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Abstract

Magnetic and structural studies of sputter deposited Py(an alloys, NigoFegy) and [Py/Fe]
thin films allowed for the characterization of their magnetization dynamics properties rel-
evant for subsequent studies. Spin transport and structural studies of Ta in Py/Ta (single
magnetic layer) and Py/Ta/[Py/Fe] (double magnetic layer) structures were performed by
spin-pumping. It was found that in order to extract self-consistent spin-pumping parameters

it is important to study both the single and double magnetic layer structures.

Ferromagnetic resonance studies of Py/Pt/[Py/Fe| multilayers reveal interlayer exchange
coupling of ferromagnetic nature. The coupling strength is interpreted by the proximity
polarization of the Pt due to the neighboring ferromagnets. The coupled layers exhibit
optical and acoustic modes of resonance which provide a very stringent test for the spin-
pumping model. The induced magnetic damping of the two modes is found to be very well
described by the spin-pumping model suggesting a communication of spin-current between

the two magnetic layers. No significant spin memory loss contribution is observed.

Lastly, the spin-pumping model is studied in a system in which the coupling is interrupted
by a Au spacer layer: Py/Au/Pt/Co. It is found that spin-transport across the Au/Pt
interface cannot be modeled by the continuity of chemical potential or the continuity of
spin accumulation boundary conditions. A new model is presented which treats Pt as a
partial spin-sink and results in good fit to all the data sets. Importantly, both the model

and data suggest a large asymmetry in spin transport across the Au/Pt interface.

Keywords: ferromagnetic resonance; spin-pumping; spin transport; proximity polarization;
Pt; Ta; spin diode
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Chapter 1

Introduction

Perhaps one of the most important discoveries in the field of spintronics is the magnetic
coupling of two metallic magnetic layers across a non-magnetic metallic spacer layer [1].
This effect instantly attracted attention and led to the discovery of the giant magnetore-
sistance effect (GMR) and then subsequently tunneling magnetroresistance (TMR). These
discoveries revolutionized information storage technology by allowing for a much larger den-
sity of recording media in modern hard drives. Spin transfer torque (STT) has also gained
popularity due to its application in non-volatile magneto random access memory.

More recently, a new approach to spintronics has gained a lot of attention in the scien-
tific community, one that separates charge and spin-currents. Pure spin-currents are more
advantageous than spin-polarized currents since they do not carry any net charge and
therefore avoid the issues present in conventional electronics such as Joule heating or elec-
tromigration. A powerful technique which allows one to study the transport of pure spin-
current is the spin-pumping effect. Early spin-pumping studies focused on simple ferromag-
net (FM)/normal-metal (NM) structures, where changes in magnetic damping in ultrathin
FMs were used to determine the efficiency of spin-pumping at various FM/NM interfaces
as governed by the (renormalized) spin mixing conductance (gy;) g1, and the spin diffusion
length in the adjacent NM Ayq. First spin-pumping/spin transport studies focused on NMs
with relatively low spin-orbit interactions (Ag [2, 3], Au [4, 3], Cu [5, 6]) finding that the ex-
perimental observations could be consistently descrbied by the spin-pumping/spin-diffusion
models[7]. These metals were found to have spin-diffusion lengths on the order of dozens
on nm (Asq,ag = 80 nm, Agq,Au = 31 nm) [3]. Since then, spin-pumping and spin-transport
has been studied in a variety of materials; spin-pumping driven by insulating ferrimag-
nets [8, 9, 10] and antiferromagnets [11] and spin-pumping into non-metallic materials such
as antiferromagnetic insulators [12, 13, 14] and organic semiconductors [15, 16] has been
demonstrated.

Significant attention has been devoted to the understanding of spin-transport in heavy
metals with large spin-orbit interaction such as Pt, Ta, and W. In particular, Pt is a material

of choice for many spin-transport studies due to its ease of deposition and low resistivity.



However, in the literature there is disagreement regarding the mechanism of spin-transport
into Pt. Inverse spin Hall effect studies observe a spin-diffusion length in Pt of ~6 nm as
compared to ~1 nm as measured from conventional spin-pumping studies. In fact it is not
clear that spin-transport in Pt can still be described by the conventional spin diffusion
model. Furthermore, Pt has strong electron-electron interactions resulting in an induced
magnetic moment at the ferromagnet/Pt interface. Additionally, it has been argued that
there is an additional spin-memory loss at the ferromagnet/Pt interface which can impact
pure spin-current generation and transport [17, 18, 19, 20]. Experimental spin-pumping
studies which avoid the direct contact of Pt (or Pd) with a ferromagnet by the addition of a
spacer layer (Cu or Au) observe an oscillatory spin-pumping induced damping dependence
as a function of Pt thickness [21, 22].

This thesis is mainly dedicated to the study spin-dynamics and spin-transport through
Pt, Pt/Au and Ta. It is found that spin-pumping into Ta saturates on a diffusion length of 1
nm. The enhancement in damping of a ferromagnet adjacent to Ta is a consequence of spin-
pumping as determined by the spin-sink magnetic structures [23]. Similarly, the enhance-
ment in damping due to Pt is also very well described by the spin-pumping/spin-diffusion
models. This is unambiguously observed in a phase-dependent spin-pumping experiment.
The spin-diffusion length in Pt is also 1 nm. Importantly, the proximity polarization of
Pt, due to interfacing a ferromagnet, appears to enhance the efficiency of spin-pumping
(as predicted for spin-pumping into electron correlated system [24, 25]) but does not in-
fluence the spin-diffusion length. The difference in the spin-diffusion length as measure by
the spin-pumping experiment (1 nm) and those determined from ISHE experiments (~ 6
nm) is explained to originate from a different type of measurement. A spin-pumping exper-
iment measures the rf, transverse component of the spin-accumulation, where as the ISHE
measures the dc, longitudinal component; i.e. spin-pumping measures the dephasing length
scale. Finally, the spin-pumping model is tested for a heterostructure involving two mate-
rials with very different spin-transport properties Au/Pt (spin diffusion length in Pt vs Au
is 1 nm vs. 30 nm). It is found that all the data sets can be self consistently described by
the spin-pumping/spin-diffusion models assuming a boundary condition of reflection and
transmission of spin-current proportional to the spin chemical potentials established on ei-
ther side of the interface. The spin-transport across the Pt/Au is found to be non-reciprocal
with a four times larger reflection if spin-current is injected from the Pt side as compare to
the Au side.

1.0.1 Thesis Outline

Chapter 2 provides an overview of magnetic interactions which are relevant to the work
presented in this thesis. The second part of this chapter focuses on the dynamics of a
magnetic moment under the influence of a constant external field and a radio-frequency (rf)

driving field. The equations derived in this section are relevant for the interpretation of the



ferromagnetic resonance data. The last part introduces the spin-pumping and spin-diffusion
effects in ferromagnet/non-magnetic metal structures.

Chapter 3 provides an overview of the deposition and structure characterization tools
employed in the studies presented in this thesis. These include sputter deposition, SQUID
magnetometry, ferromagnetic resonance, x-ray diffraction, x-ray reflection and Van der
Pauw method resistivity measurements.

Chapter 4 presents an experimental study of the magnetic properties of Py/Fe bilayer
structures (Py=NigoFeq) for various relative thicknesses of Py and Fe. This study is fun-
damental for the rest of the thesis since most subsequent work utilizes the properties of the
Py and [Py/Fe] structures to study the spin-pumping and spin-transport into Ta and Pt.

Chapter 5 presents an experimental study of spin-transport in Ta by utilizing the
spin-pumping of Py in Py/Ta (single magnetic layer) and Py/Ta/[Py/Fe] (double magnetic
layer). This work highlights the important of using the results of the single magnetic layer
(SL) and double magnetic layers (DL) for a unique interpretation of the data.

Chapter 6 presents an experimental study of interlayer exchange coupling mediated by
Pt due to proximity polarization from adjacent magnetic layers. By utilizing broadband fer-
romagnetic resonance (FMR) is it shown that very large ferromagnetic interlayer exchange
coupling can be measured in a Py/Pt/[Py/Fe| system. An attempt is made to interpret
the magnetic damping data in order to extract the spin-pumping into Pt, however it is
found that the interpretation is quite convoluted as a consequence of two-magnon scatter-
ing and the averaging of the dampings of the two magnetic layers due to interlayer exchange
coupling.

Chapter 7 presents an experimental study of spin-pumping in a Py/Pt/Py structure
due to the in-phase and out-of-phase precession modes of the two magnetic layers. In this
study the two magnetic layers are nearly identical in their magnetic properties which results
in a much more well defined interpretation of the magnetic damping data as compared to the
attempt made in Chapter 6. This study uses interlayer exchange coupling measurements
as determined in Chapter 6 and the concepts of the SL and DL to uniquely interpret the
spin-pumping and spin-diffusion through Pt. The main conclusion of this study is that the
magnetic damping induced by Pt is indeed due to spin-pumping.

Chapter 8 presents an experimental study of spin-pumping through a Au/Pt bilayer
by utilizing the SL and DL structures. It is observed that there is a large asymmetry in spin-
transport across the Au/Pt interface which depends on the direction of the spin-current.
Interpretation of the data by the continuity of spin accumulation and continuity of chemical
potential fail to describe the observed data. A new model is proposed which treats Pt as a
partial spin-sink and is consistent with the idea of an asymmetric transport of spin-current
across the Au/Pt interface. Finally, the spin-memory loss model is tested against the data

and yields unrealistic fitting parameters.



Chapter 2

Theoretical Considerations

This chapter presents the theoretical background necessary to understand the experimental
ferromagnetic resonance (FMR) results presented throughout this thesis. The first part of
the chapter (section 2.1) describes the magnetic energy terms relevant in thin film magnetic
heterostructures. Sections 2.2 describes the dynamics of a magnetic moment as determined
by the Landau-Lifshitz-Gilbert (LLG) equation of motion. Section 2.3 extends this to the
case of FMR in two typical geometries, in-plane and out-of-plane FMR. Many of the studied
structures in this thesis consist of two ferromagnetic layers which experience a form of
coupling through a spacer layer. Section 2.4 extends on section 2.3 to present a description
of such a coupled structure in the framework of the LLG. Section 2.5 introduces spin-
pumping in two approaches: i) as a time retarded response of the static interlayer exchange
coupling and ii) as derived from scattering theory. Finally, section 2.6 briefly presents two
scattering mechanisms which lead to the attenuation of spin-current. It is useful for the
reader to be aware that all of the structures studied in this thesis consist of either one
or two ferromagnetic layers (see fig. 2.1). In the case of two ferromagnetic layer structure,

(see fig. 2.1 a)), the metallic spacer layer can mediate magnetic coupling between the two

ferromagnetic layer, referred to as interlayer exchange coupling.

b)

~0.5¢cm ¢ ~0.5cm

Figure 2.1: Schematic of the magnetic structures studied throughout this thesis.



2.1 Magnetic Free Energy

The net magnetic free energy density of a magnetic multilayer system under the influence

of an external field is given by [26]

UTot = Uex + UZ + Uan + UD + UJ7 (21)

where Ugy is the exchange energy due to exchange interaction between atoms, Uy is the
Zeeman energy which results from the interaction between the magnetic moments and the
external magnetic field, Uy is the energy due to interlayer exchange coupling between two
magnetic materials through a non-magnetic spacer, Uy, is the crystallographic anisotropy

energy and Up is the demagnetization energy arising from the dipole-dipole interactions.

2.1.1 Exchange energy

The exchange interaction is a quantum mechanical phenomenon which is a consequence of
the Coulomb interaction and the indistinguishably of electrons. In a ferromagnetic system
the exchange energy favors parallel alignment of electron spins. For homogeneous materials

one can define a characteristic length scale over which the exchange energy dominates the

[ Aex
561’ = 27TM2_’ (22)

where M, is the magnetization of the ferromagnetic material at saturation and Aey is

dipole-dipole interactions,

the exchange constant. Typical values of Aey are ~ 1070 erg/cm and 6ep ~ 2 — 3 nm for
metallic ferromagnets (Co, Fe) [27]. Magnetic structures whose thickness is comparable to
the exchange thickness have all their magnetic moments locked together in one direction.

In this thesis the thicknesses of all deposited films are considered to be in this limit.

2.1.2 Zeeman energy

The Zeeman energy is the result of the interaction between the magnetic moments of a

system and an external magnetic field. In general the Zeeman energy is expressed as,

By = —fVM-HDC v, (2.3)

where M is the magnetization, Hpc is the external magnetic field and the integral is
performed over the entire volume V' of the magnetic material. Assuming that the magnetic

field and the magnetic material are both uniform over the volume V', one can simply write:

E;=-M - HpcV. (2.4)



Therefore the energy density associated with the Zeeman energy is
Uz=-M - Hpc. (2.5)

2.1.3 Magnetic Anisotropy Energy

In crystalline magnetic films the magnetization has preferential directions determined by
the lattice symmetry and the shape of the magnetic material. This results in a dependence of
the energy on the direction of magnetization referred to as the magnetic anisotropy energy
(MAE). The MAE relevant for the studies performed in this thesis are magnetocrystalline

anisotropy, surface anisotropy and the demagnetization (shape anisotropy) energy .

Demagnetization Energy

Any realistic magnetic film will always have finite size, which results in an uncompensated
magnetic charge at the boundaries. Consequently, a magnetic field is established by the
surface charge, Hp, which is oriented opposite to the direction of magnetization of the film.
The dipole-dipole interaction of the charge results in a demagnetizing energy density is
given by

Up=M - Hp. (2.6)

Hyp, will depend on the dimensions of the magnetic structure and is therefore not intrinsic to
the magnetic material. In this thesis the studied structures are magnetic thin films in which
the lateral dimensions (length ~ cm and width ~ cm) are much greater than the thickness
of the films, ~ nm. Therefore the film can be approximated as an infinite sheet. For this
structure when the magnetization of the film is oriented in the plane of the film then there
is no surface charge. If the magnetization is tilted away from the surface of the film, this
results in a surface charge on two faces of the film which leads to a demagnetizing energy
given by,

Up = 2nDM? cos(0yr), (2.7)

where 0, is the angle the magnetization makes with respect to the film surface normal. For
thin films thicker than a few atomic layers, D ~ 1. Therefore the effect of the demagnetization
energy is to act as a restoring force to bring the magnetization back into the plane of the
film.

Magnetocrystalline and Interface/Surface Anisotropy Energy

Magnetocrystalline anisotropy arises from the energy dependence of the orientation of the
magnetic moment with respect to the crystal lattice. The lattice symmetry dictates the
electric charge distribution in the crystal and the electron orbits are coupled to the lattice
due to the Coulomb interaction. The spin-orbit interaction then couples the electron spin to

the crystal lattice. All the structures deposited and studied in this thesis are polycrystalline



and therefore all in-plane anisotropies are averaged out due to random orientation of the
crystal grains in the plane of the film. However, since the films are textured there can be
an anisotropy contribution along the film normal. The phenomenological anisotropy energy

density is given by,

20U (M -n,)?, (2.8)

where K is the uniaxial anisotropy constant and m, is a unit vector along the film normal.

Ky can have a bulk and interface contributions and is therefore described by
K
Ky=K.+ 78, (2.9)

where d is the thickness of the ferromagnetic film, K. is the bulk anisotropy constant and

K is the interface anisotropy constant.

2.2 Landau—Lifshitz—Gilbert: LLG

The mechanical torque exerted on a magnetic object with magnetization M by an external

field, Hpc, is given by,

TM =M x HDC- (2.10)

Due to the cross-product, this torque is always perpendicular to the instantaneous direction
of magnetization, which causes a precession of magnetization around the component of
magnetization parallel to Hpe. Additionally, it is known that the spin of an electron S is

related to the magnetic moment by the gyromagnetic ratio,

M:—WTB , (2.11)

where ¢ is the Landé g—factor of the electron (»2.002319 for a free electron), up is the Bohr
magneton and h is the reduced Planck’s constant; their product is called the gyromagnetic
ratio v = WTB. Since torque can be defined as the rate of change of angular momentum, the

above can be rewritten as,

oS 1 0M
= = - 2.12
= — ot (2.12)
Putting this into eq. (2.10) results in
oM
7 = —’}/M X HDC, (213)

Since the right hand side of eq. (2.13) is a cross product, it cannot result in any change in

the magnitude of M. Instead, the solution describes the precession of M around Hp¢ (see



fig. 2.2(a)). This equation would suggest that the magnetization can never align itself with
the external magnetic field, this is a clear contradiction to what is observed experimentally.
To remedy this, L. Landau and E. Lifshitz introduced a dissipative term into eq. (2.13)
leading to the Landau-Lifshitz (LL) equation,

oM

A

S
where the second term on the right hand side corresponds to the magnetic damping with a

phenomenological parameter A > 0 in units of inverse time.

(a) AH (b) AH

Figure 2.2: Precessional motion of the magnetic moment M under the influence of an
external field H without magnetic damping (a) and with magnetic damping (b).

It is convenient to define a dimensionless parameter to describe the damping,

A
o= .
M

(2.15)

Using this definition of damping, Gilbert, T. L [28] rewrote eq. (2.14) with the damping

term as dependent on the time derivative of the magnetization,

oM 871,]7 (2.16)

S N [MxHpel+a|Mx 22
ot v[M x Hpc] 04[ * o
where m is the unit vector in the direction of M. The two equations eq. (2.16) and eq. (2.14)
lead to equivalent dynamics in the limit of o << 1. This limit is satisfied in all the studied

presented in this thesis.

2.3 Ferromagnetic Resonance

As can be observed from eq. (2.16), the magnetic moment of a ferromagnetic sample will

eventually reorient itself along the effective field due to magnetic damping. Applying a small



rf magnetic field, perpendicular to the magnetic moment, can induce precessional motion of
the magnetic moment. The magnetic moment will undergo a resonant absorption of energy
when the precessional frequency coincides with the rf field. At resonances the microwave
losses are increased, this is the key principle behind the technique used to measure ferro-
magnetic resonance (FMR) in this thesis. Described below are the two typical geometries
of FMR and the derivation of the equations used for interpreting the data from the FMR
experiment.

The dynamics of the magnetic moment of the ferromagnet can be determined by solving
eq. (2.16) with all the appropriate magnetic fields included. Other than the external fields,
a real magnetic system will have additional effective fields originating from the energies

discussed in section 2.1,
aUv‘cot

oM’

where Uyot is the sum of all the energy terms introduced in the previous section. For a

off = (2.17)

textured crystal, thin film one can identify the three contributions to the free energy: 7)
the Zeeman energy Uy = —M - Hpo coming from the applied external fields, ii) the shape
anisotropy energy, Up = 27(M - n,)?/M2, which gives rise to the demagnetizing field,
and 4ii) the perpendicular anisotropy energy U, = —K,(M -n,)?/M? which give rise to
internal anisotropy fields, where K, is the perpendicular anisotropy constant and n, is
a unit vector perpendicular to the film surface. This thesis focuses on sputter deposited,
textured, polycrystalline samples; the in-plane anisotropies are not detectable by FMR

which measures the average properties of the structure.

2.3.1 In-plane FMR

z

A

e

~6 nmI Ferromagnet ~0.5cm

P N
v

~0.5cm

Figure 2.3: Illustration of the magnetic precession for the in-plane geometry. The Hpc field
is applied in the plane of the sample and the rf driving field is perpendicular to Hpo but
still in the plane of the sample.

The in-plane FMR geometry refers to the fact that the external Hpc is applied in the

plane of the magnetic structure. The plane of the film refers to the surface of the thin film



(see fig. 2.3). The coordinate system is chosen such that the Hpc is along the xz-axis and
the h,¢ is in the y-axis.

In this thesis the FMR was operated in the limit of small perturbation (weak rf-field),
therefore the dynamics of M can be well described by,

M (z,t) = M@ +mye™' g+ m,e™'2, (2.18)

which assumes a small angle of precession with frequency w around the direction of the

applied dc-field Hpe = HpeX. The net effective field is expressed as,

KJ_
Heff:HDc+hrf—47rMsﬁ+2]Wu2, (2.19)

s

where hy¢ = hye?!q. Note, the demagnetizing field and the perpendicular anisotropy term
are both oriented perpendicular to the surface, along the 2 direction, see fig. 2.3.
Including eq. (2.19) and eq. (2.18) into the eq. (2.16) yields two coupled equations for

the ¢ and the 2 components,

0=i"my,+ (HDC T+ Am Mg + z‘af) m.
g . . 7 (2.20)
Mhys = (HDC + ia—) My —1—Mm,
y y

where 47 Mg = 4r Mg — 2K} [ M.
The magnetic transverse susceptibility can be obtained by solving the above for m,

resulting in,

Com M, (Hpo + 47 Mg +i02)
Xy = Xy + ZXy = = (221)

I (HDC + ia%) (HDC +4m Mg + ia%) - (%)2,

where X;/ and XZ are the dispersive and absorptive parts of the transverse susceptibility,
respectively. FMR occurs when the denominator of eq. (2.21) is minimized. Neglecting the
small contribution from the damping term, it is easy to see that the in-plane FMR will

occur at,

2
w
(;) :HDC (HDC+47TMBH)‘HDCZHres' (222)

Recall 47 Mog = 4w Mg — 2AK/[—§. It can be shown that in the linear precession regime (dropping
second order terms, i.e. my,m;), the real and imaginary parts of the transverse susceptibility
are well described by [29],

(2.23)

1 Hpc - H,
Re(Xy) = X; ~ AMs ( DC res ) :

+
Bres (HDC’ - Hres)2 + AH2

10



Im(Xy) = XZ N AMS ( Al ) 5

2.24
(I{DC'—I‘IFQS)Q-i-AfI2 ( )
where AH = aw/v is the half width at half maximum of the signal linewidth and Hyeg is
the resonance field. The parameter A = Byes/(Bres + Hyes) is called the ellipticity factor and

Bres = Hyes + 4T Meg

For inhomogeneous samples the signal linewidth is well described by,
w
AH =a—+AH(0), (2.25)
Y

where the parameter AH (0) is the zero-frequency linewidth broadening due to long range

inhomogeneities.

2.3.2 Perpendicular-to-plane FMR

A
~6 nmI Ferromagnet ~0.5cm

PN
v

~0.5cm

Figure 2.4: Illustration of the magnetic precession for the perpendicular-to-plane geometry.
The Hpc field is applied perpendicular to the plane of the sample and the rf driving field
is in the plane of the sample.

The perpendicular-to-plane geometry refers to the structure in which both the external
DC magnetic field and the magnetic moment of the sample are perpendicular to the plane

of the sample, see fig. 2.4. In this situation the magnetic moment is described by,
M (z,t) = mze ' + mye ™' g+ M2 (2.26)

The effective field has a simpler form,

1
HQH‘ZHDC+hrf—(47TMS—2ﬁ)2. (2.27)

S

11



Substituting eq. (2.26) and eq. (2.27) in eq. (2.16) results in two coupled equations

0= igmy - (HDC - 477Melﬁc + mc_u) My,
K 7 (2.28)
Mhys = (HDC - 47rMeLH + iau—}) My + ic—dmy.

8l v
The magnetic transverse susceptibility can be obtained by solving the above for m,, resulting

in,

M, (Hpe - 4 M +ia
Xy = Xy +iXy = Zﬁ = ( - 'Y) . (2:29)

T (Hpo —amay i) (Hoe —anMg v ia2) ()

As before, the FMR occurs when the denominator of eq. (2.29) is minimum. Neglecting the

damping term, this occurs at,
w
; = HDC - 47rMé-H|HDC=Hres' (230)

As was the case for the in-plane geometry, in the perpendicular-to-plane geometry, the real
and imaginary parts of the transverse susceptibility (assuming linear precession regime) are

well described by

M. 1 HDC - Hres
. M . 2.31
e(Xy) Xy 2 (Hres - 47‘1']\4&1C (HDC - lqres)2 + A}I) ’ ( )
M AH
. M _ 2.32
m(Xy) Xy 2 ((HDC_HreS)2 +AH) ( )

Apart from the constant term (first term on the right hand side of eq. (2.31)), the transverse
susceptibility dependence on AH and H,e of the in-plane and perpendicular-to-plane cases
are the same. Note, our FMR measurements employ field modulation with the lock-in
technique, which results in measuring the field derivative of the susceptibility described
above. Therefore, the first term on the right hand side of eq. (2.31) does not contribute to

the measured response, see section 3.7 for more details.

2.4 FMR and Interlayer Exchange Coupling

For two magnetic thin films separated by a non-magnetic film can undergoing bilinear inter-
layer exchange coupling. The three most common origins of type of coupling are; interface
roughness [30, 31], proximity polarization [32] and difference of spin-polarized reflections at
the FM interface [33]. one can introduce an additional interface energy term (E) and its
corresponding energy densities for FM1 (Uj;;) and FM2 (U;2) [26],

12



~6 nmI ~0.5¢cm
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Figure 2.5: Schematic of a FM1/NM/FM2 structure. The external DC field is in the plane
of the structure and the rf driving field is perpendicular to the DC field but also in the
plane. The thicknesses of both ferromagnets are on the order of several nanometers.

M, M
B =~ ity
s17752 (2.33)
U, g MMy
e diMg Mg’

where J is the interlayer exchange coupling strength and M, and M> are the magnetization
vectors of FM1 and FM2, respectively.

In this thesis the coupling strength J was measured only for the in-plane geometry,
therefore the discussion is limited to the in-plane configuration with the external dc and rf
fields as shown in fig. 2.5. As before, for the in-plane geometry, the instantaneous magne-
tization of each layer is given by M;(x,t) = M ;& + my,iemﬁ + mz,iei‘”tﬁ, which assumes
a small angle of precession with frequency w around the direction of the applied dc-field
Hpc = Hpc#. The 1f driving field h,; = h, fei“’t'g is oriented in the plane of the film, per-
pendicular to the dc-field. Finally, the effective field term for the two layers can be written

asS
M.
Hegy = Hpo + R+ J———2—— —dxMeg 1 2,
dpvit M1 M 2
Y (2.34)
Hogo=Hpo+hpp+J——  — Ar My o2,
eff 2 DC rf dFM2Ms,2Ms,1 T iVIeff 22

where 4mMeg ; = 4m M ; — 2K, i/ My ;, dpn; is the thickness of the 4y, magnetic layer. Note
that the exchange coupling term in eq. (2.34) is inversely proportional to the thickness of

magnetic film. Substituting eq. (2.34) into LLG equation of motion, eq. (2.16), one can solve

13



for the rf components of M and Ms. The averaged rf magnetization of a structure with
FM1 and FM2 is then given by,

A

Yy

=————(dpm1 M + dpv2 M) (2.35)
dpmi + dpwve

My

The full explicit solution of m, is too large to include in this thesis. The Hpc fields at
which the resonances occur, H,.s, has a more manageable form. The resonance condition
can be extracted by finding a solution such that the denominator of my|a-o goes to zero. It

can be shown that these solutions need to satisfy,
0= H2H2 + J?H2 + J?H? + 2J°H2,
+ 2JH3 (Hyes + 2mMegr1 ) (Mg1d1) (2.36)
+ 2JHY (Hyes + 2 Megr o) (Mg 2d2)

where

2
H, = Ms,ldFMl\ Hqges + 47rMeff,1H7‘es - (%) ,

res

2
w
Ha = Moadssiz\| H + A7 M2 Hres - (;) ,

(2.37)

2
w
His = \J H2 , +2m (Meﬂ?71 + Meff,Q) Hyes (;)

x \/MS71dFM1M3,2dFM27

where dpyp and dpyve are the thicknesses of FM1 and FM2. There are four H,..s solutions
to eq. (2.36), two are non-physical and the other two correspond to the acoustic and optical
modes as discussed below. It is easy to see that for J =0 eq. (2.36) reduces to the resonance
condition for uncoupled films, eq. (2.22).

For J # 0, the solution becomes a lot more complicated; its explicit form will not be
included in this thesis. The qualitative effect of J # 0 is to shift the FMR spectra of both
resonances of FM1 and FM2 either up or down in field [34], depending on the coupling
type (ferromagnetic or antiferromagnetic), see fig. 2.6. With J > 0 the measured resonances,
previous for FM1 and FM2, are no longer independent precessions of each magnetic layer
and are now referred to as the acoustic and optical modes, respectively. The acoustic mode
is the in-phase precession of the two magnetic films. In a typical FMR experiment the
external magnetic field will align the two magnetic moments nearly parallel to each other
(assume relatively small anisotropy contributions). For J > 0, the parallel magnetic moment
configuration is already the lowest energy state. Increasing the external field brings the
magnetic moments closer to the parallel orientation. For J > 0 the interlayer exchange
energy contribution, eq. (2.33), will depend on the degree of misalignment from parallel

and since the moments are already nearly aligned by the external field, this contribution
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Figure 2.6: (a) the resonance fields corresponding to the FMR at f = 20 GHz of the acoustic
(blue) and optical (red) modes for two coupled ferromagnetic layers with coupling strength
J. (a) the resonance frequencies corresponding to the FMR at Hp¢ = 2.0 kOe of the acoustic
(blue) and optical (red) modes for two coupled ferromagnetic layers with coupling strength
J. Plots were determined from solutions to eq. (2.36) assuming M, = 817 emu/cm?® and
Mg = 1463 emu/ cm?® and assuming Ky = 0. For J < 0 it is possible that the external field
is not large enough to align the two magnetic moments parallel to each other, this is not
captured by eq. (2.36).

15



will be small. In the FMR measurements this contribution is observed as a shift in the
acoustic mode; for very large J the shift due to coupling reaches a stationary point and any

further increase in J does not show any measurable shift in the resonance position[34].

20r

- —J=0.0 erg/cm? .
- 15; J=04 erg/cm2 Acoustic Modes
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Figure 2.7: Simulation of the imaginary components of the rf susceptibility of a system of
two magnetic layers undergoing various levels of interlayer exchange coupling. The layer
parameters are oy = ag = 8 X 10’3, g1 =92 =21, Ky1 = Ky =0, dpvmt = dpyz = 6 nm
M1 =817 emu/cm® and M,y = 1463 emu/cm?.

