance field (H,,,) and linewidth (4H)
were extracted from the fitting for all spectra examined in this work.
The magnetic parameters of the films, i.e. the gyromagnetic ratio (y /2x)
and the effective magnetization (4 M, ) are determined by fitting the
frequency versus (H,,,) (see inset of Fig. 2(a)) to Kittle’s equation:

£ = nor /2 \[H(H + M, ), @

Note that the values of y/2z exhibited minimal variation among all
samples, where y /2 is equal 29.05 GHz/T. In contrast, M, , exhibited
considerable variability, as we will discuss below. To determine the
Gilbert damping coefficient «, we plot the full width at half maximum
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Table 1
Deposition parameters and FMR results for YIG thin film samples.
Sample Laser energy Oxygen pressure Thickness HoM,s s Gilbert damping Inhomogeneous broadening
(mJ) (mTorr) (nm) (T) (x1073) (x107* T)
s1 300 0 30 0.234 7.2 7.3
S2 400 0 18.5 0.26 10.9 0.8
S3 500 0 16 0.247 2.6 16.8
S4 300 10 8 0.187 0.87 3.6
S5 350 10 10 0.186 0.85 5.1
S6 400 10 11 0.2 0.53 4.3
S7 500 10 11.4 0.189 0.34 3.7
S8 500 50 10.2 0.196 0.174 5
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Fig. 3. Influence of laser energy on (a) saturation magnetization and (b) Gilbert
damping of ultrathin ferrimagnetic yttrium iron garnet films grown via pulsed laser
deposition with an oxygen pressure of 10 mTorr. Insets: (a) the frequency-field
dispersion relation and (b) the variation of linewidth versus frequency for all samples.

(ppAH) versus f (see inset of Fig. 2(b)) and fit to the equation:
HodH = pydHy + Ra/y)2xn f, 3)

where AH,, describes the inhomogeneous broadening. The experimental
values were well fitted to Eq. (3), with 4H,, and « serving as adjustable
fitting parameters for all samples, as discussed below.

First, we prepared a set of thin films by varying the laser energy
between 300 and 500mJ during the deposition without introducing
oxygen. It should be noted that the films in this series have an M, ,,
around 0.25T, which is higher than the bulk magnetization of YIG.
However, we observe a slight effect on M,,, due to the change in
laser energy, as shown in Fig. 2(a). We extract the value of « for each
film and found that it varied considerably. Lower values of « (around
3 x 107%) could be obtained at a higher energy of 500mJ, although
this is one order of magnitude higher than the reported bulk value.
These results suggested that « can be adjusted by varying the laser

Fig. 4. Effect of oxygen pressure on (a) the effective magnetization and (b) Gilbert
damping of ultrathin ferrimagnetic yttrium iron garnet films deposited by pulsed laser
deposition at a fixed laser energy of 500mJ is shown. Insets show (a) the frequency-
field dispersion relation and (b) the relationship between linewidth and frequency for
all samples.

energy, while a slight change in M,/ is observed. The high values of
M,;, and « indicate that the films contain unfilled oxygen vacancies,
and therefore, further optimization of the deposition conditions is
required to obtain films with better quality, suitable for spintronics
and magnonic devices. To investigate the effect of oxygen on the
static and dynamic parameters, we prepared another series of films
by introducing 10 mTorr of oxygen in the chamber during deposition
at a constant temperature of 750 °C. While M,,, showed a weak
dependence on the laser energy, as observed before, we observe a
considerable decrease in M,,, down to 0.19T, which approaches the
bulk value of YIG, as shown in Fig. 3(a). We also observe a monotonic
decrease of a with the laser energy as shown in Fig. 3(b). This is
particularly evident in the ultra-thin films, where the damping can be
adjusted between 8.7 x 10™* and 3.3 x 10, for films prepared at an
energy of 300 and 500 mJ respectively. Additionally, low damping is
accompanied by low inhomogeneous broadening, with 4H, = 0.5mT,
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Table 2
Comparison of the magnetic properties of ultrathin YIG films with a thickness of 34 nm
and below.
Deposition Film thickness HoM,pp Gilbert damping Ref
(nm) (T (x10™)
PLD 20 0.21 2.3 [24]
PLD 7 0.21 16 [24]
PLD 20 0.21 4 [30]
PLD 17 0.158 7 [25]
PLD 34 0.17 5.8 [25]
PLD 34 0.17 5.8 [25]
PLD 10.2 0.196 1.7 This study
Sputter 19 0.1 8 [31]
Sputter 29 0.14 5.8 [31]
Sputter 22 0.177 0.858 [32]

