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Introduction

In times, in which our everyday life seems impossible without internet, computers, smart
phones etc., large amounts of money are put into the development and improvement of
such technologies. In the last decades, the need for more efficient computing devices, i.e.
faster data processing and transfer, smaller devices with more storage and low thermal
design power, increased drastically. There are however lower boundaries to the size of
devices based on electron charge transfer, due to the Joule heating of charge currents.
Since the electron does not only transport charge, but also a spin, the idea of transporting
information via the spin degree of freedom, instead of using the electron charge, gave rise
to a new research field called spintronics, in analogy to the conventional electronics. Pure
spin currents, i.e. currents of angular momentum, which do not transport any charge, can
flow in electric insulators and could therefore help to overcome the limits of conventional
electronic devices. Therefore, one goal in the field of spintronics is the developement
of circuitry based on spin currents. To this end, first the generation and detection of
spin currents needs to be investigated. A promising candidate for the electrical detection
of spin currents is the Inverse Spin Hall Effect (ISHE) in normal metals, which is now
well established for nearly a decade [1]. The investigation of spin current sources is still
one of the hot topics in the field of spintronics. One concept for the generation of spin
currents is to induce magnetization dynamics in a ferromagnetic insulator, giving rise to a
spin current which can flow into an adjacent normal metal, so that it can be electrically
detected via the ISHE. The spin Seebeck effect, observed for the first time in 2008 in
ferromagnetic metals [2] and 2 years later also in ferromagnetic insulators [3], generates
a spin current through thermal excitation, i.e. when a temperature gradient is applied
across the bilayer interface. For the spin pumping effect, reported in 2002 [4, 5], the
magnetization of the ferromagnetic material is resonantly excited by a microwave magnetic
field (ferromagnetic resonance) and relaxes by pumping a spin current across the interface,
into the normal metal layer.

In addition to the spin current generation and detection, it was recently discovered
that ferromagnetic insulator/normal metal bilayers also exhibit a magnetoresistive effect,
i.e. the spin Hall magnetoresistance (SMR) effect [6-8]. The SMR is based on the fact,
that the magnetization orientation in the insulating ferromagnet changes the resistance of
the non magnetic metal through the absorption of spin currents. This effect might be a
candidate for a new kind of magnetic field sensor.
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While the SSE [2, 3, 9-13], spin pumping [14-17] and SMR [6-8] effects have been
thoroughly investigated in ferrimagnetic insulator/normal metal heterostructures, and
microscopic models of the processes involved in the generation of spin currents have
been proposed [4, 18-20], there are still open questions. Although a spin current is
defined as a flow of angular momentum, spin pumping, spin Seebeck effect and SMR are
today described in terms of magnetization dynamics via the Landau-Lifschitz-Gilbert
equation [21, 22|. Therefore, the question arises whether the spin current originates in
the dynamics of the angular momentum L or the magnetization M in the ferromagnet.
In most materials, this distinction is not necessary since M and L are simply related by a
proportionality factor 7, the gyromagnetic ratio. However, in compensated ferrimagnets
multiple sublattices contribute to the total magnetization and total angular momentum
of the spin system [23, 24]. Since the gyromagnetic ratios of the sublattices are not equal
in general [25], the proportionality factor v.g between the total angular momentum and
total magnetization is not a constant in these materials [24, 26]. In particular, around
a temperature called the magnetization compensation temperature Tiomp v, Where all
sublattice magnetizations cancel each other out, v.q¢ goes to zero, and diverges at the
angular momentum compensation temperature 7eomp, 1,- These magnetically compensated
materials should therefore allow for the experimental distinction of angular momentum
and magnetic moment, since they both have different temperature dependencies. In this
thesis, we thus conduct spin current experiments as a function of temperature, in order
to determine whether a spin current is indeed related to magnetization dynamics, as the
theoretical description suggests, or rather originates in the angular momentum dynamics.
Such a method for the distinction between angular momentum and magnetization dynam-
ics using spin current experiments has not been put forward to date, and would enhance
our understanding of the microscopic effects related to spin currents.