The optical mode is the out-of-phase precession frequency of the magnetic moments
of FM1 and FM2. It is the higher energy mode for ferromagnetic coupling and starts at
the lower-field resonance position, see the red line in fig. 2.6. With increasing J the energy
required to excite the optical mode increases, as FM1 and FM2 become less parallel. As
a result, the optical mode rapidly shifts to lower fields eventually moving below zero field
becoming unmeasurable for a given frequency. In this regard, to be able to detect the
resonance of the optical mode for large coupling strength, one requires a FMR setup which
is able to achieve high frequencies [34]. Note, for J < 0 it is possible that the external DC field
is not large enough to align the magnetic moments of the two layers parallel to each other.
This would further limit the external field for which one can measure the antiferromagnetic
coupling strength. Equation (2.36) does not capture this possibility, however in the study
presented in this thesis, only ferromagnetic coupling is observed.

It is possible to model the full response of eq. (2.35) for J > 0, see fig. 2.7. As mentioned,
both modes shift to lower field, however the optical mode shifts more quickly. It can be
observed that the amplitude of the modes is dependent on the coupling strength. This is also
observed experimentally and is a consequence of the in-phase and out-of-phase precession
of the two magnetic layers. Since the acoustic mode is the in-phase precession, the magnetic
susceptibilities of both layers add up, see fig. 2.8(b). However for the out-of-phase resonance,

the susceptibilities subtract and the total response is weaker, see fig. 2.8(b). The experiment
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is sensitive to the total susceptibility, therefore the response of the acoustic mode appears

weaker and is more difficult to measure for larger J.
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Figure 2.8: Imaginary components of the rf susceptibility of a system of two magnetic
layers undergoing (a) J = 0 erg/cm? and (b) J = 0.7 erg/cm? interlayer exchange coupling
strengths. The layer parameters used for this simulation are a; = ap = 8x 1073, g1 = g9 = 2.1,
Kyi=Ky2 =0, dpyin = dpve = 6 nm Mgy = 817 emu/cm?® and M, = 1463 emu/cm?.

2.5 Spin-Pumping

As discussed in the previous section, the magnetic moment of an out-of-equilibrium FM (its
moment is not parallel with the effective field) will result in precessional and damping-like
torques. The damping-like torque will eventually bring the FM into equilibrium. In a metallic
FM the main source of Gilbert damping is due to the spin-orbit interactions. Without the
spin-orbit coupling there would be no damping-like torque for a uniform precession mode
of the FM [35]. However, even for a FM without any intrinsic damping, in contact with
a NM, the interface between the two provides an opportunity to transfer the spin angular
momentum from the FM to the conduction electrons of the NM. Since the total angular
momentum is conserved, then the loss of the spin angular momentum of the FM results
in a transfer of spin momentum to the NM. Assuming diffuse scattering, this leads to
a pure-spin-current due to a thickness dependent spin accumulated density in the NM.
This process was first demonstrated in Tserkovnyak et al.[36] where it was shown that a
precessing magnetic moment of a FM resulted in a spin-current into NM. The NM reservoir
was assumed to act as an ideal spin sink (perfectly absorbing all incoming spins). The spin-

current was calculated by using the time dependent Brouwer’s scattering matrix [37]. The
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pumped spin-current from the FM into the NM at the FM/NM interface is given by [36]

I,

h 8"], (2.38)

- ok [
where n is the instantaneous direction of the magnetization of the FM and gf, determines
the efficiency of the spin-pumping process and is referred to as the real part of mixing
conductance; see eq. (2.52) below for a more precise mathematical definition.

This section presents the main concepts necessary for interpreting the experimental
results presented later in the thesis. The first section introduces spin-pumping as a time-
retarded extension of static interlayer exchange coupling. The second section presents spin-
pumping in the more modern form as derived from scattering theory. The advantage of this
treatment is that it explicitly introduces spin-pumping parameters allowing one to extend
this concept to spin tranpsort by spin-diffusion in a NM. Spin-diffusion is discussed in the
third section. The last section covers the full treatment of spin-pumping and spin-diffusion

in a system which also experiences static interlayer exchange coupling.

2.5.1 Simanek model

Simanek and Heinrich [24] recognized that the spin-mixing conductance (gy,) also enters
in the derivation of the static, interlayer exchange coupling [38]. They pursued the idea
that spin-pumping could be described as a form of interlayer exchange coupling (coupling
between two FM through a NM). Their model takes a one atom thick FM sheet, embedded
between two semi-infinite NM layers and includes the s-d interaction of the localized spin
moments in the FM sheet, S, and the electron spin density in NM layer, s(r,t). The resulting

interface energy term is given by,

sheet

Ba=-J Y /Si(t)-s(r,t)é(r—ri), (2.39)

where J is the s-d exchange interaction parameter and the sum is over all the localized
moments in the FM sheet given by S. J is related to the interatomic exchange interaction
by

J = 2Jsd%, (2.40)
where AV is the volume per atom in the NM, and Jyq conventional, atomic, s-d exchange
interaction in erg. S(t) is related to the average magnetization by

_ M(t)AV

S(t) (2.41)

where v is the gyromagnetic ratio.
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For a FM layer of finite thickness d, with interatomic spacing a, and assuming the limit
of ultrathin films (interface torque is shared by a whole FM layer) one can express a reaction
field as

H, (1) - %S(x ~0,1), (2.42)

resulting in a torque on the magnetic moment of the FM. Using linear response theory
[39] and eq. (2.39) allows one to evaluate components of s(r,t) = s,(r,t). This introduces
advanced Green’s functions which describe transverse spin electron correlations (transverse

susceptibility) in time and space in the NM,

X (T, £, 1) = %@(t — 1) [s(x, 1), 5,2, )], (2.43)

where O(t - t") is the unit step function. s,(r,t) is then given by using the driving term
JS'(t) and susceptibility x,, (r,r’,t,t') [39]

sheet

su(r,t)y=J > foodt’s,i(t—t’)XW(r,ri,t,t’). (2.44)

It is useful to Taylor expand S? in ¢’ leading to

,dS,,(¢)

Si(t—t) =8 (t) -t
o ( ) =S,(t) o

(2.45)

Note that x,.,(r,r;,t,t") will only depend on the differences, r;—r and t—t', and therefore
can be expressed in Fourier components as x,,,,(q,w), where q is the space component and w
is the time component. For a planar interface (depends only the x coordinate perpendicular

to the interface), eq. (2.44) can be written as

JAV 89X, dM, (1)
S“(.%',t) = T I:ley(.f,(.U)My(t) - a—:T] 07 (246)
where J
Xyp(z,w) = nsf %exp(i(ﬂx)x#,y(ql,w). (2.47)

ns is the density of spins in FM, and for planner symmetry the accumulated density s, (r,t)
is only dependent on the coordinate perpendicular to the interface and therefore q — ¢, .
The first term in eq. (2.46) leads to accumulated spin density and was obtained by
Yafet for the Ruderman-Kittel-Kasuya—Yosida (RKKY) interaction [40]. RKKY theory
has had success in explaining the oscillatory ferromagnetic/antiferromagnetic dependence
of interlayer exchange coupling in a system of two ferromagnets separated by a normal
metal. The second term on the right hand side of eq. (2.47) is a dissipative term which
represents the spin-pumping contribution to interface damping. For isotropic susceptibility

the RKKY spin density at the interface is parallel to the magnetic moment and therefore
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exerts no torque. The reaction field acting on FM is given by the second term in eq. (2.46),

2J2AVang 2
~v2d  Ow

dM,(t)
dt

Hy, =~

Imyx,,.(g,w) (2.48)

w—0

The dissipative reaction field is proportional to the rate of change of the magnetization of
FM, dM, (t)/dt, similar to that derived by Tserkovnyak et al. [36] see eq. (2.55).
Using linear response theory allows one to include electron spin correlations. Assuming

on-site Hubbard interactions leads to renormalization of the transverse susceptibility:

x1(g,w)

T (0.0 ﬁxo(q,w) (2.49)

xt(q,w) =

where U = 4QU /h? and U is the screened intra-atomic Coulomb energy. This modifies
Equation (2.48),

[ (a,0)] = [1- 0] - [ (a.9)], (2.50)

enhancing the spin-pumping strength by the Stoner factor 5’%,
Sp=[1-UN(E]", (2.51)

where N(Er) is the density of states at the Fermi level.

In a subsequent work Simének showed that with increasing J the spin-pumping enhance-
ment due to the Stoner factor, S2, is appreciably smaller [25]. In fact for the interatomic
exchange energy J — oo the spin-pumping contribution goes to zero. This is expected since
the increasing s-d atomic energy J increases the dc exchange bias effective field in the longi-
tudinal spin direction resulting in partial suppression of transverse spin moment fluctuations

making the Stoner parameter less effective.

2.5.2 Spin-pumping in spin diffusive NM

The efficienty of transfereing spin momentum from the ferromagnet (FM) to the adjacent
non-magnetic metal (NM) during the spin-pumping process in a FM/NM structure is de-

termined by the spin mixing conductance [7],

1 9 2
g = 52 [Pt = rpnl” + 1t = tinl”] (2.52)

n
where 74}y, and t4(}y ,, are the spin majority (minority) reflection and transmission param-
eters of a NM electron in the ny, conduction channel impinging on the FM/NM interface.
In the case of a metallic, FM that is thicker than the transverse spin coherence length, the

terms (1t]) vanish and the mixing conductance does not depend on the thickness of the
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FM [7]. In this case it has been shown that the real part of the spin mixing conductance

dominates the spin momentum transfer, and can be expressed as [41]

gry =Relgn] =27 [1 -Re (m,nrf,n)] : (2.53)
n

The majority and minority reflection coefficients have independently varying phases re-
sulting in a negligible magnitude of the cross terms (r47]) for the metallic FM/NM interface
[41]. Varying phases result in phase cancellation when summed over all electrons impinging
at the FM/NM interface. Equation (2.53) then reduces to counting the number of single
spin conduction channels at the FM/NM interface. It is useful to look at the free electron
model to get a better feel for the important parameters. For a free electron model the Fermi
surface is in the shape of a sphere. Therefore gf; can be determined by counting all electrons

at the Fermi level which are impinging on the FM interface, resulting in
i
g1y ® EA7 (2.54)

where kp is the magnitude of the Fermi wavevector and A is cross-sectional area of the
sample. Since the area of all our films is the same, it is possible and convenient to set it to
A =1 (it divides out of all equations). The pumped spin-current from the FM into the NM
at the FM/NM interface is given by [7]

/ h 8n]’ (2.55)

I =—g; [n X —

o7 g I ot
where m is a unit vector in the direction of the instantaneous magnetic moment of the
FM. Spin-pumping into a diffusive medium must be modified by replacing the spin mixing
conductance gf, with gy [7]. Therefore spin-current into a diffusive medium results in a
spin-current given by

h _ on
I, = o [n x 5] . (2.56)

g1y is referred to as the renormalized spin mixing conductance (a correction for diffusive

medium), which is obtained by the subtraction of a spurious Sharvin conductance ggy[42],

1 1 1
L (2.57)

g 95 29sh

Since the Sharvin conductance is calculated by counting the number of conduction channels
and for intermetallic interfaces gf, is also mainly determined by counting the number of

single spin conduction channels [41], then

g7, ~ gsn- (2.58)
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This approximation leads to the renormalized spin mixing conductance
gri ~ 295, (2.59)

We will use this approximation for the remainder of this chapter. Note, from the point of
view of the experiment, this is a free fitting parameter.

Diffuse electron momentum scattering at the FM/NM interface allows one to introduce
the chemical potential for the majority (fmajor) and minority (fminor) spins in the NM
which results in an accumulated spin density S in the NM. Note, fty,qjor is defined here as
a vector since the direction of the spins is always changing in time. The accumulated spin
density S propagates across the NM spacer by a spin diffusion current. The accumulated
spin density is given by

S = %N(EF) Ap, (2.60)

where Apt = fmajor = minor is the chemical potential difference of the majority and minority
electrons. N'(EFr) is the single spin density of states at the Fermi level in the NM, assuming
the free electron model it can shown that
2
kg
4 2h’UF ’

N (Ep) = (2.61)
where vp is the Fermi velocity in the NM.

Spin current injected into a diffusive medium will partially return back to the ferromag-
net, this returning current is referred to as the backflow spin-current [43]. The backflow

current is assumed to be perfectly absorbed by the FM and is given by [7]
L
L=—-—gnynxApxn. (2.62)
4

From egs. (2.60) and (2.62) it follows that the spin-current backflow Iy is proportional to
the accumulated spin density S at the FM/NM interface.

For small angle of precession magnetic moment in FM is nearly perpendicular to the
saturation magnetic moment and consequently the rf accumulated spin density, in the linear
approximation, is also perpendicular to the saturation magnetization and will be described
by s. The expression n x S x n can be then replaced by s at the FM/NM interface.

Using egs. (2.54), (2.59), (2.60), (2.62) and (2.81) one can show that the spin backflow
at the FM/NM interface is given by

1
Ly = —§UFS($) ; (2.63)

z=0
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where s(0) is the rf accumulated spin density in the plane of rf magnetization precession
and at the FM/NM interface and vg is the Fermi velocity in the NM layer adjacent to FM
layer.

The Fermi surface in zero electric field must be symmetric about the origin. Equa-
tion (2.63) states that the accumulated spin density associated with transverse rf spin-
current is perfectly absorbed by the FM.

To relate the pumped spin-current to the magnetic damping of the ferromagnet we need

to recall Slozewski torque,

an v
dt  Mydpy A

where A is the area and dgy; is the thickness of the ferromagnetic material. For clarity we

nxI,xn (2.64)

will rewrite the above in dot-product form

dn 0%

A Ul m) = (L)), (2.65)

and since n is a unit vector, this expression can be further simplified to

dn ¥

—=—— (I, —n(I, - . 2.66
di MdeMA( P n( p n)) ( )

From the above equation it is easy to see that if the direction of the spin-current I,
is perpendicular to the magnetic moment of the ferromagnet m, then the torque on the

ferromagnet due to spin-pumping is,

dn y

ki, S 2.67
dt  MydpyA~ ™" (2.67)

For the case of small angle of precession the above is a very good approximation.

2.5.3 Spin diffusion theory

Spin-pumping establishes an accumulated spin density in the NM at the FM/NM interface,
however, its propagation is governed by the spin diffusion equation theory. Similarly to the
standard diffusion, spin diffusion is driven by the gradient of the accumulated spin density
with an additional modification to allow the relaxation of spin density on time scales of 7,
leading to the spin diffusion equation

631- 828i S;

=t _p. =t , 2.68
ot ! 89@2 Tsfi ( )

where s; is the accumulated spin density, D; = v% iTm,i /3 is the spin diffusion constant, v ;
is the Fermi velocity, 7, is the electron momentum scattering time, and 74; is the spin

flip scattering time, all in the iy, layer. Since the magnetization precession times at our
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Figure 2.9: A precessing magnetization in the FM layer leads to a spin-current Iy, in the
adjacent NM layer. The net pumped spin-current it I;llft = I, + It¢. The boundary condition
on the other side of NM is given by eq. (2.74) for the structure in a), by eq. (2.76) for the
structure in b).

microwave frequencies are much longer than the spin flip relaxation times, eq. (2.68) can

be approximated as time independent. The general solution takes the form of
S; (.%‘) = Aiel‘fﬂi + Bie_mx, (2.69)

where the coefficients A; and B; are determined by appropriate boundary conditions given
by the magneto-electronic equations and x; = )\;} = 1/'1)F2\/m is the inverse spin
diffusion length. These ideas can be extended for a heterostructure of multiple NM interfaces
i.e.
FM/NM1/NM2/NM3... In these cases one needs to introduce two boundary conditions
at each NMi/NM(i + 1) interface to dictate the transport of chemical potential across each
interface. The two boundary conditions solve for the two coefficients in eq. (2.69). Typically,
these are the continuity of chemical potential and continuity of spin-current. However, as
it is shown in chapter 9, there are other possible boundary conditions used within the
literature. The remainder of this section deals with a structures consisting of only one NM,
either FM/NM or FM/NM/FM2.

At the FM/NM interface the boundary conditions is given by the conservation of spin-

current at the interface and states that the net spin current is sum the pumped spin current



(Isp) and the backflow current (%vps(:z)), see fig. 2.9

0 1
DL sa)=1,, - - 1, 2.
8Is(:c) D 2vps(x) o (2.70)

Note that Iy is defined as negative. This relationship can be rewritten as
I = I, + Iy, (2.71)

where Isnp6t = —D%s (0) is the net spin current. The net spin-current pumped into the NM
is equal to the net spin momentum lost by the FM, i.e. the induced damping in the FM
layer. For ultrathin FM

(8M

on ~ 1
) =agp|Mx—|=—"—(I,-= ) 2.72
ot )Sp ap[ - 8t] dFM( P 2UFS(O)) (2.72)

The term before the round brackets on the RHS of eq. (2.72) takes into account the con-
version from spin dynamics to magnetization dynamics and the fact that, for ultrathin FM,
the interface transfer of moment is shared equally throughout the volume of FM by the ex-
change interaction. This equation is connects the idea of spin-pumping to an experimentally
measurable quantity, the magnetic damping «. Therefore, one can introduce a spin-pumping

induced damping in the FM,

~ An M, I drm
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2.73
1+7 ( )

Osp
where the form of T determined by the material parameters and boundary conditions of
the adjacent system.

In the case of a single NM layer, FM/NM structure, (as in fig. 2.9 (a)) there is a perfect

reflection of spin current at the NM /ambient interface, which is expressed as
0
-D—s(z)=0 : (2.74)
ox mdyns
One can show that results in a Y in eq. (2.73) taking the form

VR 1

Ty=— :
'~ 2 Drtanh (dnmk)

(2.75)

In the ballistic limit, dymr <1, and Y1 - oo then ag, — 0 in eq. (2.73) and there is no
damping induced spin-pumping. Everything that is pumped out is perfectly returned back
to the ferromagnet.

Another important boundary condition is for the FM/NM/FM2 structure where FM is
the source of the spin current and FM2 is off resonances (not spin-pumping), see fig. 2.9

b)). In this case the boundary condition at = = dxy changes to that of perfect absorption
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of all the spin-current impinging on the NM/FM2 interface (perfect spin sink),

0 1
- D—s(x) = —vps(z) . (2.76)
Ox 2 omdnag
This leads to ag, of the FM/NM/FM2 structure having dependence on the thickness of
NM with T in eq. (2.73) taking the form

[ vg )2
- Y Dk + (TF) tanh (dnwvr) . (2.77)
DDk + (Dli)2 tanh (dNuvk)

It is worth expanding on the consequences of using spin diffusion theory outside of its
derivation. The first derivation of spin-pumping theory was assuming that the spin-current
from FM is pumped into a NM reservoir, which was modeled as a perfect spin sink [36].
In a perfect spin sink implies no there is no backflow spin-current; it is assumed that the
spin-current leaves the interface or decays fast enough that spin accumulation does not build
up. In the diffusive NM system, one has to include the accumulated spin density, backflow
spin-currents, and the renormalized spin mixing conductance, see egs. (2.56) and (2.63). The
ratio € = 74 /7y is an important parameter for determining whether a particular material can
be treated as a simple diffusive NM with respect to spin-currents. To illustrate this fact, it is
useful to first consider the FM/NM1/FM2 system, with FM as the source of spin current (at
resonance), NM1 as a diffuse spin scatterer, and FM2 as a perfect spin sink (off resonance).
Allowing the NM1 layer thickness to approach 0 leads to limg,,,~0 T2 = 1. In this limit, the
term [1/(1+Y2)] in eq. (2.73) reduces to 1/2. Multiplying this term by the renormalized
spin mixing conductance gy, (w 2gﬁ) we recover the bare spin mixing conductance gj,. This
is the original result of spin-pumping as derived for pumping directly into a perfect spin

sink. This is the maximum spin-pumping one can achieve.

2.5.4 Reformulation using the Einstein relation

More recently in the literature it has become more common to parameterize the spin-
pumping induced damping in terms of single spin resistivity p; and spin diffusion length
Asd- The advantage of this approach is that p; can be easily measured with a separate
technique and used as an established parameter when fitting the spin-pumping data. It
is convenient to start with the spin-pumping induced damping for the FM/NM structure
(using eq. (2.73) and eq. (2.75)),

s, gk . 1 ) 1
oS = g1 . 2.78
4 M NdFM 2 —)\D tanh( d ) ( )
sd
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The required equations to make the conversion are the Einstein relation,

1
=~ =DNé?, (2.79)
p
where e is the fundamental charge and N is the density of states. The definition of the
diffusion constant is
V3T
D= T (2.80)

Also, the single spin density of states for a free electron model,

k‘2
N (Ep)= —F—, 2.81
(Er) 42 hop (2:81)
and the enhanced spin-mixing conductance is
.
gty ™20y o (2.82)
Using eqs. (2.79) to (2.82) one can show that eq. (2.78) can be rewritten as,
-1
SL_ _9MB_ gn R
Qg = 1+ , 2.83
= 47TM$ dFM tanh (dN_M) ( )
>‘sd
where )
R =21 2\, (2.84)

 27h
and p; is the single spin resistivity.
Similarly, spin-pumping induced damping for the FM/NM /FM2 structure (using eq. (2.73)

and eq. (2.77)) can be rewritten as,

Asd
tanh (?\ITZA) + g1 R

-1
" ~ dnm
aDL: gUB & 1+g . 1+gNRtanh( )

P A M dpy i

(2.85)

Equations eq. (2.85) and eq. (2.83) will be heavily used throughout this thesis for the

interpretation of the damping data.

2.6 Relaxation Mechanisms

There are two spin-orbit mechanisms used to interpret spin relaxation inside metals. First
is the Elliott-Yafet spin scattering model, [44, 45]. In this model spin relaxation is caused
by the scattering of spin on phonons and impurities in the presence of spin-orbit coupling,

resulting in a linear proportionality between spin-flip and momentum scattering, Tﬁy o<
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7Y More electron scattering leads to more rapid dephasing of the spin-current. The second
is Dyakonov-Perel [46] model, spin precession around an effective spin-orbit field due to

-1
broken inversion symmetry, resulting in T’:}P o< (T£P ) . For monatomic metals, this type

S
of relaxation can occur due to scattering at interfaces. This is only possible if the TSE}Y is long
enough to allow for the spin to probe the interfaces. Dyakonov-Perel becomes more dominant

for low temperature measurements since TEY

. increases and therefore TSEJLY decreases.

The Dyakonov-Perel relaxation mechanism was originally derived for semiconductors
and originates from lack of inversion symmetry (either at the interfaces or with the crystal
itself). Crystals without inversion symmetry have spin splitting of the electron energies; the
electron energy depends on the component of the k-vector in the direction of the spin. This
energy can be expressed as A{) where () is the frequency of precession of the spin in the
presence of an effective magnetic field which depends on the k-vector.

To get an intuitive model for the Dyakonov-Perel relaxation it is first useful to look at
the limit in which the electron momentum scattering time (7,,) is very long in comparison
to the period of its precession (27, >> 1). In this case the electron spin gets reoriented
as a consequence of simple precession around an effective field. The component of spin
perpendicular to Heg is lost before any momentum scattering events occur. Note, this is
never the case for the systems studied in this thesis. The spin precession rates are much
slower than the average time it takes for the electron to traverse the film thickness.

The second limit is for low energy electrons, €27, << 1. In this case the electron precesses
only a small angle before a momentum scattering event occurs. The scattering leads to a
rotation of the axis of precession resulting in a new cone of precession. If the scattering rate
is very high in comparison the to the precessional rate, then the electron has no time to
precess and is effectively jiggling around a multitude of randomly varying effective fields.
This process can be described by a random walk where the step size is ¢, and the time
between scattering events is 7,,,. The average of the square of the change in angle of the

spin is then given by

(%) = Ti(mm)? (2.86)

The spin-flip time is defined as the period of time over which the angle of rotation of the
spin is sufficiently large, such that the spin is considered to be scattered, ($?) ~ 1. This
results in the inverse relationship,

. a7, (2.87)

Ts

where a is a constant to be determined experimentally [47].
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Figure 2.10: Illustration of the Dyakonov-Perel relaxation process. In the case of the Elliot-
Yafet process the external field is constant and the spin gets reoriented due to a scattering
event (not shown here). In the Dyakonov-Perel process the external field and therefore the
torque is rapidly changing and consequently the spin gets reoriented without any scattering
events. The top figure shows limit of no scattering events, the spin is precessing under the
influence of a constant effective field for all time steps, t1, to and t3. The bottom figure
illustrates the Dyakonov-Perel relaxation process, the spin is continuously reoriented by a
rapidly changing effective field for each time step.
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Chapter 3

Sample Deposition and
Characterization

3.1 RF Magnetron Sputter Deposition

Sputter deposition is a mechanism by which material is removed from one location (the
target) and deposited to a different location (the substrate). It is a popular technique
for creation of thin film structures. This section describes the mechanisms of rf sputter
deposition.

Sputter deposition occurs inside of a vacuum chamber which is also equipped with a
variety of other tools for controlling the deposition rate, see fig. 3.2. The first step is to load
the chamber with the desired target and substrate and evacuate the chamber to pressures
below 5 x 108 Torr. This is done in order to minimize impurity contamination during the
film deposition. Next, a flow of Ar is established into the chamber and kept below 2.2
mTorr (see below for the purpose of the Ar gas). A rf voltage is applied to the target which
initiates the sputtering process, see fig. 3.1.

Sputtering is a process by which atoms are physically ejected from a solid target due to
bombardment of high-energy particles. Generally, ionized Ar atoms are used as the high-
energy particles due to Argon being a noble gas and unlikely to react with the target
material. A large electrical potential accelerates stray electrons which collide with neutral

Ar atoms and convert them to charged particles
Ar+e” = Ar" +2¢. (3.1)

The ionized Ar* atoms are accelerated inside in the electric field and collide with the
target. If the energy of the Ar* ion is greater than the binding energy of the target then an
atom gets ejected, see fig. 3.1. This collision also causes secondary electrons to be ejected
from the surface. The magnetic field, due to the permanent magnets underneath the target,
confines the electrons to the region just above the target. This region of increased electron

density increases the probability of another electron-Ar collision to form more ions, result-
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ing in a cascading process which results in the formation of plasma above the target. A
sufficiently high pressure of Ar is required to sustain this cascading process and therefore
the plasma (typically < 1 mTorr). At too high of an Ar pressure there will be too many
collisions and therefore the electrons will not have enough time to build up enough energy
to ionize the Ar atoms (typically > 30 mTorr). During a sustained plasma there will be a
continuous set of collisions of Ar" with the target resulting in the ejected neutral target
atoms. These atoms are deposited all over the chamber, including the substrate.

During rf sputtering the alternating electric field results in a self-bias on the target.
This is a result of the alternating field changing too rapidly to impart enough energy onto
the Ar* for sputtering to occur. The electrons, however, are accelerated much more easily
resulting in an abundance of electrons on the target during the positive phase of the rf cycle.
The consequence is a build up of negative charge on the target which is enough to provide
additional energy to the Ar* for sputtering to occur. For conductive targets a blocking

capacitor is placed in series with the target to establish self-bias on the target.

Sample

Figure 3.1: Illustration of the sputter deposition process from a single sputter gun.

3.2 Experimental Setup

The sputter deposition system (Kurt J. Lesker Company) used for the deposited films
studied in this thesis is composed of a loadlock and two process chambers. The loadlock

chamber can support up to 6 substrates each up to 6" in diameter. Each substrate can be
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Figure 3.2: Illustration of the sputter deposition machine during deposition from one of
the sputter guns. The pressure inlet, turbo pump shutter and RF power are all controlled
automatically by the computer during deposition (not displayed here).
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transferred to one of the two process chambers with an automated transfer arm. The first
process chamber (PC1) was devoted to metallic targets and used extensively for the research
in this thesis. The second process chamber was devoted to oxides. PC1 was equipped with
six 2" sputter guns angled to face the substrate at a distance of approximately 30 cm from
the target to the substrate. Each gun was equipped with a pneumatic shutter to prevent
cross-contamination of material during the deposition of each target, which also allows for
precise control of the start and stop of the deposition process. The substrate holder is also
equipped with a shutter to prevent any unnecessary deposition during the cleaning of the

sputter guns.

3.2.1 Substrate Preparation

Prior the start of the sputtering process, the first step is the cleaning procedure of the
substrate which is done outside the sputter machine. For all samples the Si substrate cleaning
was based on RCA-1 cleaning procedure. First the 6" Si(001) wafer is cut into 25x25 mm
pieces. A load of 10 pieces is first cleaned in acetone in an ultrasonic cleaner at 50 °C for
10 minutes. This is repeated in an ethanol bath for another 10 minutes at 50 °C. Next,
the substrates are from of the bath, one at a time, and blow dried with nitrogen. Next,
the pieces are submerged in a solution of 5 parts water, 1 part 27% NH,OH, 1 part 30%
H304 at 70 °C for 15 minutes. The substrate pieces are then thoroughly rinsed in de-ionized
water. Finally, the substrates are removed from the DI water bath and again blow dried
with nitrogen.

After cleaning, the substrate pieces are placed into the substrate holder in the loadlock,
typically 2 pieces per holder. The first holder is always loaded with glass, these samples
serve as a test run for the sputter to come for the rest of the samples. The first holder is
moved from the loadlock to the process chamber by the transfer arm. Sputter deposition
is initiated one at a time for 5 minutes for each sputter gun. This serves two purposes,
first this cleans off the native oxide layer which may have developed on the targets over
night. Second, this serves as a test run for each gun to confirm that it operates within the
desired Ar pressure. During deposition the substrate is rotated at 20 revolutions per minute.
This ensures a more homogeneous distribution of material. The Ar inside the chamber is
controlled automatically by the turbo throttle valve, see fig. 3.2. After each gun has been
cleaned, the first sample holder is transferred back to the loadlock and at this point the

machine is ready for deposition onto each substrate.

