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ABSTRACT

YTTRIUM IRON GARNET NANO FILMS: EPITAXIAL GROWTH, DAMPING, SPIN

PUMPING, AND MAGNETIC PROXIMITY EFFECT

Recently, a new research field called magneticlatsitbased spintronics opened the door
to a large amount of potential applications in thkectronics industry. In this field,
low-damping materials in the nanometer scale atieaty needed for both fundamental studies,
such as spin pumping, and device applications, sgchpin-torque nano-oscillators. Yttrium
iron garnet (YIG) materials are the best candidateng other materials. There is a critical
demand for high-quality nanometer-thick YIG films.

This dissertation reports experimental studies &@& ¥ims with the thickness ranged from
several nanometers to several hundreds of nananetEirstly, the feasibility of low-damping
YIG nano films growth via pulsed laser depositidPLD) techniques is demonstrated. A
5-nm-thick YIG film, for example, shows a peak-teg ferromagnetic resonance (FMR)
linewidth of <10 Oe at 10 GHz. Optimization of Pldontrol parameters and post-deposition
annealing processes and surface modification by bheam etching for the realization of
high-quality films are discussed in detail.

The second main topic is on spin pumping and magmeoximity effects in YIG nano
films. Specifically, the dissertation touches dn the spin pumping efficiency of YIG nano
films and (2) damping enhancement in YIG nano fibhug to Pt capping layers. Knowing the
efficiency of spin angular momentum transfers axr¥$G/normal metal (NM) interfaces is

critical to the use of YIG films for spintronics.Under subtopic (1), the spin transfer efficiency



at YIG/NM interfaces is determined through the noeasient of spin pumping-caused additional
damping in YIG nano films. A fairly large portiaf recent studies on YIG-based spintronics
made use of a Pt capping layer either as a detertomeasure spin currents or as a spin-current
source. Work under subtopic (2), however, indsdhat the growth of a Pt capping layer onto
a YIG film can result in a significant damping enbament in the YIG film. Fortunately, this
damping can be completely suppressed simply badéion of a thin Cu spacer in-between the
YIG and Pt films. The interpretation of the obstvdamping enhancement in terms of the
magnetic proximity effect in the Pt film is presedt

The last topic addresses the growth of high-qualitg thin films on metallic substrates.
It is demonstrated that one can grow YIG thin filors Cu via the use of a protection layer of
high entropy alloy nitrides. The YIG films showageak-to-peak FMR linewidth of about 1.1
Oe at 9.45 GHz. This work provides implications the future development of YIG thin

film-based monolithic devices for high frequencypgessing.
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CHAPTER 1

OVERVIEW

1.1Background and motivations

The year of 2010 witnesses two significant discegelin the field of spintronics: (1)
transfer of electrical signals with magnetic insoitd and (2) spin Seebeck effects in magnetic
insulators*®>  The magnetic insulators used in both discoveniere magnetic garnets, which
Dr. Kittel referred to as the fruitfly of magnetisabout 50 years ado. For (1), an initial
electrical signal excites a spin wave in one endrofttrium iron garnet (3Fe0;2, YIG) film
strip via the spin Hall effect; as the spin wavavéls to the other end of the YIG strip, it is
converted to an electrical signal via the inverpm $Hall effect. For (2), one establishes a
temperature gradient along a YIG or Ls&é0;. film strip, and the latter produces a difference
between the chemical potentials of spin-up and-dpimn electrons in the film strip. This

potential difference, also called a spin voltagan generate a spin current in a normal metal

1 Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K Hitta, M. Mizuguchi, H. Umezawa, H. Kawai, K.
Ando, K. Takanashi, S. Maekawa, and E. Saitoh, idat64, 262 (2010).

2 K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. TakahakH.eda, T. Ota, Y. Kajiwara, H. Umezawa, H.
Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitatuh Material®, 894 (2010).

% K. Uchida, H. Adachi, T. Ota, H. Nakayama, S. Mae#, and E. Saitoh, Appl. Phys. L&¥, 172505
(2010).

* P. E. Wigen, R. D. McMichael, and C. JayaprakdsMagn. Magn. MateB4, 237 (1990).
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layer deposited on the end of the film strip. Alilgh several features related to these effects
remain unexplained, the effects clearly demonstize one can transmit spin currents into and
out of magnetic garnets as well as use magnetinetmrto generate spin currents. This

demonstration opens a new paradigm in the dis@minspintronics and opens the door to a new

class of spintronic devices that make use of ejee YIG or doped YIG materiaf€.

It should be noted that, thanks to the absenceoafluction electrons and ¥eions,
magnetic garnets generally have slower ferromagnediaxation than other ferrimagnetic
materials’ Moreover, in the family of magnetic garnets, Y46d doped YIG have the lowest
relaxation rates. Indeed, YIG materials have axaion rate lower than any other magnetic
materials, with an intrinsic damping constamtof about 310° only. Because of this
extremely small damping, YIG materials have fourather broad current and potential
applications in microwave devic&&® YIG sphere-based oscillators and filters, forrepte,

are core devices in many microwave generators aalyzers.

The significance of new YIG-based spintronic desicgiginates from the two features of
YIG materials: (1) extremely small damping, as nared above, and (2) electrically insulating.
The intrinsic damping constaiat indicated above for YIG is two orders of magnitugiealler

than that in transition metals which are the matgrof choice in current spintronic devices.

M. Wilson, Physics Today, May 2010, page 13.

J. Sinova, Nature Mate3, 880 (2010).

B. Lax and K. J. Buttoriflicrowave Ferrites and Ferrimagneti¢dcGraw-Hill, New York, 1962).

P. Kabos and V. S. Stalmachdagnetostatic Waves and Their Applicatig@hapman & Hall,
London, 1994).

J. D.Adam, L. E. Davis, G. F. Dionne, E. F. Schtaan, and S. N. Stitzer, IEEE Trans. Microwave
Theory Tech50, 721 (2002).

1% D. stancil and A. Prahaka&8pin Waves — Theory and ApplicatigSgringer, New York, 2009).

0 N o o
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This small-damping characteristic is highly dededior many applications, including spin-wave
based logic operations and generation of large ppne currents. Insulator-based spintronic
devices are particularly attractive from the engmeg point of view. They not only require

substantially low power, but also involve no isstlest are intrinsically associated with charge

currents.

1.2Dissertation organization

The organization of this dissertation is as follow&€hapter 2 gives an introduction to YIG
properties, the spin pumping effect, thin film dsgpion techniques, and relevant measurement
techniques. Chapters 3 and 4 present the growth FIMIR properties of low-damping
nanometer-thick YIG films. Chapters 5 and 6 denas the experimental results on
nanometer-thick YIG based spintronic effects: guimping and the magnetic proximity effect.
Chapter 7 reports on the successful fabricatiamgii-quality YIG thin films on metals and their
FMR properties. Chapter 8 summarizes the main laeioms and lists future work that is

relevant to the topics addressed in this dissertati



CHAPTER 2

INTRODUCTION TO YIG SPINTRONICS AND
THIN FILM GROWTH AND

CHARACTERIZATION

2.1Structure and magnetic properties of YIG

Yttrium iron garnet (¥FesO15) was discovered by Bertaut and Forrat in 1858. It is a
prototype of magnetic garnets which are ferrimaignekides and were referred to as “the
fruitfly of magnetism” by Kittel: Yttrium iron garnet has nearly cubic symmetryfinlte
composition, the presence of only trivalent metalsi, and very low magnetic damping. These
properties make it particularly suitable for stigdad spin waves and magneto-optical effects, as

well as for blooming studies of magnetic insuldiased spintronics.

1 F. Bertaut and F. Forrat, Compt. Re2d2, 382 (1956).
12'3, Geller and M. A. Gilleo, Acta Cryst0, 239 (1957).
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The cubic unit cell in yttrium iron garnet has #&ite constant of 12.3#0.004 A. Each
unit cell consists of eight chemical formula urdisd, thereby, contains twenty-four'Yions,
forty F€* ions, and ninety-six ®ions*** The Y** ions are situated amsites, each site being
surrounded by eight Dions that form an eight-cornered twelve-sided petiron.  Of the forty
Fe* ions, sixteen occupg sites and twenty-four occupysites. Thea site is also called an
octahedral site. It is surrounded by siX @ns in octahedral symmetry. Tliesite is also
called a tetrahedral site and is surrounded by @furons in tetrahedral symmetry. Thé O
ions are orh sites, each being at a point where the cornemefoctahedron, one tetrahedron,
and two polyhedrons meet. Thus, eachi@n is surrounded by oresite F&" ion, oned-site
Fe* ion, and twac-site Y**ions.  Figure 1 shows schematic diagrams for Huwe-mentioned
C, a, andd sites.

dsite a site csite
(tetrahedral site) (octahedral site) (dodecahedral site)

L

FIG. 1. Schematic diagrams of three differentssitecupied by cations in yttrium iron garnet.

¥ M. A. Gilleo and S. Geller, Phys. Rehl0, 73 (1958).
1 G. Winkler,Magnetic GarnetgFriedr. Vieweg & Sohn Verlagsgesellschaft mbHa@Brschweig,

1981).
5



The cation arrangement in a YIG unit cell can bgcdbed by a simplified picture shown in
Fig. 21 Graph (a) indicates the positionsassite F&" ions in front four octants of the YIG
unit cell, while graph (b) indicates the positiasfsthe same ions in one octant only. One can
see that tha-site F&" ions in each octant form a body-centered cubic)(bab-unit cell, and the
edge of this sub-unit cell is half of the side bétYIG unit cell. Graph (c) indicates the

positions ofd-site FE" ions andc-site Y** ions in one sub-unit cell. These ions are on the

i g (a) a-site Fe3* ions in four front
1
/ : /Q ; / sub-unit cells of a YIG unit cell
1
«—¢——¢
1 1
1
i n’-----:--,-u‘-------- » Fe3* on a-site
7 71
®----1-- ,‘?- -1-- 70 Fe3* on d-site
// ! ! // !
o—F— o @ € y3t
. ® __®
s TTTTTT T OOZ'
1,7 1,7
J. CEEEE By . pmp—— 7
[ o ¢
(b) a-site Fe3* ions in (c) d-site Fe3* ions and c-site  (d) Cations and O? ions at
a sub-unit cell Y3+jons in a sub-unit cell one vertex of a sub-unit cell
/ / 5
1
1 1
T T T
! a | :
! ‘
: Y // 1 /
i :

[}
1
1
[}
1
- ———— - - SR — 7
/ / < o
s ,___.I_____ L
7 ’
4
, IZ.

FIG. 2. Cation arrangement in yttrium iron garf\dG). One sulunit cell represents one octant ¢
cubic unit cell of yttrium iron garnet.

perpendicular bisecting lines of the surfaces efghb-unit cell, being a quarter from one edge
and three quarters from the opposite edge. Grmdjpshpws the positions of ttaesite F€" ion,
the d-site F&" ion, and thec-site Y** ion at the front-right-bottom vertex of a sub-ucéll as

well as all the & ions surrounding them. One can see that théod at the point where the



three polyhedrons meet is surrounded by the ttagens. In fact, this ®ion is surrounded by
four cations. In addition to the three cationsvahdn graph (d), the fourth cation is th&"Yon

on the bottom surface of the sub-unit cell. Thi& ¥n is shown in graph (c), but not in graph
(d).

The Y*" ions have no permanent magnetic moment. The niagtien in yttrium iron
garnet originates from the super-exchange intemastbetween tha-site F&" ions and thel-site
Fe’* ions. According to the Néel theory, the magnitudethe super-exchange interactions
between two magnetic ions depends strongly on tiggeaof the magnetic ion — oxygen ion —
magnetic ion bond. The strongest interactions ioatuhe bond angle nearest 18@hile the
weakest interactions occur for the angle nearest 9l yttrium iron garnet, theatsite FE™ -
O* - "d-side F&™ bond has the largest angle, which is 126.6 Thus, the strongest
super-exchange interactions occur between the stemsite FE* and d-site F€" ions. This
interaction results in anti-parallelism between th@gnetic moments of thesite F€* ions and
those of thed-site FE* ions. Since each Feion has a magnetic moment of five Bohr
magnetons (bs), each unit cell has a net magnetic moment gfz40 This magnetic moment
corresponds to a theoretical saturation inductisMdof about 2470 G, which is very close to
the value (2463 G) measured for YIG thin films & K.*°* The room-temperaturet¥ls value
reported ranges from 1730 G to 1780 @nd a widely accepted value is 1750 G. Yttriuamir
garnet has cubic magneto-crystalline anisotropyh vait easy axis along the (111) direction.
The first- and second-order cubic anisotropy caristaat room temperature ai=-6100
erg/cn? andK,=-260 erg/cm, respectively® Yttrium iron garnet thin films are usually grown

on (111) gadolinium gallium garnet (GGG) substrateBhe difference between the YIG and

> H, A. Algra and P. Hansen, Appl. Phys28, 83 (1982).
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GGG lattice constants is extremely small, on thgepof 0.001 A. A (111) YIG film has an
out-of-plane effective anisotropy fieldK2Ms) of about 85 Oe and a threefold in-plane effective
anisotropy field of less than 85 Oe. These fi@ds much smaller than the external magnetic
fields used in typical experiments and, therefare,usually ignored in data analysis.

In YIG Crystal, the ferromagnetic resonance (FMRgWidth originated from intrinsic
damping in YIG crystals is about 0.2 Oe at 10 GMZ. This linewidth corresponds to an
intrinsic Gilbert damping constant of about %10°, which is about one order of magnitude
smaller than that in barium hexagonal ferfiteand about two orders of magnitude smaller than
that in ferromagnetic metal&?® It is this extremely small damping constant thakes yttrium
iron garnet the material of choice for studies mihsvaves as well as magnetic insulator-based
spintronics.