see Table 1. The oxygen pressure dramatically affected the quality of
the thin films, and values of both M,,, and « approached the bulk
values. The improvement of the magnetic quality of the films may be
attributed to the adsorption of oxygen gas in the chamber, which may
fill the missing oxygen vacancies in the films. To check how far we
can improve the characteristics of the YIG films we prepared films
using highest laser energy 500 mJ, while varying the oxygen pressure
between 0 and 50 mTorr. Fig. 4(a) shows a strong decrease in M, 7r as
we vary the oxygen pressure, it changes from 0.25T to 0.19 T, where
it saturates. At the same time, a decreases strongly with the oxygen
pressure. It is noteworthy that the film prepared at an oxygen pressure
of 50 mTorr exhibits the narrowest linewidth at all frequencies, clearly
demonstrating that a very low a of 1.7 x 10~* can be achieved in YIG.
Note that we were able to improve the magnetic properties of the films
by controlling both the laser energy and the oxygen pressure.

It is noteworthy that the magnetic properties achieved in this study
are comparable to those of other films of similar thicknesses, as sum-
marized in Table 2. The influence of oxygen pressure on the properties
of the ultrathin YIG films can be attributed to the reaction between the
ablated particles and the oxygen molecules in the deposition chamber.
Fe atoms are more susceptible to scattering, which leads to a depletion
of Fe at higher oxygen pressures [20]. Consequently, this results in a
lower deposition rate and a decrease in film thickness. Additionally,
the increased oxygen pressure causes a decrease in the Y:Fe ratio. This
ratio further approaches the stoichiometric value of 0.6 as the oxygen
pressure increases which is responsible for the enhanced magnetic
properties of the films. For instance, at a constant temperature of
750 °C and an oxygen pressure of 10 mTorr, the Y:Fe ratio approaches
the expected stoichiometric value, leading to high-quality magnetic
properties of the films.

4. Conclusion

In conclusion, our study demonstrates that the magnetic properties
and Gilbert damping of ultrathin ferrimagnetic yttrium iron garnet thin
films on a GGG substrate can be significantly controlled by varying
the deposition parameters using the pulsed laser deposition technique
(PLD). The laser energy and oxygen pressure can be adjusted to achieve
an effective magnetization of 0.185 T and an ultra-low Gilbert damping
of 1.7 x 1074, which is mainly attributed to the optimized Y:Fe ratio
approaching the stoichiometric value of 0.6 as the oxygen pressure
increased. These findings provide important insights for the prepara-
tion of high-quality ferrimagnetic films that are suitable for various
magnonics and spin Hall devices.

CRediT authorship contribution statement

Mohammad Haidar: Conceptualization, Methodology, Validation,
Supervision, Writing — review & editing. Brian El-Khoury: Data cura-
tion, Investigation. Samih Isber: Conceptualization, Writing — review
& editing.

Journal of Magnetism and Magnetic Materials 580 (2023) 170888
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This work was supported by the American University of Beirut
Research Board (URB), Lebanon, and the Mamdouha El-Sayed Bobst
Deanship Fund, Lebanon.

References

[1] A. Gurevich, G. Melkov, Magnetization Oscillations and Waves, CRC, New York,
2018.

[2] V.V. Kruglyak, S.0. Demokritov, D. Grundler, Magnonics, J. Phys. D: Appl. Phys.
43 (2010) 264001.

[3] A. Khitun, M.V. Bao, K.L. Wang, Magnonic logic circuits, J. Phys. D: Appl. Phys.
43 (2010) 264005.

[4] A.V. Chumak, A.A. Serga, B. Hillebrands, Magnon transistor for all-magnon data
processing, Nature Commun. 5 (2014) 4700.