3.3 X-Ray Diffraction

X-ray diffraction (XRD) was used to characterize the structure of the deposited films,

specifically, the lattice constant, crystal orientation, film thickness and film texture. The
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measurements were performed using a PANanalytical X’Pert PRO MRD x-ray diffraction

system with Cu-K, radiation of monochromatic wavelength Acuka = 1.5418 A.

Figure 3.3: Illustration of the Bragg condition incident and reflected beams from lattice
points. Constructive interference occurs when eq. (3.2) is satisfied.

XRD measurements rely on Thompson scattering, which is the elastic scattering of
electromagnetic radiation with free, charged particles. The scattering is elastic due to the
large difference in the energy of incoming photons and the rest-mass energy of the electron.
X-ray photons, incident on the atoms of the crystal, accelerate the electrons causing them
to re-emit the radiation at the same frequency as the source. Electromagnetic waves, re-
emitted from electrons in the illuminated lattice, interfere at the detector. A peak intensity
is measured at the detector when the scattered waves interfere constructively.

For crystalline materials, the scattering profile results in a extremely sharp peaks due
to the periodicity of the structure. For a crystal structure with a periodic lattice spacing d,

the constructive interference is given by Bragg’s Law

2dsin 6 = nA\cuKa, (3.2)

where n is an integer and 6 is the angle between the incident and the diffracted x-ray beam.
This relationship can be derived geometrically (see fig. 3.3). The scattering angle and vector
are related through ¢ = 47sin(#)/A and the scattering peak occurs at ¢ = 27/d n. Therefore
the lattice spacing is given by d = 27/q.

The lattice spacing of the planes parallel to the surface of the structures was determined

with a 0 — 260 type of measurement. In this configuration the x-ray beam incident angle, w,
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is half of the diffraction angle, 26, see fig. 3.4. In this situation the incident beam and the
reflected beam are both at 6 with respect to the sample surface. At some angle 6 the beams
interfere constructively, resulting in a peak intensity of the reflected beam. The lattice plane
spacing of many materials is well tabulated in the literature which allows one to use the
measured lattice spacing to determine the crystal structure and orientation of the deposited
sample. The structures of the materials used in this thesis (Ta, Fe, Pt, Au, Co, NiFe) are
very well established.

In some cases the spacing of the lattice planes parallel to the surface is not enough to
uniquely identify the crystal structure of the material, one has to also probe the lattice
spacing of planes perpendicular to the surface. This type of XRD measurement can be
performed by orienting the x-ray source, sample surface and detector all in the same plane.
In practice the sample is rotated such that the incident beam is at a grazing angle of 0.5°.
The low incident angle results in a smaller penetration depth and higher surface structure
sensitivity; this technique is advantageous for thin films and surface measurements. This
type of measurement will be referred to as in-plane XRD. Due to the textured polycrystaline
nature of the studied samples, the grains are generally randomly oriented within the sample

plane.

X-ray source

‘ V)
Vo
&
o
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Substrate il

Figure 3.4: Geometry of the XRD measurement for the w — 260 scan. In our measurements
w=40.

One important parameter to gauge the quality of the deposited sample is the texture.
As mentioned, the structures studied in this thesis are textured polycrystalline samples. In
a highly textured sample, all the grains will be well aligned with respect to each other. The
quality of the texture depends on the deposition conditions as well as the seed layers. A
rocking curve type of measurement allows one to characterize the sample texture. The setup
starts at the same geometry as the 6 — 20 measurement but at an angle 20 which results
in a peak intensity on the detector. The sample is then repeatedly rotated between —dw to

dw while 26 is kept at a fixed value. The rocking curve captures the distribution of grain
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orientations, see fig. 3.5. A poorly textured sample will have large spread of orientations
and therefore will result in a much broader diffraction peak, see fig. 3.5(b). The full-width-

half-maximum (FWHM) can be used as parameter to quantify the texture of a film.

b)

Substrate

Figure 3.5: a) Illustration of the rocking curve measurement of a polycrystalline sample
composed of many grains which are preferentially oriented normal to the film surface. Due
to a distribution of deviations of orientations, net measured signal (b) is a sum from each
individual grain and is therefore broadened by the distribution of orientations. The dashed
lines in (b) represent the individual signals of each grain and the the solid is their sum.

3.4 X-Ray Reflectivity (XRR)

Low angle x-ray reflectivity (XRR) measurements were used to the determine the film
thickness and calibrate the deposition rate of sputter deposition. The geometry is the same
as the 6 — 26 but at low angles (6 < 0.8°). For thin films this measurement results in an
exponentially decreasing oscillatory signal, known as the Kiessig fringes. A beam incident
on the sample will experience a partial reflection at the interface of the film due to the
change in a refractive index. Constructively interfering beams will result in peaks of the
signal while destructively interfering beams will result in valleys leading to the oscillatory

behaviour. It can be shown that the position of the maxima of the intensity is given by [48]

m)\CuKa . .
Yy - d\/sm2(0m) —sin?(6..), (3.3)

where 0. is the angle at which the intensity is at half maximum, 0,, is the angle of the myy,

fringe and d is the film thickness.

3.5 SQUID Magnetometer

A magnetometer with a superconducting quantum interference device (SQUID) is one of the

most sensitive methods for measuring a magnetic moment. The SQUID magnetometer used
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in the studies presented in this thesis was a commercial machine (MPMS XL from Quantum
Design) which consisted of a large superconducting electromagnet and superconducting
detection coils connected to a SQUID (fig. 3.6).

The measurements were performed by moving a magnetic sample through the detection
coils, resulting in a change of magnetic flux and an induced electric current. The detection
coils consist of a single piece of a superconducting wire wound into four coils (fig. 3.6). The
upper and lower coils are wound in the opposite direction to the two center coils. The flux
change in the two central coils is exactly canceled by the flux change of the top and bottom
coils in the absence of sample. The top and bottom coils are just compensating the ambient
magnetic field noise. In fact, this geometry is only sensitive to the second derivative of the
external field. This configuration improves the signal to noise by reducing the noise from
the fluctuations of the external magnetic field.

The DC SQUID is inductively coupled to the detection coils and the measurement is done
with the flux-locked-loop configuration. A bias current is passed through the SQUID and a
voltage is measured across the two ends of the SQUID. A measurable voltage develops when
the bias current is larger than twice the critical current of each branch of the SQUID. An
external magnetic field results in a screening current inside the SQUID which influences the
critical current in each branch of the SQUID. Since the flux enclosed by the superconducting
loop in the SQUID must be an integer number of flux quanta, the critical current will
be periodic with magnetic field. Flux-locked-loop refers to the configuration in which the
resulting voltage from the SQUID is used to drive another superconducting coil which
opposes the flux generated by the SQUID. The SQUID should remain at zero magnetic flux
condition and one only needs to the measure the current going through the flux-locked-loop

to determine the magnitude of the unknown magnetic flux [49, 50].

3.6 Resistivity Measurements

Resistivity of the deposited materials was measured by using the four point probe method.
This method allows one to measure the resistivity of an arbitrary shape thin film sample
with constant thickness. Four electrical contacts are placed on the edges of the sample. The
resistance can be determined by applying a current between contacts A and B and measuring
the voltage between contacts D and C resulting in R4 = Vpe/Iap and R = Vp/lac,
where the I and V represent the current and voltage between the respective contacts.
It was observed that a more consistent resistivity measurement could be obtained if the
probes were placed along the center of the sample, see fig. 3.7(b). In this configuration the
resistances are Ry = Vpo/Iap, Rp = Vep/lac, and Re = Vop/Iap [51]. The measurement
was performed by an AC resistance bridge (Lakeshore Model 370 AC resistance bridge).
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Figure 3.6: Illustration of the SQUID magnetometer.
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Ry, Rp, and Rc must satisfy the following two relations, [52]

QWRAd) +exp(—27rRCd) _q

oxp ( (3.4)

and

eXp(27rRAd)_eXp(27rRBd) _q, (3.5)
p p

where p is the resistivity and d is the thickness of the film. The two equations should yield
the same value for p within measurement error, therefore, to improve the accuracy one can

average the p as determined from both eq. (3.4) and eq. (3.5).

A B

a) b)

Sample

C D Apch

Figure 3.7: Van der Pauw measurement configuration for (a) a conventional geometry in
which the probes are connected to the edges of the sample and (b) the four point probe
geometry in which the probes are placed in a line along the axis of symmetry of the sample.

For the resistivity measurements the structures were deposited on glass instead of Si
due to its large resistance. Importantly, during the deposition process the samples are held
in place by the edges, this results in a smaller amount of material deposited on the edges
than the rest of the sample. To rectify this, the edges of the samples were cut off before
the resistivity measurements. The AC resistance bridge was connected to a PC via GPIB.
LABVIEW code allowed for the automation of the measurement, which helped improve the

signal to noise ratio.

3.7 Broadband Ferromagnetic Resonance Spectrometry

Ferromagnetic resonance spectrometry is a widely used experimental technique to study
both static and dynamic magnetic properties of magnetic materials. The work presented
in this thesis focuses on characterizing spin-pumping into various metals and developing
a self-consistent interpretation of the experimental results. FMR is one of the few tools

which allows one to accurately study the magnetic damping and therefore can be used to
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determine the spin-pumping induced damping. In this thesis FMR was extensively made
use of to study the magnetic properties of thin film metallic ferromagnets. This section
explains the design of the FMR setup, and the equations used for the interpretation of the

data; the theoretical origins of FMR are presented in section 2.3.

3.7.1 Experimental Setup

Lock-In Amp
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Figure 3.8: Schematic of the FMR setup using the coplannar waveguide setup. The sample is
mounted at the end of the waveguide and the measured signal is proportional to the absorbed
microwave power. The red lines carry high-frequency microwave signal (2-70 GHz), the blue
wires carry the modulating signal (100 Hz).

The schematic of the FMR setup is presented in fig. 3.8. The signal originates from the
Anritsu MG3696B microwave generator (2 to 70 GHz) and follows the microwave cable into
the coplanar waveguide (CPW), fig. 3.9. The CPW is mounted in the center between the
two pole pieces of a Varian 3800 electromagnet. As the signal travels through the CPW,
some power may be absorbed by the sample (if in or near resonance). The resonance will
be defined by the sample properties and depends on the driving frequency and the external
magnetic field, see more details below. The signal coming out of the CPW then propagates
into a diode detector. The diode is connected to a Stanford Research Systems SR830 DSP

Lock-In Amplifier to measure the modulated signal.
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The lock-in amplifier allows one to increase the signal-to-noise ratio of the FMR re-
sponse. The lock-in technique requires the modulation of some parameter in the system
such that signal can be measured at the same frequency as the modulation. In this FMR
Hpc is modulated by an additional pair of coils centered around the pole-pieces of the
electromagnet, fig. 3.8. The modulation is aligned in the same direction as Hpc but its
magnitude is significantly lower. In a typical measurement Hpc is swept over some range
and the rf driving frequency is set to a constant value. The generated external magnetic
field is measured by a Hall probe which is positioned directly on the pole-pieces. As the
field sweeps through the resonance of the sample, a portion of the transmitted power will be
absorbed by the sample which results in a decrease in the transmitted signal. However, since
the measured signal is actually modulated in field, the measured response is proportional

to the field derivative of the actual transmitted signal.

Substrate hrf

Film

Figure 3.9: Illustration of the coplanar waveguide. The sample is mounted on the central
conductor with the film side facing the conductor. The natural oxide on the conductor
prevents any charge from the coplanar waveguide from leaking into the sample.

Within the CPW the sample is mounted directly on top of the central conductor with the
film side facing the waveguide. The sample has to be electrically isolated from the CPW.
The traveling electromagnetic wave creates an oscillatory rf magnetic field, h.¢, which is
approximately parallel to the surface of the sample. In the presence of an external magnetic
field the sample can be driven into FMR. As discussed in the section 2.3, the external field,
Hpc, must be perpendicular to the driving field, therefore either along the = or z directions,
fig. 3.9. If Hpc is along the x direction, then this corresponds to the in-plane measurement
setup, section 2.3.1. Sample alignment is performed by adjusting the position and angle of

the CPW and looking for the largest resonant field of the sample for a given frequency.
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For the perpendicular-to-plane alignment, see section 2.3.2, the CPW is rotated such
that the surface normal of the sample is parallel with Hpc. In this situation Hpg is along
the z direction and the rf-field remains in the same y direction fig. 3.9. In order to achieve
resonance in the perpendicular-to-plane geometry one needs to first overcome the effective
demagnetizing field of the sample (~ 10 kOe for NiggFegy or ~ 21 kOe for iron). Often the
limiting resource in perpendicular-to-plane alignment is the external field, the maximum
field achievable by the Varian 3800 electromagnet is 25 kQe.

A typical FMR setup uses a waveguide to propogate the rf power to the sample and
the sample is situated inside of a resonance cavity at the end of the waveguide to increase
the signal. This setup is beneficial for very weak signals, however it also has some practical
drawbacks. To perform a frequency dependent measurement one needs to swap to a new
cavity for each new measurement, re-align the sample and finally setup the measurement.
This is a time consuming procedure which requires the attention of the operator. The CPW
setup results in a weaker response, however, for the samples studied in this work the response
is more than enough to perform a quantitative analysis, see fig. 4.4. The advantage of the
CPW setup is the ability to measure the response for a large span of frequencies (2 GHz
- 30 GHz) without having to adjust the setup between each measurement. This advantage
allows for the capability of automation of the FMR to perform several measurements of a
given sample without the operators attention. This was done in the LABVIEW code which is
responsible for the data gathering. For most of the studies in this thesis the CPW is sufficient
to allow quantitative analysis of the data, however, in some cases it may be important to
go to higher frequencies. In the study discussed in chapter 6 it was necessary to measure
up to 70 GHz in order to extract a meaningful value for the coupling strength between two
ferromagnetic films. The CPW struggles to propagate any signal above 30 GHz, for such
high frequency measurements it was important to use a terminated waveguide setup.

The terminated waveguide setup is very similar to the CPW. The difference being that
the microwave cables and the CPW are replaced with a waveguide and directional coupler,
see fig. 3.10. The sample is mounted at the end of the waveguide in the area between the
pole-pieces. The elecromagnetic wave travels through the WR15 waveguide, reflects off the
sample and returns into the detector. The power of the reflected signal will depend on the
energy absorbed by the sample. The WR15 waveguide supports frequencies between 50-75
GHz, allowing the user to measure FMR at frequencies above CPW. Similarly to the CPW,
the terminated waveguide setup allows for the measurement of multiple frequencies without
any adjustment from the user which makes it applicable for automation of the measurement

for multiple frequencies.

3.7.2 FMR Example Data and Analysis

In an FMR experiment the response signal is proportional to the rf magnetic susceptibility,

X:f, in the direction of the applied field. The response is typically a mixture of the real and
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Figure 3.10: Schematic of the FMR setup using the rectangular waveguide setup. The sample
is mounted at the end of the waveguide and the measured signal is proportional to the
reflected microwave power. For the coplannar setup the structure outlines in the dashed
line is replaced with microwave cables to carry the signal and a coplanner waveguide to
excite FMR in the sample. The red lines carry high-frequency microwave signal (2-70 GHz),
the blue wires carry the modulating signal (100 Hz).
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Figure 3.11: Example FMR data for Si/Py(6)/Pt(2) sample where the numbers are thick-
nesses in nm. The fit is performed using eq. (3.7), the relevant fitting parameters are AH = 72
Oe and H,es = 1430 Oe.

imaginary parts of x;f, which can be expressed as [21],

e;ffx = €, sin(@) + ey cos(¢), (3.6)

where €,/ and €, are proportional to the real and imaginary parts of the rf susceptibilities,
(€ o< X', €y o< X'), see section 2.3. ¢ is the phase used to describe the mixing of the two
components. Due to the field modulation of the FMR setup described above, the measured
response is proportional to the derivative of the mixed signal with respect to the field,
d(emix

s = d);}f . (3.7)

This equation has 4 fitting parameters: A (amplitude of the response), ¢, Hyes and AH. For
the works presented in this thesis the relevant parameters are Hyes and AH. In principle
the proportionality constant can be used to determine the M; of the sample however this
is a much more involved process [53]. A typical FMR response and its fit by eq. (3.7) are
shown in fig. 3.11
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Chapter 4

Structural and magnetic studies of
Py|Fe bilayers

4.0.1 Motivation

The typical spin-pumping experiments rely on a magnetic damping measurement of a fer-
romagnetic/ferrimagnetic material. Therefore it is important to have magnetic materials
which can maximize the signal to noise of the measurement without sacrificing the repro-
ducibility and accuracy of the experiment. To understand how one can optimize magnetic
structures for a spin-pumping experiment it is useful to look at the equation of magnetic
damping due to spin-pumping for a single magnetic layer structure, FM/NM (see section
2.5.4 for derivation of this equation),
-1

g gr R
47 My dypy tanh (‘ﬁ“—M)
sd

where

2
pre
_ ey 42
R 2mwh d (4.2)

e is the fundamental charge and p; is the bulk, single spin, electrical resistivity [7]. The
parameters relevant to the NM are the resistivity and the spin diffusion length, py and Ay
respectively. The FM/NM interface is characterized by the spin-mixing conductivity, gy,
this and the previous parameters are the targets of research. However, since spin-pumping
is an interface effect, it strongly influences the adjacent FM. And as any interface effect it
decreases as 1/(thickness of the ferromagnet). In our case the studies are done on thin films
so the area is identical for all structures and therefore can be divided out of the equations.
Therefore, the magnetic properties of the FM in eq. (4.1) depend on the g, My and dgy as

follows;

SL 9
o) o ———. 4.3
abp MSdFM ( )
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There are effectively two important parameters which strongly influence the measured mag-
netic damping, the thickness of the ferromagnet (dgy) and the saturation magnetization
of the ferromagnet (M;). The Lande g-factor is also involved however this is much more
difficult to adjust with material properties. Therefore, it seems obvious that to get a large
spin-pumping induced damping one simply needs to choose a FM with small M, and deposit
it very thinly to minimize dgy;. Experimentally, however, there are many other limiting fac-
tors which dictate the FM suitable for a spin-pumping experiment, such as the intrinsic
damping of the FM, other possible contributions to enhancements in damping (two magnon
scattering, interface roughness...) and the quality and reproduciblility of the films. In addi-
tion to these limitations for the experiments performed in this research, it was important
to have structures such as FM1/NM/FM2, where the two FM1 and FM2 achieve FMR
at different external magnetic fields but have very similar interfaces with the NM. This
section outlines the choice of such FM materials and their subsequent optimization and
characterization for the following spin-pumping experiments.

As mentioned, to increase the sensitivity of the spin-pumping experiment it seems that
a good choice would be a material with low 4w Mj like the ferrimagnetic insulator yttrium
iron garnet (YIG) Y3Fe;012, with 47 M vig ~ 1700 G. The additional benefit of YIG is its
low intrinsic magnetic damping. Since the experimental measurement measures the total
damping,

Q= Qgp + Qintrisic T Qother; (44)

for a high precision measurement it is important that ajntrisic 18 reasonably small, for thin
film YIG this can be as low as qiptrisic ~ 1074 The benefit of the low magnetic damping of
YIG is that it allows for a higher signal to noise of its FMR spectra since the width of the
resonance is proportional to the magnetic damping and the extremely narrow FMR lines of
YIG can be measured very precisely. It is for this reason that YIG is occasionally used in
some spin-pumping studies (in addition to it being a ferrimagnetic insulator) ever since the
first observation of spin-pumping from YIG [9]. The only issue with YIG is its unreliability
in deposition of reproducible thin film YIG samples [54]. Since the typical spin-pumping
studies focus on measuring the spin-pumping contribution to the magnetic damping of a
set of structure, it is important the underling intrinsic damping of each deposited sample
be highly reproducible. In fact the variation of the intrinsic damping from sample to sample
is the dominating experimental uncertainty. In this regard sputter deposited Py (NiggFeg)
provides a FM for spin-pumping studies since its magnetic properties are very consistent
from sample to sample. In the studies presented in this thesis this consistency was achieved
by the careful/consistent sample and sputter machine preparation (discussed in section
3.2.1). In this regard Py (NiggFegy) serves as a good choice and is often selected for spin-

pumping studies in sputter deposited samples [55, 56, 57, 58, 59].
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As will be shown, spin-pumping studies require another ferromagnet in order to obtain
a unique interpretation of the results. One must simultaneously fit the magnetic damping
data of both the FM1/NM and FM1/NM/FM2 structures in order to extract a unique set
of parameters. A naive solution is to choose FM1=Py (NiggFegy) and FM2=Fe, however, as
shown in this chapter, the quality of the deposited Fe films strongly depends on the under-
lying layers. An additional issue is that the NM in Py/NM/Fe would have an asymmetric
interface with respect to spin-transport and therefore complicate the analysis. Choosing Py
for both FM1 and FM2 would solve this issue, however, for interlayer exchange coupling
measurements (chapter 6) it is useful that the two ferromagnetic materials have different
demagnetizing fields such that they become easily distinguishable in an FMR measurement.
The simplest solution is to choose a ferromagnet which consists of a bilayer of two magnetic
materials [Py/Fe]. A thin layer of Py ensures that the interface with the NM is symmetric,
while the Fe deposited directly on top of the Py increases the effective demagnetizing field of
the direct exchange coupled [Py/Fe| structure. The interface is provided by the Py however
the net magnetic moment is given by the average of the Py and Fe and therefore its FMR
response is shifted away from that of Py.

This chapter presents structural and magnetic studies of [Py/Fe| structures deposited on
Ta. The main goal of this study was to gain a clear understanding of the magnetic properties
of Py, Fe and [Py/Fe| in order to use them in the subsequent spin-pumping/spin-transport

studies.

4.0.2 Deposition and Structure Characterization
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Figure 4.1: a) Out-of-plane XRD 6 — 20 scan for Py|Fe and Fe|Py bilayers deposited on Ta
and capped with Au. Layer thickness in nm are labeled in parenthesis. The peak at 38.1°
is from (111) Au protective layer and the peak between 44.0 — 44.4° is from both (111)
Py (bulk at 44.0°) and (110) Fe (bulk at 44.4°). b) In-plane XRD at 0.5° grazing incidence
angle of Ta (3)|Py(1.5)|Fe(10.5)|Ta (3) (bottom peaks) and Ta (3)|Py(12)|Ta (3) (top peak).
c) FWHM of XRD rocking curve of ® Au and ® Py|Fe peaks of Ta (3)|Py(dpy)|Fe(6 - dpy),
dashed lines are guide for the eye.
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On the cleaned Si substrate (see section 3.2.1 for cleaning procedure) an initial seed layer
of 3 nm of Ta (Ta (3)) was deposited first. The Ta (3) has a mostly amorphous structure with
beginnings of crystallization (see fig. 5.2) [23]. This allows for a (111) growth orientation of
the subsequent Py(NiggFey) deposited on top of amorphous Ta, see below. All structures
were covered with ~ 3.6 nm of Au (Au(3.6)) to protect the rest of the film from oxidation.
The full sample structures were Si|Ta (3)|Py(dpy)[Fe(6 - dpy)|Au(3.6), where the numbers
in parenthesis refer to the layer thicknesses in nm. The Py layer thickness is given as dpy,
and the total thickness of the magnetic bilayer was kept constant at 6 nm. For comparison
additional structures with reversed stack order of the Py and Fe were deposited (Fe/Py).

Out-of-plane, X-ray diffraction (XRD) measurements were performed on
Si|Ta (3)|Py(dpy)|Fe(6 - dpy)|Au (3.6) film structures for dpy =0, 1.5, 3.0, 4.5, 6.0 nm, see
fig. 4.1 a). Due to the very similar lattice spacings of (111) Py (bulk at 44.0°) and (110) Fe
(bulk at 44.4°), the XRD peaks are overlapping. As the ratio of Py is increased in comparison
to Fe, the XRD peak shifts to a lower diffraction angle, consistent with a slight difference in
the lattice spacings. Additionally, the intensity of the peaks increases as the ratio of Py is
increased, this suggests an improvement in the texture of the structure. XRD rocking curves
of the Au (111) and Py (111)Fe (110) peaks for the Ta (3)|Py(dpy)|Fe(6 — dpy)|Au (3.6)
and Ta (3)|Fe(3)|Py(3)|Au (3.6) samples are plotted as a function of Py thickness in fig. 4.1c).

The full width at half maximum (FWHM) of the XRD rocking curves of the Au (111)
and Py (111)|Fe (110) peaks for the Ta (3)|Py(dpy)|Fe(6 — dpy)|Au(3.6) and
Ta (3)[Fe(3)|Py(3)|Au (3.6) samples are plotted as a function of Py thickness in fig. 4.1c).
The figure shows that there is indeed an increase in the texture of both Au and Py|Fe
layers with increasing thickness of Py. If Fe is grown directly on top of Ta the film texture
deteriorates. The increase in texture results in the increase of peak intensity in the out-of-
plane XRD scans in fig. 4.1a). The texture of the Au capping layer is also improved as the
result of the improved texture of Py|Fe film.

In-plane XRD of Si|Ta (3)|Py(1.5)[Fe(10.5)|Ta (3) and Si|Ta (3)|Py(12)|Ta(3) are dis-
played in fig. 4.1 b). The magnetic layer thicknesses for in-plane XRD were increased to
improve instrument sensitivity. The in-plane XRD samples were capped with an amor-
phous Ta(3) [23] instead of Au(3.6) to avoid interference of the polycrystalline Au in
XRD data. Both out-of-plane and in-plane measurements show that Py grows along the
(111) directions when deposited on Ta, the brackets represent a family of directions. In-
plane XRD measurements show that Fe deposited on Py is textured along the (110) crys-
tallographic axis. For the rest of this chapter the Si|Ta (3)[Py(dpy)|Fe(6 — dpy)[Au(3.6)
and Si|Ta (3)|Fe(3)[Py(3)|Au(3) structures are abbreviated as Py(dpy)[Fe(6 — dpy) and
Fe(3)|Py(3) respectively, it should be assumed that there is a Ta (3) seed layer and a Au(3)

capping layer unless otherwise stated.
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4.0.3 Magnetic Characterization
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Figure 4.2: The saturation magnetization My as determined from SQUID measurements
(right axis) and effective saturation induction 47 Mg as determined by FMR (left axis) for
the Py(dpy)|Fe(6-dpy) structure. Left axis is scaled by 47 to right axis for direct comparison.
The dashed line represents a linear fit to the M data using eq. (4.5) and the solid line is
a plot of eq. (4.8) using MiY = 817 emu/cm?® and M = 1678 emu/cm®. The interface
anisotropy as extracted from eq. (4.9) is shown in the inset.

In-plane hysteresis measurements (=70 kOe to 70 kOe) were performed at 300 K to
determine the magnetic moment of the studied structures using the SQUID magnetometer
(see section 3.5). The samples were diced into several smaller sized pieces, adequate for the
SQUID, (5x7 mm) and measured in an orientation such that the external field was parallel
to the film surface. The areas of each sample were digitally determined from a magnified
photograph of each sample. The thickness of the ferromagnetic films was determined from
XRR calibration of the sputter deposition rate. Using the area and thickness of the film it

is trivial to calculate the volume of the ferromagnetic material for each sample. The satura-
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tion magnetization My for the samples was then determined by normalizing the measured
moment by the total volume of ferromagnetic material (Py + Fe) in the sample.

The measured saturation magnetizations, M, of Py(dpy )|Fe(6—dpy) is plotted in fig. 4.2.
There is a linear decrease in M, with an increasing ratio of Py to Fe. One can calculate
the expected trend of M, as a function of Py to Fe ratio by weighting the individual

magnetizations by the corresponding thicknesses of each material,

MY dpy . MFedg,

M/ = :
dpy + dFe dpy + dFe

s

(4.5)

where MSP Y and MSF ¢ are the saturation magnetization of Py and Fe, respectively, and dp,
and dp, are the thicknesses of Py and Fe layers, respectively. The measured magnetization
values for Py (at dpy = 6 nm) is MY = 817 + 7 emu/em?® for Fe (at dpy = 0 nm) is
Mf € = 167847 emu/cm®. One can plot the expected dependence of the average saturation of
magnetization with an increasing ratio of Py to Fe, eq. (4.5), see red, dashed line on fig. 4.2.
As observed, the SQUID measurements overlap with the expected average saturation of
magnetization M Sf which indicates a high quality of the sputtered films. Any defects which
would reduce the measured Mj, such as a film interface oxidation, appear not to be present

in the structures.

FMR - Demagnetizing Field

As discussed in the theory section, the FMR resonance condition for a textured, thin film,

with zero in-plane anisotropy, in the in-plane geometry, is given by

w2
(;) = (HFMR) (HFMR + 47TMe”ﬂ~) s (46)

where w is the microwave frequency, v = gup/h, g is the Landé g-factor, up is the Bohr
magneton, A is the reduced Planck constant, Hpyr is the resonance field, 47TM!IH =4n M, -
2K;/Ms and K is the perpendicular-to-plane uniaxial anisotropy. Due to the polycrys-
talline nature of the samples, the in-plane magnetocrystalline anisotropy is averaged out
and therefore not observed in the in-plane FMR measurements.

For perpendicular-to-plane FMR, resonance condition is given by
w i
— = HFMR+47TMeff‘ (47)
~

where 4m M = 4nMy-2K; [ Ms— K,/ M. For perpendicular-to-plane FMR one can measure
an additional anisotropy term not observed in the in-plane measurements.