Table | gives some structural and physical propsrtf single-crystal yttrium iron garnet.
The values listed (except the Curie temperature)maeasured at room temperature, unless a
particular temperature is specified.

Table I. Properties of yttrium iron garnet

Parameter Value Reference
Lattice constana (273 K) 12.376:0.004 A 14,7
Lattice constana (77 K) 12.361 A 14

Lattice constana (4 K) 12.359 A 14
Thermal expansion coefficient (298 K) 8.3x10° 14

M. SparksFerromagnetic-Relaxation TheofiicGraw Hill, New York, 1964).

" A. G. Gurevich and G. A. Melkolagnetization Oscillation§CRC Press, Boca Raton, 2000).

8 Y. Y. Song, S. Kalarickal, and C. E. Patton, JpAPPhys.94, 5103 (2003).

19 7. Celinski and B. Heinrich, J. Appl. Phy&, 5935 (1991).

%0 g, 3. Kalarickal, P. Krivosik, M. Wu, C. E. Pattdn. L. Schneider, P. Kabos, T. J. Silva, and J. P.
Nibarger, J. Appl. Phy€9, 093909 (2006).



Thermal expansion coefficient (623 K) 11.0<10° 14
Density 5.17 glcm 10
Band gap 2.85eV 10
Saturation induction#Ms 1750 G 7
Saturation induction®M;s (4.2 K) 2463 G 15
Cubic anisotropy constait -6100 erg/crh 10
Cubic anisotropy constakt -260 erg/cm 10
Curie temperaturé, 559 K 10
Exchange constant 3x10*% cnt 10
Intrinsic damping constarat 3x10° 16
Faraday rotation (1.2m) 240 deg/cm 10
Dielectric constant (10 GHz) 14.7 21
Dielectric loss tangent (10 GHz) 0.0002 21

2.25pin Pumping

Figure 3 illustrates the spin pumping effect ineardmagnetic (FM)/normal metal (NM)
bilayer structure. The arrow in the FM layer shoavaunit vectorm which denotes the
direction of the magnetization. The bottom diagsashow simplified band structures. The
vertical arrows indicate the directions of electrnagnetic moments. When the magnetization
in the FM layer is static, the electrons in the tagers share the same Fermi level. When the
magnetization is excited to precess, the FM layssps a certain net angular momentum to the
NM layer. The net effects are a difference betwienchemical potentials of spin-up electrons

(14) and spin-down electrong,( and a spin current in the NM layer. This effisctalled spin

Z H. How, P. Shi, C. Vittoria, L. C. Kempel, and K. Trott, J. Appl. Phys37, 4966 (2000).
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NM

V@

FIG. 3. Spin pumping in a ferromagnetic (FM)/normetal (NM) bilayer structure.

pumping?*** Note that the small spheres in the NM layer regme electrons and the arrow

through each sphere indicates the direction ottbetron magnetic moment. Note also that the

chemical potential difference=y4-1, is often called a spin voltage or a spin accumartati

One often considers a spin current density vector

h . _om
JS=ERe(gN)me (2.2)

where g., denotes the spin mixing conductance across thé&NWMMhterface. This density is
indeed the net angular momentum transferred frothécspins in the FM layer to the electrons
in the NM layer through a unit interface area witla unit time. This momentum transfer
results in an increase in the damping consteintthe FM layer, which can be written as

_ Oug Re(gu)
P 4zM,  d (2.2)

22 Y, Tserkovnyak, A. Brataas, and G. E. W. Bauer,sPRev. B66, 224403 (2002).
3 B. Heinrich and J. A. C. Blandlltrathin Magnetic Structures: Fundamentals of Naragnetism
(Springer, Berlin, 2005).

10



where g is the Bohr magnetron, amyl 4tMs, andd are the Landé factor, saturation induction,

and thickness, respectively, of the FM layer.

2.3Thin film deposition systems

2.3.1Pulsed laser deposition

Pulsed laser deposition (PLD) is one kind of higikwum physical vapor deposition (PVD)
technique. The target materials with complex congmiés can be ablated by the laser and
deposited stoichoimetrically on the substrates. atTtheans the deposited thin films have the
exact same components as those of the targets. toDthes advantage, the PLD technique has
been widely used in the deposition of complex commgs, such as garnets, ferrites, and

superconductor materials.

Figure 4 shows a schematic diagram of the PLD sydbg which the YIG films reported in
this dissertation were prepared. The main compsnieclude a pulsed laser source, a high
vacuum chamber, a rotatable target holder, andbatsuie holder with a built-in heater (not
rotatable). The pulsed laser beam is reflectedcamderged by a series of mirrors and lenses
and strikes on the target inside the chamber. @Bscaf the high power of the laser, the target
material is evaporated and forms the plume normahe target. The plume has complicated
components of electrons, ions, evaporated atom®aoul@s, and clusters. The plume then
crosses the vacuum to the substrate and the thinidiformed. Prior to the deposition, the
base pressure in the chamber is 2.7%Irr, which is realized by using the cascaded
mechanical-turbo molecular pumps and through a tegiperature baking process. During the

deposition, the chamber can either keep high vacoube filled with other reactive gases such

11



as oxygen. The substrate holder integrated witip&gature control can heat the substrate and
increase its temperature to be as high as°@0 The optimization of deposition temperature is
the most critical factor to grow high-quality YIGin films by PLD. The other important
parameters include the laser power, repetition, rateygen pressure, cooling rate, and
post-annealing parameters. The details of the Béposition will be presented in Chapters 3

and 7.

Seon

Substrate

}/ Heater

Oxygen
y\\f

Laser source

Quartz lens

Oscillating

I mirror
Aperture

FIG. 4. Schematic diagrams of pulsed laser depasslystem.

2.3.2Magnetron sputtering

Magnetron sputtering is another widely used PVhmégue. Because the sputtered thin
films have relatively high uniformity, the magnetrsputtering technique is favorable for use in

the semiconductor, optics, magnetic storage, amer andustries.

During the sputtering process, argon (Ar) is bdlddiinto the growth chamber and the Ar

atoms are ionized by a high voltage of several kdtts. In the system, the magnets under the

12



target can trap the free electrons and enhancmiiation efficiency of the Ar atoms. Aft
acceleration by strong magnetic and electric figlds A" ions strike on the surface of the tar
and transfer their kinetic energy into thermal ggen the target materials. The net effec
the neutral particles such as individual atomsduasters of atoms or molecules are ejected 1

the target and fly straight toward the substrafhe substrate then will be coated by the

FIG. 5. Picture of the CSU magnetron sputtering system.

films of the targematerials. To improve the thin film uniformity,ébsubstrate holder rotat

during the sputtering process.

Our laboratory has a threamber magnetron sputtering system as showrigure 5.
The three chambers, respectively from right to, lafe usecto load samples sputter metallic
thin films, and deposit oxidmaterial. Crystal oscillator thickness monitors were iliethin
the growth champers to precisely measure the groatd In this dissertatio, some of the

capping layers of the YIGilms were fabricated by the magnetron sputtering systenine

13



sputtering system was also used to do the low pateting to remove the defects on the

surface of YIG nano films. The details will be pied in Chapters 4 and 7.

2.4Measurements techniques

The correlations between microstructures and magpetperties are always critical topics
of study for magnetic thin films. The characteti@as of the structure and magnetic properties
along with the correlation studies give importarformation on how to improve the quality of
the thin film. In this dissertation, thin film Xay diffraction (XRD), scanning electron
microscopy (SEM), and atomic force microscopy (ARMBre used to characterize the samples’
structures. X-ray photoelectron spectroscopy (X&®) energy dispersive spectroscopy (EDS)
were applied to measure the samples’ compositioiifie static magnetic properties were
characterized by a superconductor quantum interéeredevice (SQUID) system. The

magnetization dynamics was studied by using fergimaic resonance (FMR) techniques.
2.4.1Structure characterizations

High-quality YIG thin films are required for bothienowave and spintronics applications,
as mentioned in Chapter 1. “High-quality” meargoad crystalline structure, which results in
the low damping in YIG. Ideally, perfect singleystal YIG bulks have the lowest damping of
3x10°.  If the quality of the crystalline structure deels, the microwave loss increases and the
damping constant increases by a factor of 10 to 10lerefore, the magnetic damping can be
reflected by the quality of the crystalline struetuwvhich is generally determined by XRD
techniqgues. Two XRD testing modes are demonstratdtlis dissertation. One is thef2-
scan, which gives the information about the crystantation, grain size, and even strain/stress
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in the lattice. The other is the rocking-curve modh which the full width at the half
maximum (FWHM) tells the quality of the crystalg.i.the narrower FWHM means higher

quality.

Figure 6 shows a typical XRD 2scan for our nanometer-thick YIG films. Usingaage
angle range (20 to 90 degrees), only the (222)4)(44nd (666) diffraction peaks can be
observed. This indicates the YIG layer was epatfxigrown along the (111) direction of the
single-crystal GGG substrate. There is no othaseldetected in this range. The inset shows
the rocking curve of the strongest peak (444). Tdueking curve measurements show two
results: (1) the clear separation of the YIG (4géak from the GGG (444) peak and (2) the

FWHM of the YIG (444) is as narrow as that of thé G (444) peak.

These two points together indicate the highly aliged structure of the YIG film.SEM
measurements can give both the surface topographgrass-section images of the testing film

samples. The former provides the information eglab the film’s uniformity, continuity, grain
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FIG. 6. XRD 26 scan and rocking-curve (inset) for a typical YHntfilm.
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size, and even the crystal structure. The latigayd tells the thickness of each layer, interlayer
diffusion, and also the crystal structure. As &potsurface topography characterization tool,
AFM is generally used to obtain the surface roughnef the film samples. In addition, the
uniformity, continuity, and grain size propertieancalso be characterized or measured by using

the AFM technique.

Taking the YIG/HCH/GGG* sample as an example, its multilayer structure ben
observed clearly in Figure 7(a) through the SEMsstsection measurement. Figure 7(c)
shows the SEM surface image of the same samplehwhdicates the film having very dense
nano grains. Figure 7(d) shows the AFM surfacegenand both the roughness and grain size
can be calculated by the statistics software iategkin the AFM system. Note that “HCH” in
this sample refers to a layered HEAN/Cu/HEAN stoetwhere HEAN denotes high entropy

alloy nitrides.

EDS and XPS are the most common tools of elemendédysis. They have similar

266 nm HEAN
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FIG. 7. (a) Cross-section SEM, (b) cross-section EDS,{dpse SEM, and (d) surface
AFM images of a YIG/HEAN/Cu/HEAN sample.

Y. Sun, Y.-Y. Song, and M. Wu, Appl. Phys. Lett@1, 082405 (2012).
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principles. As a beam of high energy electronkesdrthe sample, an X-ray is excited and
detected. The EDS is usually integrated with tEMSand shares the same electron beam.
Figure 7(b) shows the EDS result for the same af¢lae sample measured by SEM (see Figure
7(a)). Different colors stand for different comeats. Through the comparison of Figures
7(a) and 7(b), one can check the interfacial diffiasand find out the actual layer-to-layer

boundaries.

Figure 8 shows one typical XPS result for our nah@ films. Different elements or the
same element with different states have their owigque XPS peaks. These peaks can be

characterized by the bonding energy. In other waitte elemental composition, chemical state,

1.5

.: .: H
n

Intensity (x 10%)

o
w

0.0 T Vlll T T T 1
740 720 700 165 160 155 150
Binding energy (eV)

FIG. 8. XPS spectrum of Fe and Y in a YIG sample

and electronic state can all be determined by timelimg energy of the XPS characteristic peaks.
The atom ratio measurement is another importardtiom of the XPS technique. In Figure 8,
for example, the area under the double-peak onetiieside gives the relative amount of Fe
atoms, while the area under the peaks on the sigktgives the amount of Y atoms. Therefore,
the atom ratio is actually equal to the ratio of tfwreas. The details about the atom ratio

analysis by XPS are presented in Chapters 3 and 4.
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2.4.2Measurements of static magnetism

As a ferrimagnetic material, YIG has the saturatimiuction (4Ms) of 1750 G. Because
the GGG substrate is a paramagnetic materialMHi¢ measurements of YIG/GGG actually
give the overall magnetic signals from both theifeagnetic YIG and the paramagnetic GGG.
In theory, the ferrimagnetic material has hysterdghavior in theVl-H measurement, while
paramagnetic materials show a linear response. nilieethickness of YIG is reduced to the
nanometer scale, the magnetic moment of the YI@rlaan be as low as 20emu if the
sample’s in-plane dimension is in the millimetealsc This makes the substrate magnetic
moment have the dominant contribution to the oVesmnal, which leads to the measured
YIG/GGG M-H loop having an obvious linear response. To olttarhysteresis loop of a YIG
layer, the substrate’s paramagnetic contributicededo be removed by subtracting the slope of
the data measured at the high field range. The Figt should be far beyond the YIG’s
saturation field. Because of its superconductap)oSQUID has very high sensitivity in
comparison to other static magnetic measuremenipegmt such as a vibrating sample
magnetometer (VSM) and @n-H looper. SQUID can also be used for temperatupeiagent
magnetization and electrical transportation measands. The SQUID measurement

temperature can be as low as the temperaturewd lieglium temperature at 4 Kelvin.