[5] B. Dieny, LL. Prejbeanu, K. Garello, P. Gambardella, P. Freitas, R. Lehndorff,
W. Raberg, U. Ebels, S.0. Demokritov, J. Akerman, A. Deac, P. Pirro, C.
Adelmann, A. Anane, A.V. Chumak, A. Hirohata, S. Mangin, S.O. Valenzuela,
M.C. Onbasli, M. d’Aquino, G. Prenat, G. Finocchio, L. Lopez-Diaz, R. Chantrell,
0. Chubykalo-Fesenko, P. Bortolotti, Opportunities and challenges for spintronics
in the microelectronics industry, Nature Electron. 3 (2020) 446, http://dx.doi.
org/10.1038/541928-020-0461-5.

[6] A. Hoffmann, S. Ramanathan, J. Grollier, A.D. Kent, M.J. Rozenberg, LK.
Schuller, O.G. Shpyrko, R.C. Dynes, Y. Fainman, A. Frano, E.E. Fullerton, G.
Galli, V. Lomakin, S.P. Ong, A.K. Petford-Long, J.A. Schuller, M.D. Stiles, Y.
Takamura, Y. Zhu, Quantum materials for energy-efficient neuromorphic com-
puting: Opportunities and challenges, APL Mater. 10 (7) (2022) 070904, http:
//dx.doi.org/10.1063/5.0094205, arXiv:https://doi.org/10.1063/5.0094205.

[7] M. Haidar, M. Bailleul, Thickness dependence of degree of spin polarization
of electrical current in permalloy thin films, Phys. Rev. B 88 (2013) 054417,
http://dx.doi.org/10.1103/PhysRevB.88.054417, URL https://link.aps.org/doi/
10.1103/PhysRevB.88.054417.

[8] Y. Yin, F. Pan, M. Ahlberg, M. Ranjbar, P. Diirrenfeld, A. Houshang, M. Haidar, L.
Bergqvist, Y. Zhai, R.K. Dumas, A. Delin, J. Akerman, Tunable permalloy-based
films for magnonic devices, Phys. Rev. B 92 (2015) 024427, http://dx.doi.org/
10.1103/PhysRevB.92.024427, URL https://link.aps.org/doi/10.1103/PhysRevB.
92.024427.

[9] M. Haidar, S. Isber, A. Akerman, Measuring spin wave resonance in ni,,_fe,
films: compositional and temperature dependence, J. Phys. D: Appl. Phys. 54
(2021) 445002.

[10] M. Ranjbar, P. Drrenfeld, M. Haidar, E. Iacocca, M. Balinskiy, T.Q. Le, M. Fazlali,
A. Houshang, A.A. Awad, R.K. Dumas, J. Akerman, Cofeb-based spin hall nano-
oscillators, IEEE Magn. Lett. 5 (2014) 1-4, http://dx.doi.org/10.1109/LMAG.
2014.2375155.

[11] M. Haidar, H. Mazraati, P. Diirrenfeld, H. Fulara, M. Ranjbar, J. ;\kerman,
Compositional effect on auto-oscillation behavior of ni,_,fe, /pt spin hall nano-
oscillators, Appl. Phys. Lett. 118 (1) (2021) 012406, http://dx.doi.org/10.1063/
5.0035697, arXiv:https://doi.org/10.1063/5.0035697.

[12] T. Jungwirth, J. Sinova, A. Manchon, X. Marti, J. Wunderlich, C. Felser, The
multiple directions of antiferromagnetic spintronics, Nat. Phys. 14 (2018) 200,
http://dx.doi.org/10.1038/541567-018-0063-6.

[13] V. Baltz, A. Manchon, M. Tsoi, T. Moriyama, T. Ono, Y. Tserkovnyak,
Antiferromagnetic spintronics, Rev. Modern Phys. 90 (2018) 015005, http:
//dx.doi.org/10.1103/RevModPhys.90.015005, URL https://link.aps.org/doi/10.
1103/RevModPhys.90.015005.

[14] E. Kelvin, F. William, S. Marjan, K. Takahide, T. Koki, S. Hiroaki, M. Seiji,
H. Atsufumi, Heusler alloys for spintronic devices: review on recent devel-
opment and future perspectives, Sci. Technol. Adv. Mater. 22 (1) (2021)
235-271, http://dx.doi.org/10.1080/14686996.2020.1812364, arXiv:https://doi.
0rg/10.1080/14686996.2020.1812364. pMID: 33828415.

[15] M. Sparks, Ferromagnetic resonance in thin films. II. Theory of linewidths, Phys.
Rev. B 1 (1970) 3856-3869.