This thesis is structured as follows: Chapter 1 gives an overview of the theoretical
concepts behind ferromagnetic resonance, spin current detection via the ISHE, spin current
generation via the SSE and spin pumping, as well as the SMR effect. We will also discuss
the main properties of magnetically compensated materials.

In Chapter 2, we describe the process of fabrication and optimization for the samples used
in this thesis, i.e. Yttrium Iron Garnet/Pt (YIG/Pt), which does not exhibit compensation,
and two magnetically compensated materials: Gadolinium Iron Garnet/Pt (GdIG/Pt)
and In, Y doped Gadolinium Iron Garnet (InYGdIG/Pt).

A model, which allows for the calculation of the sublattice magnetizations in our samples
as a function of temperature, is presented in Chapter 3. Using this model, we can simulate
the effective gyromagnetic ratio and ferromagnetic resonance field in all three samples,
which we then compare to the experimental data.

In Chapter 4, we start with a description of the experimental setup used for ferromagnetic
resonance, spin pumping and microwave heating induced spin Seebeck effect. We then



proceed to the discussion of these measurements in YIG/Pt. These reference measurements
will enable us to distinguish effects and temperature dependencies inherent only to
magnetically compensated materials from those which can also be observed in ordinary
ferrimagnetic materials. We then turn to the analysis of the temperature dependent spin
current generation experiments in the compensated materials InYGdAIG/Pt and GdIG /Pt
and propose a phenomenological model based on the simulation in Chapter 3, which
qualitatively reproduces the experimental results.

The results of magneto-transport measurements in InYGdIG/Pt are presented in
Chapter 5. First, the experimental setup is described, followed by the analysis of current
heating induced SSE measurements as a function of temperature. These results are
compared to the microwave heating induced SSE measurements presented in Chap. 4.
Finally, we discuss spin Hall magnetoresistance measurements as a function of temperature
and propose a model which explains the behaviour of the sample resistance near the
compensation temperature.

The thesis concludes with a summary of the results in Chapter 6, as well as an outlook
on future experiments for further investigations in magnetically compensated materials.






Chapter 1

Theory

In this Chapter we give a compact overview of the theoretical principles relevant in this
thesis. First an introduction to ferromagnetic resonance and magnetic anisotropies is given.
We then proceed to the detection and generation of spin currents in a ferromagnet /normal
metal bilayer and discuss microwave rectification due to magnetoresistive effects. Finally,
temperature and magnetic field dependent properties of the magnetically compensated
material Gadolinium Iron Garnet are discussed.

1.1 Ferromagnetic Resonance

1.1.1 Ferromagnetic resonance condition

In a ferromagnet, the magnetic moments are coupled by an exchange interaction, so that
the whole spin system with magnetization M can be described by a macrospin. This
macrospin precesses around an effective magnetic field poHeg with the Larmor frequency

wo = Yo Heg (1.1)

where 7 = eg/2m < 0 is the gyromagnetic ratio with e and m the electron charge and
mass [27]. A microwave magnetic field with the same frequency is resonantly absorbed and
leads to a deflection of the macrospin, this is called ferromagnetic resonance (FMR). The
time dependent evolution of the magnetization is described by the Landau-Lifschitz-Gilbert
equation (LLG) [21, 22, 27|

oM «
2 (M x (poHeg)] + J\Z

with the saturation magnetization M, and the dimensionless damping parameter ay.

M x (M % ioHeg)] (1.2)

The first term on the right hand side in Eq. (1.2) describes the torque acting on M due to
H.g. The second term is the damping term: relaxation processes cause the magnetization
to spiral back to a position aligned with Heg.