Figure 9 shows th#&1-H loop before and after subtracting the substratdribmtion. The
graph on the right side is a typical hysteresiplobnanometer-thick YIG films. Such samples
have a very small coercivity and a very small stan field. The saturation induction can be
calculated through dividing the saturated magmatienent by the volume of the film. For our

nanometer-thick YIG films, the saturation inductisrabout 1300 G.
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FIG. 9. M-Hloop of a YIG/GGG sample measured by SQUID. Ltbi: measured response
Right: theM-H loop after the removal of the paramagnetic coutiiim.

2.4.3Ferromagnetic resonance

In magnetic materials, a torque exists if the mégaton has a different direction from the
external magnetic field. This torque will resultthe magnetization precession. If the angle
doesn’'t change during the precession, it is callelorm precession. However, in the real
materials, the interactions of magnon-phonon, magglectron, and magnon-magnon will damp
the precession. Without a driving force, the pssan angle will be reduced with time and
finally become zero. Such types of processes atledc magnetization relaxation. The
research field of magnetization dynamics is mairyated to the study of the damping
mechanism, relaxation time, spin transfer torqueman wall motion, and magnetization
switching, and so on. Ferromagnetic resonanceidlyw used to study the magnetization
dynamics. The measurement of the FMR responseonbt gives the values of the
magnetization dynamic quantities of the materie¢ lihe damping and the relaxation rate, but
also tells the information about the static magnptoperties including the saturation induction

and the anisotropy field. In the following, the RMechnique is introduced in detail.
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One of the main issues related to the magneticlatmubased spintronics is the mutual
interaction between spin currents and magnetizgir@cession. A spin current can influence
the magnetization precession through the angulanentum transfer at the magnetic insulator
(MI)/normal metal (NM) interface. This is realize@ther by the interfacial spin scattering or by
spin pumping. The FMR technique is the direct rodtto test the damping and determine the

efficiency of angular momentum transfer quantitaiipy

As mentioned above, FMR is the most typical techaiqo study the magnetization
dynamics. If there is some kind of driving forcattlovercomes the damping, as shown in Figure
10 (a), the magnetization can process without aatgeh in the precession angle. This is called
driving precession. In the FMR system, the driviiogce is in the form of a microwave
magnetic field, whose direction is perpendicular ttee external magnetic field. The

magnetization dynamics can be described by thee@idguation,

d—M:—|}/|M xH +-2-M ><M (2.3)
dt M dt

S

where o is the damping constant and its value can be mi@ted by FMR measurements.
There are two kinds of FMR scan modes: the fiekhsand the frequency scan. The former is
done at a fixed microwave frequency with the maignéld changes continuously, while the
latter makes the magnetic field constant and tbguiency changes. Whatever the scan nmde
once the field/frequency meets the resonance dondithe material under test will have the
maximum power absorption. For example, the FMResgsshown in Figure 10(b) has the
field scan mode. During the measurements, the leammput into the cavity or the shorted

waveguide. These are located in the center of tignetic field. Then microwaves are sent out
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by the microwave generator and propagate alongwidneeguide to reach the sample. The
lock-in amplifier and modulation field are also dder the measurements. Figure 10(c) shows
a representative FMR profile measured by the fdedn mode. The y-axis refers to the
absorption derivative, which is the first-order idative of the power absorption. The
difference between the peak and dip of the pradildefined as the peak-to-peak linewidth. In
this dissertation, all the linewidths are referriogthe peak-to-peak linewidths. Generally, the
FMR linewidth increases with the microwave frequencThe relationship between the FMR
linewith and the frequency has a linear responsmme cases as shown in Figure 10(d), and is
therefore described by a linear equation

AHpyg = AH0+%2|%|% (2.4)
The Gilbert damping constant is proportional to shape of the straight line, i.e. a steeper slope
indicates a larger damping constant. The discossmbove indicates that the

frequency-dependent FMR measurements will giveSitigert damping values of the samples.

In the spin pumping experiments, the damping ofagmetic insulator (M) is enhanced
because the angular momentum transfers out of tagnetic layer. The interfacial spin
scattering has two situations regarding the dampirange. (1) If the spin current’s polarization
is parallel to the magnetization of the MI, theundd torque counters the damping. (2) If the

polarization is anti-parallel to the magnetizatithrg torque increases the damping.
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FIG. 10. (a) Schematic diagram of magnetizatie@ctession. (b) Schematic diagram of an FMR
system. (c) A representative FMR profile. (d)ean response of frequency-dependent FMR
linewidth.

22



CHAPTER 3

GROWTH OF YIG NANO FILMS

3.10verview of YIG growth

It is known that liquid phase epitaxy (LPE) is tbest technique for the growth of

25,26,27

micron-thick YIG films, while PLD and radio-frequency (RF) sputtering ate t

techniques of choice for the deposition of subnmiettick films?28:29:30:31.32:33.34.35.36 ¢ ig 3150
possible to use PLD techniques to grow micron-thé®& films with very narrow linewidth (for
example, about 1 Oe at 9.5 GH2J® These films, however, show effective anisotroieydf
one order of magnitude larger than those of LP&Edil The realization of high-quality YIG
films usually requires the use of high temperat(#@0-900°C). However, there are also

reports where one deposits YIG films via sputtermigoom temperature first and then makes

use of high-temperature annealing to improve thadityuof the films>®

C. LeCraw, E. G. Spencer, C. S. Porter, Phgsie, 110 1311 (1958).

C. Linares, R. B. McGraw, and J. B. Schroedlekppl. Phys36, 2884 (1965).

Shone, Circuits Systems Signal Procds89 (1985).

8 P, C. Dorsey, S. E. Bushnell, R. G. Seed, andit@r\a, J. Appl. Phys74, 1242 (1993).

29 M.-B. Park, B. J. Kim, and N.-H. Cho, IEEE TraMagn.35, 3049 (1999).

%0 Y. Krockenberger, K.-S. Yun, T. Hatano, S. Arisala Kawasaki, and Y. Tokura, J. Appl. Ph{68,
123911 (2009).

¥ 3. A. Manuilov and A. M. Grishin, J. Appl. Phyi©8,013902 (2010).

%2 T, Boudiar, S. Capraro, T. Rouiller, M.-F. Blandgvlon, B. Payet-Gervy, M. Le Berre, and J.-J.
Rousseau, Phys. Stat. Sol. (CB347 (2004).

¥ 3. Yamamoto, H. Kuniki, H. Kurisu, M. Matsuuragda® Jang, Phys. Stat. Sol. (201,1810 (2004).

% S.-Y. Sung, X. Qi, and B. J. H. Stadler, Apply®Hh_ett.87, 121111 (2005).

% Y.-M. Kang, S.-H. Wee, S.-I. Baik, S.-G. Min, S.~@, S.-H. Moon, Y.-W. Kim, and S.-I. Yoo, J. Appl
Phys.97,10A319 (2005).

% 3. A. Manuilov, R. Fors, S. I. Khartsev, and A. Gtishin, J. Appl. Physl05 033917 (2009).

R.
% R
M.

23



In contrast to considerable previous work on th@wgin of micron- or submicron-thick YIG
films, little work has been carried out on the gtiowf nm-thick YIG films so far. There are
two reports on the realization of YIG nano films BYD techniqued’*® Reference [37]
focused on the thickness dependence of the steuand magnetization of PLD YIG nano films
but provided no information on the damping of tim$. In Ref. [38], the PLD YIG nano
films showed a peak-to-peak FMR linewidth of ab@&@0 Oe, which is three orders of

magnitude lager than those in bulk YIG crystals.

3.2High-quality YIG nano films deposited by PLD

This chapter presents experimental results thatodstrate the feasibility of the growth of
high-quality YIG nano films by PLD techniques witiptimized control paramete?s. The
deposition used (111) GGG substrates. The filmhb withickness between 5-35 nm exhibited
a (111) orientation and showed a surface roughmesthe range of 0.1-0.3 nm. The
10-nm-thick films showed an FMR linewidth of ab@&@iOe at 10 GHz and a damping constant
of about 3.2x18.  This linewidth is 50 times smaller than thataepd previously for the YIG
films of similar thicknesse®¥ The damping constant is only one order of mageitarger than
the intrinsic value of YIG crystals (see Table hdas one to two orders of magnitude smaller

than that of ferromagnetic metallic nano filiig°

37 N. Kumar, D. S. Misra, N. Venkataramani, S. Prasad R. Krishnan, J. Magn. Magn. Ma@#2-276,
€899 (2004).
% E, Popova, N. Keller, F. Gendron, M. Guyot, M.BZianso, Y. Dumond, and M. Tessier, J. Appl. Phys.

90,1422 (2001).

%Y. Sun, Y.-Y. Song, H. Chang, M. Kabatek, M. Jaitz Schneier, M. Wu, H. Schultheiss, and A.
Hoffmann, Appl. Phys. Letl01, 152405 (2012).
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For the YIG films discussed in this dissertatidme tleposition used 248 nm KrF excimer
laser pulses with a duration of 30 ns, 1-inch-diemeYIG targets, and 0.5-mm-thick
single-crystal (111) GGG substrates. The depositvas carried out in a high-purity oxygen
atmosphere (99.999%). Prior to the depositionstistem had a base pressure of 3.2%16rr.

To a large extent, the film quality depends on deposition and post-deposition annealing
control parameters. These parameters were opthiaethe growth of small-linewidth films
with thicknesses of 5-35 nm. For the data preseh&ow, the films were prepared with the
following control parameters. (1) The target-ttstuate distance was 7.0 cm. (2) During the
deposition, the substrate temperature was 790 85@rC, the oxygen pressure was fixed at 0.1
Torr, and the laser pulses had an energy fluende7o8/cri and a repetition rate of 1 Hz or 2
Hz. (3) Immediately after the deposition, the fimas annealed at the deposition temperature
for 10 minutes with the oxygen pressure increaseduglly from 0.1 Torr to 400 Torr. (4)

Cooling of the system was carried out in 400 Torygen at a rate of -2 °C per minute.

The morphological and structural properties of i€ nano films were analyzed through
scanning electron microscopy (SEM), x-ray diffranti XRD), x-ray reflectivity (XRR), x-ray
photoelectron spectroscopy (XPS), and atomic fonteoscopy (AFM) measurements. The
field-swept FMR responses were measured by micrewactangular cavities and shorted
waveguides with field modulation and lock-in detecttechniques. The YIG film samples
were about 2x2 mm squares. The external magnetasfwere applied in the plane of the
films. Unless otherwise specified, the FMR linethidAHg\r) values in this chapter all refer
to the peak-to-peak linewidths of FMR power absorptderivative profiles. TheAHgwr

values measured by cavities were consistent withelmeasured by shorted waveguides.
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Figure 11 shows representative data that demoestrateffects of the substrate temperature
Ts and the laser pulse repetition rteduring the PLD process. For the data in eachnaoju
the films were deposited at the safmendf. parameters. From column to column, the films
were deposited at either a differ@itor a differenff,.. In each column, the top graph presents
an AFM image of the film surface, while the bottgnaph presents an FMR profile. In all the
FMR profile graphs in this chapter and next chapter circles show the FMR data obtained at
9.5 GHz, the curves show Lorentzian fits, and ttieves indicate the linewidths obtained from

the fits. The linewidth uncertainties cited wetg#ained from the Lorentzian fitting.

Ts=850 °C, f =2Hz Ts=790 °C, f =2Hz Ts=790 °C, f =1Hz
(a) 20 nm film (b) 20 nm film (€) 11 nm film

/
0204 06 1'um

(d) 20 nm film

Absorption derivative

2700 2730 2760 2790 2820 2565 2585 2605 2625 2545 2565 2585 2605
Magnetic field (Oe) Magnetic field (Oe) Magnetic field (Oe)

FIG. 11. Effects of substrate temperatliy@and laser pulse repetition rdteon the quality of PLI
YIG nanofilms. The first row shows surface AFM images. eTéecond row shows 9.5 G
FMR power absorption derivative profiles.

The comparison between the images in graphs (a)(l@nthdicates that the highék is
favorable for the realization of films with smoothsurfaces, and the comparison between (b)

and (c) suggests that the loweris favorable. Specifically, the surface roughnesisies for

26



the films cited in graphs (a), (b), and (c) are6&@.04 nm, 0.32+0.10 nm, and 0.22+0.01 nm,
respectively. Note that all roughness values citedhis chapter are averages over the
measurements on five differenpirhxlum areas, and the uncertainties are the correspgpndin
standard deviations. The comparison of the datavshin graphs (d)-(f) suggests that the

higher theTs and the lower thé are, the smaller the FMR linewidth is. The reagmmthis

result is discussed in Chapter 4.

The XPS spectra for the films cited in Figs. 1X((@)are given in Fig. 12. The peaks at
lower binding energy are for* ions, while those at higher energy are fot'Fens. One can
see that these spectra differ from each other. uéntitative analysis on the XPS data yields
Y:Fe=3.0:2.1 for the "790 °C, 2 Hz" film, Y:Fe=3203 for the "850 °C, 2 Hz" film, and
Y:Fe=3.0:2.6 for the "790 °C, 1 Hz" film, which aliffer from the expected ratio Y:Fe=3.0:5.0.

The ratio Y:O, however, equals 3.0:11.7 for alethfilms, which almost matches the expected

161 === 20nm film (790 °C, 2Hz) -20
20 nm film (850 °C, 2Hz),
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FIG. 12. XPS profiles for PLD YIG nano films grovan different substrate temperatures and laser
pulse repetition rates, as indicated.
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ratio Y:0=3.0:12.0. These results indicate tharehis a deficiency in Fe on the YIG film

surface, and this deficiency is smaller if a highgor a lowerf_ is used during the deposition.