In-plane and perpendicular-to-plane FMR measurements were carried out on a coplanar
waveguide for a frequency range of 6 — 36 GHz. In-plane FMR was also performed on a

terminated rectangular waveguide for a frequency range of 50 — 67 GHz, see fig. 4.4(a), as
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Figure 4.3: FMR spectra of a) Py(3)[Fe(3) in-plane at 20.2 GHz, b) Py(3)[Fe(3)
perpendicular-to-plane at 60.2 GHz, c¢) Py(1.5)|Fe(4.5) in-plane at 15 GHz, and d)
Py(1.5)|Fe(4.5) perpendicular-to-plane at 60.2 GHz. The solid line is a perfect fit to the
signal by assuming an admixture of the out-of-phase and in-phase components of RF sus-
ceptibility, see section 3.7.2, this is a common procedure for measurements on transmission

line and terminated waveguides.
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detailed in section 3.7. The quality of the data for the high and low frequency measurements
is shown in fig. 4.3. Fits of the resonance spectra were done using eq. (3.7), see solid black
lines on section 3.7, which yielded a resonance field (Hpyg) and a linewidth (AH) for each
frequency. Note, there was no observable trend in the residuals of the fits suggesting that
the [Py/Fe] are indeed behaving as predicted for a strongly coupled magnetic system.

The frequency dependent resonance field measurements were interpreted by using eq. (4.6).
Fitting of the in-plane and perpendicular-to-plane FMR data was performed using eq. (4.6)
and eq. (4.7). During the fitting the g—factor was constrained between g = 2.09 — 2.10 in
order to be consistent with reported literature values: gp. = 2.09 [60, 61] and gpy = 2.10
[62, 63, 64]. Examples of the fits are presented in fig. 4.4.

For a single magnetic layer structure, without any magnetic anisotropy, the demagne-
tizing field is given by 4mwM,. However, most real structures will have some measure of
perpendicular magnetic anisotropy which is aligned with the demagnetizing field and from
the point of view of an FMR measurement is indistinguishable from the demagnetizing field.
Therefore one typically measures the effective demagnetizing field 47w Mg which is a sum
of the anistropy and the demagnetizing field. The effective demagnetizing field of a bilayer

system, assuming no anisotropy is given by [34],

2
(M) dy » (MF®)? dp,

A MYy = dmr— = :
MS ydpy + Mgedpe MS ydpy + MsFedFe

(4.8)

The plot of eq. (4.8) using MY and MZ® from SQUID measurements is shown as a black
solid line on fig. 4.2. Clearly this does not overlap with the experimental measurements for
either 4w M or 4wM (llﬂ and suggests that there is in fact some measurable anisotropy.
The anisotropy of the Py(dpy)|Fe(6 — dpy) and Fe(3)|Py(3) can be determined by com-
paring the measured 4w Mg to the expected values calculated from eq. (4.8), the black solid
line in fig. 4.2. All the measured values are lower than what is expected from anisotropy
free structures, indicating a positive uniaxial anisotropy perpendicular to the film surface.
The origin of the anisotropy can be from multiple sources: surface roughness, interface
anisotropy and magnetocrystalline anisotropy. The measured in-plane effective saturation
4m My is lower than 47rMe”H for all samples. 4w Mg can be different for the in-plane and
perpendicular FMR. Magnetic anisotropy perpendicular to the film surface for thin films
has two parts, one is a typical uniaxial anisotropy proportional to square of cos?() and the
second is proportional to cos?(#). The forth power plays no role for the in-plane FMR, but
it fully contributes as a dc field for the perpendicular FMR. In-plane 4-fold anisotropy is
3" power in the effective field so in the linear approximation it is negligible. Therefore the

in-plane measurements can be used to extract information about the interface anisotropies
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Figure 4.4: Examples of FMR data for in-plane and perpendicular-to-plane measurements of
Py(3)[Fe(3) sample. The resonance fields, Hpyg, and the resonance peak broadening, AH,
as a function of frequency for a), b), in-plane, and c), d), perpendicular-to-plane external
field configurations.
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(see inset in fig. 4.2) by using,

 (dpy M2 + dpME®)
B 2

K, (4n M, — M) (4.9)
As expected, the interface anisotropy for the Py(6) sample is small. For the Py(4.5)[Fe(1.5),
Py(3)|Fe(3) and Py(1.5)|Fe(4.5) samples the anisotropy constant increases to Ky ~ 0.5
erg/cm?, similar in value to the reported interface anisotropy of (110)Fe|Au [65]. For the
Fe(6) sample, the interface anisotropy jumps to K, ~ 1.6 erg/cm? due to the presence of
both Ta|Fe and Fe|Au interfaces.

4.0.4 Magnetic Damping and Spin-Pumping

Measurements of the magnetic damping were determined from the linewidth of the FMR

response. The linewidth is well described by Gilbert-like damping,
AH(W) = a2 + AH(0), (4.10)
Y

where AH (0) is the zero-frequency line broadening due to magnetic inhomogeneity [34, 66,
67] and the slope determines the effective damping parameter a. As before, g—factor was
constrained between g = 2.09 — 2.10 for the fits for AH(0) and « [62, 63, 64].
Measurements of the in-plane and perpendicular-to-plane magnetic damping values are
displayed in fig. 4.5. In-plane FMR measurements of Fe sputtered directly on Ta yields a

high value for both AH(0) = 96 Oe and a!e(G) =11.5x 1073 . This could be improved if Py

was deposited on top of Fe as in the Fe(3)|Py(3) sample resulting in AH(0) = 20 Oe and

I
YFe(3)|Py(3)

is observed if Py is deposited before Fe. For the Py(1.5)|Fe(4.5) structure, this results in a

reduction of magnetic damping by up to a factor of 3 leading to a{Ly(l.5)|Fe(4.5) =4.6x1073

and AH(0) =7 Oe. This is nearly two times lower than the damping of the pure Py sample,

= 8.7 x 1073, However, a more dramatic improvement in the measured damping

Py(6), a{layw) =7.9x 1073, The measured damping of the Py(6) sample is the same as that
reported for bulk Py [68, 69]. Importantly, depositing Py before the Fe also leads to a large
reduction in AH(0) with the insertion which be attributed to exchange narrowing [70].
Fe deposited before Py (directly on Ta) leads to larger grains in Fe which have a greater
spread in their distribution, this is consistent with the decrease in film texture of Fe/Py
samples (see fig. 4.1 ¢)). A distribution of grains orientations, will lead to a distribution
of resonant fields leading to a large magnetic inhomogeneity. As the grains become small
enough, and more textured, the exchange field will decrease the variations of internal fields
by the exchange narrowing effect [70]. Depositing Py before Fe sets up the grow of the
subsequent Fe and allows it to grow more textured with smaller grains.
Perpendicular-to-plane FMR measurements, the solid blue line in fig. 4.5, yield a damp-

ing consistently lower than the in-plane, solid red line in fig. 4.5, by Ao = all —at = 0.7x1073.
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Figure 4.5: Gilbert damping as function of Py thickness (dpy = 0, 1.5, 3.0, 4.5, and 6.0 nm)
in magnetic bilayer Py(dpy )|Fe(6—dpy ). Data is shown for all in-plane frequencies (@), high
in-plane frequencies 50-67 GHz (e), and perpendicular-to-plane (©) FMR configurations.
The solid lines, a* and ol are fits to the data using eq. (4.11). The two outlier points
show very large enhancement in damping for samples where Fe was deposited before Py.
aint 18 the fit of the perpendicular-to-plane damping using eq. (4.11), with the contribution
due to spin-pumping in Ta subtracted off (see chapter 5 for determination of spin-pumping
contribution). The fitting parameters are cing py = aﬁ,y — p py = 6.0(4) x 1073 and Qting,Fe =
2.8(4) x 1073, o is an estimate of the damping for a bulk single-crystal structure of Py|Fe
from eq. (4.11).

95



One possibility is that the discrepancy is from to two-magnon scattering in the in-plane FMR
[71]. The origin of two-magnon scattering is due the presence of spin-wave modes degenerate
with the FMR mode. In the perpendicular-to-plane orientation there are no magnons de-
generate with FMR modes and therefore two-magnon scattering does not contribute to the
measured damping [34]. Evidence of two-magnon contribution is present in the dependence
of in-plane AH in fig. 4.4b), which shows a slight deviation from linear behaviour at low fre-
quencies, < 15 GHz, consistent with two-magnon behaviour [71]. The lowest total measured
damping is ot = 4.1 x 1073 for the Py(1.5)|Fe(4.5) structure. Since the two-magnon scat-
tering contribution saturates at higher frequencies, we extracted the in-plane damping for
the high frequency (50 - 67 GHz) and low frequency (6 - 14 GHz) measurements separately
using eq. (4.10). The low frequency fits yield larger damping, aﬂ;owFreq. = 5.7 x 1073 and
AH = 1.4 Oe for the Py(1.5)|Fe(4.5) sample. The high frequency data yield lower damping,
a}lﬁghFreq. =4.3x1073, and AH = 12 Oe for Py(1.5)|Fe(4.5). For this sample the ay{ighFreq. and
o’ are very similar, suggesting that the discrepancy is mostly due to two-magnon scattering.
However, for the thicker Py samples the difference between aﬂhghFreq. and o' increases, see
fig. 4.5. In fact, for the Py(6) sample there is no evidence for two-magnon behaviour in the
measured frequency range, ay{ighFreq = a}[owFreq.' The discrepancy between at and ol for
the thicker Py samples could be because two-magnon scattering saturates at a much higher
frequency. Alternatively, it could be due to the difference in intrinsic damping of the two
orientations, not uncommon for thin film structures.

The damping measured by FMR is the total damping of the entire bilayer structure,
averaged by the relative magnetic moment of each layer. Given that the damping of Py
is relatively high, it must mean that the damping of the Fe layer deposited on top of Py
is quite low. A quantitative analysis of damping can be done by assuming strong coupling
between Py and Fe [34],

dPy]WsP ’ dFeMsF °

Py D + OFe ) .
dPyMs Yy dFeMSFe dPyMs Yy dFeMsFe

Qpy|Fe = & (4.11)

Results of fitting the in-plane damping data using the above equation are: aly =8.1(3)x1073

l
Fe

damping data leads to: ap, = 7.5(4) x 107% and af, = 3.5(4) x 1073, see blue line in fig. 4.5.

Finally, it is interesting to determine and compare the intrinsic damping of the poly-

and oy, = 4.1(3) x 1073, see red solid line in fig. 4.5. Fitting the perpendicular-to-plane

crystalline structure to the expected values from an equivalent bilayer of single crystal
materials. The total damping is the sum of the intrinsic and extrinsic dampings, where the
extrinsic arises from the spin-pumping of Py|Fe into the seed Ta layer, o = cving + agp. The

enhancement in damping due to spin-pumping is given by [7]

56



-1

g gnR
47TM5 dFM tanh(‘)i\Ta)
sd

where R = %/\Sd, e is the fundamental charge and p is the single spin resistivity, dgy is the
thickness of the ferromagnet (dpy + drc), gy, is the renormalized spin mixing conductance
which determines the efficiency of spin-pumping and depends on the Ta|Py interface, Mg
is the average in Ta. Using the parameters from Montoya et al. [23] (see next chapter for
determination of these parameters) of Agq = 1.0 nm, p = 300 uQcm , and G = 1.5x 10 cm™>
as well as My from SQUID measurements in fig. 4.2, one can determine the spin-pumping
into Ta for any Py(dpy)|Fe(6 — dpy) structure. The intrinsic damping, cint, is obtained
by subtracting the spin-pumping contribution, g, from perpendicular-to-plane damping
obtained from fitting using eq. (4.11), the dashed gray line in fig. 4.5. For Py(1.5)|Fe(4.5),
the perpendicular-to-plane damping, o, without spin-pumping, is cins = —agp = 3.0 1073,
approaching the damping for perfect single crystal Fe [60], ape ~ 2.1 x 1072, One can also
estimate the intrinsic damping for an equivalent single crystal Py|Fe structure, o*, by using
bulk single crystal damping parameters of Py (af; =5 x 1073) [72] and Fe (af = 2.1x107%)
[60] in eq. (4.11) assuming ag, = 0, see black bottom dashed line in fig. 4.5.

Additional samples, Si|Ta|Py(1.5)|Fe(4.5)|Ta (3), where we covered the Fe layer with Ta
instead of Au were deposited in order to test if the large increase in « of the Fe(6) structure
vs. the Py(1.5)|Fe(4.5) structure is due to spin-orbit coupling at the interface of Ta|Fe. In this
case the Fe layer shares an interface with the Ta layer, similar to the Fe(6)|Au (3.6) structure.
It was observed that for the Si|Ta|Py(1.5)|Fe(4.5)|Ta (3) structure the 4r Mg is equal to
that of Si|Ta|Py(1.5)|Fe(4.5)|Au (3.6). A small increase of « in Si|Ta|Py(1.5)|Fe(4.5)|Ta (3)
in comparison Si|Ta|Py(1.5)[Fe(4.5)]Au (3.6) can be attributed to additional spin-pumping
at the second Fe|Ta interface. This suggests that spin-orbit coupling at the Ta|Fe interface
plays a minimal role in increasing the damping, however, this interpretation has a possible
flaw. The Fe deposited on amorphous Ta [23] is poorly textured, see fig. 4.1a) and ¢). In
this case where Fe initially grows on Ta, the Fe layer may have grains oriented in different
directions and after some thickness Fe grains that do not grow along the (110) crystal
orientation get annihilated. As a result the two interfaces, Ta|Fe and Fe|Ta, are different.
The TalFe interface may be an ensemble of the different orientations of Fe grains on Ta
such as: Ta|Fe(110) and Ta|Fe(100), while Fe|Ta almost entirely consists of Fe(110)|Ta
grains. Peng at el. [73] have shown that there is a large perpendicular interface anisotropy
at the Ta|FeCo (100) interface. Since the Ta|Fe interface is a combination of Fe grains
with different crystallographic orientation, a large difference in the interface anisotropy
of the TalFe(100) and Ta|Fe(110) would result in magnetic homogeneity throughout the
Ta|Fe interface. This is consistent with the observed large zero frequency offset for the

Fe(6) sample. The large inhomogeneity, in turn, leads to an enhancement in damping due

57



to non-uniform magnetization precession [74, 75]. Additionally, each orientation may have
different damping, as was calculated for Co|Pd system [76]. Therefore, we concluded that
the large damping in the Fe(6) and Fe(3)|Py(3) structures is the result of variation of the
Ta|Fe interface anisotropy caused by initial, poorly-textured growth of Fe on Ta that led to

variation of the Ta|Fe interface anisotropy.
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Chapter 5

Spin-Pumping /Spin-Diffusion into
Ta

Ta is widely used as a seed or adhesion layer for magnetic thin film structures [77, 78, 79,
80]. In all of the sputter deposited structures studied in this thesis, Ta was used a seed
layer to promote textured deposition of Py. Like any other metal adjacent to a precessing
ferromagnet (in our case Py) Ta will also absorb spin-current due to spin-pumping from
Py. In this regard it was important to study the influence of Ta on the spin-pumping and
damping of the precessing Py. Unlike most other studied spin-pumping materials such as
Cu, Al, Ag, Au (whose spin diffusion lengths are 35 - 600 nm) the spin-diffusion length in Ta
is very short. Despite the wide use of Ta in thin films and magnetic structures, the reported
values of spin diffusion length range from 1.2 nm [81] to 2.5 nm [82] up to 10 nm [83].
This chapter presents a spin-pumping study of Ta into order to determine the spin-diffusion
length in Ta. It will be shown the spin-diffusion length cannot be uniquely determined
from a single thickness dependence study of Ta. In fact, one needs to consider both spin
source and spin-sink structures in order to extract a self consistent spin-diffusion length.
Furthermore, simultaneously fitting the two data sets allowed us to rule out alternative
models for spin transport in Ta.

In this section I outline our work on on spin-pumping and spin transport studies using
magnetic single layer (SL) and double layer (DL) heterostructures, where SL =FM1|NM
and DL =FM1|NM|FM2. In these studies, FM1 is 3.5 nm Py (= NiggFey), NM is Ta, and
FM2= [Py|Fe] is an effective ferromagnetic layer composed of 1.5 nm Py followed by a
4.5 nm Fe. Therefore the studied structures are Py(3.5)|Ta(dr,)|[Py(1.5)|Fe(4.5)] where the
numbers indicate the thicknesses in nm and 0.4 < dp, < 20 nm. The choice of FM2 was
such that FM1 and FM2 have widely separated resonance fields for a given frequency. This
will be shown to be very useful as it allows one to study spin transport in Ta using both
spin-pump and spin-sink effects.

The structure of thin film Ta (0.4 - 20 nm) was investigated by x-ray diffraction (XRD)

and transmission electron microscopy (TEM). Clear evolution of atomic structure is ob-
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served over the full thickness range; Ta initially grows as amorphous or nano-crystalline
solid up to ~ 2 nm, transitioning through the bcc structure and eventually establishing
larger, well defined grains of 5—Ta for dp, 2 10 nm. Additionally, thickness-dependent re-

sistivity measurements of Ta were made with the four-point-probe technique.

5.0.1 Sample preparation

RF magnetron sputtering was used to deposit Ta (3) [Py (3.5) |Ta (dra) |Au(3.6) and

Ta(3)|Py (3.5)|Ta (dta) |Py (1.5) |[Fe (4.5) |Au (3.6) films at room temperature on oxidized
Si, where the numbers in parenthesis indicate the layer thicknesses in nm. A 3 nm thick
Ta seed layer was used to establish the [111] growth orientation of Py. The thickness
of the Ta overlayer was varied, with dt, = 0, 0.3, 0.6, 0.8, 1.2, 2.0, 3.1, and 10.0 nm. A
thin gold capping layer was used to protect from formation of oxide. Additionally, Ta films
were deposited on glass substrates for use in resistivity measurements. Layer thicknesses
were inferred from fitting x-ray reflectivity measurements, allowing for a calibration of the

growth rates.

5.0.2 Resistivity Measurements

Ex-situ resistivity measurements were done on sputter-grown glass/Ta(dry), for 1 < dp, < 23
nm. Glass was used instead of Si due to its large resistance. When exposed to air Ta rapidly
oxidizes which reduces the effective thickness of the metallic Ta. To prevent this its possible
to cover the sample with a protect the film of Au, this dramatically reduced the sensitivity
of our resistivity measurements since even a 1 nm layer of Au was an order of magnitude
more conductive than Ta (literature values for sputter deposited Ta are ~ 200 pf2 cm as
compared to ~ 8 uf) cm for sputter deposited Au). Therefore for the resistivity it was decided
to deposit the structures without a capping layer and allow the naturally formed surface
oxide (» 2 nm) to serve as a protective layer; its resistivity is expected to have negligible
contribution due the oxide layer and Ta being in parallel with respect to the resistivity
measurement. The thickness of the Ta metal and the Ta oxide was determined from fitting
the x-ray reflectivity measurements of each glass/Ta(dr,) sample by PANalytical X’pert
Reflectivity software.

Resistivity measurements were made in a collinear four point probe alignment along the
symmetry axis on 12 x 12 mm samples, see section 3.6 for more details.

Due to limitations of the measurement, the thinnest measured Ta sample was 1.0 nm.
A fit was done to extrapolate/interpolate for any p(dt,) required for the agp analysis. The
fitting model does not include the effects of an evolving atomic structure, amorphous/nano-
crystalline = bcc = 3, or the increase of grain size with film thickness. To interpret the

resistivity data, a variation of the commonly used Fuchs-Sondheimer [84, 85] model was
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Figure 5.1: Resistivity as a function of Ta film thickness grown on glass substrate. The inset
show the geometry and labeling scheme for the 4 point probe measurements.

used. This model includes scattering from both film surfaces and grain boundaries [86]

1 3Am cd _ !
=P |1 -=+—"—)(1- Cdra/Am dTa/)\m:I 5.1
e L R+ (O ’ (5.1)
where )\, = vpT 2% = 4.7(8) nm is the electron mean free path, pe = 179(4) uQ cm is

the bulk resistivity, and ¢ = 0.70(7) is a parameter governed by the number of electrons
scattered by the grain boundaries. The bulk resistivity approaches the values for 5-Ta
reported the in literature, pg_1, = 170-220 £ cm [87]. The inferred mean free path for our
deposited Ta is an order of magnitude larger than the reported values for 5-Ta, 0.3 - 0.5
nm [88, 82].

5.0.3 XRD and Transmission electron microscopy

Out-of-plane x-ray diffraction (XRD) measurements using Cu K, radiation were performed
on Si/Ta(3)/Py(3.5)/Ta(20.1)/Au(3.6) film structures, see fig. 5.2 (a). As observed before,
the deposited Py on top of Ta is oriented along the (111) directions. The large Si peak, orig-
inating from the substrate and the [111] Au peak, overlap with the 5-Ta peak and bec—Ta
peak, therefore additional structures were deposited using a glass substrate, glass/Ta(20.1)
see blue line on fig. 5.2 (a),(b). The spin-diffusion length in Ta is ~ 1 nm, therefore the
interest is in the structure of Ta in that thickness range. Below dt, = 6 nm there is no mea-

surable signal from the out-of-plane XRD, see fig. 5.2 (b). With increasing dr, diffraction
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Figure 5.2: Out-of-plane 6 — 20 XRD scan of (a) Si/Ta(3) [Py (3.5)|Ta(20.1)|Au(3.6),
glass/Ta (20.1) and of (b) glass/Ta(dr,). (c) In-plane XRD scan at a 0.5 degree graz-
ing incidence angle of glass/Ta(dr,). (d) Cross-sectional bright-field TEM and (e) High
resolution TEM micrographs of the Si/Ta(3)/Py(3.5)/Ta(20)/Au(3.6) structure. The FFTs
of three different regions in the Ta(20) layer are displayed in the corresponding square in-
sets. A dashed white line is drawn around the S-Ta grain to outline its edges.
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peaks begin to emerge, first the bcc—Ta peak at dp, = 10 nm and then the §-Ta peak at 16
nm. For even thicker Ta layers the g—Ta structure appears to dominate.

In-plane XRD was performed on glass/Ta(dr,) at a grazing incidence angle of 0.5 de-
grees, see fig. 5.2 (¢). Note, the low incident angle of the in-plane XRD results in a much
shallower penetration of the beam and therefore higher surface sensitivity of the sample. A
much clearer XRD peak is observed for the glass/Ta(6) as compared to the out-of-plane
measurement, however, below dr, = 6 nm the peak disappears entirely. The results of the
out-of-plane and in-plane XRD measurements suggest that there is a lack of ordering in the
structure of Ta in the very thin limit. This is not characteristic of other materials, as can be
observed, both the Au(3.6) and Py(3.6) layers have very clear diffraction peaks, see fig. 5.2
(a).

To get a clearer picture of the the Ta structure below 4 nm thickness,
Si/Ta(3)/Py(3.5)/Ta(20)/Au(3.6) samples were sent out for transmission electron microscopy
(TEM) measurements by Dr. Rene Huebner in the Institute of Ion Beam Physics and Ma-
terials Research, Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany. Analysis of a
Si/Ta(3)/Py(3.5)/Ta(20)/Au(3.6) cross section was performed using an image Cs-corrected
Titan 80-300 microscope (FEI) operated at an accelerating voltage of 300 kV. A bright-field
TEM overview image of the layer structure is shown in fig. 5.2(d), while a corresponding
HRTEM micrograph is presented below it. On fig. 5.2(e) one can observe a thin layer silicon
oxide between the Si substrate and the Ta(3) seed layer. Based on the uniform gray level in
fig. 5.2(d) and the absence of lattice fringes in fig. 5.2(e), the Ta(3) deposited on Si appears
to be characterized by an amorphous structure, whereas the overlying Py(3.5) layer has a
clear crystalline structure. The Ta(20), deposited on Py, initially grows without any long
range order. However, one cannot conclude unequivocally whether this region is amorphous
or partially nano-crystalline with a grain size of 1-2 nm, and therefore this thickness region
will be referred to as the intermediate-Ta region. Note, for the spin-pumping/spin-transport
studies this is exactly the thickness limit one is interested in. Increasing Ta thickness results
in the formation of larger 5—Ta grains, as confirmed by Fast Fourier Transform (FFT) of the
HRTEM image in fig. 5.2(e). The TEM results are consistent with the XRD measurements.

Importantly, there is a very large difference in resistivity of amorphous-Ta ~ 270 — 2000
ulem as compared to bee—Ta ~ 27 pQcem and S-Ta ~ 200 p2em [89]. Given that one of the
fitting parameters for spin-pumping damping is the resistivity of the material, eq. (2.83), it
follows that the Ta structure should play a significant role in spin-pumping/spin-transport.
Futhermore, the evolution of Ta structure with increasing thickness should contribute to the
thickness-dependent Ta resistivity shown in fig. 5.1. In general, for applications involving
spin-transport, one would require materials with a low resistivity since this allows for a
larger spin-diffusion length. However, achievement high crystalline thin-film Ta (>3 nm) is

non-trivial for sputter deposition, therefore for most devices the Ta layer will be amorphous.
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5.0.4 FMR

FMR measurements of the Ta (3) [Py (3.5)|Ta (dr,) |Au(3.6) and

Ta (3)|Py (3.5)|Ta (dta) |Py (1.5) |[Fe (4.5) |Au (3.6) were performed on the coplanar waveg-
uide setup in the 6-36 GHz frequency range (see fig. 5.3). The resonance modes of the two
magnetic layers (Py and [Py/Fe|) were well separated for all frequencies. The linewidth vs.
frequency dependence of Py showed a linear trend for all measured samples. As before the

linewidth frequency dependence was interpreted using,
AH(W) = a2 + AH(0), (5.2)
Y

The zero-frequency offset due to inhomogeneity broadening was AH(0) < 5 Oe for all

samples.
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Figure 5.3: Example 6.5 GHz FMR spectra for (a) SL (FM1= Py) and (b) DL (FM1= Py,
FM2= [Py/Fe]) samples with dp, = 1.0 nm. Inset of (b) is an expanded view of the FM1= Py
resonance line. (¢) FMR linewidth as a function of frequency. SL samples with dp, = (e) 0
nm (®) 0.8 nm, and (®) 10 nm with a = 10.2, 12.4, and 13.3 x1073, respectively. DL sample
with dp, = (@) 0.8 nm and o = 13.2 x 1073.

5.0.5 Magnetic damping and spin-pumping in Ta

In the SL and DL structures, there are three main contributions to the measured damping
of the Py layer. First is the bulk damping of the Py layer apyk. Second is the spin-pumping-
induced damping due to the Ta(3) seed layer agp seed. And third is the damping due to spin
pumping into the Ta(dr,) overlayer agp. This is the quantity of interest. Therefore the total
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damping is the sum of the three contributions
Q0 = Qpulk + Qlsp seed T Osp- (53)

Since both the Py layer and Ta seed layer were held at constant thicknesses for all
studied structures, their contribution to the total damping should also remain constant and

will be referred to as

Oiref = Qpulk T Qsp seed- (5-4)

et = 10.4(£0.2) x 1073 was determined by measuring FMR on five samples of

Ta (3) [Py (3.5) |[Au(3.6). Note the spin-diffusion length of the Au capping layer is much
larger than its thickness therefore its contribution to the total spin-pumping-induced damp-
ing is minimal [90].

In a classical spin-pumping experiment, the spin-transport in the NM is investigated by
monitoring the damping of the FM while increasing the thickness of the NM, in the FM/NM
structure. In this study the agp of both the SL and the DL structures was monitored with
increasing d,, where

Qgp = O — Qyef. (5.5)

As discussed in section 2.5.2, the additional damping due to spin-pumping (some times
referred to as spin-pumping induced damping) in the FM1 for a single magnetic layer
structure (SL), Py/NM, can be shown to be

-1

SL . 9HB G gnR
A, dy | (22 (59
sd
and p€2
R=" 4 (5.7)

- onh

Where e is the fundamental charge, p~' = DNe? is resistivity determined from the Einstein
relation, N is the density of states at the Fermi level and D is the diffusion constant.
For a double magnetic layer structure (DL), Py/NM/[Py/Fe|, the damping dependence

is given by

1 +§N7?,tanh((i§§) -

DL _ 9MB Gn 1+, R

_ 5.8
Y0 T U M, dpy (5:8)

tanh(%) +gnR
The oy}, dependence on dr, of the Py(FM1) layer in both the SL and DL structures is shown
in fig. 5.4. The parameters used for the interpretation are g-factor= 2.1 as determined by
FMR measurements, My = 817 emu/cm3 as determined by SQUID measurements, and p
determined by 4 point probe resistivity measurements. The only free fitting parameters in

eq. (5.6) and eq. (5.8) are gy, and Agq. As discussed, it is not clear what is the appropriate
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value of p required to make a self-consistent fit, especially since it is thickness dependent.
To investigate the most appropriate p the data was fit with a few different models with
respect to the choices of the parameters Agq and p. Since both eq. (5.6) and eq. (5.8) share
the same fitting parameters, it is possible to fit both SL and DL data sets simultaneously

with the two respective equations.

o Model 1: gyy, p, and Agq are free parameters. This model fits for an average p and Agq

and is mostly sensitive to the dr, range where oy, is changing.

o Model 2: gy, and Asq are free parameters, while a constant p is taken from resistivity
measurements. Assuming a the bulk value of p is the most common approach found

in literature.

o Model 3: i, is a free parameter, p(dr,) is taken from resistivity measurements, and

Asd @8 fitting parameter restricted to be inversely proportional to p (dr,).

o Model 4: gy, is a free parameter, p(dr,) is taken from resistivity measurements, and

Asd 18 thickness independent fitting parameter. This model was proposed in ref. [91].

Model 1 described both the SL and DL data well, see solid lines in fig. 5.4 (a). The fit
parameters were §y; = 1.7(3) x 101 em™2, \yq = 1.0 (1) nm, p = 360(50) uQ cm. The value
of p is on the higher end of the measured resistivity values fig. 5.1.