[16] A.A. Serga, A.V. Chumak, B. Hillebrands, Yig magnonics, J. Phys. D: Appl. Phys.
43 (2010) 264002.


http://refhub.elsevier.com/S0304-8853(23)00537-1/sb1
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb1
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb1
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb2
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb2
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb2
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb3
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb3
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb3
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb4
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb4
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb4
http://dx.doi.org/10.1038/s41928-020-0461-5
http://dx.doi.org/10.1038/s41928-020-0461-5
http://dx.doi.org/10.1038/s41928-020-0461-5
http://dx.doi.org/10.1063/5.0094205
http://dx.doi.org/10.1063/5.0094205
http://dx.doi.org/10.1063/5.0094205
https://doi.org/10.1063/5.0094205
http://dx.doi.org/10.1103/PhysRevB.88.054417
https://link.aps.org/doi/10.1103/PhysRevB.88.054417
https://link.aps.org/doi/10.1103/PhysRevB.88.054417
https://link.aps.org/doi/10.1103/PhysRevB.88.054417
http://dx.doi.org/10.1103/PhysRevB.92.024427
http://dx.doi.org/10.1103/PhysRevB.92.024427
http://dx.doi.org/10.1103/PhysRevB.92.024427
https://link.aps.org/doi/10.1103/PhysRevB.92.024427
https://link.aps.org/doi/10.1103/PhysRevB.92.024427
https://link.aps.org/doi/10.1103/PhysRevB.92.024427
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb9
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb9
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb9
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb9
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb9
http://dx.doi.org/10.1109/LMAG.2014.2375155
http://dx.doi.org/10.1109/LMAG.2014.2375155
http://dx.doi.org/10.1109/LMAG.2014.2375155
http://dx.doi.org/10.1063/5.0035697
http://dx.doi.org/10.1063/5.0035697
http://dx.doi.org/10.1063/5.0035697
https://doi.org/10.1063/5.0035697
http://dx.doi.org/10.1038/s41567-018-0063-6
http://dx.doi.org/10.1103/RevModPhys.90.015005
http://dx.doi.org/10.1103/RevModPhys.90.015005
http://dx.doi.org/10.1103/RevModPhys.90.015005
https://link.aps.org/doi/10.1103/RevModPhys.90.015005
https://link.aps.org/doi/10.1103/RevModPhys.90.015005
https://link.aps.org/doi/10.1103/RevModPhys.90.015005
http://dx.doi.org/10.1080/14686996.2020.1812364
https://doi.org/10.1080/14686996.2020.1812364
https://doi.org/10.1080/14686996.2020.1812364
https://doi.org/10.1080/14686996.2020.1812364
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb15
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb15
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb15
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb16
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb16
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb16

M. Haidar et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

E.G. Spencer, R.C. LeCraw, Spin-lattice relaxation in yttrium iron garnet, Phys.
Rev. Lett. 4 (1960) 130-131, http://dx.doi.org/10.1103/PhysRevLett.4.130, URL
https://link.aps.org/doi/10.1103/PhysRevLett.4.130.

M. Collet, O. Gladii, M. Evelt, V. Bessonov, L. Soumah, P. Bortolotti, S.O.
Demokritov, Y. Henry, V. Cros, M. Bailleul, V.E. Demidov, A. Anane, Spin-wave
propagation in ultra-thin yig based waveguides, Appl. Phys. Lett. 110 (9) (2017)
092408, http://dx.doi.org/10.1063/1.4976708, arXiv:https://doi.org/10.1063/1.
4976708.

H. Qin, S.J. Hamaldinen, K. Arjas, J. Witteveen, S. van Dijken, Propagating
spin waves in nanometer-thick yttrium iron garnet films: Dependence on
wave vector, magnetic field strength, and angle, Phys. Rev. B 98 (2018)
224422, http://dx.doi.org/10.1103/PhysRevB.98.224422, URL https://link.aps.
org/doi/10.1103/PhysRevB.98.224422.

T. Fakhrul, S. Tazlaru, L. Beran, Y. Zhang, M. Veis, C.A. Ross, Magneto-
optical bityig films with high figure of merit for nonreciprocal pho-
tonics, Adv. Opt. Mater. 7 (13) (2019) 1900056, http://dx.doi.org/10.
1002/adom.201900056, arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1002/
adom.201900056. URL https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.
201900056.