Figure 13 shows data for an 11-nm-thick YIG filmpdsited afTs =850 °C and, =1 Hz,
which are the highe&t and the lowesfy available in our laboratory. Graphs (a) and (mve
the XRD spectra for a (111) GGG substrate alonefanthe YIG sample, respectively. The
comparison between the two spectra confirms thetexce of the YIG phase in the sample and
does not indicate the existence of any additiohalsps. Graph (c) shows a spectrum with an
expanded angle scale. This spectrum indicatesthigatylG film has (111) orientation, as

expected. The polar graph in (d) shows the angpeddence of the FMR field measured with

rotating the external magnetic field in the plah¢he YIG film. The data indicate that the film
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FIG. 13. (a) XRD spectrum of a (111) GGG substrai®) and (c) XRD spectra of an 11-nm-thick
YIG film. (d) and (e) FMR data for the same YIAnfi The polar graph in (d) shows the
angle-dependent FMR field. In (e), the circles vghine FMR profile and the curve shows a
Lorentzian fit. The FMR measurements were camigidat 9.5 GHz with in-plane external fields.
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has rather weak in-plane anisotropy with an efecéinisotropy field in the 0-7 Oe range. This
field is much smaller than the value for singlestay (111) YIG films, which is mentioned in
Chapter 2. One can expect two types of in-planso&opy in the YIG film: (i) three-fold
magneto-crystalline anisotropy in correspondenci wie (111) orientation and (ii) two-fold
anisotropy due to the fact that in the PLD prod¢hsesplasma plume axis has a small angle (about
10° with the normal direction of the GGG substratéhe anisotropy shown in graph (d),
however, is neither three-fold nor two-fold. Thmsy suggest the coexistence of both types of
the anisotropy. Graph (e) shows the 9.5 GHz FMRRilpr The linewidth indicated is smaller

than those of other films of similar thickness d&pexl at either a lowéls or a highef, .

The above-discussed results together with additioesults not presented here indicate
three important points. (1) The PLD techniques lbarused to grow high-quality YIG nano
films. As indicated by the AFM images in Fig. e YIG films show smooth surfaces, with a
surface roughness range of 0.1-0.3 nm. Such snsawfaces will allow for the realization of
good interfaces in nano YIG film-based multilayereeterostructures. As indicated in Fig.
11(f) and Fig. 13(e), the YIG nano films show FMiRewidths much narrower than that of
ferromagnetic metallic films of similar thickneSs® This demonstrates the advantages of YIG
nano films over ferromagnetic metallic nano filnmsterms of spintronics applications. For
spin-torque nano-oscillators, for example, filmsthwismall damping are desired for the
realization of low threshold currents and narrowediml linewidthg'®*#2  (2) HigherTs and

lower f_ values are desirable during the deposition in otdeealize high film quality. High

“0 D. C. Ralph and M. D. Stiles, J. Magn. Magn. Ma8&6, 1190 (2008).

*1'S. Bonetti, V. Teberkevich, G. Cansolo, G. FinaegcR. Muduli, F. Mancoff, A. Slavin, and J.
Akerman, Phys. Rev. Lett05, 217204 (2010).

*2 K. Mizushima, K. Kudo, T. Nagasawa, and R. Sat®hys.: Conf. Ser266, 012060 (2011).
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temperature helps the film crystallization, whitevllaser repetition rate allows for slow growth.
As a result, they are both beneficial for the glowf high-quality films. (3) There is a
correlation of the FMR linewidth with the surfacaighness and the deficiency of Fe on the film
surface. Specifically, the linewidth increaseshwibth surface roughness and Fe deficiency.

The underlying physical mechanism for this coriefais discussed in Chapter 4.

3.3Summary

In summary, this chapter demonstrates the feasibai PLD growth of narrow FMR
linewidth YIG nano films and reveals the FMR lineltyi properties in such films. High
substrate temperature and low laser pulse repetitade are desired in order to achieve
high-quality films. The correlation of the linewidwith the surface roughness and the surface
Fe deficiency indicates that the linewidth contamssignificant contribution from surface
defects. This observation was supported by exmarisnon films with surface treatment and

films of different thicknesses, as discussed innet chapter.
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CHAPTER 4

SURFACE DEFECTS-CAUSED DAMPIN IN YIG

NANO FILMS

4.1Surface defects-associated two-magnon scattering

The experimental data presented in Chapter 3 shawthe FMR linewidth in YIG nano
films increases with both surface roughness anthsairFe deficiency. One can explain this
observation in terms of two-magnon scattering:filme surface imperfection serves as sources
for the scattering of the uniform FMR mode into aonform spin-wave modes, and such film

imperfection-caused scattering manifests themselses increase in the FMR linewidfi{?

The above explanation gives rise to two expectatias follows. First, if a surface
treatment is carried out to reduce surface defects,can expect weaker two-magnon scattering
and a corresponding reduction in FMR linewidiigyg. Second, an increase in film thickness
should decrease the contribution of the film swefassociated damping to the overall damping
of the film and thereby lead to a reductionAHgrvr. Indeed, both expectations are verified

experimentally, as discussed below.

*3 R. D. McMichael and P. Krivosik, IEEE Trans. Mad®, 2 (2004).
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4.2Surface treatment by low-energy ion etching

The surface treatment was carried out through loargy A ion etching in a sputtering
chamber, with the YIG film attached to the substtadlder and the RF source also applied to the
substrate holder. During the etching, the sputtepower was 10 W, the film temperature was
400 °C, and the film was rotated at 40 rpm. Ptiothe etching, the sputtering chamber had a

base pressure of 3.0 Xi@orr.

Figures 14 and 15 show data that demonstratedetthection ofAHgur Vvia the surface
treatment. In Fig. 14, graphs (a)-(c) presentGHz FMR profiles for an 11-nm-thick film
before and after a low-energy ion etching procassndicated. Graphs (d) and (e) show the

FMR linewidth AHgwr and FMR field Hgz as a function of etching tinte  Graph (f) gives

the effective saturation inductioazm,, Vvalues, which were estimated with

o= 27|y Hewr (Hewr +47M o) (4.1)

where o is the angular frequency used in FMR measuremamds }j|=2.8 GHz/kOe is the
absolute gyromagnetic ratio. The calculations ubedHgzVvalues given in graph (e). Since

the in-plane anisotropy field in YIG nano filmsredatively weak as shown in Fig. 13(d), it was
not considered in the calculations. Figure 15 giserface AFM images and XPS spectra of

the 11-nm-thick film before and after the surfattehimg, as indicated.
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FIG. 14. Graphs (a), (b), and (c) give FMR prafifer an 11-nm-thick YIG film before etching,
after 10-minute etching, and after 25-minute etghmespectively. Graphs (d), (e), and (f) show
FMR linewidth, FMR field, and effective saturatiomduction of the YIG film, respectively, as a
function of etching time.

It is evident from the data in Figs. 14 and 15 #gpropriate ion etching can significantly
improve the film surface quality and reduce the FMRwidth. Whente<25 min, an increase
in te results in a smoother surface, a lower deficignclye, and a smallexHgyr. Whente is
increased further, however, the film quality becem@rse. The change in the FMR linewidth
with te is clearly shown in Fig. 14(a)-(d). The changéhia surface smoothness is as follows: a
25-min etching led to a significant reduction ire thurface roughness, from 0.24+0.01 nm to
0.12+0.01 nm; a 40-min etching did not lead to dhier reduction, but to a larger roughness
which is 0.17+0.01 nm. The analysis of the XPSadatlicates that the surface Fe deficiency

changes withe in a similar manner: a 25-min etching resultechidecrease of the Y:Fe ratio
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from 3.0:2.6 to 3.0:3.2, and a 40-min etching resliin a slightly larger Y:Fe ratio which was
3.0:3.0.

Therefore, one can see that (1) the effect of tohirey time on the quality of the film

surface is consistent with that on the FMR lineWwidhd (2) there exists an optimal etching time

(a) No etching (b) 25-min etching

= No etching

25-min etching

16, = 4Q-min etching 2
o 1o PYiuN
812 24 S
X X
2 8 16 ¢
c c
3 4 8 3
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740 720 700 165 160 155 150

Binding energy (eV)

FIG. 15. Surface AFM images and XPS spectra faklanm-thick YIG film before and after surface
etching, as indicated.

(t=25 min). Future work is of interest that explathe existence of an optimal etching time
and optimizes various etching control parameterdtie realization of films with even higher
quality. Furthermore, the data in Fig. 14(f) irate that the etching results in an increase in

4zM, . This increase might result from the etching-ealusmaller Fe deficiency, as indicated
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by the XPS data, and possible etching-induced seiréaisotropy. The etching process might

also give rise to changes in Fe stdfesyhich affect both the magnetization and anisotrigig.

4.3Thickness dependent FMR linewidth

The results from Figs. 14 and 15 undoubtedly vetiiy first expectation described above.
The second expectation is verified by the FMR daditained for films of different thicknesses.
Figure 16 shows the data obtained for a 5.6-nnkthiktn, an 11-nm-thick film, and a
19-nm-thick film, which were deposited at the sai® conditions s =790 °C and_ =1 Hz).
The symbols in graph (a) shdwsyr as a function ofw/2z. The curves in graph (a) give fits
using Eq. (4.1) and the above-cited parameterse OFfty fitting parameter isizm,, , Which is
1.67 kG for the 11-nm-thick film and 1.88 kG foretli9-nm-thick film. The differences of
these values from the value expected for YIG ctygta75 kGJ are within 8%. In graph (b),
the symbols showtHgyr values measured at different frequencies, andiriee present the fits

1 204 @

with AHFMR:AHO+ET2—, where AH, describes film inhomogeneity-caused line
y| 27

broadening ande.; is the effective damping constant. The lineatinf yields o
=(3.2+0.3x10* for the 11-nm-thick film anda. =(2.3+0.1x10% for the 19-nm-thick film.
These data clearly indicate that the thicker thm fs, the smaller both the FMR linewidth and

the effective damping constant are. It should bentoned that the two-magnon

scattering-produced linewidth generally changed riéquency in a nonlinear manner. This

* C. Burrowes, B. Heinrich, B. Kardasz, E. A. Morag¥. Girt, Y. Sun, Y.-Y. Song, and M. Wu, Appl.
Phys. Lett100, 092403 (2012).
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nonlinear response, however, can be quasi-lineaftowat frequencies for certain sample

configurations’

Two notes should be made. First, although the AR&ysis yields no information on the
Fe deficiency situation in the film volume, it igry likely that the Fe deficiency in the film
volume is much smaller than that on the film sufacThis is because the:m,, values cited
above are all close to the standard saturationciimu of bulk YIG crystals, and the XRD
spectra confirmed the crystalline YIG phase. Sdgceaonsidering the almost perfect matching
between the YIG and GGG lattice constaotge can expect that the defects at the YIG/GGG
interface are fewer than those at the YIG surfawe thereby make less contributions to the
overall linewidth than the surface defects. Futuoek that verifies this expectation is of great

interest.
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FIG. 16. FMR data (symbols) and theoretical ftar¢es and lines) for YIG films of different
thicknesses. Graph (a) shows the FMR field asnation of frequency. Graph (b) shows the
FMR linewidth obtained at different frequencies.

% K. Lenz, H. Wende, W. Huch, K. Baberschke, K. Namd A. Janossy, Phys. Rev7B 144424
(2006).
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4.4Summary

In summary, the above-presented results confirmi tha surface imperfection makes
notable contributions to the FMR linewidth and damgpof YIG nano films. Although the
damping constants cited above are one to two ofamsagnitude smaller than that in metallic
nano films, it is expected that one can furtheuoedthe damping of YIG nano films through the

use of highefls and lowerf,_ as well as the optimization of the surface etclpraress.
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CHAPTER 5

SPIN PUMPING AT NANO YIG/NORMAL METAL

INTERFACES

Effectiveness of spin angular momentum transfeosecl IG/INM interfaces is probably the
most fundamental issue to be addressed in the @mgawgsearch field of YIG-based spintronics.

One typically uses the spin mixing conductange to describe the interfacial momentum
transfer efficiency, and the value af,, depends critically on the spin transmission and

reflection coefficients at the interface. The spmixing conductance has been determined
experimentally for many ferromagnetic metal (FM)/NiMerfaces; and the experimental values
have often agreed with theoretical predictidh¥.*® The spin mixing conductance at the
YIG/NM interfaces may significantly differ from thaat the FM/NM interfaces due to the
insulating feature of the YIG layer. The phasdhaf reflection parameter also becomes a key

factor. The transfer of spin angular momentum E&/XM interfaces is realized through s-d

Y. Tserkovnyak, A. Brataas, and G. E. W. BaueysPRev. Lett88, 117601 (2002).

7 B. Heinrich, Y. Tserkovnyak, G. Woltersdorf, A.@aas, R. Urban, and G. E.W. Bauer, Phys. Rev. Lett
90, 187601 (2003).

8 B. Kardasz, O. Mosendz, B. Heinrich, Z. Liu, andMeeman, J. Appl. Phy$3 07C509 (2008).
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exchange interactions, where “s” refers to the cotidn electrons in the NM layer and “d”

refers to the local electrons in the YIG layer.