Model 2 can be interpreted in ways, (a) using the bulk resistivity p = 179(4) u€ cm
and (b) using the p value measured in the region where spin-currents are being absorbed
(~ dra < 1 nm). A simultaneous fit with model 2a showed that the SL data could be
qualitatively described by this model while the DL data could not, see fig. 5.4 (b). To get
more insight on where this model fails it is convenient to fit the SL and DL individually
and then plot the expected behaviour for the DL and SL models assuming the same fitting
parameters. The resulting fits are shown as solid lines in fig. 5.4 (c) and (d) for the individual
fits of SL and DL respectively, the dashed lines correspond to the plots of the DL and SL
assuming the extracted fitting parameters. There is disagreement in the fitting parameters
of the individual fits of SL and DL using model 2a, see table 5.1. In Model 2b the resistivity
value of p = 325 p) cm was used, which corresponds to the dr, = 1.1 nm sample, see
fig. 5.5(a), notes this fits overlaps the Model 1 fit nearly perfectly. The motivation is that
the region where oy, shows a large dependence on dr,, i.e. where there is significant spin-
transport, is the intermediate-Ta region, where four point probe measurement showed the
large resistivity. This model describes both the SL and DL data well, and the individual and
simultaneous fits agree within error as shown in table 5.1. The simultaneous fit is shown by
the solid lines in fig. 5.4 (b). The simultaneous fit parameters are gy, = 1.53 x 10'° (8) cm ™2
and Agq = 1.03 (3) nm. These values are consistent with Model 1.

Model 3 is similar to the Elliot—Yafet type of scattering mechanism [45, 44], the spin-flip

time is proportional to the electron scattering time, 7ot o< 7y, In this model the spin-diffusion
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Figure 5.4: Damping due to spin-pumping into the Ta overlayer as a function of dr, for
SL (e) and DL (¢) samples. (a) Simultaneous fits to the two data sets using model 1 and
models 2b, note the fits overlap nearly perfectly. (b) Simultaneous fits using model 2a. (c)
Solid line is the individual fit of the SL () samples using model 2a and the dashed line is a
plot of model 2a for the DL structure using the individual fit parameters as extracted from
the SL fit. (d) Solid line is the individual fit of the DL (4) samples using model 2a and the
dashed line is a plot of model 2a for the SL model using the individual fit parameters as
extracted from the DL fit.
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Figure 5.5: Damping due to spin-pumping into the Ta overlayer as a function of dr,
for SL (e) and DL (¢) samples. (a) Simultaneous fits using Model 3, inset shows the
thickness dependent spin-diffusion length as determined from eq. (5.9). (b) solid lines are
the simultaneous fits using Model 4, and the individual fit to SL is the dashed line.
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length is dependence on the resistivity,

Aog (dipy ) = APtk P 5.9
d( T) sd p(dTa)7 ( )

where )\EC‘I‘H‘ is the thick film limit of the spin diffusion length. The fitted parameters are
g1y = 1.57(8) x 10" cm™2 and AP¥X = 1.91(5) nm. This model results in a good fit to both the
SL and DL data in both individual and simultaneous fits, see table 5.1. The simultaneous
fit is shown by the solid lines in fig. 5.5 (a). In this model the spin-diffusion length becomes
thickness dependent as given by eq. (5.9), its dependence is plotted in the insert of fig. 5.4
(a). The fit value of the spin mixing conductance is in good agreement with both Models 1
and 2(b), however, A\>W¥ is nearly twice as large as Asq in Models 1 and 2(b).

Model 4 was proposed in ref. [91] in order described the experimental spin-pumping
data of Ta/Py/Pt, Ta/Py/Cu/Pt, Ta/Py/Pd, and Ta/Py/Cu/Pd heterostructures. This
model was motivated by the Dykanov-Perel type of scattering mechanism which requires
Tst o< 1/7m. It was not possible to simultaneous fit both the SL and DL data with this
model, see solid lines in fig. 5.5 (b). However, the model is able to describe the SL data as
an individual fit, see red dashed line fig. 5.5 (b). The DL data could not be described by
this model, attempts to fit the DL results in a curve similar to the blue (top) fit in fig. 5.5
(b). It is worth highlighting the value of this result, if only the SL data is used in the models
(which is typically the case for most spin-pumping studies) then any of the above models
would be able to fit the data. In order to get a unique set of free fitting parameters and to
be able to distinguish between competing models it is important to perform analyses of both
the SL and DL data sets.

It is worth comparing the models which result in good fits. In Model 1, the fit is essen-
tially for an average value of A\¢q and p in the region where oy, is still thickness dependent.
The fitted p is consistent with the p measured by 4-point probe in the thickness range where
asp has large dependence on dt,. Model 3 results in a gy, value which is consistent with
Models 1 and 2b. However the fitted Agjlk is nearly twice the value of A\yq as compared to
Model 1 or Model 2b. One can estimate an average spin diffusion length from Model 3 in
the first 3 nm of Ta as ~ 1.1 nm. This compares well to the \yq extracted from Model 1 or
Model 2b.

Models 2a and 4 cannot describe the SL and DL data simultaneously, but both can be
used to describe the SL data. While model 2a can fit SL and DL separately, fitting the single
layer data with model 2a requires less efficient spin-pumping (smaller g;,) and more efficient
spin absorption in Ta (smaller A\yq) than fitting the DL data. Using the SL fit parameters
to calculate DL damping, eq. (5.8), model 2a yields an increase of ag, with increasing Ta
thickness, indicating that Ta is a more efficient spin absorber than spin sink. In other words,
this model requires that spin absorption is occurring faster than in the diffusive limit, which

is a mathematically achievable dependence that lacks physical meaning. Using the DL fit
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Table 5.1: Spin diffusion model fit parameters. SL and DL refer to individual fits of the
magnetic single layer and double layer data, respectively, otherwise fits are a simultaneous
fit to both data sets shown in fig. 5.4 and fig. 5.5.

Model gy [1015 cm*2] Asd [nm]  p[pQcem]

1 1.7(3) 1.0(1) 370
2a 1.09(4) 1.39 (4) 179
2a - SL 0.92(6) 1.27(6) 179
2a - DL 1.31(6) 1.7(1) 179
2b 1.53(8) 1.03(3) 323
2b - SL 1.4(2) 1.00(5) 323
2b - DL 1.6(1) 1.03(6) 323
3 1.57(8) 1.91(5)  p(dm)
3-SL 1.6(2) 1.90(8)  p(dm)
3- DL 1.6(1) 1.9(1)  p(dm)
4-SL 0.9(5) 086(4)  p(dra)

parameters in the SL model underestimates the damping in the first 2 nm of Ta, see fig. 5.4
(¢). The simultaneous fit is an average of these limits, which leads the nearly flat dependence
of the DL. Model 4 fails for the DL for a similar reason.

A note to the reader: the interpretation of spin-pumping in this section uses the full
resistivity of Ta. This is consistent with typical spin-pumping studies but in principle is
incorrect since the derivation (see section 2.5.4) requires the single spin resistivity. It is
important to point out that the main conclusions made in this sections remain true even
if one uses the single spin resistivity, however the fitting parameters would change. In the
following chapters, spin-pumping studies in Pt, the single spin resistivity is correctly used

for all the spin-pumping interpretations.

5.0.6 Summary

An investigation of spin-transport in Ta within (SL = Py/Ta) and magnetic double layer
(DL = Py/Ta/ [Py/Fe]) heterostructures was performed by means of spin-pumping. It was
observed that the most common method for interpreting the spin-pumping induced data
(bulk-like resistivity value of Ta) failed to fit the two data sets. Importantly, this inter-
pretation could be applied to the (SL = Py/Ta) resulting in seemingly reasonable fitting
parameters (within the span of reported values found in literature). This result points out
the potential flaw of attempting to extract some meaningful spin-transport values from the
single magnetic layer structure.

The origin of the problem appears to be coming from the fact that the Ta structure
evolves with increasing thickness which results in a thickness dependent resistivity. Therefore
the ps is inconsistent with the data is because structure of Ta in the region of spin-pumping

is not bulk-Ta. TEM studies show that initially Ta grows without long range order for upto
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~ 2 nm, this is approximately the thickness range over which the spin-current can propagate
over. For thicker Ta films, there begins to emerge some measurable structure as observed
by XRD studies which show both f-Ta and bcc—Ta for dp, > 10 nm.

The interpretations which fit both data set well require much larger resistivity values
than the bulk-like value. Using the resistivity value as measured in the dr, =1 nm, p = 323
pQcm, the spin diffusion model can describe ogp (dra) for both SLs and DLs yielding a
g1, = 1.53(8) x 10Y cm™ and Ayq = 1.0(1) nm. Allowing p to be a free parameter in a
simultaneous fit both data sets results in a fitted resistivity value of p = 370 pQcm as well
as gy (1.7(3) x 10" em™) and Ayq (= 1.03(3) nm). Since the resistivity of Ta is thickness
dependent it is natural to simply incorporate into the model, cgp (dt,). This requires that
Asd < p‘1 (equivalent to 7y o< 7,) and results in a good fit to both the SL and DL data
yielding gy, = 1.53(8) x 10'° cm™2 and A\yq (d1a = o) = 1.91(5) nm. The average value of
Asd in the intermediate-Ta region where spin-currents are propagating agrees well with the
above (non-bulk resistivity) models. Finally, a model assuming a constant A\gq and thickness-
dependent p (equivalent to 74 o< 1/7y,) could be used to describe the single layer data alone,
but could not describe the double layer data. The resulting spin diffusion parameters for
the single layer fit, gr, = 0.9(5) x 10'® cm™2 and Ay = 0.86(4) nm, did not agree with the

other models.
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Chapter 6

Experiment: Interlayer exchange
coupling Pt

6.1 Motivation

The goal of this study was to determine the strength of the interlayer exchange coupling
mediated by Pt and its influence on the FMR data. As was demonstrated in the previ-
ous chapters (spin-pumping into Ta) to uniquely determine the fitting parameters within
the spin-pumping model one needs to do both an experiment with a single magnetic layer
(FM/Pt) and a double magnetic layer structure (FM1/Pt/FM2). For Ta this worked out
well since the static interlayer exchange coupling through Ta was negligible for the thickness
range of interest. In contrast, Pt mediates static interlayer exchange coupling between two
ferromagnets up to ~ 1 nm, this is within the thickness range over which spin transport
occurs in Pt due to its short spin diffusion length (~ 1 nm as measured in spin-pumping ex-
periments). Therefore to properly determine the magnetic damping data of (FM1/Pt/FM2)
one needs to first understand the behaviour of the static interlayer exchange coupling which
is mediated by Pt. In this section I outline my experimental studies of interlayer exchange
coupling through Pt in Py(6)/Pt(dpt)/[Py(1.5)/Fe(4.5)] by means of FMR.

6.2 Proximity Polarization of Pt Background

Proximity polarization is the effect by which a nonmagnetic metal (NM) acquires a magnetic
moment due to its proximity to a ferromagnetic metal (FM). Is it accepted that the origin of
the proximity induced moment (PIM) is a consequence of the hybridization of the electron
orbitals of the two species and exchange coupling across the interface [92, 93, 94]. Typically
PIM in a NM is very short range, localized to the FM/NM interface. The penetration
depth of PIM is a property of the NM and depends on the magnetic susceptibility, ¥,
and the exchange coupling strength in the normal metal. The magnetic susceptibility of
Stoner enhanced metals is larger as compared to normal metals (Au, Ag, Cu, Al..), and

this can be significantly more pronounced in thin-films. In ref. [95] it was shown that the
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magnetic susceptibility of thin film Pd can be enhanced by ~ 500 due to lattice strain from
the adjacent Au layers. Fullerton et al. [96] observed an induced magnetic moment of Pd
in Fe/Pd structures which was shown to be a consequence of the lattice strain. Therefore,
Stoner enhanced metals can result in large [97] proximity polarization which can be the
dominating coupling mechanism for thin films.

The nature of interlayer exchange coupling between two ferromagnetic layers is highly
dependent on the properties of the spacer layer. Long range oscillatory coupling has been
observed in many spacer layers (Cu [98, 99, 100, 98, 34], Au [101] Ag [102], Ru [103] and
Cr [1, 104]) and has been well described theoretically [105]. RKKY-like interlayer coupling
is dominant in systems with small Stoner enhancement factor. Oscillations in interlayer
coupling arise as from the quantum well states of NM electrons pass through the Fermi
surface with increasing spacer thickness. The strength of these contributions is significantly
diminished by interface roughness. In fact, interface roughness can induce biquadratic cou-
pling, resulting in non-collinear coupling between two ferromagnets. For Stoner enhanced
materials, it has been argued that the electron-electron correlation effects lead to a suppres-
sion of the oscillatory dependence and an enhancement of the exponential decaying term
[106]. Exactly this behaviour was observed for Fe/Pd/Fe by Fullerton et al. [96] where the
authors observed a predominantly exponential dependence of the coupling strength with
the spacer layer thickness for high quality MBE deposited samples. It was determined that
the lattice expansion of Pd on top of Fe lead to a large enhancement in an induced mag-
netic moment. The dominating exponential dependence could be reproduced by including
exchange enhancement in the paramagnetic susceptibility of Pd. These calculations start
with the Yafet [40] approach of the FM/Pd/FM structure represented by an electron gas
in-between two sheets of localized spins (the FMs) and include the exchange enhancement
the random phase approximation [107, 108].

Induced proximity magnetization in Pt has its origin in quantum mechanics. Spin-
polarized band-structure calculations show that Pt atoms attain a magnetic moment due to
hybridization of the 3d orbital of Co and the 5d orbitals of Pt [109]. Experimentally, many
XMCD studies have shown that interface Pt can have substantial polarization [97], up to
0.68 pp/atom for Co/Pt at 10 K [110] or 0.61 up/atom for Co/Pt at room temperature
[111]. Importantly, the induced magnetic moment is not solely localized at the interface, but
extends into the Pt layer (~1 nm) [112]. Therefore, if the Pt spacer layer in the FM/Pt/FM
is thin enough, it is natural to expect that the entire Pt has a magnetic moment (with some
thickness dependence) which then in turn can mediate coupling between the two FM layers.
The coupling strength is then dependent on the ability of Pt to mediate magnetic coupling.

Metals with a large Stoner enhancement, such as Pt and Pd, are of great interest to the
recording media industry. Their proximity to magnetic films can induce large anisotropy
perpendicular to film surface, especially for Co/Pt [113] or Co/Pd [114] films. Additionally,
both Pt and Pd are magnetically polarizable materials [115, 116, 58], exhibiting induced
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magnetic moment and allowing for strong coupling between magnetic films. This property
is used in Co/Pt or Co/Pd multilayers where the role of (Pt, Pd) films is both to couple Co
layers and induce large perpendicular magnetic anisotropy. In particular [Co/Pt],, multilay-
ers can be found in many applications and their properties have been extensively studies
over the past two decades [117, 118, 119, 113]. Surprisingly, however, there are few studies
on the exchange coupling strength through Pt. The existing studies focus on Pt thicknesses
much larger than those employed in [Co/Pt},, multilayer stacks [120, 121], dp¢ 2 2 nm. The
reason is the larger ferromagnetic coupling between magnetic layers across sub-nanometre
thick Pt, which is non-trivial to measure. Measurements of the exchange coupling strength
through Pt are important for optimizing the fabrication of any [FM/Pt], related device,

where FM is a ferromagnet.

6.3 Experiment

(a) (b)

FM1 ot FM2 FM1  pt FM2

FM1: Femromagnet 1 FM1: Feromagnet 1
FM2: Ferromagnet 2 FM2: Ferromagnet 2

Figure 6.1: (a) Ferromagnetic and (b) antiferromagnetic coupling alignment of the magnetic
moments in two magnetic thin films separated by a Pt spacer layer. In our experiment FM1
= Py and FM2 = [Py/Fe].
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As mentioned the goal of this study is to determine the interlayer exchange coupling
between two ferromagnets due to a Pt spacer. For two ferromagnetic thin films coupled anti-
ferromagnetically fig. 6.1(b) (their magnetic moments are anti-aligned), one can determine
the coupling strength from magnetometry studies by measuring the saturation magneti-
zation as a function of external magnetic field. However, for two ferromagnetic thin films
coupled ferromagnetically fig. 6.1(a) (their magnetic moments are aligned in the same di-
rection), the saturation magnetization does not change with external field since the lowest
energy state is already achieved with both ferromagnets aligned along the field. In order to
measure ferromagnetic coupling strength with conventional magnetometry it is necessary to
design a structure with a pinned layer [122] in order to force one of the FM1 or FM2 to be
anti-aligned with the external applied field. This puts a limit on the coupling strength one
can measure which must not exceed the exchange bias or the coercivity field of the pinned
layer. The advantage, however, is that this method can be very sensitive to weak coupling
strengths. An alternative technique is to use FMR and extract the coupling strength from
the difference in resonance fields of the acoustic (in-phase) and optical (out-of-phase) modes.
With this method one can measure the coupling of FM/Pt/FM without any modification
to the structure required to pin one of layers. Additionally, the coupling strength measured
by FMR is limited by the sensitivity and bandwidth of the FMR machine. With a high
quality FMR setup one can measure significantly stronger ferromagnetic coupling strengths
as compared to magnetometer with a pinned layer.

In this study broadband (8 - 67 GHz) FMR was used to measure the coupling strength
through a variable thickness of Pt (0.5 < dpy < 2.2 nm) surrounded by Py (NiggFegy) in-
terfaces. Lower frequency points (8 - 36 GHz) were measured in an in-plane, field swept,
coplanar wave-guide setup while the higher frequency points (50 - 69 GHz) were measured
on a terminated, rectangular waveguide. The measured structure was
Si/Ta(3)/Py(6)[Pt(dp)[Py(1.5)|Fe(4.5)]/Ta(3), where the numbers are thicknesses in nm.
As before, the Ta(3) was the seed layer for the structure and will be omitted in further dis-
cussion. Additionally, a Ta(3) layer was used as a capping layer to prevent oxidation of the
top Fe. For ferromagnetic coupling strength measurements by FMR, it is required that the
two magnetic layers have different resonances field [34]. The higher effective demagnetizing
fields in [Py(1.5)|Fe(4.5)] compared to Py(6) results in a large separation of their resonance
fields even for the lower frequencies [123], see chapter 4. Examples of the FMR data are
shown in fig. 6.2.

Similarly to the previous sections, the FMR data was interpreted by an admixture of

the in-phase and out-of-phase components of the rf susceptibility

M7 o —sin(¢)x’ + cos(¢)x”, (6.1)
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Figure 6.2: Examples of FMR spectra of the Py (higher field) and [Py/Fe] (lower field)
resonance for (a) Py(6)/Pt(dpy = 2.2)/[Py(1.5)/Fe(4.5)] sample with J = 0.0 erg/cm? mea-
sured at 13 GHz and (b) Py(6)/Pt(dp; = 2.2)/[Py(1.5)/Fe(4.5)] sample with .J = 0.0 erg/cm?
measured at 57 GHz. For J # 0 the two resonance modes are now referred to as the acoustic
(higher field) and optical (lower field) modes. ¢) Py(6)/Pt(dp; = 0.7)/[Py(1.5)/Fe(4.5)] sam-
ple with J = 1.9 erg/cm? measured at 13 GHz and d) Py(6)/Pt(dp; = 0.7)/[Py(1.5) /Fe(4.5)]
sample with J = 1.9 erg/cm? measured at 57 GHz. The vertical yellow dashed and blue
dot-dashed lines intersect the resonance position for the acoustic mode (or Py for J = 0)
and optical mode (or [Py/Fe] for J =0) , respectively. The direction and magnitude of the
arrows indicate the direction and magnitude of the shifts of the acoustic and optical modes
with increasing coupling strength.
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where ¥’ and " are the real and imaginary parts of the rf transverse susceptibility given
by

"_ A HDC — Hpeg
X AH? + (Hpe — Hyes)? ) 6.2)
"4 AH '
s A‘FIQ"'(ElvDC_I_—]res)2 '
6.4 Coupling Model
The phenomenological free energy density of Pt is taken to be the following [120]
dM \?
f(:c)=§M2+§(—) -M-H, (6.3)
2 2\ dx

where [ is the inverse susceptibility and ( is the exchange stiffness of Pt. The first term
on the RHS of eq. (6.3) is the increase in energy of the Pt layer as a result of proximity
polarization from an adjacent ferromagnet. The first term on the RHS of describes the energy
cost of the induced magnetic moment to decay to zero. It is assumed that the Zeeman term
is small in comparison to the other energy terms. At the interface the exchange field is
significantly larger than any external applied field.

We make the small angle approximation, assuming that the magnetization vector of the
the two ferromagnets are nearly parallel. In this case the coordinate system can always be

oriented such that M, = M, =0 and M, = M. Therefore the total energy can we written as

e L5 o

The intergral is performed over the entire thickness of the of Pt, d. It is convenient to position
the coordinate system in the middle the Pt layer, see fig. 6.3. The minimum energy, Fi,in,
occurs at some M(x) = g(z), Fnin = F(g(x)). The variation around the minimum energy

is given by

2
F[g+e(5M]:f|:§ (g+e§M)2+g(%g+%e(5M) :|dx, (6.5)

expanding and dropping the O(€?) terms

d \? d d
Flg+esM] = f Bt (—g) + BgoMe+ -2 g% 50ie | da, (6.6)
2 2 \dx dx” dx
This function has a minimum at € = 0, therefore —dF[g;f Me] le=o = 0 and
d d
0= f [BgéM , (—g—(SM] dr, (6.7)
dx” dx
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Using integration by parts on the last term,

z=d/2

o:f[ﬁg—gdz ]6de+[%(g)5M.] (6.8)

-9
dx? z=—d/2

The last term is zero if one assumes a variation that does not contribute at the start and
end of the path, M (d/2) = 6M(-d/2) = 0. This is a consequence of assuming that the
magnetization is fixed at the boundaries due to the surrounding ferromagnetic layers. Since

this integral must vanish for all M, the integrand must be zero for all x
d2
0=p5M(x) —C@M(m). (6.9)

For convenience, the energy minimizing path g has been replaced with M (z). This is the
differential equation governing the magnetization inside the Pt layer. The general solution

takes the form of two exponentials,

M(x):AExp(—§)+BEXp(§), (6.10)

where € = \/3/¢ and the two constants A and B are determined by the boundary conditions.

For the single layer structure, FM|Pt, the boundary conditions are

M(z) = My ,
w==df2 (6.11)
dM (x) 0 ’
dx z=d/2
The solution is
Exp(L-2)+Exp(%-4
M(z) = My (£-%) (£ ) (6.12)

For the double layer structure, FM1/Pt/FM2, in which the magnetic moments in both

ferromagnetic layers are parallel (fig. 6.1(a)) the boundary conditions are

M(z) = Mo :
v (6.13)
M(z) = Mo :
z=d/2
and the solution is
Moy = 31y EER ) + Bxp (-a/6) 610

Exp (d/2€) + Exp (-d/2¢)
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Alternatively this can rewritten as

cosh(z/¢)

M(x)e = Mo cosh(d/2¢)’

(6.15)
If, however, the magnetic moments are polarized in opposite directions (fig. 6.1(a)) it is

easy to show that,
sinh(x/¢)
sinh(d/2¢)

The thickness dependence of the induced magnetic moment in Pt will have a thickness

M(:z:)Ap = M() (616)

dependence as displayed in fig. 6.3.

(@ _(b)
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Figure 6.3: Examples of induced magnetic moment inside of Pt in FM/Pt/FM if both
magnetic moments are parallel (a) from eq. (6.15) or antiparallel (b) from eq. (6.16). In this
example £ = 0.2 nm, dp; =2 nm, and My = 1.

Finally, this can related to the coupling strength by determining the difference in energy
for the parallel and anti-parallel configurations. By plugging eq. (6.15) and eq. (6.16) into
eq. (6.4) and taking their difference it follows that the energy difference between the two

configurations is
., Mgpe
sinh(d/2¢)"

The difference in coupling from parallel to anti-parallel is given by 2.J, therefore it is simple

(6.17)

to show that the exchange coupling strength is given

Mg B¢

Tdpy) = sinh(d/2€)’

(6.18)

6.5 Coupling Data Interpretation

The coupling strength J can be determined from the shifts in the resonance position of

the optical and acoustic modes. In the structures studied in this section the ferromagnetic
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coupling of FM1 and FM2 across Pt results in the resonance line of the Py(6) = FM1 to
evolve into the acoustic mode and the resonance line of [Py(1.5)/Fe(4.5)] = FM2 evolve
into the optical mode. As shown in chapter 4, the of FMR the [Py(1.5)/Fe(4.5)] bilayer
behave like a single magnetic layer with a low intrinsic damping (a = 3 x 1073) and an

effective demagnetizing field of 47 M g; viFel _ 18350 + 30 Oe, as measured for the uncoupled

sample, dp; = 2.2 nm. The difference in 47TME[§ viFel and 47TM§fy =10680 + 30 Oe is enough
to clearly distinguish the two resonances. Interlayer exchange coupling is an interface effect,
so an additional advantage of [Py/Fe| is that Pt is only interfacing Py on both sides. This
simplified the analysis since it was assumed that the structure had perfectly symmetric

interfaces.
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Figure 6.4: Examples of in-plane FMR data of the optical and acoustic modes for weakly
and strongly coupled systems. The acoustic and optical modes are represented by the
filled circles and squares, respectively. The yellow and blue colors correspond to the
Py(6)/Pt(2.2)/[Py(1.5)/Fe(4.5)] (J = 0.0 erg/cm?®) and Py(6)/Pt(0.7)/[Py(1.5)/Fe(4.5)]
(J = 1.9 erg/cm?) structures. The solid lines are fits using solution to eq. (2.36).

The resonance position data, fig. 6.4, was interpreted with eq. (2.36). g-factor values were
taken to be g = 2.09 [123] for both Py and [Py/Fe|, consistent the with literature, gr. = 2.09
[124, 61] and gp, = 2.10 [62, 63, 64]. 4 MY = 10680 + 30 Oe and 4w MLE¥/7e) — 18350 + 30
Oe were determined by fitting the resonance position vs. frequency data of the uncoupled
sample, dpy = 2.2 nm. The error margins were estimated from measurements of multiple,
identical samples. For the rest of analysis the demagnetizing field was fixed at 47 M ef;’fy and
477Me[é3 vIFel {5 be constant for all dpy. Given these parameters, simultaneous fits to the

acoustic and optical resonance positions vs. frequency using eq. (2.36) were made, where
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the only free fitting parameter was J, see solid lines in fig. 6.4. All fits showed very good
agreement with the data. Note, allowing g; and g; to be free fitting parameters yielded g;
and g; values between 2.08 and 2.10 but did not change the value of J.

25

J (erg/cm?)

05 10 15 20 25 30
Pt Thickness (nm)

Figure 6.5: Interlayer exchange coupling strength J as a function of Pt thickness for
Py(6)/Pt(dpy)/[Py(1.5)/Fe(4.5)] structures. The solid line is a fit using eq. (6.18) yield-
ing ¢ =0.31+0.01 nm. Residuals are plotted in the inset with dashed line used to guide the
eye.

The main result of this study, the interlayer exchange coupling strength J, as a func-
tion of Pt thickness is displayed in fig. 6.5. Ferromagnetic coupling was observed for all
thicknesses of Pt. For dpy $ 1.5 nm the coupling strength was monotonically and rapidly
increasing with decreasing dpy. The maximum measured coupling strength was J =4.5+0.7
erg/cm? for dp; = 0.5 nm; the large error on this point is due to the very weak signal of
the optical mode. For dpy < 0.5 nm no optical mode was observed and therefore coupling
strength could not be measured below this thickness.

It was assumed that the coupling of the two ferromagnetic layers is dominated by the
proximity magnetism of Pt. This model has been proposed for a study of temperature
dependence on coupling strength in Py/Pt(dp;)/Py, where dp; > 2 nm [120]; see section 6.4
for a detailed derivation. In [120] the coupling strength was measured for larger thicknesses
of Pt, 2 < dp; < 3.5 nm. The coupling strengths were .J < 0.06 erg/cm? at room temperature
or J 5£0.35 erg/ cm? at cryogenic temperatures at dp; = 2 nm. In our samples we measure
J =0.03 +0.02 erg/cm? for dp; = 2 nm. The lower coupling strength of our samples could

be attributed to different growth conditions of our structures. Additionally, in the work
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of [120], the exchange coupling measurements were done by employing the giant magneto
resistance effect in a spin-valve structure, Py(8)/Pt(dp;)/Py(3)Ir20Mn80(8)/Ta(1.5).

Fitting the experimental data with eq. (6.18) resulted in a good fit yielding £ = 0.31+0.01
nm fig. 6.5, this values is close that observed in [120], £“™ = 0.26 nm.

Ref. [120] observed a large temperature dependence of susceptibility, which was well
described by Curie-Weiss law up to liquid nitrogen temperatures, clearly proving that the
possible penetration of Py through Pt was not caused by the pinhole effect (thermally stable
ferromagnetic bridges through Pt). The observed temperature dependence of susceptibility
can be caused by thermally fluctuating clusters of magnetic moments in Pt (paramagnons).
This was observed in ref. [95] where they observed a large temperature dependence of X,I;d
enhanced due to induced strain at the Au/Pd interface. It is expected that the presence of
the proximity effect induced by the Py/Pt interface leads to the presence of paramagnons
in our Py/Pt/Py structures. However, one cannot exclude some interdiffusion of Py into
the Pt layer. This would further enhance the presence of paramagnons and would effectively
increase the measured susceptibility of the Pt layer. Consequently, this would increase the
penetration depth of the magnetic moment into Pt resulting in a larger £. These two cannot
be distinguished, however, it does not change the model used for interpretation of the data.