T. Yoshimoto, T. Goto, K. Shimada, B. Iwamoto, Y. Nakamura, H. Uchida, C.A.
Ross, M. Inoue, Static and dynamic magnetic properties of single-crystalline
yttrium iron garnet films epitaxially grown on three garnet substrates, Adv. Elec-
tron. Mater. 5 (8) (2019) 1900380, http://dx.doi.org/10.1002/aelm.201900380,
URL https://onlinelibrary.wiley.com/doi/abs/10.1002/aelm.201900380.

R.C. Linares, R.B. McGraw, J.B. Schroeder, Growth and properties of yttrium
iron garnet single-crystal films, J. Appl. Phys. 36 (9) (1965) 2884-2886, http:
//dx.doi.org/10.1063/1.1714599, arXiv:https://doi.org/10.1063/1.1714599.

Y. Sun, Y.-Y. Song, H. Chang, M. Kabatek, M. Jantz, W. Schneider, M. Wu,
H. Schultheiss, A. Hoffmann, Growth and ferromagnetic resonance properties of
nanometer-thick yttrium iron garnet films, Appl. Phys. Lett. 101 (15) (2012)
152405, http://dx.doi.org/10.1063/1.4759039, arXiv:https://doi.org/10.1063/1.
4759039.

O. d’Allivy Kelly, A. Anane, R. Bernard, J. Ben Youssef, C. Hahn, A.H.
Molpeceres, C. Carrétéro, E. Jacquet, C. Deranlot, P. Bortolotti, R. Lebourgeois,
J.-C. Mage, G. de Loubens, O. Klein, V. Cros, A. Fert, Inverse spin hall effect in
nanometer-thick yttrium iron garnet/pt system, Appl. Phys. Lett. 103 (8) (2013)
082408, http://dx.doi.org/10.1063/1.4819157, arXiv:https://doi.org/10.1063/1.
4819157.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Journal of Magnetism and Magnetic Materials 580 (2023) 170888

M.C. Onbasli, A. Kehlberger, D.H. Kim, G. Jakob, M. Kldui, A.V. Chumak, B.
Hillebrands, C.A. Ross, Pulsed laser deposition of epitaxial yttrium iron garnet
films with low gilbert damping and bulk-like magnetization, APL Mater. 2 (10)
(2014) 106102, http://dx.doi.org/10.1063/1.4896936, arXiv:https://doi.org/10.
1063/1.4896936.

M. Haidar, M. Ranjbar, M. Balinsky, R.K. Dumas, S. Khartsev, J. /?\kerman,
Thickness- and temperature-dependent magnetodynamic properties of yttrium
iron garnet thin films, J. Appl. Phys. 117 (17) (2015) 17D119, http://dx.doi.
0rg/10.1063/1.4914363, arXiv:https://doi.org/10.1063/1.4914363.

Y. Sun, H. Chang, M. Kabatek, Y.-Y. Song, Z. Wang, M. Jantz, W. Schneider, M.
Wu, E. Montoya, B. Kardasz, B. Heinrich, S.G.E. te Velthuis, H. Schultheiss, A.
Hoffmann, Damping in yttrium iron garnet nanoscale films capped by platinum,
Phys. Rev. Lett. 111 (2013) 106601.

M. Balinsky, M. Haidar, M. Ranjbar, P. Diirrenfeld, A. Houshang, A. Slavin, J.
Akerman, Modulation of the spectral characteristics of a nano-contact spin-torque
oscillator via spin waves in an adjacent yttrium-iron garnet film, IEEE Magn. Lett.
7 (2016) 1-4, http://dx.doi.org/10.1109/LMAG.2016.2530633.

M. Haidar, P. Diirrenfeld, M. Ranjbar, M. Balinsky, M. Fazlali, M. Dvornik, R.K.
Dumas, S. Khartsev, J. Akerman, Controlling gilbert damping in a yig film using
nonlocal spin currents, Phys. Rev. B 94 (2016) 180409, http://dx.doi.org/10.
1103/PhysRevB.94.180409, URL https://link.aps.org/doi/10.1103/PhysRevB.94.
1804009.