5.1About spin pumping

In a ferromagnetic thin film with an adjacent nofmmeetal (NM) layer, the precession of the
magnetization produces a spin current that flowsnfthe ferromagnet/NM interface into the
NM layer. This effect is known as spin pumping.onSiderable work has been carried out on
spin pumping in ferromagnetic metal (FM)/NM struets since the early 2006%*47:°0:1
Very recently, spin pumping has also been obsenvederromagnetic insulator (FI)/NM
Systems.f4'52’53‘54’55’56'57

Spin pumping involves the transfer of spin angutamentum at the ferromagnet/NM
interface. This spin transfer manifests itselfvag main effects, a pure spin current in the NM
film and a damping torque for the magnetizationcpssion in the ferromagnetic film.
Theoretical study indicates the real part of spirimy conductance plays the dominant role in
the angular momentum transfer at the FM/NM intexfac Re(g,,) is defined by the

equatioft®>*

%9 S. Takahashi, E. Saitoh, and S. Maekawa, J. Rlyys. Ser200, 062030 (2009).

% R. Urban, G. Woltersdorf, and B. Heinrich, PhyevR_ett.87, 217204 (2001).

°L 3. Mizukami, Y. Ando, and T. Miyazaki, Phys. RBV66, 104413 (2002).

2 C. W. Sandweg, Y. Kajiwara, K. Ando, E. Saitohdd® Hillebrands, Appl. Phys. Let87, 252504
(2010).

3 C. W. Sandweg, Y. Kajiwara, A. V. Chumak, A. Ar§a, V. |. Vasyuchka, M. B. Jungfleisch, E. Saitoh,
and B. Hillebrands, Phys. Rev. Let06 216601 (2011).

*4 B. Heinrich, C. Burrowes, E. Montoya, B. KardaBzGirt, Y.-Y. Song, Y. Sun, and M. Wu, Phys. Rev.
Lett. 107, 066604 (2011).

> H. Kurebayashi, O. Dzyapko, V. E. Demidov, D. FaAgJ. Ferguson, and S. O. Demokritov, Nature
Mater.10, 660 (2011).

% L. H. Vilela-Le&o, C. Salvador, A. Azevedo, andVB.Rezende, Appl. Phys. Lef9, 102505 (2011).

57 \/. Castel, N. Vlietstra, J. Ben Youssef, and Biah Wees, Appl. Phys. Left01, 132414 (2012).
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Oy = %;(‘rT,m - ri,m‘z + ‘tT,m_ti, m‘z) (5.1)

wherer andt are the electrons’ reflectivity and transmissi@efticients at FM/NM interface,
respectively. The sum variable, refers to the number of transport channels, whics
learned from the quantum electric transport theolyimply speaking, if the transport is ballistic
type, which means no scattering, there is onlylefier right moving state on each energy level.
This ideal situation is called single channel modeln=1. Corresponding to the energy band
graph, the electrons have only one path to mowva feft/right chemical energy level to right/left
level.

In the real system, the interfacial electrons hantiple transverse modes of moving from
the left/right lead to the right/left lead. Eadtartsverse mode defines a transport channel.
That means the electrons havén>1) ways to move from one energy level to anothethe
energy band graph.

However, Eg. (5.1) is only true when the FM laygrconductive. For the insulating FM
layer, such as YIG, no electron can transmit ihi EM layer, and the transmission coefficient

thereby equals zero. On the other hand, the tefiigccoefficient has the amplitude of one and

is expressed in the form ofnN —1xe’’" Hence, the real part of spin mixing conductaimce

the insulator FM/NM structure can be simplifiedo®

Re(g,, ) = Z( - co@ﬂ —(pj)) (5.2)

n

From the experimental perspective, it is hard tiemeine Re(g,,) by measuring the phase

difference between the spin-up and spin-down alastr Alternately, one can determine
Re(g,,) by measuring the spin pumping-produced dampincacgment in the material, as
explained below.
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The angular momentum transfer involved in the gmimping process creates a torque
which enhances the damping of the magnetizationeggson in the FM layer. Based on Eq.
(2.1), one can derive the expression of spin pugipssociated damping. One can first define
the spin pumping-produced spin currdgts the rate of the angular momentum transfer pier u
area. Then the rate of the angular momentum &apsf unit volume can be writter*&%’

J M

whered and M are the thickness and saturation magnetizatiothefFM layer, respectively.

Multiplying —|y| on both the sides of the angular momentum dynaapi@tion

ol n 1. o
a:mXH_47Z-MSRe(gT‘L)amXE (54)
one obtains
om % 1. om
E_—|7/|m><H+4 | | Re( N) me (5.5)

Comparing it with the torque equation

A

6—m——| ImxH+«a Axﬁ_m 5.6
ot 4 il ot (5.6)

one can write the spin pumping-induced damping as

_ hly| Re(gm)l O Re(gN)

A, = — o =
P 4zM g o 7 4zM, d (6.7)

where w5 is the Bohr magnetron argl 4tM,, andd are the Landé factor, saturation induction,
and thickness of the FM layer, respectively. Emuma{5.7) gives the quantitative relationship

between the momentum transfer and the spin pumpiohgzed damping enhancement of the FM
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layer. Thus, one can first determine the spin gamplamping through FMR measurements

and then use Eq. (5.7) to evaluate the spin migargluctance.

5.2Spin pumping at YIG/Au/Fe interfaces

Since spin pumping is an interfacial effect, thendang enhancement can only be observed
in the nanometer-thick FM films. The low-dampingno YIG films discussed in previous
chapters have been used to study the spin pumpinthea magnetic insulator (MI)/NM
interfacé”.

9-nm-thick YIG films were successfully depositedsangle-crystal GGG substrates by PLD
techniques with optimized deposition conditions.. Heinrich et al built the multilayer
structures on the top of the YIG films by moleculsam epitaxy techniques. The whole
structure is GGG/YIG/Au/Fe/Au. The spin pumpinguais at the YIG/Au interfaces. The Fe
layer acts as a spin sink to dissipate spin cwsrantl allow for the continuous generation of spin
currents at the YIG/Au interface. To determine #pén mixing conductance at the YIG/Au
interface, one only needs to measure the spin mgvipduced damping. In this section, the
spin pumping is considered as the only contributionthe additional damping. The spin
pumping-induced damping is thereby simply equah®damping of the whole YIG/Au/Fe/Au
structure minus the damping of the bare YIG samplEMR techniques are used to measure the

damping.
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The FMR linewidth has the linear response to theromvave frequency and the fitted slope
is proportional to the damping as shown in equafibd). In Fig. 17, the solid circles show the
FMR data of the bare YIG sample, while the solidasgs show the data from the YIG/Au/Fe/Au
structure. Note that the data in Fig. 17 are lierEMR in the YIG films only; and the FMR in
the Fe layer occurs at significantly different fuegcies and therefore does not affect the spin
pumping at the YIG/Au interface. After knowing thpein pumping-produced damping, the real
part of the spin mixing conductance was calculdigdusing Eq. (5.6) and the following

parametersd=9 nm, g=2.027, u,=9.274x10" erg/G, and #M_=1.31 kG. The calculated

spin mixing conductance for the YIG/Au is 1.2*¥6n?. This value is about one order of

magnitude smaller in comparison with the spin ngxconductance of the metallic FM/NM
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FIG.17. Frequency dependence of FMR linewidth fobae YIG sample and a
YIG/Au/Fe/Au sample.

interface. The much smaller spin mixing conductaimcthe MI/NM system is due to the zero

electron transmission at the interface.
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The spin pumping at the YIG/Au interface can beagided by the chemical modifications
of the YIG film surface through Arion beam etchin§®  After low energy and low incidence
angle etching at 400 °C, the spin mixing conduaancreased by a factor of five in comparison
of the untreated YIG/Au interface. Such enhancenserelated to the change of the chemical
states of Fe and O, which was confirmed by X-ragtpélectronic spectrometry. The data in

Table Il. indicate that the spin pumping-inducedngang increased significantly through *Ar

etching.
Table II. Ar etching impacts.
Sample 81l i 'Lrwcﬁ Luntreated Setched Gy Oy
10™cm > kOe 103 103 10° 10°
S 1.958 0.5
52 0.9 1.706 0.7
S3 1.728 0.5 0.3 1.4
54 4.9 2.116 (.5 0.5 6.9
S5 5.0 1.997 0.3 6.9
S6 3.6 2.031 0.3 1.4 0.1

5.3Spin pumping at YIG/Cu interfaces

The last section presents the determination ofsfiie mixing conductance at an YIG/Au
interface. Will one obtain similar values in oth¥iG/NM interfaces? To answer this
guestion, the spin mixing conductance was detemniioe YIG/Cu interfaces, as discussed

below.
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Figure 18 shows the FMR linewidth vs. frequencyoeses for the bare YIG, YIG/Cu, and

YIG/Cu/Pt samples. The symbols refer to the expental data, while the lines show the
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FIG. 18. FMR linewidth as a function of frequerfoy three samples, as indicated. The symbols
show the data, while the lines show fits with E42j.

theoretical fits with Eqg. (4.2). Table lll presenhe effective damping constant.f) values

for eight samples. These values were obtainedugfirothe fitting of the linewidth vs.
frequency data with Eq. (4.2), as shown represeptgtin Fig. 18. The error bars give the
corresponding standard errors in the fitting. Teknesses of the samples were given in Fig.
18 as well as Table Ill. For all the samples, W& and Pt thicknesses are 35 nm and 23 nm,
respectively. All the samples were prepared by RéEhniques. The details about the PLD
techniques were demonstrated in Chapter 3. Tha RlaD control parameters for the growth

of the YIG, Cu, and Pt layers are summarized ind &i.
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Table Ill. Effective damping constantgf) of YIG, YIG/Cu, and YIG/Cu/Pt samples.

Sample Damping constantte
YIG(35nm) (8.7+0.4)x10
YIG(35nm)/Cu(1.4nm) (11.5+0.8)xT0
YIG(35nm)/Cu(2.8 nm) (9.5+1.0)x10
YIG(35nm)/Cu(5.5 nm) (10.1+0.4)x10
YIG(35nm)/Cu(12.7nm) (9.4+0.8)xT0
YIG(35nm)/Cu(9.9nm)/Pt(23nm) (15.7+1.1)x10
YIG(35nm)/Cu(12.7nm)/Pt(23nm) (16.3+0.6)%%10
YIG(35nm)/Cu(16.8nm)/Pt(23nm) (16.8+1.7)%10

The data in Fig. 18 and Table Ill together show sigmificant results. First, the growth of
a Cu layer onto the YIG film yields small increageshe FMR linewidth and damping constant
of the YIG film. These increases might indicatattthe Cu growth process slightly enhanced
the imperfection on the YIG surface. As discusse@hapter 4, the surface imperfection can
serves as the sources of two-magnon scatteringhemelby contributes to the damping increase
of the YIG nano films. There also exists anoth@rtabution: the spin pumping at the YIG/Cu
interface, but this contribution should be very Brdae to the fact that the thicknesses of the Cu
films in the YIG/Cu samples are all significantlgnaller than the spin diffusion length in Cu

(1¢=500 nm)>®

8 T. Kimura, J. Hamrle, and Y. Otani, Phys. Re¥ 8014461 (2005).
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Table IV. Main control parameters for pulsed ladeposition (PLD)

PLD parameters YIG Cu Pt
Laser pulse energy fluence (JRm 1.7 1.3 1.3
Laser pulse duration (ns) 30 30 30
Laser pulse repetition rate (Hz) 2 5 5
Substrate-to-target distance (cm) 7.0 5.0 5.0
Substrate temperature (°C) 790 25 25
Base pressure (xI0orr) 3.4 7.3 6.7

Second, the growth of a Pt capping layer onto a/&lGsample results in rather significant
increases in both the FMR linewidth and dampingstamt. For example, the growth of a
23-nm-thick Pt layer onto the YIG(35 nm)/Cu(12.7)nsample gave rise to an increase in the
damping constant of about 73%. This damping ergraeat is due to the fact that the Pt layer
had a thickness larger than the spin diffusion tlerig Pt (lg=1.4 nnt® or 10 nn§%) and hence
effectively dissipated the spin current from theG¥Tu interface. The spin mixing
conductance at YIG/Cu interface was evaluated tirothe measurement of the additional

damping caused by spin pumping.

Table V gives the spin pumping-induced dampiggand the calculatedke(g,,) values for

three YIG/Cu/Pt samples.asp Was estimated by the damping values in Tablerltl the spin

mixing conductanceRe(g,,) was calculated by using Eq. (2.2) wittMk=1.3 kG andy=2.02>*

9 L. Liu, R. A. Buhrman, and D. C. Ralph, arXiv:13702 (2012).
% L. Vila, T. Kimura, and Y. Otani, Phys. Rev. L&38, 226604 (2007).
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All the three samples have the similar spin mixaogductance values and the average is very
close to that at the YIG/Au interface. This resuggests that the efficiency of spin angular

momentum transfer at the YIG/NM interface is indggent of the NM material selection.

Table V. Damping due to spin pumping and spin ngx¢onductance in YIG/Cu/Pt samples.

Sample Osp Re(@;))

YIG(35nm)/Cu(9.9nm)/Pt(23nm)  5.6x10* [1.4x10" cm?®

YIG(35nm)/Cu(12.7nm)/Pt(23nm)  6.2x<10* [1.Ex10** cm?

YIG(35nm)/Cu(16.8nm)/Pt(23nm)  6.7x10* [1.6x10" cm?

In this experiment, all the NM layers were direcgisown on the as-deposited YIG films
without any surface pre-treatment. Since the loergy ion etching should be helpful to
reduce both the surface Fe deficiency and surfagghness of YIG nano films, future work is
of great interest that optimizes the ion etchingcpss to further improve the efficiency of spin

angular momentum transfer at YIG/NM interfaces.