The residuals of the fit resemble the characteristics of Ruderman-Kittel-Kasuya-Yosida
(RKKY) [125] type of interlayer exchange coupling with a period of ~ 0.8 nm and maximum
amplitude of ~ 0.1 erg/cm?. This can be compared to an experimental study of interlayer
exchange coupling of the MBE deposited single crystal Fe/Pd/Fe system [96]. The authors
observed oscillations with a period of ~ 0.6 nm and maximum amplitude ~ 0.1 erg/cm? for
thickness of Pd of 1.6 nm. The amplitude of oscillations from experiment is significantly
lower than what is expected from first principles density functional theory, which reports
oscillations with an amplitude of ~ 10 erg/cm? in a Fe/Pd/Fe system [126] carried out for
T=0. However, in our experiment the sputter deposited textured structures and fluctuating
paramagnetic clusters in Pt at room temperature, both not included in theory, may also
play a significant role in suppressing the oscillatory behaviour in exchange coupling.

With ¢ determined, one can find the thickness dependent magnetization in Pt from
eq. (6.12), see fig. 6.6. Using the results of an XMCD study of Py(6)/Pt(1) [58], the authors
report an average magnetic moment for Inm Pt of (M) = 0.27 up/atom. To convert this to
magnetization recall that pp = 9.274x1072! erg/G and fcc-Pt has 4 atoms per unit cell with
a lattice constant of 3.9 A. Equating this to the single layer solution, eq. (6.12), integrated
over 1 nm results in My = 650 erg/cm®. The plots of the magnetization of the single layer
and the double layer are shown in fig. 6.6. The decaying behaviour of the magnetization is
very similar to that determined from first principle calculations for Pd, see fig. 9 in ref. [96].

Finally, with £ and M, determined one can find the magnetic susceptibility of Pt from
eq. (6.18), 7t =xP =1.6x1072£0.2x 1072 (or x2'=1.4x 1077+ 0.2 x 10~ m?®/mol). This
is ~ 100 times larger than for bulk Pt ~ 107 m3/mol [127]. Such a large enhancement is not
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unreasonable if considering the work of [95] in which the authors observed an enhancement
of xZ4 by ~ 500 times due to induced strain at the Au/Pd interface.

-0.5 0.0 0.5
dpt (NM)

Figure 6.6: Simulated magnetization inside of 1 nm thick Pt. The black line is the mag-
netization of the Py/Pt(1)/Py as determined from eq. (6.14)(a). The yellow line is the
magnetization of the Py/Pt(1) structure as determined from eq. (6.12)(b). The interface
magnetization was determined using results from [58], see details in text.

6.6 Orange-Peel Coupling

An additional possible contribution to the measured coupling could originate from orange-
peel coupling, which is a consequence of in plane film roughness [30, 31]. This is a form of
dipolar coupling between the corrugation peaks in the film surface. Its contribution can be
estimated from [128§]

52 -27d
Jop = 47TM31M323EXP( 7 e ) s

where § is the amplitude of roughness oscillations and L is the lateral period of roughness.

(6.19)

Note, in eq. (6.19), Jop = Jop(L) is not a monotonic function, and has a maximum at
L = 2wdpy, therefore it is possible to estimate the upper limit of the coupling strength.
Atomic force microscopy was performed on Py/Pt(1) samples of 500x500 nm sized. The
root-mean-square roughness and standard deviation were measured to be ogp = drms = 0.13
nm, and the maximum to minimum depth is ~ 0.7 nm. Given that 95% of the sample is
within +20gp, one can estimate the contribution due to orange peel coupling using the
amplitude of roughness oscillations ¢ = 0.26 nm. The coupling is between two Py interfaces,
therefore taking 4n Mg = dnMyo = 47TMSPy = 10.27 kOe and dpy = 0.5 nm (the thinnest
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sample), it was found that eq. (6.19) has a maximum of J,, = 0.003 erg/cm? at L = 3.1
nm. This is within the measurement uncertainty of J as determined from FMR. Therefore

orange-peel cannot be resposible for the observed interlayer exchange coupling.

6.7 Magnetic Damping

The measured effective damping of the acoustic mode (Py layer) is shown in fig. 6.8 (a) and
the zero-frequency offset in fig. 6.8 (b). As before, the damping and zero frequency offset
were both determined from fitting the line-width with,

AH(w) = a% + AH(0). (6.20)

The high frequency measurements had much smaller amplitude and therefore required much
longer scan times to get to similar statistical significance as lower frequency measurements,
fig. 6.2. The optical mode (lower field peak in fig. 6.2) rapidly decreases in amplitude with
increasing J and requires an unreasonable amount of time to extract a meaningful line-
width. Therefore for the damping analysis the focus was on the acoustic modes within the
frequency range of 8 < f <34 GHz, see fig. 6.7(a).

Qualitatively the damping behaviour of a vs dpt can be separated into three regions.
For 0 < dpt < 0.9 nm, aeg shows a linear increase with increasing dp¢. The second region,
0.9 < dp; < 1.5 nm, shows a more rapid but still linear increase of aeg with increasing dpy.
In the third region, 1.5 < dp¢ < 2.2 nm, when J ~ 0, the aeg saturates to 1.7 x 1072; in this
case the acoustic mode is the normal resonance peak of the Py layer. The zero-frequency
offset shows a non-linear dependence on dp, fig. 6.8 (b).

The total extracted damping and zero-frequency offset can be considered as a sum of
several contributions. First are the individual dampings of the Py and [Py/Fe] layers, apy
and a[py/re] respectively. In order to characterize the dampings of the individual layers
two additional structures were deposited and their linewidth vs. frequency dependence was
measured up to 69 GHz, see fig. 6.8(b). The Py(6) layer has a linear AH(0) frequency
dependence, fitting it with eq. (4.10) yields apy = 7.9 x 1072 £0.1 and AH(0)py =1.9£0.4
Oe. However, the [Py(1.5)/Fe(4.5)] is non-linear, as was also observed in chapter 4. This
non-linearity was attributed to two-magnon scattering which is the scattering of k£ = 0
(uniform precession) to k # 0 states within the ferromagnetic system. The effect of two-
magnon scattering on the linewidth of the FMR resonance has been extensively studied
and manifests itself as a non-linearity in the line-width vs. frequency dependence [129, 130].
Two-magnon scattering saturates above a high enough frequency and the linewidth again

becomes linear in frequency [131]. To fit the contribution of two-magnon scattering to the
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linewidth, one can use [129]

2r
AH(w) = a + = sin™!
Y s

Vw? + (wo/2)2 + w2

where I' characterizes the strength of the two-magnon contribution to damping in units of
Oe and wy is the frequency on which the two-magnon contribution approaches saturation.
The fit resulted in apy/re) = 3.5+0.1, I' = 54.0 Oe and fo = wo/2m = 59.2 GHz for the
Ta(3)/[Py(1.5)/Fe(4.5)]/Au(3.6) structure, fig. 6.7.

With the damping value of the two magnetic structures determined it is convenient to

J VT (o2 - /2 620

separate out the other contribution to the magnetic damping.
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Figure 6.7: (a) Sample linewidth data of the acoustic
mode for Ta(3)/Py(6)/Pt(0.5)/Py(1.5)/Fe(4.5)/Ta(3 (blue cir-
cle), Ta(3)/Py(6)/Pt(1.1)/Py(1.5)/Fe(4.5)/Ta(3) (yellow square) and

Ta(3)/Py(6)/Pt(2.2) /Py(1.5)/Fe(4.5)/Ta(3) (green diamond), the solid lines are fits
using eq. (6.20). (b) Linewidth data for Ta(3)/Py(6)/Au(3.6) (yellow circle) and
Ta(3)/Py(1.5)/Fe(4.5)/Au(3.6) (blue square) with fits using eq. (6.20) and eq. (6.23).

With the damping value of the two magnetic structures determined it is convenient to
separate out the other contribution to the magnetic damping

Qeff = Q1 + Qgp (6 22)

ay =y (J,apy, appy/re) -

ay: the damping contributions due to coupling of the two magnetic layers. The acous-
tic mode is the in-phase precession of the two magnetic layers and therefore the acoustic
resonance has to have some damping corresponding to an average of the two magnetic
layers. Given the damping of individual Py and [Py/Fe| layers and the exchange coupling

84



I T [
V(a ® - (b
15 () . s o b o |
| . o (@ [ 2
_ | o =~ 0 - e
<,“o1.073 ”.‘ s e_9®
N ° 5-10: ]
3 0.5 ] i
} -20¢ ]
0.0 0.5 1.0 1.5 2.0 2.5 00 0.5 1.0 1.5 2.0 25
Pt Thickness (nm) Pt Thickness (nm)

Figure 6.8: The measured effective damping (a) and zero-frequency offset (b) of the acoustic
mode as a function of Pt thickness as determined from eq. (4.10). The dashed lines represent
the simulations of ae¢s (a) and AH(0) (b) including various contributions, see eq. (6.22).

constant, J, one should be able to determine the effect of the exchange coupling on the
line-width. Note that since the line-width frequency dependence of the [Py/Fe| is nonlinear,
it is expected that the resulting frequency dependence of the acoustic mode should also be
non-linear with strong enough coupling.

Qgp: this is the spin-pumping contribution to magnetic damping of the acoustic mode.
Currently there is no consensus on what is the appropriate spin-pumping model for the limit
of thin Pt in proximity to a ferromagnet. Studies on spin diffusion length in Pt by means
of (inverse spin hall effect)ISHE agree that there must spin loss at the ferromagnet/Pt
interface [17, 132] to account for the large discrepancy in measured diffusion lengths from
Gilbert damping vs. ISHE experiments [133]. These works focus on the thicker limit of
Pt(~ 1 - 20 nm) in order to capture the full thickness dependence of ISHE-voltage, which
does not saturate until ~ 15 nm for Pt. Theoretically, the effect of spin loss on the Gilbert
damping measurements is to cause a large, and immediate, increase in the damping with
the introduction of even the thinnest Pt adjacent to the ferromagnet [18]. This is contrary
to what is observed in Gilbert damping studies for the thin limit (~ 0 - 3 nm) of Pt [58,
134, 91], where a steep approach to saturation is observed from 0 to ~ 2 nm. Experimental
results presented here also do not show any abrupt increase in damping, but an approach
to saturation, see fig. 6.8(a).

With the above contributions influencing the line-width it becomes a challenging prob-
lem to disentangle them with such limited data (only acoustic mode and only for lower
frequencies). Therefore we decided to redesign the experiment in order to simplify the anal-
ysis (minimizing the two-magnon contribution). Before moving on it was interesting to at
least attempt to address the effect of coupling strength on the damping and zero-frequency
offset. This was done by simulating the FMR resonances for the structure Py/Pt/[Py/Fe]

structure and comparing the results to the experimental data.
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Simulation Procedure: For a given excitation frequency the entire FMR spectra of the
coupled Py and [Py/Fe] system was simulated using solutions to eq. (2.35). The simulation
parameters were: MY =817 emu/cm?, Ms[Py/Fe] = 1468 emu/cm?, g-factor= 2.09, 47TM£fy =
10680 Oe and 47rM£§ vIFel 18347 Oe. The damping of Py layer was taken to be apy = 7.9
and for the [Py/Fe] layer a frequency dependent damping was used in order to include the

two-magnon contribution,

Ozr[rflj\g/pe] = Q[py/Fe] * ZE sin~! wz + (wo/2)° - w0/2, (6.23)
o Vs o)+ wnf?

apy/re] = 3.5+ 0.1, I' =54.0 Oe and fy = 59.2 GHz as determined from the
Ta(3)/[Py(1.5)/Fe(4.5)]/Au(3.6) structure. The effect of magnetic inhomogeneity, AH (0)py
or AH (O)[py /Fe], Was not included in the simulation in anyway. The simulated FMR spectra
was repeated for the same frequencies as the experimental measurements, 8 < f < 33 GHz,
and the line-width of the acoustic mode was extracted for each frequency. Then the extracted
line-width frequency dependence was fit with eq. (6.20) yielding values of o and AH(0) for
the simulated acoustic mode. The above procedure was repeated for 0 < J < oo erg/ cm?
where J is related to dpy through fig. 6.5. Results of the simulated damping and zero-
frequency offset are displayed in fig. 6.8 as dashed lines. With this approach the experimental
FMR data and the simulated FMR, spectra was analyzed in the same way.

Qualitatively the simulated a; reproduces most of the features of the experimental
data. The damping is constant for dp; < 1.5 nm with rapid decrease at dpy ~ 1.1 nm,
which corresponds to J ~ 1 erg/cm2. However, at the very thin limit dpy $ 0.9 nm, the
experimental data show a continuous decrease in damping, while the simulation shows
a saturation of damping below this thickness. However, there is a very large thickness
dependent offset between the simulated data and the experimental results. This offset can
be attributed to spin-pumping, but it’s worth remembering that this is not the type of
spin-pumping as expected in a simple FM/NM system. In this exchange coupled system
both ferromagnetic layers are precessing and therefore spin-pumping at varying degrees
depending on the strength of the exchange coupling.

It is interesting that the simulated linewidth data has a non-zero AH(0) even though
no intrinsic AH (0) was taken into account during the simulation. This suggests that the
exchange coupling of the two magnetic layers (one of which has a non-linear dependence
of the linewidth vs frequency) results in an non-linear linewidth vs frequency. Fitting non-
linear data with a straight line, eq. (6.20), results in a non-zero offset. Surprisingly the
simulated zero-frequency offset, takes on a negative values for dpy ~ 1.2 nm, see fig. 6.8(b).

Qualitatively this trend is also observed in the experimental data.
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Chapter 7

Spin-Pumping in Pt From Optical
and Acoustic Resonance modes

7.1 Motivation

At present the mechanism of spin-transport and spin-pumping into Pt is not well under-
stood. Experimental studies of of spin-pumping induced damping into Pt show variety of
thickness dependence, ranging from linear [58] to discontinuous [134] and the more conven-
tional exponential [135, 136]. The interpretation of experimental results are complicated by
the potential spin-memory loss at the FM /Pt interface [17, 132, 137], originating from the
interface Rashba effect [18] Furthermore, the influence of magnetic proximity [138] on the
spin-pumping and spin-transport remains a topic of debate. Spin-diffusion length measure-
ments by inverse spin Hall effect (ISHE)[139, 140] observe a much longer length scale as
compared to spin-pumping studies. Lastly, given the strong proximity polarization of Pt it
is not clear if the conventional spin-pumping theory [7] applies to the ferromagnet /Pt inter-
face. As observed in the previous section, the effective magnetic moment in Pt at the FM /Pt
interface extends some distance into Pt [112, 32]. A simple approach to avoid proximity po-
larization is to separate the FM and Pt (or Pd) with a spacer layer, however such studies
observe an oscillatory spin-pumping damping dependence (Cu [141] or Au [21]) which is
clearly outside the conventional spin-pumping description and is likely related to the Cu/Pt
or Au/Pt interface, see chapter 9.

One of the main difficulties in studying spin-pumping into Pt lies in experimentally
separating out the various contributions which may influence the measured damping. As
was shown in chapter 4, in order to make a unique interpretation of spin-pumping from
magnetic damping measurements, it is necessary to study both the FM1/NM structure and
the spin sink structures FM1/NM/FM2. In section 6.7 an attempt was made to interpret
the magnetic damping measurement of the Py/Pt(dp;)/[Py/Fe] structure. However, a large
portion of the measured damping was associated with the difference in intrinsic dampings

of the Py and the [Py/Fe| (which is averaged depending on the coupling strength) as well as
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the two-magnon scattering of the [Py/Fe]. These contributions complicate the analysis and
make it difficult to make a clear statement about the validity of the spin-pumping model
in Pt. In order to simply the analysis the experimental structures were slightly altered to

Py/Pt(dpy)/Py which resulted in a much cleaner spin-pumping experiment.

7.2 Experimental Details
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Figure 7.1: FMR response of the Py/Pt(3.5)/Py (a,b) and the Py/Pt(1.2)/Py (c) structures
for rf driving at 12 GHz. a) is a fit with a single Lorentzian (eq. (6.1)) with AH =70 Oe
and Hyes = 1436 Oe. b) is fit with two Lorentzians with AH; = 68 Oe, AHs = 72 Oe,
Hye1 = 1450 Oe and Hyes2 = 1395 Oe. For (c) the fitting parameters are AHOPteal — 79 ¢,
AHAustic — 60 O, HQPU = 800 Oc and HA®UC = 1419 Oe. The insets represent the
residuals of the resulting fits.

As in the previous chapters, the thin films were sputter deposited on a Si substrate, see
section 3.2 for more details. The deposited structures were Ta(3)|Py(6)|Pt(dp:)Py(6)/Ta(3)
and Ta(3)|Py(6)|Pt(dpt). The bottom Ta(3) was the seed layer and the top Ta(3) layer was
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a protective layer for Py. Since the spin-pumping was determined from the damping of both
the Py layers, it was important for both of them to have very similar damping in order
to extract meaningful spin-pumping parameters. This is made clear in section 6.7 where
the two ferromagnetic layers have different damping values which were averaged by the
exchange coupling strength, resulting in a very complicated damping dependence. Having
Ta(3) interfacing both the Py layers serves the purpose of making both Py have the same
damping, since at it was observed in chapter 5 that there can be substantial spin-pumping
damping into Ta. The spin-diffusion length of Ta is 1 nm, therefore a 3 nm thick Ta layer
should already be in the saturated limit of spin-pumping, resulting in negligible variations
of spin-pumping into Ta due to small variations in the thickness of Ta.

The magnetic damping of the system was determined from broadband, in-plane FMR
as described in section 2.3.2. FMR data examples of the Ta(3)|Py(6)|Pt(dpt)|Py(6)/Ta(3)
structures with fits given by eq. (6.1) are presented in fig. 7.1. For very weak magnetic
coupling (J ~ 0 at dpy = 3.5 nm) there are two, slightly offset, overlapping FMR responses
corresponding to the two Py layers of Ta(3)|Py(6)|Pt(dpt)|Py(6)/Ta(3). The offset is a result
of the small difference in their magnetic properties, this is not surprising considering that the
two Py layers were deposited on different interfaces: the bottom one is on top of Ta, while
the top one is on top of Pt. Visually this offset cannot be observed, see fig. 7.1(a), however
fitting the data, assuming a single FMR response results in an obvious field dependent trend
in the residuals, see inset of fig. 7.1(a) inset. This type of residual is not typical to fits of
single layered magnetic structures. Refitting the same data with FMR resonances results
in much larger residuals, without any observable trend (see inset of fig. 7.1 (b)) and yields
two separate values for AH and H,es corresponding to the two magnetic Py layers. The
extracted resonance field of one of the Py layers is always slightly larger than the other Py
layer, Hyes1 > Hyeso with corresponding AHp and AHo, see fig. 8.1 (a) and (b). Note for the
purpose of this experiment it was important that the two resonance are nearly perfectly
overlapping for zero coupling strength since this suggest that their magnetic properties are
very similar. From the point of view of the analysis of the spin-pumping data the exact
values of the two damping are not important, in fact they are treated as having identical
damping values at J ~ 0 at dpy = 3.5 nm.

Thinner Pt layers result in non-negligible exchange coupling (dpt = 1.2 nm corresponding
to J = 0.3 erg/cm?) and the two resonance modes become well separated, see fig. 7.1 (c).
The relative amplitude of the two resonances modes is quite small even for J = 0.3 erg/cm?,
much smaller than what was observed in chapter 6. For comparison see fig. 6.2(d) where the
relative amplitude is smaller for a much larger coupling strength (J = 1.9 erg/cm?). This
is consequence of the two Py layers having very similar resonance fields at zero coupling.
As discussed in chapter 6, the purpose of choosing two very different ferromagnetic layers
was in order to be able to measure strong coupling strengths. Additionally, in the coplannar

waveguide setup the magnetic field is not uniform in the measured structure (as compared
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Figure 7.2: (a) and (c) are the resonance field of the acoustic (blue) and optical (yellow)
modes for the Py/Pt(3.5)/Py and Py/Pt(1.2)/Py, respectively. The solid lines are fits using
the solution to eq. (2.16) (see eq. (6) and eq. (7) in supplemental material of [15]) yielding
AnMeg1 = 10.2 £ 0.1 kOe and 47 Mg o = 10.6 + 0.1 kOe for fits in (a). (b) and (d) are
the linewidth of the acoustic (blue) and optical (yellow) modes for the Py/Pt(3.5)/Py and
Py/Pt(1.2) /Py, respectively.

90



to a cavity setup). This results in a difference in driving strength for each magnetic layer,
i.e. the bottom layer is driven more strongly than the top layer and therefore there is a
difference in the relative amplitude of the resonance modes. In principle this effect should
also enhance the ability to measure the coupling strength for nearly identical magnetic

layers.

7.3 Theory: Spin-pumping in an exchange coupled system

The magnetization dynamics of two interlayer exchange coupled, ferromagnetic films, under
the influence of static external and internal fields and an oscillating rf-field, h, ¢, is described

by the Landau-Lifshitz-Gilbert (LLG) equation, written in the form of effective torques,

1 oM, 2 [ 1 8M1:|

— =-M H, — 7.1
m ot L [ L dlMs,1:| rarrx v Ot (7.12)
1 8M2 Jn1 [ 1 6M2]
- _ _M, x | H. — : 7.1b
v2 Ot 2" [ 2+ do s,2] Taz|mex v Ot (7.1b)

where My and M are the instantaneous magnetization vectors with magnitudes Mg 1, Mo
and n1 and n; are the unit vectors parallel to M7 and My, respectively. Heg 1 and Heg 2 are
the sum of internal and external H-fields, ; and ag are the dimensionless Gilbert damping
parameters, J (in erg/cm?) is the interlayer exchange coupling strength, d; and do are the
thicknesses of each ferromagnet, and 1 = g1up/h and 72 = gopup/h are the absolute values
of gyromagnetic ratios, where g; and go are the Landé g-factor, up is the Bohr magneton
and, A is the reduced Planck constant. The resonance conditions can be determined from
the solution of eq. (7.1), see section 2.4 for more details.

For a structure consisting of two ferromagnetic films separated by a non-magnetic film,
FM1/NM/FM2, the magnetic layers can act as either spin-current sources or as perfect
spin-sinks [7] to the spin-current backflows at the FM1/NM and NM/FM2 interfaces. In
these type of studies FM1 would be treated as the source of spin-current, while FM2 as the
absorber. This is the situation when the resonance fields of FM1 and FM2 are far enough
apart, such that they are not simultaneously driven the same rf field, this was the case
in the previous chapter, section 6.7. If the two magnetic structures have different in-plane
anisotropies then it is possible to bring the two FMR resonance fields to crossover. This
clever experiment was performed on MBE deposited Fe/Au/Fe heterostructure where the
two magnetic layers had a different angular dependence of in-plane anisotropies and there-
fore their resonance fields could be adjusted simply with the angle of the external applied
magnetic field.[142] At crossover (the resonances fields of both layers over lap) which results
in a simultaneous spin-pumping of both layer. The structures studied in my work do no
have any in-plane anisotropies due to the random orientation of the grain in the plane of the

film. However, it is possible to take advantage of a similar effect by depositing two struc-
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tures with nearly identical magnetic properties. In the experiment presented in this section
the two magnetic layer are nearly identical in their magnetic properties and are therefore
always simultaneously driven. However, in these studies the spacer layer for FM1 and FM2
was Pt, and as it was observed in the previous chapter, Pt mediates interlayer exchange
coupling [32]. For non-zero coupling the observed resonances are no longer independent
and correspond to an in out-of-phase (optical mode) and in-phase (acoustic mode) types of
precession. In this case both of the magnetic layers simultaneously act as sources of spin-
currents and spin-sinks. The different phase of rf magnetization precession fundamentally
changes their contribution of spin-pumping to the FMR linewidth for the acoustic and opti-
cal mode, see below. As it was discussed in section 2.5.1 spin-pumping can be derived from a
time retarded response of the interlayer exchange coupling [24]. Presented below is detailed
theoretical treatment is for spin-pumping in an interlayer exchange coupled FM1/NM /FM2
structure.

As discussed in section 2.5.2, spin-pumping in a FM1/NM structure leads to a non-
equilibrium chemical potential imbalance of the spins in NM, p, [7] which results in an
accumulated spin density in the NM at the FM1|NM interface. The thickness dependence
of ps inside the NM is described by spin diffusion [143]

s _ s
dx? N2

(7.2)

where Agq is the spin diffusion length which represents the characteristic length scale over
which the loss of accumulated spin density occurs in NM and z is the position along the
coordinate perpendicular to the FM|NM interface. The general solution to this equation
takes the form

ps = Ae " + Be™, (7.3)

where A and B are constant vectors to be determined from the boundary conditions and
k = 1/Agq. For the systems discussed in section 2.5.2, the boundary conditions would either
be absorption or reflection of the spin-current at the NM/ambient or NM /FM2 interfaces,
respectively. However, for the situation where both the ferromagnets are simultaneously
put into precession, both the FM1/NM and NM/FM2 act as a spin-source and spin-sink
at the same time. This can be described by the boundary conditions for the FM1|NM and
NM|FM2 interfaces as given by the sum of all the spin-current lost and gained by the FM1
and FM2 at their respective interfaces with NM,

po0 o OMs g Gni,
" 2ppe? Ox LT g 7 . (7.4)
h 0 g2 '
xr=dnv; - B} Ihs = _Isp2 + LPIS )
2pre? Oz AT g
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I 1 and I3 are the measures of spin-pumping due to the precession of FM1 and FM2; these
are the sources of the spin-current in the NM spacer. The second terms on the right hand
side of eq. (7.4) are the backflow terms which account for the spin-current reabsorbed back
into the ferromagnet. In the conventional FM/NM spin-pumping experiment the backflow
is a consequence of the spin-pumping form the FM. It can be thought of reabsorbtion of half
the spin-accumulation which was developed by the spin-pumping process. However, for a
system where spin-pumping is happening from both ends of the NM, the spin-accumulation
depends on both the sources of the spin-current and therefore the backflow must include the
contribution from both precessing ferromagnets. Given the boundary conditions, eq. (7.4),
and the general solution, eq. (7.3), it is then possible to solve for the chemical potential
imbalance inside the spacer layer, pg, in terms of I, and Igpo.

Using eq. (7.3), the boundary condition equation are given by,

h gna
55 (Ak~Bk) = L - i—*(A+B)
h (AkedeM _ Bke—deM) — _Isp2 + g'N,,Q (AedeM + Be—deM)
2ppe? A
For convenience the spin currents can be rewritten as,
I = A Qyui + B Qp,
(7.6)

I =A Qyo+ B (po,

where Qa1, Qa9, Qp1 and Qps are constants which can be easily obtained from eq. (7.5)
and will depend on k, dxwm, p1, 1),1 and gy 2. By subtracting the two equations in eq. (7.6)
it can be shown that to A and B are proportional to some linear combinations of I, and
Iy5. Therefore, the general solution to the non-equilibrium chemical potential imbalance,

eq. (7.3), can be written as,
[LS(ZL‘) = Ispl Ql(l') + Ispg QQ(SL’) (77)

Note there is only a single chemical potential established by the two precessing ferromagnets.
In principle one can solve for the chemical potential established by each ferromagnet and
then take their sum to get the net chemical potential, this leads to the same solution.
Also, recall that Ig,; and Iy are vectors which depend on the precession of the respective
ferromagnetic layers,
ot
Ispg = gwi (’I’Lz X %) .
47 ot

The unit vectors representing the direction of the magnetic moment of each FM (n; and

- ]’Z 8’1’1,1
Ispl = QNE (nl X )
(7.8)

n2) do not need to be parallel, see more discussion below. The functions 4 (x) and Qa(x)
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can be thought of as spin accumulations in the NM spacer established by FM1 and FM2,
respectively. If either of Iy, Igpo are zero in eq. (7.7) then the solution reduces to the
previously derived solution for the FM/NM/spin-sink structure, eq. (5.8).

With the form of ps(x) worked out, the next step is to relate the magnetic damp-
ing of each ferromagnet to the effect of spin-pumping. Assuming conservation of angular
momentum, any spin-current ejected from a FM into a NM results in a torque on FM.

Mathematically this can be expressed as

1 ng 1/1'3)]
I I I SR A K20}
n [dl ( spl 47
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= — I — ———
™ [dg ( P2 47

The left-hand sides of these equations are the torques acting on each ferromagnet due to

) (79&)
z=0

(7.9b)

r=dNMm

spin-pumping from both ferromagnets. These torques are interface effects therefore they
must scale as the inverse thickness of the ferromagnet. This inverse thickness dependence
has been observed for FM(dpn) /Pt structures [144], as evidence that spin-pumping at the
prozimity polarized Pt is still generated at the FM/Pt interface.

It is useful to see a more explicit form of eq. (7.9) by including eq. (7.7) in eq. (7.9)

which leads to the relationship between interface damping torque and spin-pumping,

1 ~
T = d_ (Ispl - gii [Isplgl(o) + IspQQZ(O)]) ’ (7'103‘)
1 7
1 ~
mE (Isp2 - %1—;2 [Lsp1€21(dnnr) + IspQQQ(dNM)]) : (7.10b)

As mentioned, the vectors I, and Ig,o do not need to be parallel. This results in a phase
difference between the two precessing magnetic moments. If the two magnetic moments
precess perfectly in-phase or out-of-phase, given by a phase difference of A¢ =0 or A¢ =,
then Iy, and Iy are always either parallel or antiparallel, see fig. 7.3. In this case the
torques 7 and 1o will be aligned with damping torque. However, if A¢ # m and A¢ # 0,
then the torques are not aligned with the damping torques and can therefore be viewed as
additional rf driving contributions (they do not need to be aligned with the driving exerted
by the FMR system).