C. Hahn, V.V. Naletov, G. de Loubens, O. Klein, O. d’Allivy Kelly, A. Anane, R.
Bernard, E. Jacquet, P. Bortolotti, V. Cros, J.L. Prieto, M. Muifioz, Measurement
of the intrinsic damping constant in individual nanodisks of y3fe5012 and
y3fe5012|pt, Appl. Phys. Lett. 104 (15) (2014) 152410, http://dx.doi.org/10.
1063/1.4871516, arXiv:https://doi.org/10.1063/1.4871516.

A. Talalaevskij, M. Decker, J. Stigloher, A. Mitra, H.S. Korner, O. Cespedes, C.H.
Back, B.J. Hickey, Magnetic properties of spin waves in thin yttrium iron garnet
films, Phys. Rev. B 95 (2017) 064409, http://dx.doi.org/10.1103/PhysRevB.95.
064409, URL https://link.aps.org/doi/10.1103/PhysRevB.95.064409.

H. Chang, P. Li, W. Zhang, T. Liu, A. Hoffmann, L. Deng, M. Wu, Nanometer-
thick yttrium iron garnet films with extremely low damping, IEEE Magn. Lett. 5
(2014) 1-4, http://dx.doi.org/10.1109/LMAG.2014.2350958.


http://dx.doi.org/10.1103/PhysRevLett.4.130
https://link.aps.org/doi/10.1103/PhysRevLett.4.130
http://dx.doi.org/10.1063/1.4976708
https://doi.org/10.1063/1.4976708
https://doi.org/10.1063/1.4976708
https://doi.org/10.1063/1.4976708
http://dx.doi.org/10.1103/PhysRevB.98.224422
https://link.aps.org/doi/10.1103/PhysRevB.98.224422
https://link.aps.org/doi/10.1103/PhysRevB.98.224422
https://link.aps.org/doi/10.1103/PhysRevB.98.224422
http://dx.doi.org/10.1002/adom.201900056
http://dx.doi.org/10.1002/adom.201900056
http://dx.doi.org/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/pdf/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/pdf/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/pdf/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201900056
https://onlinelibrary.wiley.com/doi/abs/10.1002/adom.201900056
http://dx.doi.org/10.1002/aelm.201900380
https://onlinelibrary.wiley.com/doi/abs/10.1002/aelm.201900380
http://dx.doi.org/10.1063/1.1714599
http://dx.doi.org/10.1063/1.1714599
http://dx.doi.org/10.1063/1.1714599
https://doi.org/10.1063/1.1714599
http://dx.doi.org/10.1063/1.4759039
https://doi.org/10.1063/1.4759039
https://doi.org/10.1063/1.4759039
https://doi.org/10.1063/1.4759039
http://dx.doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
https://doi.org/10.1063/1.4819157
http://dx.doi.org/10.1063/1.4896936
https://doi.org/10.1063/1.4896936
https://doi.org/10.1063/1.4896936
https://doi.org/10.1063/1.4896936
http://dx.doi.org/10.1063/1.4914363
http://dx.doi.org/10.1063/1.4914363
http://dx.doi.org/10.1063/1.4914363
https://doi.org/10.1063/1.4914363
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://refhub.elsevier.com/S0304-8853(23)00537-1/sb27
http://dx.doi.org/10.1109/LMAG.2016.2530633
http://dx.doi.org/10.1103/PhysRevB.94.180409
http://dx.doi.org/10.1103/PhysRevB.94.180409
http://dx.doi.org/10.1103/PhysRevB.94.180409
https://link.aps.org/doi/10.1103/PhysRevB.94.180409
https://link.aps.org/doi/10.1103/PhysRevB.94.180409
https://link.aps.org/doi/10.1103/PhysRevB.94.180409
http://dx.doi.org/10.1063/1.4871516
http://dx.doi.org/10.1063/1.4871516
http://dx.doi.org/10.1063/1.4871516
https://doi.org/10.1063/1.4871516
http://dx.doi.org/10.1103/PhysRevB.95.064409
http://dx.doi.org/10.1103/PhysRevB.95.064409
http://dx.doi.org/10.1103/PhysRevB.95.064409
https://link.aps.org/doi/10.1103/PhysRevB.95.064409
http://dx.doi.org/10.1109/LMAG.2014.2350958

	Broadband ferromagnetic resonance of ultrathin yttrium iron garnet films by pulsed laser deposition: Effects of deposition parameters
	Introduction
	Experiments
	Results AND Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