5.4Summary

In this chapter, we studied the spin pumping eftacYIG/NM interfaces. The important
physics parameter — the spin mixing conductance detsrmined via the FMR measurements.
The value of the spin mixing conductance at the /KIG interfaces is about 1/10 of that at
Fe/NM interfaces. To enhance the efficiency ofudagmomentum transfer at the interface,
one can use the low energy and low incident angfeigh beam to etch the YIG film surface.
This etching can change the chemical states ohBeOaand thereby lead to the enhancement of
the spin pumping effect at the YIG/NM interface.
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CHAPTER 6

DAMPING ENHANCEMENT IN YIG NANO FILMS

DUE TO PLATINUM CAPPING LAYERS

6.1Damping in YIG/Pt bilayer structures

Generally speaking, damping in a magnetic materaad be realized through two main
routes®*"*®  One route is the redistribution of energy witkfile magnetic subsystem through
magnon-magnon scattering, such as three- and fagnan scattering and the scattering of
magnons upon material imperfections as discusséthapter 4. The other is the transfer of
energy from the magnetic subsystem to non-magrailasystems, such as phonons and
electrons. In a ferromagnetic thin film with anamknt normal metal (NM) film, there exists
another damping route - spin pumping, as discussdéthapter 5. The damping due to spin
pumping is fundamentally different from the two maoutes mentioned above: (1) it engages
energy transfer to external systems, not to theygibms within the same material; and (2) it is
an interface effect and hence plays an importalet oaly for thin films®3“®*! This chapter
presents experimental evidence for the preseneengiw damping in ferromagnetic thin films.
The samples consist of YIG nano films capped bififds. It is found that, when it is 3 nm or

thicker, the Pt capping layer gives rise to anaxtamping that is not only significantly larger
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than the expected damping from spin pumpiag)( but is also accompanied by a shift in the
ferromagnetic resonance (FMR) field. It is alsarfd that this new damping can be switched
off by the addition of a thin Cu spacer in-betweka YIG and Pt films. The new damping
originates from the ferromagnetic ordering in thet®mic layers near the YIG/Pt interface and
the dynamic exchange coupling between the "ordelédpins and the spins in the YIG film.
The FM ordering of the Pt electrons is due to tmexmity effect (MPE) at the YIG/Pt
interface®! 02063646586 Tha dynamic YIG-Pt coupling allows for the trasbf a part of the
intrinsic damping in the ordered Pt to the YIG filmDue to the FM ordering of the Pt atomic
layers at the interface, conventional spin pumgnogn the YIG film to the Pt film does not
occur. However, there exists spin pumping from Eé Pt into the paramagnetic (PM) Pt,
which contributes to the damping of the FM Pt. Tise of a Cu spacer switches off the MPE
and thereby turns off the new damping. The dam@rdgnoted asyvpe below, as its origin is

associated with the MPE.

Three important points should be emphasized. (f)ofigh the results presented below
were obtained with YIG/Pt structures, one can ekgeuilar results in any ferromagnet/NM

systems where the proximity effect exists, inclgdhi/Pt®?NiFe/Pt®* Fe/Pd®*and NiFe/Pd?

®L E. E. Fullerton, D. StoefBer, K. Ounadijela, B. Hah, Z. Celinski, and J. A. C. Bland, Phys. Rev. B
51, 6364 (1995).

%2 F. Wilhelm, P. Poulopoulos, G. Ceballos, H. WentleBaberschke, P. Srivastava, D. Benea, H. Ebert,
M. Angelakeris, N. K. Flevaris, D. Niarchos, A. Rigv, and N. B. Brookes, Phys. Rev. L88, 413
(2000).

8 \W. E. Bailey, A. Ghosh, S. Auffret, E. Gautier, Ebels, F. Wilhelm, and A. Rogalev, Phys. Re@3
144403 (2012).

® W. L. Lim, N. Ebrahim-Zadeh, H. G. E. Hentscheldss. Urazhdin, arXiv:1209.1802 (2012).

® S.Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. WahdVu, T. Y. Chen, J. Q. Xiao, and C. L. Chien,
Phys. Rev. Lettl09 107204 (2012).

g, Geprags, S. Meyer, S. Altmannshofer, M. Opéalyithelm, A. Rogalev, R. Gross, and S. T. B.
Goennenwein, Appl. Phys. Leti01, 262407 (2012).
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Thus, this work reveals another channel for magragimping via energy transfer into external
systems. (2) The new damping cannot be descrilyedxtsting modefR-®” and, therefore,

begs for new theoretical studies on damping inofaagnet/NM systems. (3) Very recently a
new research field has appeared that makes usel®fPY heterostructures to study new
spin-related physick?#4>#°7:6567.68,69.70,71,72.73,74.7 n derstanding and control of damping in
YIG/Pt structures presented below provide signiftaenplications for the future development of

this new field.

6.2Samples fabrication and characterization

The YIG, YIG/Pt, YIG/Cu, YIG/Cu/Pt samples were falated by PLD techniques. The
main PLD control parameters are given in Table IDetails on the PLD growth of YIG films
are provided in Chapter 3 and also in Ref. [39]he ¥IG/Cu and YIG/Cu/Pt samples where the
Cu surfaces are naturally oxidized are denotedl&Cu* and YIG/Cu*/Pt, respectively. For
these samples, the YIG and Pt layers were growRLY techniques, while the Cu layers were
deposited by DC sputtering at room temperature. foAshe samples discussed in Chapter 3,

the crystalline structure of each layer was cordgadnby x-ray diffraction measurements, the

7 S. M. Rezende, R. Rodriguez-Suérez, M. M. Soards, Vilela-Ledo, and A. Azevedo, Appl. Phys.
Lett. 102 012402 (2013).

® M. B. Jungfleisch, A. V. Chumak, V. |. Vasyuchka,A. Serga, B. Obry, H. Schultheiss, P. A. Beck, A
D. Karenowska, E. Saitoh, and B. Hillebrands, Aglys. Lett99, 182512 (2011).

%9 E. Padron-Hernandez, A. Azevedo, and S. M. Rezd®ues. Rev. Lettl07, 197203 (2011).

0 E. Padron-Hernandez, A. Azevedo, and S. M. Rezexpfdl. Phys. Lett99, 192511 (2011).

" A. V. Chumak, A. A. Serga, M. B. Jungfleisch, Ret\ D. A. Bozhko, V. S. Tiberkevich, and B.
Hillebrands, Appl. Phys. Letl00, 082405 (2012).

2. D.Qu, S. Y. Huang, J. Hu, R. Wu, and C. L. Chielys. Rev. Lett110, 067206 (2013).

® G. L.daSilva, L. H. Vilela-Le&o, S. M. Rezendad A. Azevedo, Appl. Phys. Left02, 012401
(2013).

M. B. Jungfleisch, T. An, K. Ando, Y. Kajiwara, Klchida, V. |. Vasyuchka, A. V. Chumak, A. A.
Serga, E. Saitoh, and B. Hillebrands, Appl. Phygtt.102 062417 (2013).

" N. Vlietstra, J. Shan, V. Castel, B. J. van Weesl, J. B. Youssef, arXiv:1301.3266 (2013).
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thickness of each layer was determined based ordépesition rate and time, the surface
roughness was determined by atomic force microscopgisurements, and the ferromagnetic
resonance (FMR) was measured in microwave shortaceguides and cavities with in-plane
magnetic fields unless otherwise specified. Aspmevious chapters, the FMR linewidths
presented below all refer to the peak-to-peak liddwg of the FMR power absorption derivative

profiles.

6.3Magnetic proximity induced damping in YIG/Pt

Figure 19 shows the FMR data obtained for ten YiGémples, for which the YIG film

thicknesdyg is 25 nm while the Pt thickneds; varies in the 0-20 nm range.

Graphs (a) and (b) give the FMR profiles for a b¥t& sample and a YIG/Pt(20nm)
sample, respectively. The circles show the expamial data, while the dashed and solid
curves show Lorentzian and Gaussian fits, respagtiv Graph (c) gives the Pt capping
layer-caused shift of the FMR fieldryr as a function ofl. The data in graphs (a)-(c) were
obtained with a 9.5 GHz cavity. The inset in grdphshows an FMR profile and tidHrur
value measured with a shorted waveguide for thepkagited for the data in (b). These data
indicate the consistency of the FMR measurementis avishorted waveguide to those with a
cavity. Additional measurements indicate that tikerence inAH for two approaches is

usually less than 10%.
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YIG(25nm)/Pt(20nm) sample.

responses for four samples.

for four samples.

theoretical fits with Eq. (4.2).

in the fitting.
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(c) Pt capping layarseiHryr change as a function of the Pt

GHz. (d) FMR linewidth vs. frequency

(e) Effective dampomgstanioe; as a function of the Pt thickness.

Graph (d) shows the FMR linewidtPAHgyr as a function of microwave frequeney2n

nedgda, while the solid lines show

Graph (e) givee effective damping constangi; as a function
The aef Values were obtained from the fitting of the lingth vs. frequency responses

with Eq. (4.2), as shown representatively in grébh The error bars give the standard errors

The componegt



was the damping constant measured for the bare séi@ple, whileaype was determined as

OvpE = Qeff — %o

The following results are evident from the dategraphs (a)-(d). (1) The growth of a Pt
capping layer on the YIG film leads to a decreasddyr, as shown in graphs (a)-(c). (2) The
Pt capping layer also results in an increas&Hiyr, as shown in graphs (a), (b), and (d). (3)
For the fittings in graphs (a) and (b), the Gausdianctions fit slightly better than the
Lorentzian functions. In graph (c), all the fi§;yield nonzeraH, values. These two facts
indicate that the FMR linewidths contain a nonidv contribution from film

inhomogeneity-caused line broadening.

Graph (e) shows three important results. Firgt,gitowth of the Pt capping layer leads to a
substantial increase in damping. This damping ecdraent is consistent with the
above-mentioned increase in FMR linewidth. Secoth@, ot VS. dp; response shows a
saturation. Whenp<3 nm, the dampings increases significantly witbp; Whendp>3 nm,
tett IS relatively constant. Thidp; dependence is similar to that of thHeyr shift shown in
graph (c). Third, the new damping,pe is substantially larger than spin-pumping damping

expected for YIG/NM structures, which A'x,,p=6.9><104. This damping was calculated by the

R
Eq. (2.2) aspzﬁril\;%*). Note that the Pt thickness at which both éhe andHgur shift

saturate is close to the length scale reportedqusly for the dependence (ﬂe(gN) ondp; for

bi-layered Permalloy/Pt structurés.

% Z. Feng, J. Hu, L. Sun, B. You, D. Wu, J. Du, WaHg, A. Hu, Y. Yang, D. M. Tang, B. S. Zhang, and
H. F. Ding, Phys. Rev. B5, 214423 (2012).
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The above-presented results derive from the magretiering of electrons in several

me1% and the interfacial

atomic layers of the Pt film in the close proximiy the YIG fil
exchange coupling between the ordered Pt elecandghe localized electrons in the YIG film.
There exist both static and dynamic exchange coggli The static exchange coupling results
in a torque on the magnetizatioM ) in the YIG film that is proportional t& and manifests
itself as a shift iHgyr shown in graph (c). The dynamic exchange cougisg results in a
torque, but this torque is proportionald®l /ot and plays a role of an additional damping for the
precession of.”” Via this torque, the Pt film shares its intrinsiamping with the YIG film,
resulting inawvpe. This interpretation is supported by the fact thath the Hgywr shift vs.dp;"
and "eer VS.dpi' responses show saturation behaviadat3 nm, as shown in graphs (c) and (e).
In more detail, as the Pt thickness increaseslaét film evolves from clusters to a continuous
epitaxial film, the interfacial exchange couplingcbmes stronger and both tHeyr shift and
et INCrease. Wherdpe>3 nm, however, the growth of additional Pt leadsnb further
enhancement in the interfacial coupling and thesases of both thdgryr shift andaes Saturate.

Note that, since the Pt atomic layers near the RlGiiterface are ordered due to the MPE,

conventional spin pumping does not take place at itlierface and one hag,,=0 and

o =0 +aype @S Mentioned above.

6.4Suppression of the new damping by a Cu spacer

To further test the above interpretation, the é¢ffed adding a thin Cu spacer in-between the

YIG and Pt films were studied. Cu was chosen beedlhas a very weak spin-orbit interaction

" B. Heinrich and J. F. Cochran, Advances in PAgs523 (1993).
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and a very long spin diffusion lengthg€500 nm)>® With an increase in the Cu thickneds,
one can expect a weaker MPE and correspondingatesen both thElpyr shift andaype. At
the same time, one can expect spin pumping at tkdCd interface and the presencef.

If dcu<<Ag, the spin current undergoes very weak dissipatiaime Cu spacer but diffuses into
and dissipates in the Pt film.  For this reasom c@n expect a very weak dependencespbn
dcu as long aslc,<<Ay. For YIG/Cu*/Pt samples, however, one can exfieat the presence of
the insulating Cu oxide not only eliminates bathre and Hgur shift, but also prohibits the
presence Ok,

Figure 20 presents data for seven YIG(35nm)/Cufif?) samples and five YIG(35nm)/Cu

samples, for which the thicknesses of both the ‘it Pt films are constant and the Cu

6 (@) 101 (b)
o o YIG/Cu/Pt
o 5 YIG/Cu g 01
2 41 < .104
T = 10 % ;
T3 < 20 3
2 2 g o
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FIG. 20. Data obtained for YIG(35nm)/Cu/Pt(23nmnanples (empty circles) and YIG(35nm)/Cu
samples (solid circles). (a) NM layeaused FMR linewidth change as a function of Cuoktéss.
(b) NM layer-caused FMR field change as a functb@u thickness. (c) Effective damping constant
as a function of Cu thickness.
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thicknessdg, varies in the 0-17 nm range. Graphs (a) andi® 95 GHz FMR data. Graph
(a) gives the NM layer-caused change in the FMBwidth as a function adc,, while graph (b)
gives the shift in the FMR field as a functiondsf,. Graph (c) presents the effective damping
constantaess as a function oflc,. The graph also indicates the componenta.gf In graphs

(a) and (b), each point shows the averaged valae®10 FMR measurements, and the error bar
for each point shows the corresponding standardatien. In graph (c), the effective damping
constants were obtained through the fitting of MR linewidth vs. frequency data with Eq.
(4.2). Note that the YIG/Cu samples cited heretlagesame as those cited in Chapter 5.