The work presented in this chapter focuses on spin-pumping of an interlayer coupled
magnetic double layer structure, FM1/NM/FM2. The optical and acoustic modes of the
system correspond to in-phase and out-of-phase precession of the two ferromagnets, see
fig. 7.3(a) and (b), which are A¢ =0 or A¢ = m. Therefore the two vectors, Is,; and Igpo,

are either antiparallel or parallel. This implies that the torques are aligned with the magnetic
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damping and eq. (7.10) can be rewritten as

( 1 oM,
(6 g X —
spl 1 - ot

1 -
) — d_l (Ispl — %l—;’_l [IsplQl(O) + IspZQQ(O)])

(7.11)

Qisp2 (nz x %8]8\;[2) , = d% (ISp2 - % [Lsp1€2 (dnm) + Isp2Q2(dNM)]) :

The right-hand sides of eq. (7.11) are the torques exerted on each ferromagnet due to
spin-pumping of both ferromagnets. The left hand side of eq. (7.11) must be a vector
which is parallel or anti-parallel to Iy, and Isp. Since these vectors are indistinguishable
from damping-like-torques, it is convenient to parameterize these terms by dimensionless
constants agp1 and agpa corresponding to the damping-like-torques exerted on FM1 and
FM2, respectively. In this manner spin-pumping can be correlated to a measurable quantity,
the magnetic damping. It is worth pointing out that this is only true for the case of perfectly
in-phase and out-of-phase precession of the two magnetic layers, which is potentially not
true for weak interlayer exchange coupling.

In the limit of two identical ferromagnetic layers with very strong coupling, eq. (7.11)

can be further reduced to a much simpler, analytic, form

- 1-1

) G g1 'R
é}coustw: gHB 91 1+ gn , (7.12&)
4m My dpm tanh (?;—M)
| sd /
_ 7-1
. g gr R
Optical _ gHB_ 9r |y, 91 : (7.12b)
47TM5 dFM Coth (%)
| sd /

2

where R = %)\sd and dpy is the thickness of FM. It is assumed that the magnetic properties

of the two magnetic layer are identical: My = Mg = My, g = g1 = g2 and gy, = Gry1 = Gpy2-
It is interesting to compare these results to the spin-pumping damping of FM in a single

magnetic layer system, FM/NM, structure [23],
-1

SL_ 9HB g1 gnR
= 1+ 7.13
P A M, dpu tanh(@) (7.13)
sd

Clearly eq. (7.13) is very similar to eq. (7.12a) with the only difference being an extra
factor of 1/2 in the hyperbolic tangent term. Therefore one can expect that spin-pumping
damping of an exchange coupled FM/NM/FM system should have the same dependence as
for the FM/NM system but reach saturation twice as slowly. The optical mode damping of
a FM/NM/FM, eq. (7.12b), once again appears very similar to eq. (7.13) but the tanh is
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replaced by a coth which results in a different thickness dependence; its damping increases
with decreasing dny on a length scale of 2dnn/Asq-

This thickness dependences can be understood from eq. (7.11). During the in-phase of
the acoustic mode, see fig. 7.3(a), the two vectors Iy, and Igyo are parallel to each other,
and assuming small angle of precession. This results in a increases of the backflow current
(the term proportional to gy;) on the right hand side of eq. (7.11) with decreasing spacer
dnw- Both Igpp and I are parallel vectors so they sum up. This is a consequence of the fact
that during in-phase precession, the two magnetic layers compensate each other’s loss due
to spin-pumping. The magnetic moment lost by the first FM is reabsorbed by the second
FM and vice-versa, see fig. 7.3(a). This compensation results in a reduction of spin-pumping
induced damping. A similar effect was observed in Heinrich et al. [142] due to an accidental
crossover of resonance fields observed in a Fe/Au/Fe structure, however since the thickness
of Au was small in comparison to its spin-diffusion length (~ 30 nm), the role of spin-flip
relaxation was insignificant. In out-of-phase precession, the Iy and Iy are anti-parallel
to each other which results in spin-pumping of spin-currents with opposite polarization, see
fig. 7.3(b). Therefore, the two vectors will have the opposite sign and result in a reduced
backflow on the right-hand-side of eq. (7.11). As in the previous case both ferromagnets are
absorbing the spin-current of their counter part, however in out-of-phase presession these
currents are of opposite polarization and therefore lead to additional damping-like torque.
Qualitative evidence of this was also observed in antiferromagnetically coupled Py/Ru/Py
structures. In this case the spin-pumping damping in the antisymmetric mode of precession,
in the canted magnetic moments of Py/Ru/Py, was higher than in the symmetric mode [144].
In the limit of a very large spin-diffusion length, dp; << Asp, i.e. the spin-current is unaffected
by the relaxation of the spin momentum to the lattice, the spin-pumping contribution in the
optical mode would reach its absolute maximum; it is given by the full value of renormalized
spin-pumping parameter gy, .

In the above discussion it is assumed that the precession of the two magnetic layer is
either in-phase or out-of-phase for all values of dny as a result of strong enough coupling
J. For NM = Pt this is not true since J decreases exponentially with increasing dxy and
J ~ 0 at dym ~ 2.5 nm [120, 32]. In order to include the role of the coupling strength
in the spin-pumping of the acoustic and optical modes one needs to solve the full LLG
equations of motion, eq. (2.16), with eq. (7.10) as additional torque terms and simulate the
full magnetization response in order to extract an effective damping parameter. The method
of extracting an effective damping parameter is described in the Results and Discussion
section. However, it was found that eq. (7.12) is in good agreement with the simulation for
J 2 0.07 erg/cm? corresponding to a Pt thickness of dp; $ 1.8 nm. This is not surprising
considering that the ferromagnetic layers in this experiment had almost identical magnetic
properties and therefore the exchange coupling easily locks the precession of rf magnetic

moments into the acoustic and optical modes. It is therefore instructive to use eq. (7.12)
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as a tool to gain insight into the expected behaviour of spin-pumping due to in-phase and

out-of-phase precession.

7.4 Results and Discussion

This study focused on the magnetic damping of the Ta/Py/Pt(dp;) structure and the damp-
ing of the optical and acoustic modes of the Ta/Py/Pt(dp;)/Py/Ta structure as determined
from broadband FMR. The Ta seed and capping layers were kept constant throughout the
experiment. In further discussion of Ta/Py/Pt(dp;) the reference to Ta will be omitted.

(1) Py/Pt(dpy) structure:

The exponential thickness dependence of a(dpy) for the Py/Pt(dpy) structure, see blue
solid points in fig. 7.4, is qualitatively in good agreement with previous spin-pumping in Pt
studies [135, 136]. Single crystal studies of Fe/Pt(dp) structures grown by MBE technique
[135] report an exponential approach to saturation with a length-scale of ~ 1 nm. For a
quantitative analysis the data in fig. 7.4 was fit with a eq. (7.13) assuming a bulk single
spin resistivity [7] of Pt, p' = 2p, = 34+ 1 uQcm, where py is the extracted bulk resistivity for
both electrons spins. The resistivity measurements were performed by using a 4-point-probe
technique, see chapter 4 for more details. However, it is not clear that the bulk resistivity is
the appropriate value for this model. In chapter 5 it was found that the for a self consistent
interpretation of spin-pumping into Ta it was necessary to use thin film resistivity, but this
was the result of the thin film Ta being amorphous and therefore having a higher resistivity
value. Pt is highly textured when deposited on top of Py and therefore one would not
expect thickness dependent resistivity from the Pt itself. For thin films, interface scattering
can be a significant contribution to the measured resistivity. In the original description of
spin-pumping [7] the bulk, single spin resistivity is the appropriate value for the model, not
including any interface scattering. In this study the bulk, single spin resistivity of Pt was
used for all the interpretation of the data.

Fitting the Py/Pt(dp;) data with eq. (7.13) yields gy, = 4.3 x 10 £ 0.4 x 10 cm™2 and
Asd = 1.1 £0.1 nm, see solid line in fig. 7.4. These value are consistent with experimental
studies which observe an exponential dependence of a(dpy) of FM/Pt(dpy) [135, 136]. The
value for a single Py layer is shown as a black point in fig. 7.4. The 2 nm Au was a capping
layer to prevent oxidation of Py. Some spin-pumping should also occur into the Au layer
since it is also interfacing the Py. Its contribtuion can be estimated by using eq. (7.13), with
gﬁ“ = 2.4 % 101 cm™2, A2 = 31 nm and p = 3.96 uQcm [145, 146] resulting in additional
damping of ~ 0.3 x 1073, This is a small contribution which is roughly the size of the
measurement error, it was considered to be negligible. Importantly, the solid line fits the
experimental data for the entire thickness range, which indicates that there is no need to
include any additional interface damping due to Pt interfacing Py.

(2) Py/Pt(dp;)/Py structure:
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Figure 7.3: Schematic of magnetic precession and spin-pumping for (a) FM1/NM. In (b)
the magnetic moment of FM1 is put into precession while FM2 is not, in this case FM2
is considered as a spin-sink. In (c) both magnetic layers precess in-phase (acoustic mode)
and (d) are precessing out-of-phase (optical mode). Long red and blue arrows represent
the magnetic moments of FM1 and FM2, respectively. The gray, dashed, circular arrows
represent the direction of precession. The three red and three blue spins represent the ejected
spin momentum by spin-pumping. The dashed red and blue arrows are the directions of
spin-currents. Hpc and h, s are the directions of the applied dc and rf magnetic fields,
respectively.
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Magnetic damping of the acoustic and optical modes for the Ta/Py/Pt(dpy)/Py/Ta
structure is shown in fig. 7.4. The thickness dependence of damping of the acoustic mode
appears to approach saturation more slowly than in the Py/Pt(dp;) structure. This is con-
sistent with the derivation for spin-pumping of the acoustic mode (in the limit of strong
coupling) which showed that the approach to saturation should be a factor of two slower for
the acoustic mode than for the single layer structure eq. (7.12). Once saturation is reached,
at ~ 2 nm, the interlayer exchange coupling approaches zero and the damping of the two
resonances modes are the independent damping of the two Py layers. By design the damp-
ings of the two layers are very similar and therefore they are indistinguishable within the
measurement error.

For the optical mode (out-of-phase precession), the damping increases with decreasing
dpt, see orange points in fig. 7.4. As discussed, due to the out-of-phase precession of the
optical mode the two magnetic layers pump spin-current with opposite polarization. Since
they are both simultaneously acting as spin-sinks and are absorbing the others spin-current,
this results in an enhancement in damping. The enhancement of damping of the optical mode
1s very strong evidence for the fact that the two layers are communicating via spin-current.

A comparison of the data to the spin-pumping model presented in fig. 6.5 was made by
simulating the expected spin-pumping damping dependence of the optical and the acoustic
modes given the spin-pumping parameters as determined from fitting the Py/Pt(dpy). These
modes are a consequence of interlayer exchange coupling, therefore for the simulation the
coupling strength was taken from measurements presented in chapter 5. The simulation
procedure and mechanism for extracting damping values of the simulated data are presented
below. Essentially the simulation procedure simulates the rf response of each of the magnetic
layers from the LLG equation of motion (egs. (7.1a) and (7.1b)) including the spin-pumping
contribution as determined from the torque terms derived above. The simulated response is
then treated in the same way as experimental data: it is fit with eq. (3.7) to extract a AH
for each resonance mode, see more details below.

Simulation procedure: the torque induced due to spin-pumping (right hand sides of
egs. (7.10a) and (7.10b)) were added to the right hand sides of eqs. (7.1a) and (7.1b),
respectively. These new coupled LLG equations represent the dynamics of each resonance
mode and includes interlayer exchange coupling and spin-pumping. The rf-field is assumed
to be directed along the § with a driving frequency of w and the external Hpc along the
Z direction. The new LLG equations were solved for the § component of M; and Mo,
assuming small angle of precession. For parameters related to spin-pumping, the values
determined from the fit to the Py/Pt(dp;) structure were used, gy, = 4.3 x 10'% cm™2 and
Asd = 1.1+£0.1. The interlayer exchange coupling, J(dpy), was assumed to have the same dpy
thickness dependence as determined in chapter 6 [32]. The intrinsic dampings of both Py
layers were taken to be a = 8.3 x 1073 (see black point in fig. 7.4); this includes contribution

due to spin-pumping into an adjacent Ta layer. The 47w Mg for each two magnetic layers
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taken to be, 10200 Oe and 10600 Oe, as measured from the uncoupled dpy = 3.5 nm sample
(see fig. 8.1 a)), and the g — factor was fixed at 2.10, consistent with previous studies in Py
[123]. All of the above parameters fully determine the new LLG equation and therefore one
can simulated resulting in a sum of the magnetic susceptibilities, corresponding to the FMR
responses of the each magnetic layer, x'/ = §- (M + My)/h, #- The simulated susceptibility
was fit in the same manner as the experimental data, fig. 7.1, using two FMR lines, eq. (6.1),

HAcoustic

yielding AH and AHS?rIr)ltical. The above procedure was repeated for three frequencies

(f = 8, 18, 38 GHz) and the resulting AHA"H and AH Optical oo frequency dependence

sim sim

was fit by eq. (2.25) which yielded a a/3°"t¢(dp;) and agﬁfical(dpt). This was repeated
for several values of dp; and the extracted damping of the simulated acoustic and optical
modes is plotted as dashed lines in fig. 7.4.

The remarkable agreement between the standard spin-pumping model and the data
for the Py/Pt and the acoustic and optic modes of Py/Pt/Py suggests that the model is
representative of the physics governing spin-pumping in Py/Pt structures. Its important
to point out that this is quite a rigorous test of the spin-pumping model considering it is
sensitive to the phase of the spin-current. In this sense the extracted spin diffusion length
is a meaningful parameter and is representative of the length over which the spin-current
is attenuated. The short length scale, Agq = 1.1 £ 0.1 nm, can be explained by considering
an analogy of spin-current propagating through a ferromagnet. It is well known that due
to dephasing the penetration depth of a spin-current polarized transverse to the magnetic
moment of a ferromagnet is given by Ay ~ 7/ |k} - k}|, where k} and k} are the Fermi wave
vectors of the majority and the minority spins[147]; it is expected to be on the order of a few
atomic layers. Experimentally it was found that for ferromagnetic materials such as Co and
Py this length scale is indeed very short A{¥ ~ 0.7 nm [148]. Considering that Pt is strongly
polarized at the interface with a ferromagnet [32], it is natural to argue that the transverse
spin momentum of the spin-current can rapidly dephase in the proximity of polarized Pt.
The dc inverse spin hall effect studies (ISHE) observe a much longer spin diffusion length,
measured at Agq ~ 3.4 nm [17] or even \yq ~ 8 nm[140] for Pt. however, this measurement
probes spin-current polarized longitudinal with respect to the induced moment in Pt. The
internal molecular field of the polarized Pt is oriented in the same direction as the dc
spin-current, and therefore it does not result in any rapid dephasing. The length scale over
which the longitudinal spin-current is attenuated is governed by spin-flip scattering, which
in analogy to ferromagnets can be substantially longer than the transverse spin-current, for
Py it was calculated to be ~3 nm [149]. This is a natural argument, however, as it will be
shown in next chapter, it cannot be true.

These results show no evidence of any significant interfacial spin memory loss (SML).
Experimentally one would expect SML to result in an offset in the damping of all of the
measured data except for the intrinsic damping of Py (see black point in fig. 7.4). It can

be viewed as an additional contribution to the interface damping which does not lead
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Figure 7.4: Damping with increasing thickness of Pt for the Py/Pt(dp¢) (blue circles), the
acoustic mode of Py /Pt(dp¢)/Py (green squares) and optical mode of Py /Pt(dpt)/Py (yellow
diamonds). The solid line is a fit to the Py/Pt(dp) data using eq. (7.13). The dashed lines are
simulations of the damping for the acoustic and optical modes using egs. (2.16) and (7.11)
with parameters taken from the resulting fit of the Py/Pt(dp;) data. The black point for
dpt = 0 is a Py/Au sample, where the 2 nm Au was used as protective capping layer. The
contribution of Au to the magnetic damping of Py is estimated to be on the order of the
measurement error.
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to coherent spin-current in Pt. SML is generally attributed to spin orbit coupling at the
interface of ferromagnet /Pt interface [18, 150], which results in dephasing of the spin-current
at the interface. The fit and the simulations of the acoustic mode approach the intrinsic
damping of Py (see black point in fig. 7.4) for dp; — 0 following the experimental data.
These results show no evidence of an offset.

One can estimate the potential contribution of some interface damping corresponding to
SML by repeating a fit to the Py/Pt using aqotal = Qoffset + assg; + Qintrisic where aogset 1S the
offset due to some interfacial damping which does not lead to a spin-current in Pt, ozssg“ is the
spin-pumping contribution from eq. (7.13) and qipgrisic = 8.3 1073 is the intrinsic damping of
Py (including pumping into adjacent Ta). Then, refitting the data while excluding the first
two data points (dpt = 0 nm and dpy = 0.3 nm) allows for the fit to choose an appropriate
offset which would be consistent with the rest of the data points. The resulting fitting
offset is aoffset = 0.3 x 1072 which is small in comparison to the rest of the enhancement in
damping suggesting that any thickness-independent offset in damping due to Pt is small
in comparison to the thickness-dependent contribution. The values of the gy, and A\yq are
unchanged within the error bar.

The above results strongly suggest that the induced damping due to Pt is indeed a con-
sequence of spin-pumping and that the generated spin-current results in a communication
between the two magnetic layers. The meaningful length scale over which the spin-current
can propagate across is the spin-diffusion length which was found to be A\;q = 1.1 nm. How-
ever, another important parameter in spin-pumping is the spin mixing conductance which
determines the efficiency of spin-pumping, g;;. The strength of spin-pumping depends on
dynamic response of electrons in Pt spacer to the presence of interface magnetic interaction.
Spin-pumping in systems with electron spin correlations is more complex than simple NM
metals like Au, Ag and Cu. As presented in section 2.5.1 the enhanced electron spin corre-
lations in a normal metal described by the Stoner factor lead to an increased susceptibility
(increased spin fluctuations) and also to an enhanced spin mixing conductance[24], §y,.
This enhancement in susceptibility is very pronounced in Pt resulting in proximity effect in
Py/Pt. Consequently, one can expect that electron spin correlations in Pt affect the strength
of the interface pumping parameters. Therefore the strong electron spin correlations in Pt
do not require the introduction of a new set of spin-pumping parameters, but they play an

essential part in determining their quantitative values.

7.5 Summary

Magnetic damping measurements of the Py /Pt and Py/Pt/Py structures were performed by
means of broadband ferromagnetic resonance. The enhancement in damping was analyzed

using standard spin-pumping model extended to include interlayer exchange coupling in
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the optical and acoustic modes of resonance for the Py/Pt/Py structure. There are several
important conclusions one can draw from these results:

Spin-pumping in proximity polarized Pt is well described by the standard spin-pumping
model. In fact, the spin-pumping model is robust enough to accurately describe all the
observed damping for both the Py /Pt and acoustic and optical modes of Py/Pt/Py with a
single set of parameters: gy, = 4.3 x 10'® cm™ and A\yq = 1.1 nm. Spin dynamics studies in
magnetic double layers, Py/Pt/Py, played an important role in testing the validity of the
spin-pumping model in Pt. For the first time the role of phase in spin-pumping currents
was demonstrated by analyzing the FMR linewidth for the optical and acoustic modes of
precession thus providing a stringent test for the spin-pumping model in ferromagnet /Pt
structures. There is no evidence for any additional strict interface loss mechanism.

The magnetic proximity mechanism, responsible for ferromagnetic coupling, does not
play any explicit role in the mathematical interpretation of spin-pumping, but affects quan-
titatively the spin-pumping parameters g, and A¢q. The spin diffusion length, \yq, is reduced
due to dephasing of spin-current in the presence of induced magnetic moment at the Py/Pt
interface and the renormalized spin mixing conductance, gy, is affected by spin fluctuations
due to electron spin correlations in Pt. In fact, spin-pumping with a very short spin diffusion

length can be view as a spin loss mechanism which develops on the length scale of 1.1 nm.

103



Chapter 8

Spin Transport Across the Au/Pt
interface

8.1 Motivation

Material properties determine the mechanism of spin transport within each layer, however
interface properties determine spin transport in a multilayer system. There are relatively
few spin-pumping experiments which focus on studying the effects of additional interfaces
on spin transport. Most common experimental structure consists of a FM/NM where the
only interface is that with a ferromagnet and influences the strength of spin-pumping. Often
a fixed thickness spacer layer (FM/spacer/NM) is used to further investigate the effect of
the ferromagnetic interface, [151, 58, 91] especially for the FM /Pt or FM/Pd interface since
Pt and Pd are magnetically polarized by the FM. [115] For studies which include spin-
transport across NM layers, NM/NM, the one can find two boundary conditions presented
in literature which have been used to describe spin-transport across a NM/NM interface:
the continuity of chemical potential across the interface, [91] or the continuity of spin-
accumulation across the interface [152]. However, studies which focus on spin transport
in multilayered structures stoner enhanced metals (FM/Au/Pd [21] and FM/Cu/Pt [22])
show oscillatory spin-pumping dependence with the thickness dependence of Cu or Au,
this is outside of the conventional spin-diffusion description. It is not clear which boundary
conditions are required to describe the spin transport across an interface of a normal metal
and a stoner enhanced metal.

This chapter describes our experimental studies of spin-pumping in three structures:
Py/Au/Pt, Py/Au/Pt/Co and Co/Pt. These structures fully characterize the spin-pumping
at the Py/Au and Co/Pt interfaces, with the only remaining the boundary condition is
at the Au/Pt interface. Both the continuity of chemical potential and continuity of spin
accumulation are tested against the experimental data, neither of which were able to fit the
data. A third boundary condition was presented which treats Pt as a partial spin-sink; it

resulted in a remarkably good fit to all the data. Both the experimental observation and
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the fitted model suggested that the spin-transport across the Au/Pt is asymmetric. Finally,
a spin-memory-loss model at the Au/Pt interface was tested against the data resulting in

unrealistic fitting parameters.

8.2 Structures and Experiment

The studied structures, Ta(3)[Py(6)|Au(3)|Pt(dpt), Ta(3)|Co(6)|Pt(dpt) and
Ta(3)[Py(6)|Au(3)|Pt(dpt)|Co(6)|Ta(3) were deposited on oxidized Si wafers by means of
RF magnetron sputter deposition at room temperature, where Py = NiggFeyy. dp¢ is the
Pt thickness (0 < dpy < 3 nm) and the numbers in parenthesis are thicknesses in nm. The
substrate preparation and the deposition process is the same as discussed in the my previous
studies, for more detail see section 3.2.1. For brevity these structures will be referred to as
Py/Au/Pt(dpy), Co/Pt(dp;) and Py/Au/Pt(dp;)/Co for the rest of this chapter.

In-plane FMR, measurements were carried out in a field-swept, field-modulated set-up
in a frequency range of 6 - 28 GHz. The FMR signal, which is described by Lorentzian
lineshape for rf susceptibilities, was interpreted as an admixture of the in-phase and out-of-
phase components of rf susceptibility, for more detail see chapter 2.

The foci of the study are Co/Pt(dpy), Py/Au/Pt(dpt), Py/Au/Pt(dp;)/Co structures.
Since the Py/Au/Pt(dpt)/Co has two separate ferromagnetic materials, it is possible to gen-
erate spin-pumping from either Py or Co (see fig. 8.2) resulting in two completely different
data sets from the same structure. Unlike the study of Py/Pt/Py in the previous chapter,
the FMR resonances of the two magnetic layer are well separated due to their different sat-
uration magnetizations (M0 = 1250 [27] emu/cm® and M. ? = 817 emu/cm?®) and therefore
each layer can be put into resonance independently from the other, see fig. 8.1. In the case
of spin-pumping from Py, the spin-current originates at the Py/Au interface and is trans-
mitted across Au/Pt and finally absorbed by the Co layer. However, if spin-pumping from
Co the spin-current originates at the Co/Pt interface and is transmitted through Pt/Au
and finally absorbed by the Py layer. To clearly distinguish between the two data sets the
following notation will be used: ﬁ//Au/Pt(dPt)/Co and Py/Au/Pt(dPt)/C_o, where the ar-
row above the ferromagnet signifies it as the source of the spin-current due to its precession,
see fig. 8.2.

8.3 Results and Interpretation

The experimental results of the spin-pumping induced damping for ]_P;/Au/Pt(dpt) /Co,
FT}:/Au/Pt(dpt) and C—)O/Pt(dpt) are presented in fig. 8.3 (a, yellow points), fig. 8.3 (a, blue
points) and fig. 8.3(b), respectively. The focus is the induced damping due to spin-pumping
into the adjacent Au/Pt(dp;) or Pt(dpt) layers. The contribution to total damping which
is due to the intrinsic damping of Py (apy = 8.3 x 1073) or Co (ago = 10.5 x 1073) can be
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Figure 8.1: (a) FMR response at 16 GHz and (b) linewidth vs. frequency data of the
Py/Au/Pt(2)/Co sample. The lower field peak in (a) is the Co resonance with fitting pa-
rameters AH =90 Oe, Hes = 1807 Oe as determined from eq. (6.1). The higher field peak in
(a) is the Py resonance with fitting parameters AH =60 Oe, Hyes = 2382 Oe as determined
from eq. (6.1). Linewidth vs. frequency in (b) fit resulted in o = 16.1 x 1073 and AH(0) = 5
Oe for the Co resonances (yellow line) and o = 10.8 x 1073 and AH(0) = 1 Oe for the Py
resonances (blue line).
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Figure 8.2: Schematic of the studied structures. Spin-current is ejected from the precessing
ferromagnet (Py or Co) into the adjacent layer. At the Au/Pt interface a portion of the
spin-current is reflected and transmitted. At the other end of the structure the spin-current
is either absorbed by the second ferromagnet (spin-sink) or reflected at the metal/air bound-
ary.
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subtracted away since it is independent of the thickness of Pt. The remaining damping is
due to spin-pumping into the adjacent Au/Pt(dpy) or Pt(dpy) layers.

For complete interpretation of the data it is required to know the spin-pumping/spin
diffusion parameters into and through both Au and Pt. Spin-pumping into Au has been stud-
ied in great detail and shown to be well described by the conventional spin-pumping/spin
diffusion model[142, 153, 146] with Asq Ay = 31 nm [3]. The single spin resistivity of Au was
taken to be p&u = 8 uQem [154]. However, the interface spin-mixing conductivity for Au
was determined from the spin-pumping damping of the P—}:/ Au/Pt(dp;=0) (first blue point
on fig. 8.3(a)) and PT{f/Au/Pt(dptzo)/Co (first yellow point on fig. 8.3(a)). The difference

in damping of the two data points is
aly/Au/Co _ oPyIAn 9 79 4 1078, (8.1)

Using the single spin resistivity of Au, pgu =8 pfQlem[154] with Agq Ay = 31 nm[3], and using
the relationship established in the theory section for conventional spin-pumping,
-1

g g1 R
asspL: 9B 9N | 9 (8.2)
4mM s dpm tanh (@)
sd

and

-1
_ ~ dnm
GDL_ 9MB_ G |4 p Rl +9NRtanh( Asd )
P An M, dpy t

; (8.3)

tanh (d)l\\ITI;/I) +§NR

2
it is simple to show that for these samples gy py/a, = 1.7 10' em™2. As before R = %)\Sd,
M is the saturation magnetization, dgyp is the FM thickness (dpy), dnw is the NM thickness,

2
R = %)\Sd, e is the fundamental charge and p; is the bulk, single spin, electrical resistivity

[7].

The above characterizes the spin-pumping at the Py/Au interface and spin transport
through the Au layer. The remaining fitting parameters will need to describe spin-pumping
at the Co/Pt interface (g4, pt/co), spin transport through Pt (Asq,p¢ and p{)t) and the Au/Pt
interface (this is determined by the model). In order to have unique fitting parameters it
is important to simultaneously fit all data sets with the same fitting parameters [23]. As it
was observed in chapter 5, any of the studied models were able to fit the SL structure with
reasonable success but attempting to to also fit the DL data pointed out the flaw in this ap-
proach. In the study presented in this chapter the spin-sink structure is 17;/ /Au/Pt(dpy)/Co.
The 3 nm thick Au layer is used as a spacer layer to prevent interlayer exchange coupling be-
tween Py and Co which is mediated by proximity polarized Pt, as was observed in chapter 6
[32, 155]. Spin-current originating from Py passes through Au and Pt and gets absorbed
by the Co layer. Since the diffusion length in Au is much larger than its thickness, the
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spin-current is mostly unaffected by the Au spacer layer. However, this will still be taken
into account within the model.

Before attempting to fit the data it is useful discuss it in a more qualitative manner. The
spin-pumping damping of Py in PT}:/ Au/Pt(dpt)/Co decreases with increasing Pt thickness,
this is the expected thickness dependence of a FM/NM /spin-sink structure [23], see yellow
points in fig. 8.3(a). The spin-pumping damping of I?;f/ Au/Pt(dpt) increases with increasing
Pt thickness, see blue points in fig. 8.3(a), consistent with expected behavior for a single
FM/NM structure. In general the FM/NM and FM1/NM/FM2 are enough to uniquely fit
the spin transport parameters of NM, however in this work the aim was to also determine
the effect of the spacer Au layer on the spin transport. Therefore the Co/Pt(dps) structures
allows to more accurately determine gy, py/co, Asd,Pt; p{;t parameters. The magnetic damping
of the Co/Pt(dpy), see fig. 8.3(b), shows a rapid approach to saturation with a diffusion
length of A\gq ~ 1 nm. Similar results have been observed in single crystal structures [135]
and textured structures [155]. This thickness dependence is very similar to that of Py/Pt
in fig. 7.4.

dp(nm) dp(nm)

Figure 8.3: (a) Spin-pumping induced damping data for the l?;/ /Au/Pt(dpt)/Co (yellow) and
];T}:/All/Pt(dPO (blue) structures. Solid lines are fits by eq. (8.9) with conventional spin-
pumping theory extended to include Au/Pt interface with eq. (8.4) and eq. (8.5) boundary
conditions. (b) Spin-pumping damping data for Co /Pt(dpy) fit by with conventional spin-
pumping theory using eq. (8.2). All fits were performed simultaneously yielding the following
fitting parameters: gy, py/co = 40 x 101 em™2, Agq pt = 0.6 nm, ppy = 174 pem.