The data for the YIG/Cu samples indicate that thewth of a Cu layer yields an extra
damping @cy) which is much smaller thatn. This agrees with the expectation that the growth
of a NM capping layer should not change the relarain the YIG film in the absence of the
MPE and spin pumping. The spin pumping is abserthése samples becaudg, is much
smaller thanilq. This is supported by the fact that the YIG/Cmpkes show very similagres
values in spite of a relatively widl, range (0-12.7 nm). In the case that spin pumpirtipe
YIG/Cu interface makes significant contributions dg:, one would expect thate increases
with dcy.  Although ac, is small, its presence might indicate that thecpss of the Cu growth
slightly enhances the imperfection on the YIG stefawhich gives rise to a damping

enhancement in the YIG film.

The data for the YIG/Cu/Pt samples indicate thatatidition of a Cu spacer can reduce the
Hemr shift, AH, and e Of the YIG/Pt sample. Moreover, the thicker the €pacer is, the
larger the reductions are. One also can see dhdhé samples witdc>10 nm, an additional

increase indc, does not result in a further reduction dgy, as shown in graph (c). This

57



(a) YIG(19nm)/Cu*/Pt(20nm) (b) YIG(19nm)/Cu*/Pt(20nm)
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FIG. 21. Data obtained for YIG(19nm)/Cu*/Pt(20nsgmples as well as several control
samples. (a) NM layer-caused FMR linewidth chaage function of the Cu thickness. (b)
NM layer-caused FMR field shift as a function oé tBu thickness. (c)-(f) FMR linewidth as a
function of frequency for four samples. The emptyd solid circles show the data from
in-plane and out-of-plane FMR measurements, resedet The lines in (¢)-(f) show fits with
Eq. (4.2).

indicates that the samples with,>10 nm havexype=0 andaer= aotacutasp  Thus, one can

evaluateas, as asp=aeff-ao-a@=6.2><104 for the YIG/Cugl0nm)/Pt samples. Assuming that

the growth of a Pt layer on a YIG film also slighthodifies the YIG surface and results in a

small damping enhancement as the growth of a Ger ldges, one can then determimag-e in

the YIG(35nm)/Pt(23nm) sample aspe=aes- ao-acy, Which is also given in graph (c). One

can see thatwpe is significantly larger than bothy and asp, Similar to the results indicated by

the data in Fig. 19(e).
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Consider now the YIG/Cu*/Pt samples for which rey@r@ative data are shown in Fig. 21
and Table VI. In Fig. 21, graphs (a) and (b) pnédbe NM layer-caused changes in FMR
linewidth and FMR field, respectively, as a funatiof the Cu* thicknessd¢,+). The data were
measured at 9.5 GHz. Graphs (c)-(f) show the FhMhewidth vs. frequency data for four
different samples. In all the graphs, the emptgles show the data from FMR measurements
with in-plane magnetic fields, while the solid ¢&€ show those obtained from measurements
with out-of-plane fields. In graphs (c)-(f), theds show the fits with Eq. (4.2). The effective

damping constants from the fitting are given in [Eayl.

Table VI. Effective damping constants for four gdes

Oleff (X104) Oleff (X104)
Sample
(in-plane) (out-of-plane)
YIG(19nm) 3.58+0.76 4.72
Y1G(19nm)/Pt(20nm) 35.36+0.58 36.60
YIG(19nm)/Cu*(5nm)/Pt(20nm) 4.33+0.58 3.41
YIG(19nm)/Cu*(5nm) 4.82+0.62 6.71

Three results are evident from the data in Fig.agtl Table VI. (1) The Pt capping
layer-caused additional damping is substantialigdathan both the measured damping for the
bare YIG film and the calculated damping for spimping. (2) In contrast to the situation for
the YIG/Cu/Pt samples, a 5-nm-thick Cu* spaceruBiigent to kill both aype and theHgur
shift. ~ This is indicated by the facts that thidryr values for both the YIG/Cu*(5nm)/Pt and

YIG/Cu*(10nm)/Pt samples almost match that of tlaeebYIG sample, as shown in graph (a),
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and theHgyr shifts for both the YIG/Cu*(5nm)/Pt and YIG/Cu*({@®)/Pt samples are close to
zero, as shown in graph (b). (3) There is no ewdeof spin pumping in the YIG/Cu*/Pt
samples, as indicated by the fact thatdevalues of the YIG/Cu*(5nm) and YIG/Cu*(5nm)/Pt
samples are very close to each other and are &se to oy (see Table VI). It should be
mentioned that although the out-of-plane FMR measents were carried out at two
frequencies only, thers values obtained from the linear fitting are aths# to those obtained
from in-plane FMR measurements. This closeneag@sshe accuracy of the damping values
presented. It also indicates that two-magnon egatff makes small contributions to the
damping of the YIG films. It should also be nothdt in graphs (c)-(f) the out-of-platdiryr
values are all larger than the corresponding imglaalues. This is mainly becauskly is
larger for out-of-plane FMR measurements thanrigulane measurements.  As the YIG films
have very weak anisotropy, one can assume the iopeneity line broadening is mainly due to

the inhomogeneity of the magnetizatiaxM) and one can roughly evaluate the line broadening

contribution as AHO:[%]AM . The coefficient in this equation equals to 1 for

out-of-plane measurements but is less than 0.mfplane FMR measurements.

The results from Figs. 20 and 21 together confih@a presence otwpee in the YIG/Pt
structures. Moreover, these results clearly vettily above-discussed expectations: (1) a Cu
spacer can decouple the YIG and Pt films and tlyeselppresses both thé-yr shift andavpe
and (2) the Cu spacer facilitates the spin pumpintgpe YIG film in the absence of Cu surface
oxidation but does not in the presence of Cu sarfaddation. The results, therefore, support

the above interpretation on the originaafee.
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In addition, the data in Figs. 20 and 21 also iatlicincomplete decoupling between the
YIG and Pt films in the YIG/Cu/Pt samples withd3g<10 nm and in the YIG/Cu*/Pt samples
with 0<dc»«<5 nm. The decoupling in these samples is incotapdecause the YIG films have

relatively large roughness. For a YIG film withnauch smoother surface, one can expect

Roughness=1.14nm [~ 7nm
4 il - 0
Cu (10 nm) 0
0.5um
GGG 1”m'/ T -7 nm
0 0.5 um lum

7nm
Roughness=0.41nm

Cu (10 nm 0
0.5um
1 ”m,/

GGG 0 0.5 um lum
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0
GGG 0.5 um
1um /

>
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FIG. 22. Atomic force microscopy surface imagethoée samples.

complete decoupling as well as the complete supe®f anew With a Cu spacer that is much
thinner @c,<10 nm,dcy+«<5 nm). Figure 22 gives atomic force microscopsfaste images of
three samples. The roughness values are averageshe measurements on three different
lumxlum areas. One can see from Fig. 22 that the YIGArface has large roughness,

while the Cu/Pt interface is relatively smooth. cBese of this, it is conceivable that there are

61



local regions in the YIG/Cu/Pt sample where the AGdistance is much smaller than the
nominal thickness of the Cu layer (10 nm). It ddobe mentioned that Mizukanat al
observed the decrease of damping in NiFe/Cu/Pt antlincrease idc, and a saturation in the
damping reduction atc,=200-300 nn7! They explained the results with a model that wased
on the spin diffusion in the Cu spacer. This masl&lot applicable to the configuration in this
work due to the fact oflc.<<1q. Recently, Rezendet al. proposed a model to explain the
large damping ium-thick YIG thin films with Pt capping layef. This model yields a new
damping that is independent of the thickness ofvit film and, hence, is inconsistent with the
above-discussed interpretation. Furthermore, Kamet al developed a model to explain spin
pumping at YIG/Pt interfaces, which, however, dat take into account the MPE. It should
also be noted thatype is expected to scale withdlfs. However, this scaling is not shown by
the above-presented data, although the YIG(19nmsRiple does show much largajpe than
the YIG(25nm)/Pt and YIG(35nm)/Pt samples. Thibexause the actual value @fipe also
depends on the properties of the particular YI@GiRtrface. One can also expect a latdgnir
shift in YIG/Pt structures with much thinner YIGInfis and insignificant shifts in YIG/Pt
structures with much thicker YIG films. The latteas indeed reported recenthyf’

Consider finally the spin pumping from the FM Pthe PM Pt. Recent calculations show
that the MPE causes the FM ordering of four Pt atdayers near the YIG/Pt interface. Since
the effective thickness of the FM Pt atomic layisrsiuch smaller thady,g, one can assume that
the contribution from the intrinsic damping of th&l Pt to awpe is very small and the damping

asp due to spin pumping from the FM Pt to the PM PAhdatesavpe.  Thus, one can evaluate

Re(gy, ) at the FM Pt/PM Pt interface by

62



N Qup Re( Ory )
4rMdyig + 47 Meypdey.py

AvpE (6.1)

where4zMg,.»=90 G and dq,»=0.96 nm are the saturation induction and effedinekness of

the FM Pt atomic layers, respectively. Taking thea in Table V, one obtainge(g,, )

~4.2x10* cm® This value is larger than that at YIG/Au inteda or YIG/Cu interfaces

(Section 1V), indicating efficient pumping from tké/1 Pt to the PM Pt.

6.5Summary

In summary, this chapter demonstrates the presainaenew damping in YIG/Pt systems.
This damping is larger than both the damping oflihee YIG film and the contribution from
spin pumping and is accompanied by a shifiligyr. Both the new damping and thieyr shift
can be effectively suppressed by the use of a @aespbetween the YIG and Pt films. The
results indicate that the new damping originatemfthe interfacial dynamic exchange coupling
between magnetically ordered electrons in the PRt lacalized electrons in the YIG. The

magnetic ordering in the Pt layer is caused byntagnetic proximity effect.

63



CHAPTER 7

GROWTH AND FMR OF YIG THIN FILMS ON

METALS

7.1Introduction

As demonstrated in the previous chapter, GGG issthmistrate of choice for the growth of
high-quality YIG films. However, for certain moriblic device applications one needs to grow
YIG films on metals. In coupled-line and striplitype devices, for example, a ground plane is
needed under the active lay&f>®® The growth of YIG films on metals, on the othant, is
very challenging due to various problems associati¢ial the oxidation, diffusion, and breakup
of the metallic films or substrates during the depon of YIG films in oxygen at high
temperatures. Such problems prohibit the reabmatf high-quality YIG films on metals.
This chapter reports the growth of high-quality Yi@n films on metallic films. Specifically,

the chapter reports the growth of YIG thin films @sandwich structure that consists of a thick

8 J. Mazur, M. Solecka, R. Poltorak, and M. MazuEBEProc.-Microw. Antennas Propddpl, 477
(2004).

7 B. K. Kuanr, D. L. Marvin, T. M. Christensen, R. Eamley, and Z. Celinski, Appl. Phys. L&,
222506 (2005).

8 B, K. Kuanr, Y. V. Khivintsev, A. Hutchison, R. Eamley, and Z. J. Celinski, IEEE Trans. Mag8.
2645 (2007).
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Cu layer sandwiched between two thin cladding layefThe cladding layers are high entropy
alloy nitrides (AICrTaTizr)N (HEANY'®? These materials have a high oxidation resistance
and good thermal stability and, therefore, can @néboth the oxidation and diffusion of the Cu
layer. The HEAN/Cu/HEAN layers were deposited o&@& substrates by sputtering. The
YIG films were then grown on the sandwich structhyepulsed laser deposition (PLD). The
YIG films had a thickness of several hundreds ofamaeters and a surface roughness of several
nanometers, consisted of (111)-oriented, 90-nm-eiamgrains, and showed peak-to-peak
ferromagnetic resonance (FMR) linewidths of aboitQe at 9.45 GHz and about 2.5 Oe at 17.3
GHz.

Three points should be emphasized. (1) Although¥iG films were grown on metals,
their FMR linewidths are only five times larger th#éhe smallest linewidth value for YIG
crystal§® and are one to two orders of magnitude smaller tha linewidths of other magnetic
films of similar thicknesse¥.® (2) The feasibility of growing YIG films on me&abrovides
significant implications for the future developmeonit new types of YIG-based monolithic
devices. (3) A recent work demonstrated the grosftinexagonal ferrite thin films on B.
With the approach demonstrated here, one can expecpossibility of growing hexagonal

ferrite films on Cu. Note that Cu is much less engive than Pt and has been widely used as

device ground planes or electrodes.

8 M.-H. Tsai, C.-W. Wang, C.-H. Lai, J.-W. Yeh, ahdY. Gan, Appl. Phys. Let82, 052109 (2008).

8 S.-Y. Chang and D.-S. Chen, Appl. Phys. L@4.231909 (2009).

8 G. Winkler, Vieweg Tracts in Pure and Applied Physics: Magn@arnets(Friedr. Vieweg&Sohn
Verlagsgesellschaft mbH, Braunschweig, 1981).

8 S.Y. An, P. Krivosik, M. A. Kraemer, H. M. Olsof, V. Nazarov, and C. E. Patton, J. Appl. P86;.
1572 (2004).

8 N. M. Salansky, B. P. Khrustalev, A. S. Melnik,A..Salanskaya, and Z. I. Sinegubova, Thin Solid
Films 4, 105 (1969).

¥ Y. Nie, I. Harward, K. Balin, A. Beaubien, and@elinski, J. Appl. Phys107, 073903 (2010).
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7.2Sample fabrication and structure characterization

The HEAN/Cu/HEAN layers were deposited on 0.5-mmkh (111)-oriented GGG
substrates by DC sputtering at room temperatureior B the deposition of the Cu layers, the
base pressure was 2.8%1Torr; during the deposition, the pressure of AsvdamTorr and the
sputtering power was 70 W. Prior to the depositbthe HEAN layers, the base pressure was
3.0x10°% Torr. During the deposition of the HEAN layetise tgases in the chamber consisted of
70% Ar and 30% B the pressure was kept constant at 6 mTorr, amdghttering power was set
to 100 W.

The PLD growth of the YIG films used a 1" YIG tatgsd was carried out in high-purity
oxygen (99.999%). The target-to-substrate distavere kept constant at 4.0 cm.  Prior to the
deposition, the system had a base pressure of @/5¥brr. During the deposition, the
substrate temperature was kept constant at 650ntCtlee oxygen pressure was 0.1 Torr.
Immediately after the deposition, the sample wasealed at 650 °C for 10 minutes. The
oxygen pressure was increased gradually from Ort 60400 Torr through the post annealing
process. The cooling of the system was carriedroat400 Torr oxygen environment at a rate
of 2 °C per minute. The deposition used 248 nm KxEimer laser pulses with an energy
fluence of 1.7 J/cf a pulse duration of 30 ns, and a pulse repetitida of 12 Hz. These
deposition parameters were chosen after a systemgtiimization process. These parameters
played critical roles in the realization of highadjty Y1G films reported below.

The structure and composition properties of the MIEAN/Cu/HEAN samples were
analyzed through scanning electron microscopy (SEKjay diffraction (XRD), energy

dispersive spectroscopy (EDS), and atomic forceaaaopy (AFM) measurements. The static
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magnetic properties were measured by a supercanduwpiantum interference device (SQUID)
magnetometer. The FMR responses were measurednuatiowave rectangular cavities by
field modulation and lock-in detection technique3he FMR linewidth values discussed below
all refer to peak-to-peak linewidthaHpp).

Figures 23 and 24 show representative data orntithetiere and phase properties of the YIG
samples. In Fig. 23, graphs (a) and (b) showSiasl and EDS cross sections, respectively;
and graphs (c) and (d) show the SEM and AFM surii@eges of the same sample, respectively.
The data in Fig. 23 indicate three results. Firet,images in (a) and (b) show clear boundaries
between all the layers. Second, the thicknessaol éayer estimated from the SEM image is
close to that estimated from the EDS image. Thitg YIG film consists of uniform,
nanometer-diameter grains. Although not shown ig. R3, the EDS measurements also
indicate that (1) the YIG layer has a Y/Fe atonaitar of 0.605, which perfectly matches the ratio
(0.600) expected for bulk YIG crystals, and (2)réhexist no CuO in the Cu layer and no Cu in
the YIG layer. In addition to the surface imagewh in (d), the AFM measurements also
indicate that (1) the YIG film has a surface rouggs of about 7.0 nm and (2) the grains in the

YIG film have an average diameter of about 90 nm.

560nm Cu

22nm HEAN

150KV X35000 100nm WD 10.1mm e m” g > SEI 150KV X20000 1gm WD 10.0mm

FIG. 23 (same as Fig.7). * Structure properties ofYI&/HEAN/CUu/HEAN sample. (@)
Cross-section SEM image. (b) Cross-section EDSyéma (c) Surface SEM image. (d) Surface
AFM image.
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Figure 24 presents the XRD data. Graph (a) sha@s<XRD intensity in a "log10" scale
over a wide angle range for the same YIG sampleudsed above. Graph (b) shows the (444)
peak in (a) in a linear intensity scale and an egpd angle scale. Graph (c) shows the same
spectrum in (b), but with both intensity and angbales expanded. The main peaks shown in
(a)-(c) match the peaks expected for the (11l)atect GGG substrate, as indicated. The
appearance of the two (444) peaks results froncdlesistence of thK,; andK,, components of
the X ray. The weak peak in (c) is for the Cu layer, as indida These results confirm the
(111) orientation of the GGG substrate, indicate (tt0D0) orientation of the Cu layer, and show
no notable peaks for other phases, including th@ Miim. Graphs (d) and (e) present the XRD
rocking curves for the same YIG sample and a ba@&GGsubstrate, respectively. The
comparison between the data in (d) and (e) cleahfirms the phase of the YIG film and also
indicates the (111) orientation of the YIG film.n addition, the spectra in (a)-(d) show no peaks
for the HEAN materials. This is consistent witle imorphous state of the HEAN lay&"&?

The results discussed above show that the HEANdayan effectively prevent the Cu layer
from oxidation and diffusion; and this in turn alle for the growth of YIG thin films on the Cu

layer. The results show that the YIG film has @&arm thickness, a relatively small surface
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FIG. 24. Graph (a) shows the XRD spectrum of a MEAN/Cu/HEAN sample. Graph (b)
shows the (444) peak in (a) in an expanded anglke.sc Graph (c) shows the spectrum in (b) in
expanded angle and intensity scales. Graph (dyshtize XRD rocking curve for the (444), peak

in (b). Graph (e) shows the XRD rocking curvetfor (444)K,, peak of a GGG wafer.
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FIG. 25. Magnetic hysteresis loop measured withagnetic field applied in the film plane.

roughness, an expected Y/Fe ratio, as well as &) (@fientation. These aspects together
indicate the high quality of the YIG film and arés@ accountable for the FMR properties

presented below.

7.3Static magnetic and FMR properties

Figure 25 gives the magnetic moment vs. field hgsie loop measured with the field
applied in the film plane. The data indicate a lsw@ercivity of about 3.8 Oe and a saturation
magnetic moment of about 0.5%x1@mu. With this saturation moment and the YIG film
thickness estimated from the SEM measurementsatugation induction®M;s of the film was
estimated to be 1.58 kG. With the thickness fraomEDS measurements, one obtainedMs4
value of 1.72 kG. Although both the values arelEnghan the standard value which is 1.75
kG, the differences are less than 10%. Possildsores for these differences include the
uncertainty in the thickness estimation and thelyikexistence of a dead layer near the
YIG/HEAN interface.

Figure 26 gives representative FMR data for theesaih®& sample discussed above. The
circles in graphs (a) and (b) show the same FMRepadsorption derivative profile measured

with a 9.45 GHz cavity. The curve in (a) is a Lad=an fit, while the curve in (b) is a Gaussian
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fit. In graph (c), the circles show the FMR prefiheasured with a 17.3 GHz cavity, while the
curve shows a Lorentzian fit. In graph (d), thecles give the FMR fields at the frequencies

cited above, and the solid and dotted curves shHwmvfits with different 4Ms values, as

indicated. The fitting was carried out with :|)/|\/(H+Ha)(H+Ha+47zMS), where §=2.8

MHz/Oe is the absolute gyromagnetic ratidi, is an effective anisotropy field and was taken to
be 100 Oe for the solid curve and 170 Oe for theedaurve.

Three important results are evident in Fig. 26.rstfithe YIG film shows @&H,, value of
about 1.1 Oe at 9.45 GHz and a value of about 251017.3 GHz. These values are only
about five times larger than the smallest linewilithY1G crystals. Second, the Lorentzian fit
is much better than the Gaussian fit, as showa)iad (b). This indicates that the YIG film is
homogeneous. In case that the film is stronglypimbgeneous, the inhomogeneity broadens

the FMR linewidth and a Gaussian trial function alsufits the FMR profile better than a
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FIG. 26. The circles in (a) and (b) show the s&W&HR data measured at 9.45 GHz. The circles
in (c) show the FMR data measured at 17.3 GHz. climees in (a) and (c) show Lorentzian fits,
while the curve in (b) shows a Gaussian fit. I (e circles and curves show the experimental
and theoretical FMR fields, respectively.
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Lorentzian functiod” Third, the FMR fields can be fitted well with tseandardj] value and
reasonable anisotropy fields.

The results from Fig. 26 clearly indicate that ¥i& films have narrow linewidths or low
loss. This narrow-linewidth feature is criticatygsociated with the above-described structure
properties, including expected atomic ratios, optiorystalline phase, uniform grains, and small
surface roughness. The structure, static magraett,FMR properties together prove the high
quality of the YIG film. It should be emphasizétt this realization of high-quality YIG films
on Cu films is attributed to a large extent to tise of the HEAN layers. The HEAN materials
have good thermal stability and a high oxidatioeistance and thereby serve as barriers to
prevent the Cu film from both diffusion and oxiaati In addition, the optimization of the PLD

process has also played an important role.

7.4ASummary

High-quality yttrium iron garnet (YIG) thin films &re grown on a sandwich structure that
consisted of a thick Cu layer and two thin claddiagers. The cladding layers were high
entropy alloy nitrides (HEAN) and served as basrigm prevent Cu diffusion and oxidation
during the YIG deposition. The Cu and HEAN layeese deposited by sputtering. The YIG
films were grown by pulsed laser deposition. ThEs Yfilms had a thickness of several
hundreds of nanometers, a surface roughness afsdeamometers, and (111) orientation. The

films showed a peak-to-peak FMR linewidth of 1.1808.45 GHz.

8 3. S. Kalarickal, P. Krivosik, J. Das, K. S. KinmdaC. E. Patton, Phys. Rev.7B, 054427 (2008).
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CHAPTER 8

SUMMARY AND OUTLOOK

8.1Summary and conclusion

The above-presented data and discussions givetaideur important conclusions, as

follows:

e |t is possible to use PLD techniques to grow highligy YIG nano films. The
10-nm-thick films show a surface roughness rang@.bf0.3 nm, an FMR linewidth of
about 6 Oe at 10 GHz, and an effective damping taohsf about 3.2xIh The
damping of the YIG nano films includes a notablentdbution associated with the
surface imperfection, and one can use low-energyetching to reduce the surface

imperfection and thereby reduce the damping.

e Spin pumping experiments yieldele(g,, )~1.2x10G* cmi® for YIG/Au interfaces and
Re(g,, ) ~1.6x10* cm? for YIG/Cu interfaces. The closeness of the twalues

indicates that the efficiency of spin angular motoentransfer at YIG/NM interfaces is
independent of the choice of NM materials. Theaigalare about 10%-15% of those for

Fe/NM interfaces, in spite of the fact that YIQri# are insulating. Furthermore, these
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values can be significantly increased if a treatnenarried out on the YIG surface prior

to the deposition of the NM layer.

The growth of a Pt capping layer onto a YIG nahm ftan give rise to an increase in the
damping of the YIG film. This damping enhancemeasults from the magnetic
ordering of Pt electrons near the YIG/Pt interfacel the dynamic exchange coupling
between these ordered Pt electrons and the lodaéieetrons in the YIG film. The
presence of this new damping may complicate stuitheslving YIG/Pt structures or
limit the device applications of YIG/Pt structurésit it is fortunate that this damping can
be completed suppressed by the addition of a thirsgacer between the YIG and Pt
films.

It is feasible to grow high-quality YIG thin filmen metals. The demonstration used a
sandwich structure as the substrate that conswsteal thick Cu layer and two thin
cladding layers made of HEAN. The YIG films showedR linewidths that were only

five times larger than the smallest linewidth fdGYcrystals.

8.2Future work

There exists a wide variety of future work that emkise of YIG nano films and is of great

fundamental and practical interest. For examples, of practical significance to develop YIG

nano film-based spin torque nano-oscillators tl@uire much lower threshold currents and

show much narrower spectral linewidths than tramsti metal nano film-based spin torque

nano-oscillators. In the context of the topicsspreaed in this dissertation, future work that is

of great interest includes, but not limit to, tieidwing:
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e Optimization of the PLD processes as well as thst-gdeposition annealing and ion
etching processes for the realization of YIG naimd with even lower damping. The
YIG nano films discussed in this dissertation wgrewn under the highest substrate
temperature and lowest laser pulse repetition aatglable in the author’s laboratory.
As discussed in Chapter 3, one can expect thezagialn of films with higher quality if
an even higher substrate temperature and an ewar fepetition rate are used. There

should also exit an optimal etching time in thetgteposition ion etching process.

e Growth of YIG nano films by sputtering. Among \aus thin film deposition
techniques, sputtering deposition usually has higigeatability and is more extensively
used in industry. Also, sputtered films usuallyvénabetter uniformity and better

stoichiometry than PLD films.

e Significant enhancement of spin transfer efficieraly YIG/NM interfaces through
improvement of YIG-NM interface quality. One canprove the interface quality by
carrying out appropriate treatments on YIG surfgmés to the deposition of NM layers.
Such surface treatments include cleaning with iffe chemicals, heating in particular

environments, and low-energy ion etching.

e Suppression of Pt capping layer-caused damping. apteh 6 demonstrates the
feasibility of using a Cu spacer to suppress tive d@mping in YIG nano films due to Pt
capping layers. In this aspect, two questions meropen: (1) Can one suppress the
new damping by the use of a thin spacer made @ratbrmal metals such as Au? (2)
Will a YIG/Cu structure be more efficient than aGf/Pt structure in terms of the

production of spin currents by spin pumping? There work will answer them.
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