8.3.1 Continuity of Chemical Potential or Continuity of Spin Accumula-
tion

At this point it is instructive to attempt to fit the experimental with the spin-pumping

model. Unlike the previous spin-pumping experiments presented in this thesis, where there

is effectively only one NM present in the structure, in this experiment there are two NMs

(Au and Pt) both of which strongly influence the spin-transport. The propagation of spin-

current will still be modeled by the spin-diffusion theory, however one must also include the

transport of spin-current across the Au/Pt interface. As mentioned, there are two existing
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Figure 8.4: (a) Spin-pumping induced damping data for the }T;f/ Au/Pt(dp)/Co (yellow)
and ITgf/ Au/Pt(dpt) (blue) structures. Solid lines are fits with eq. (8.9) with conventional
spin-pumping theory extended to include Au/Pt interface with eq. (8.6) and eq. (8.7) bound-
ary conditions. (b) Spin-pumping damping data for C—o)/ Pt(dpy) fit with conventional spin-
pumping theory using eq. (8.2). All fits were performed simultaneously yielding the fol-
lowing fitting parameters: gy py/co = 6.2 x 10% em™2, Asd,pt = 1.0 nm, ppy = 56 pflem and

NFYNAT =29,

models in the literature, the continuity of chemical potential and the continuity of spin

accumulation.
Continuity of chemical potential at the Au/Pt interface implies the following,

x = dy; pst = gt (8:4)
r=dy
Also spin current across the interface is still assumed to be and continuous,
A o Au A o Pt
vedyy - s o O (8.5)
2pAuEQ Oz 2'0Pt62 Oz z=d

Continuity of spin accumulation is the second approach to model spin transport across

the Au/Pt structure and it is given by

podi; pNME)p = lPNPUEY | (.6)
r=d
and continuity of spin-current,
eeg. _hoowdt b o (87)
Ly 2 T 2 8$ 2 T2 8$ ’ ’
Pau® Ppt€ z=d,
where the spin accumulation is defined
b AuprAu b byt
SAu = 5 Hs N E)r and spg = o5 Hs N E)p (8.8)
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N (E) is the density of states at the Fermi energy.

Both models provide two additional boundary conditions which influence the solution
of the spin diffusion equation and result in a different thickness dependence for the spin
chemical potential and the spin-current. The aim is to solve for the spin chemical potential
throughout the entire structure. As before, this is done by assuming a solution of the
diffusion equation applied to the appropriate boundary conditions. At the Py/Au interface
is the spin-pumping boundary condition and at the Pt/ambient or Pt/Co interface is a
reflection or absorption (spin-sink) boundary condition, see section 2.5.2. The two remaining
boundary conditions have to do with the Au/Pt interface. The solution of the spin chemical

potential is then related to the magnetic damping by,

on A
Oésp7py<n><—) il (ISP—M;L?“)

= 8.9
ot dpy 47 (8.9)

z=0

Continuity of chemical potential: In this approach it is assumed that the chemical po-
tential at the Au/Pt interface follows the behavior described by egs. (8.4) and (8.5). Includ-
ing these into the spin-diffusion model for the SL (P—}:/ Au/Pt(dpt)) structure and the DL
(Fy’/ Au/Pt(dpt)/Co) structure yields a solution for each structure. The two solutions share
the same fitting parameters (Asq,pt, ppt and gry py/co)- Lastly, the Co/Pt(dpy) structure has a
simple solution given by eq. (8.2) with the same fitting parameters. Therefore, the three data
sets can all be simultaneously fit with the same set of parameters. Fits of the Co/Pt(dpt),
f’_))f/Au/Pt(dpt), P?f/AU/Pt(dPt)/CO and data are plotted in fig. 8.3(b), fig. 8.3(a)(blue)
and fig. 8.3(a)(yellow), respectively. The fitting parameters are gy py/co = 40 x 10" em™2,
Asd,pt = 0.6 nm and ppy = 174 pQem. This model fails to fit all the data and results in a
fitted gy pt/co Which is far too large to be consistent with previous spin-pumping studies
(normally between 1x10'® and 10 x10'® ¢cm™2).

Continuity of spin accumulation: In this approach it is assumed that the spin accumula-
tion at the Au/Pt interface follows the behavior described by egs. (8.6) and (8.7). Note, this
model has two additional parameters, the density of states at the Fermi level for Au and
Pt. From the points of view of the fit the individual densities are not important, the ratio
of the density of states is the unique fitting parameter. This ratio is allowed to be a free
fitting parameter. Fits of the Co/Pt(dpy), PTgf/Au/Pt(dpt), PT})f/AU/Pt(dPt)/CO and data
are plotted in fig. 8.4(b), fig. 8.4(a)(blue) and fig. 8.4(a)(yellow), respectively. This model
fits the data much better yielding fitting parameters much closer to the expected range:
gry,pt/Co = 6.2 % 10" cm™2, Asd,pt = 1 nm and ppy = 56 pfdem, see fig. 8.4. Therefore this
model appears to be a better representation of spin transport across the Au/Pt interface.

However, there is a final dataset to test this model on, the Py/Au/Pt(dpt)/C—o. In this
structure the spin-current is originating from the Co layer, propagating thorough the Au/Pt
and being absorbed into the spin-sink Py. Since this is a spin-sink type of boundary condi-

tion, one would expect that the damping vs thickness dependence to increase with decreasing
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dp¢. However, the experimental result shows completely the opposite behavior, see fig. 8.5.
To check if the continuity of spin accumulation model can reproduce this behavior, one can
use the spin-pumping parameters as extracted from the Continuity of spin accumulation
and plot the expected dependence for the Py/Au/Pt(dpt)/ <C—c_), see red line in fig. 8.5, clearly

it fails to reproduce the data.

/
i 1 i i i i 1 i i i i 1 i i i i 1 i i i i 1 i
0 1 2 3 4
dpt(nm)

Figure 8.5: Spin-pumping induced damping for Py/Au/Pt(dpy) /<C—(_), the spin-current is
ejected from the Co layer. The black line is a fit with conventional spin-pumping the-
ory extended to include Au/Pt interface with eq. (8.10) and eq. (8.11) boundary conditions.

The red line is the simulated damping for Pt(dpt)/ Co structure assuming the same param-
eters as determined from the black line fit. The dashed blue line is the simulated damping

—
for spin-sink/Pt(dpt)/Co structure assuming the same parameters as determined from the
black line fit.

In contrast to the 17})// Au/Pt(dpt)/Co data, the spin-pumping damping of
Py/Au/Pt(dpt)/ Co (fig. 8.5) does not have the typical spin-sink/NM/FM thickness depen-
dence, in fact it is much more similar to the damping of E]—(;/Pt, for comparison this is
plotted as the dashed blue line in fig. 8.5. This observation suggests that the Au/Pt in-
terface is preventing a large portion of the spin-current from reaching the spin-sink (Py).
Since such a behavior is not observed in 173}/ Au/Pt(dpy)/Co, it was concluded that the spin

transparency of the Au/Pt structure depends on the direction of the spin-current.
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Figure 8.6: (a) Spin-pumping induced damping data for the l?}: /Au/Pt(dpt)/Co (yellow) and
FT;I/AU/Pt(dpt) (blue) structures. Solid lines are fits by eq. (8.9) with conventional spin-
pumping theory extended to include Au/Pt interface with eq. (8.10) and eq. (8.11) boundary
conditions. (b) Spin-pumping damping data for Co /Pt(dpy) fit by with conventional spin-
pumping theory. All fits were performed simultaneously yielding the following fitting pa-
ramgters: G1y,pt/Co = 1-6% 10'° em™2) Agq p¢ = 1.0 nm, ppy = 61 pQem and g1y, Au/Pt = 3.2 10%
cm

8.3.2 Partial Spin Sink Model

In the literature Pt is often treated as a perfect spin-sink, however this is clearly not the
case since there is a definite dependence of spin-pumping on the thickness of Pt. A per-
fect spin-sink is considered to immediately absorb any spin-current impinging on it and
reflect nothing. In this scenario it would not lead to any thickness dependence or either
spin-pumping or of the measured damping. Motivated by the idea of a spin-sink it is nat-
ural to attempt to treat the Pt layer as a partial spin-sink. Borrowing from the spin-sink
boundary conditions, one assumes that all the spin-current impinging on Pt is then ab-
sorbed into it, the additional feature to this "partial spin-sink" effect is that due to the
spin-accumulation within Pt, it is assumed that it results in some backflow back into the

Au layer. Mathematically this can be expressed as,

h  OpS, Gt.Au/Pt G11,Pt/Au
o e ar T dm M T MR (510
2pAue L & & z=dy
h  Oud 911,Pt/A G11,Au/Pt
e 4/ “u;t+4—“/u;u (8.11)
2ppe” 0T T T z=d

e is the fundamental charge and ,oTAu(p{)t) is the single spin resistivity of Au(Pt). The
efficiency of transfer of spin-current from Au into Pt or from Pt into Au, (g au/pt), 18
represented by a similar parameter as the spin-mixing conductivity at the interface FM/NM
for spin-pumping. These boundary conditions are akin to those at FM/NM where the first
term on the right hand side represents the spin-current injected from Au into Pt and the
second term on the right hand side is the back-flow from Pt into Au due to spin accumulation
in Pt. Conceptually the terms on the right hand side of egs. (8.10) and (8.11) can be thought
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of as the forward spin-current into the Au/Pt (first term) and the backward spin-current
reflected at Au/Pt (second term). The left hand side is the net spin-current which makes
it across the Au/Pt interface. Including these boundary conditions in the conventional
spin-pumping model it is possible to simultaneously fit the C—E)/Pt, gf/Au/Pt(dPt) and
f’_};/Au/Pt(dpt)/Co data sets resulting in gy, py/co = 7.6x 101 em™, Agq py = 1.0 nm, p;t =61
pSdem and gy Au/pt = Gh),Pr/Au = 3-2% 10% e¢m™2. These boundary condition results in a good
fit to all the data sets, see fig. 8.6 for the fits.

The g4y pyjco = 7.6 x 10" em™2 is quite large in comparison to other materials, for
example in this work the Py/Au interface is g, 1,Py/Au = 1.7 % 10% cm™2. However, it is well
known that spin-pumping experiments yield a larger spin-mixing conductivity for Co/Pt
structures usually gy py/co ~ 4 -9 % 10" cm™2 [17, 156, 157, 136]. The single spin resistivity
extracted from the fit is p;t = 61 puQlcm, this is approximately twice the bulk single spin
resistivity for Pt ~ 34 p€Qem [155]. The parameters g au/pt = 1y, pt/au = 3-2 X 10" ¢cm™
is describe the efficiency of spin transport across the Au/Pt from one of the other side of
the interface. In principle these can have different values, however it was found that forcing
Gty,Au/Pt = Gpy,pt/Au Still yields a good fit to the data.

With all the fitting parameters established it is possible to plot the expected thickness de-
pendence of Py/Au/Pt(dpt)/C_o and compare this to the actual data of Py/Au/Pt(dpt)/((]—o,
see black line in fig. 8.5. This model was found to reproduce the unexpected thickness de-
pendence of the Py/Au/Pt(dpt)/((]—o data set, see black line in fig. 8.5. As mentioned, this
thickness dependence is very similar to G)’ /Pt data, for comparison see the dashed blue line
in fig. 8.5 which is the @_())/ Pt fit. Importantly, at dpy = 0 the spin-pumping damping of this
model does not start at zero but at a slightly larger (~2) value suggesting that there is some
portion of the spin-current is making it through the Au/Pt interface and is not returning
back to the Co layer. One can compare these results to the expected thickness dependence
of a hypothetical spin-sink/Pt(dpy)/ Co structure assuming the same spin transport param-
eters, see green line in fig. 8.5. Clearly the observed experimental behaviour is nothing like
that which would results from a spin-sink structure. Note, such a structure cannot be exper-
imentally achieved since the Pt layer results in static interlayer exchange coupling between
the Co and the sink [155], however, mathematically it is easy to model. This suggests that
the Au/Pt interface is playing a very large role in the observed spin transport.

The portion of reflected and transmitted spin-current at Au/Pt can be determined from
eq. (8.10) and eq. (8.11). The first term on the right hand side of eq. (8.10) is the spin-current
flowing from Pt and transmitted across the Au/Pt interface. The second term is effectively
the current reflected at the Au/Pt interface and flowing back into Pt. The only way the
right hand side is not zero (some net current is transmitted) is if there is a difference in the
chemical potentials across the Au/Pt interface (p}, # pp, at the interface). The ratio of
the chemical potentials at the interface is therefore the ratio of the transmitted to reflected

currents, Ty/Rs. Assuming the spin-pumping parameters as determined from the fits with
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day = 3 nm and dpy = 1 nm one can show that Ty/Rg = 1.5 (up,/pf,) for spin-pumping
from the Co in Py/Au/Pt(dpy)/ Co. Note, if Ty/Rs = 1 then the reflected current is perfectly
compensated by the transmitted current and the net flow across is zero.
The spin-pumping data of the 1?3)7/ Au/Pt(dpy)/Co and PT;// Au/Pt(dpt) structures

(fig. 8.6(a)) does not show such a large reflection of spin-current at the Au/Pt interface.
The PTgf/ Au/Pt(dp;=0)/Co data point on fig. 8.6(a) establishes the maximum spin-pumping
achievable in the IT})f/ Au/Co structure due to Co acting as a spin-sink. Once again, taking
the ratio of the chemical potentials at the Au/Pt interface to determine 7y/Rg for spin-
pumping from the Au side to find Ti/Rs = 3.2 (p},/mp,). Therefore there is much less
reflection when spin-pumping from the Au side as compared to when spin-pumping from
the Pt side. However, there is still substantial reflection even when pumping from the Au
side, this is in line with the experimental observations of quantum well state in the Fe/Au/Pd
structure [21] or oscillatory spin-polarization of Pt in Py/Cu/Pt structures [141], both of
which suggest a reflection of spin-current at the Au/Pd or Cu/Pt interface. The asymmetry
in reflection of spin-current at Au/Pt interface can be thought of as acting similar to a

spin-current diode, allowing more spin-current in one direction than the other.

8.3.3 Spin Memory Loss Model

AuU

| >
XxX=0 d d d

Au 1 Pt

Figure 8.7: Schematic of the structure with a thin SML layer labeled as I.

It has been suggested that there is a rapid dephasing of the spin-current at the interface
of a Au and a large spin-orbit coupling metal like Pt [20]. This dephasing should show up as
nearly a discontinuity of spin-current at the Au/Pt interface. This effect can be introduced
into our existing spin-pumping model by following the approach of Gupta et al. [20] in which
an additional fictitious layer I is introduced in between the existing Au/Pt interface, see
fig. 8.7. Therefore the structures now become IT};/Au/Pt - ITj;f/Au/I/Pt and 17§>7/Au/Pt/Co
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- P—gf/Au/I/Pt/Co, where I is the spin memory loss (SML) layer. This layer is assumed to
act as a typical normal metal whose spin-transport properties are given by its spin-diffusion
length A1 and resistivity pr. The measure of the dephasing or SML is then dependent on
the thickess of this layer, its A\; and py. Since this is an interface layer, its thickness should

be approaching zero and therefore the parameters relevant to the SML effect are

dy
0r = lim — 8.12
1= Jim (8.12)
and
ARI = lim pIdI. (813)
di—0

The quantities 01 and ARy are to be determined experimentally or calculated from scattering
theory. Note that d5,/py = 0 would result in zero SML and d5,/p; = 1 would result in
very large SML. Gupta et al. [20] calculate a 65,/py = 0.62 and ARy, py = 0.54 fOm? for
atomically sharp interfaces at 300K. It is expected that such large values should result in
significant SML at the I layer (Au/Pt interface). Since Gupta et al. [20] assume continuity of
spin-accumulation, it is easy to include this SML layer into the conventional spin-pumping
model. This can be done by simply adding another pair of "continuity of spin-accumulation”
boundary conditions with some A\; and pr into the structure and forcing the I layer thickness
to approach zero, see fig. 8.7. Importantly, this model requires three additional free fitting
parameters, d;, ARy and Npi(E)p/Naw(E)r for a total of 6 fitting parameters. Lastly,
before fitting the data, it is important to recognize that the very first point (black point in
fig. 8.8(a)) is the Py/Au structure with no Pt on top. This model would not anticipate any
SML for this structure since there is no Au/Pt interface. All the subsequent points have
some thickness of Pt deposited on top, so one would expect SML for the rest of the data.
For this reason the Py/Au (black point in fig. 8.8(a)) is omitted during the fitting routine.

All the datasets (including the Py/Au/Pt(dpt)/ Co data) were fit simultaneously using
the SML model, see fig. 8.8. This model appears to fit the data quite well. Surprisingly, it
seems to also fit the Py/Au even though this was not included in the fit. A closer look at the
resulting fitting parameters reveals the reason: ppy = 58 uQem, Npiy(E)p/Naw(E)r = 1.0,
Asd,pt = 1.0 nm, gy pyjco = 7.9 x 10'% em™, 6 5,/pp = 9x 1070 and ARy, py = 1.17 fQm?. This
fit suggests that there is no SML at the Au/Pt layer. Also, this model forces the density of
states of Au and Pt to be equal, this would be more inline with the continuity of chemical
potential" as oppose to the continuity of spin-accumulation". Even though the model is able
to fit the data quite well, the resulting fit parameters are not consistent with the calculated
values from Gupta et al. [20], i.e. do,/py = 0.62.

Given this large calculated value of d5,py = 0.62 for the Au/Pt, it is interesting to
observe the quality of the fit if the SML parameter is constrained to be 52‘; /pt = 0.5, see
fig. 8.9. This fit yields pp = 47uQem, Npy(E)p/Nauw(E)r = 1.0, Asq,pe = 1.1 nm, gy py/co =
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Figure 8.8: Spin-pumping induced damping data for the (a) ITgf/Au/I/Pt (blue) and
13—}>1/Au/I/Pt/Co (yellow), (b) 1?})1/Pt and (c) Py/Au/I/Pt/C—(;. The black data point rep-
resents the the f’—})f/Au structure. All data was fit simultaneously assuming continuety of
accumulation model with the additional interface SML layer as discussed in the text. The
plots are done using the following parameters: gy, py/co = 7.9 x 10% em™2, Asd,pt = 1.0 nm,

ppt = 58 pQdem Npy(E) p/Nauw(E)r = 1.0, dpy/pt = 9 % 1076 and AR pypy = 117 fQm?.
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6.5 x 10" ecm™2, and ARpypy =14 fOm?. As before, the of density of states ratio is fitted
to be 1, this result suggests that within this model the continuity of chemical potential,
eq. (8.4), may be the more appropriate boundary condition as opposed to continuity of the

density of spin accumulation, eq. (8.6). The quality of the fit clearly suffers for 52&1 Pt = 0.5
— —
especially for the Py/Au/Pt and Py/Au/Pt/Co data sets. Any further increase in d,/py

deteriorates the fit quality even further. This model does introduce a discontinuity in the
spin-current at the Au/Pt interface, this can observed by plotting the spin-current for the
above parameters, see fig. 8.10

It is important to point out that the work of Gupta et al. [20] is aimed at interpret-
ing polarized spin-current type of experiments (such as CPP-magnetoresistance experi-
ment, GMR). Fundamentally, a spin-pumping experiment is different in two ways, first
spin-pumping generates a spin-accumulation which is subsequently transported away from
the interface by its gradient, it results in a pure-spin-current (no net charge). Second, spin-
pumping injects a spin-current which is transverse to the magnetization of the ferromagnet.
In contrast, a GMR type of experiment results in a charge current which is also spin-
polarized in the direction of the ferromagnet. The spin-current is injected as a consequence
of an electrical potential difference.

From the above fits it appears that the best approach is to assume zero SML at the
Au/Pt but a large value for ARy, /py, see fig. 8.8. Given that this model yields a good fit with
such parameters, it is interesting to determine the ratio of the transmitted and reflection
spin-currents at the Au/Pt interface, similarly to what was done in the Partial Spin Sink
Model. In this case it is a little more subtle what needs to be done in order to determine
the reflected and the absorbed spin-currents. First, note that the net spin-current is always
given by the derivative of the chemical potential times the diffusion constant. The chemical
potential in every layer is fully characterized from the six fitted parameters, ppy = 58ufdem,
Npt(E)p[Nau(E)p = 1.0, Aq,pt = 1.0 nm, gy, prjco = 7.9 x 10" em™, 8, /py = 9 x 1070 and
ARpypy = 1.17 fQm?2. Therefore the net current, coming from the Au side into the Au/I

interface is
h opd

T .
2pAu€2 Oz z=dy

J— (8.14)
For the P—;f/ Au/Pt structure the net current is given by eq. (8.14) and is the sum of both
the forward and reflected currents. In order to determine the reflected current, one needs to
compare Iet to a structure which does not have reflected spin-current i.e. to the 1:7;, /Au/sink
structure.

In the FT}:/ Au/sink there exists only forward current since in this case the sink acts as

perfect absorber of the spin-current and therefore does not result in any reflection. Therefore,
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Figure 8.9: Spin-pumping induced damping data for the (a) ngf/Au/I/Pt (blue) and
Py/Au/I/Pt/Co (yellow), (b) Py/Pt and (c) Py/Au/I/Pt/Co. The black data point rep-
resents the the IT;f/ Au structure. All data was fit simultaneously assuming continuity of
accumulation model with the additional interface SML layer as discussed in the text. The

fitting parameters are gy py/co = 6.5 x 10% em™2, Asd,pt = 1.1 nm, ppy = 47 pflem and
Npt(E)r/Naw(E)r = 1.0, ARpypy = 1.4 fOm? and dau/pt Was constrained to be 5, /py = 0.5.
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Figure 8.10: Spin-current normalized by its maximum value plotted for entire thickness
of the (a) PTgf/Au/Pt(l)/Co and (b) Py/Au/Pt(l)/(C_o structures for the spin-memory loss
model assuming ppy = 47uQem, Npy(E)r/Naw(E)r = 1.0, Asgpy = 1.1 nm, gy pjco = 6.5 x
10 cm™2, ARpypy = 1.4 fOm? and dau/pt = 0.5.

the net current at the Au/sink interface is the forward current and is given by,

h opd
QpRuez Oz xr=dy

Iforward == 5 (815)

where the established chemical potential is still determined by the same constants (ppt =
58uS2em, Nay(E)p/Npi(E)p = 1.0, Aape = 1.0 nm, Gy prjco = 7.9 x 101 cm™, d,/py =
9 x 1075 and ARpypy = 117 fQm?) but only for the PT):/Au/sink structure. Taking the
difference of It and Iorwara for the P—3>f/ Au/Pt and 13—3>f/ Au/sink structures results in 11%
of the spin-current reflected at the Au/Pt interface if the current is coming from the Au side.
Since this picture assumes zero SML, the spin-current is continuous across the interface and
therefore 89% of the spin-current is transmitted.

This approach can be repeated for the case in which the spin-current is coming the Pt
side into the I/Pt interface, with the same fitting parameters, which results in 75% of the
spin-current being reflected and 25% being transmitted.

Therefore, one can conclude that even the spin-memory loss model requires that the
transmission of the spin-current be asymmetric at the Au/Pt interface. This is in line with
conclusions from the partial spin-sink model (egs. (8.10) and (8.11)) which also suggest an

asymmetric transmission of the spin-current at Au/Pt interface.

8.4 Summary

Spin-transport across the Au/Pt interface was studied by mean of spin-pumping in Py /Au/Pt(dpt)/Co,
Py/Au/Pt(dpt) and Co/Pt(dpy) structures deposited by sputter deposition. The spin-pumping
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induced damping of the Py/Au/Pt(dp;)/Co and Py/Au/Pt(dp;) structures, when pump-
ing from the Py layer, shows the characteristic spin-source and spin-sink type of thickness
dependencies. Additionally, the Co/Pt(dpt) samples also shows the expected thickness de-
pendence for spin-pumping into Pt i.e. a rapid increase in spin-pumping damping reaching
a saturation on a length scale of 1 nm. However, the spin-pumping induced damping when
pumping from the Co layer in Py/Au/Pt(dp;)/Co shows a very unexpected dp; thickness
dependence. Qualitatively the data suggests that there is a large reflection of spin-current
is the pumping is originating from the Co layer. This is not observed if the pumping is
originating from the Py layer. Two models are used to interpret the observed data, conti-
nuity of spin-accumulation and continuity of chemical potential a at the Au/Pt interface.
Both models fail to fit all the data sets. A new model is presented, which treats Pt as a
partial-sink. This model provides a good fit to all the data sets with a single set of fitting
parameters. It also suggests that there is an asymmetric reflection of the spin-current at the
Au/Pt interface which depends on the direction of propagation of the spin-current. Finally,
an attempt is made to analyze the damping data using the spin memory loss model (this
is an extension of the continuity of spin accumulation assuming that spin is not conserved
at the interface). This model is able to fit that data as well but yields unrealistic fitting

parameters.
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Chapter 9

Summary

Spin-transport in Pt was studied by means of spin-pumping in a variety of magnetic mul-
tilayered heterostructures. It was identified that in order to make a clear interpretation of
spin-pumping into Pt one needs to study both the single and double magnetic layer struc-
tures. Py is often used as the ferromagnet of choice for the single magnetic layer structure
spin-pumping studies. The double magnetic layer structure requires an additional ferro-
magnet, one which would allow for a symmetric interface but still have a distinguishable
FMR resonance. It was found that a direct exchange coupled bilayer of [Py/Fe| satisfies
both of these properties. Chapter 4 presents magnetic and structural studies of Py and
[Py/Fe]. It was found that the underling Py serves as a good seed layer for Fe, improving
the texture of the growth and reducing the magnetic damping. In chapter 5 both Py and
[Py/Fe| were used in the single and double magnetic layer structure in order to determine
the spin-transport into Ta. It was found that the structure of Ta evolves with increasing
thickness, first starting out as amorphous, then bce-Ta and finally dominated by -Ta. Since
each structure has very different resistivity values, the thickness dependent resistivity of Ta
is in part a consequence of the evolving crystal structure. The length scale of spin-pumping
into Ta is very short, 1 nm, this is in the amorphous thickness region. The interpretation
of the spin-pumping damping into Ta is complicated by the rapidly changing resistivity, it
is not clear which resistivity value is appropriate for the correct interpretation. However,
by simultaneously interpreting the single and double magnetic layer spin-pumping induced
damping data it becomes clear which models are not appropriate. It was found that the
data can only fit if the resistivity is that approximately the value of the amorphous Ta.
Additionally, by using the the single and double magnetic layer, it was shown that the
Dyakonov-Perel like interpretation of spin-transport in Ta does not fit the data.

Having characterized the properties of each ferromagnet (Py and [Py/Fe|) and of the
Ta seed layer, the next step was to perform an analogous experiment with Pt, using the
single and double magnetic layer structures. However, due to the property of Pt to become
proximity polarized by the adjacent magnetic layers, it results that the double magnetic

layer structure experiences interlayer exchange coupling. Therefore it was required to study
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the interlayer exchange coupling mediated by Pt in the double magnetic layer structure in
order to quantify the spin-pumping induced damping in the double magnetic layer structure.
Chapter 6 presents a study of interlayer exchange coupling by means of broadband FMR.
It was found that the exchange coupling is of ferromagnetic nature and is monotonically
increasing with decreasing Pt thickness. Due to the exchange coupling the resonances of
each magnetic layers were no longer independent and resulted in either in-phase or out-
of-phase precession of the two magnetic moments. An attempt was made to interpret the
damping of the in-phase and out-of-phase resonance modes, however the interpretation
was overwhelmingly complicated by the presence of two-magnon scattering of the [Py/Fe]
layer which was averaged over the two ferromagnetic layers due to the thickness dependent
interlayer exchange coupling.

In order to avoid the problems due to the averaging of the two-magnon scattering by
the exchange coupling, a new set of magnetic structures were deposited such that both the
ferromagnetic materials had very similar magnetic damping without any contribution from
two-magnon scattering. This significantly simplified the interpretation of the double mag-
netic layer structure. However, the exchange coupling was still present which again resulted
in the in-phase and out-of-phase resonance modes. The spin-pumping model had to be ex-
tended to account for simultaneous spin-pumping from both of the ferromagnetic layers. For
the case of the in-phase precession, the experimental results showed an increase in damping
with increasing Pt thickness. For the out-of-phase precession, the damping decreased with
increasing thickness. Simply changing the mode of precession led to a very large effect on
the measured magnetic damping. This is a very unique result since it suggests that there is
indeed communication of the spin-current between the two magnetic layers. These observa-
tions cannot be explained by some other form of interface related damping mechanism, such
as spin-memory-loss. The data was interpreted by modeling the expected behaviour of the
in-phase and out-of-phase resonance modes damping using the spin-pumping parameters as
extracted from the single layer structure. There was very good agreement between the data
and the simulated model.

To further understand the spin-pumping behaviour into Pt the above study was repeated
in a similar structure however the interlayer exchange coupling was broken by the addition
of a thin Au layer into the deposited structure: Py/Au/Pt/Co. In these studies Co was
used as the second ferromagnetic layer. The Au decouples the Py and Co and allows one to
measure their independent spin-pumping contributions. Surprisingly, it was observed that
there was a very large asymmetry in spin-pumping from Py as compared to Co. An attempt
was made to interpret the data by two models commonly used in literature to model the
transport of spin-current across a NM/NM interface: continuity of spin-accumulation and
continuity of chemical potential. Both models failed to fit the data, therefore a third model
was presented which treats Pt as a partial spin-sink. This model was able to fit all the studied

data sets and even showed that it has predictive power since it was able to reproduce the
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unexpected damping dependence when spin-pumping from the Co layer. Futhermore, this
model suggested that there is indeed an asymmetry in the transport of spin-current across
the Au/Pt which depends on the direction of the spin-current. Lastly, data was analyzed
with the spin memory loss model the results of which suggested that there is spin loss at
the interface. This model also suggested that the spin-transport across the Au/Pt interface

is asymmetric.
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