The effective field poHeg consists of the static external magnetic field poHy and an
internal magnetic field puoH;, due to exchange interaction with other magnetic moments,
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crystalline anisotropy, shape anisotropy etc., which will be discussed in more detail in
Sect. 1.1.2:

Heff = HO + Hint (13)

The damped precession of the magnetization in FMR is similar to a damped harmonic
oscillator of the form e~*“!cos(wgt) [27], which in the frequency domain corresponds to
a Lorentzian absorption line at the resonance frequency wy with a half width at half
maximum Aw. For the FMR experiments conducted in this thesis, the microwave frequency
is kept constant, while the magnetic field is swept. Since w is essentially proportional to
the magnetic field (see Eq. (1.1)) [27], we also expect a Lorentzian lineshape as a function
of the external magnetic field poH

g A (1.4)
(Ho — Hyes)” + AH?

where H,.s is the center of the peak, i.e. the magnetic field resonance position, AH is
the half width at half maximum and S the peak amplitude, so that S - AH - 7 is the peak
area.

1.1.2 Influence of anisotropy on the resonance condition

We have seen in Sect. 1.1 that the magnetization dynamics in a ferromagnet depend on
an effective magnetic field poHeg. A free energy ansatz allows us to take into account the
internal fields in the sample and determine the resonance condition. The total free energy
of the sample can be decomposed into [27, 28]:

Ftot = Fstat+Fdemag+Fc+Fu,oop (15)

The Zeeman energy Fi, is the magnetostatic energy of a sample with magnetization
M in an external magnetic field puoHjy:

Fstat = —Ho M- HO (16)

The demagnetization term, also called shape anisotropy, depends on the demagnetization
tensor N, which is determined by the sample shape, and the sample magnetization M:

Fiemag = %M N-M (1.7)

In addition to the shape anisotropy there are also contributions from crystalline
anisotropies: Fy oop, the free energy of the crystalline uniaxial anisotropy, which can
be due to strain in the material (e.g. lattice mismatch with the substrate), giving rise to
easy and hard magnetic axes. F ,op i proportional to the uniaxial crystalline anisotropy
constant Ky op [28]. We will also consider a crystalline anisotropy reflecting the symmetry
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of the local environment of the magnetic moments in the thin film: in all our samples we
will assume an additional cubic anisotropy contribution F, to the free energy, proportional
to the cubic crystalline anisotropy constant K. [28].

The derivation of the resonance condition from the total free energy is described in
detail in Sect. 3.3.

1.2 Spin current generation

In this Section we will describe different effects related to the topic of spinelectronics
in ferromagnetic insulator/normal metal bilayers. Starting with spin currents and their
detection, we will discuss different ways of generating a spin current, i.e. the spin Seebeck
effect (SSE) and spin pumping. We will also present the recently discovered spin Hall
magnetoresistance (SMR).

1.2.1 Spin currents and their detection

In addition to their charge, electrons also carry spin angular momentum, i.e. an up or
down spin. The total charge current can be written as

I, =L +1, (1.8)

with I the current of spin up electrons and I the current of spin down electrons. We
can in a similar way define the spin current in units of angular momentum
I, = —EGT -1 (1.9)
2e
A simple way to generate such a spin current is via the spin Hall effect (SHE) [29-
31], which transforms a charge current into a transverse spin current. For this effect, a
paramagnetic material with a strong spin-orbit coupling, e.g. Pt, is necessary: different
microscopic mechanisms, viz. skew scattering [32], side-jump scattering [33] and intrinsic
effects [34] cause spin up and down electrons to flow into opposite directions perpendicular
to I. leading to a pure spin current given by [35]

I — gy (-271) 1, x o] (1.10)

with agy the spin Hall angle and o the spin polarization.
The inverse spin Hall (ISHE) effect in a paramagnet transforms a pure spin current into
a transverse pure charge current allowing for an electrical detection of spin currents [1, 35]

2
ISH — gy (—he) 1, x o] (1.11)
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Figure 1.1: a) If a temperature gradient VT is applied to an FMI/Pt bilayer, a spin current I gsp is
emitted along VT, this is called spin Seebeck effect. I g is transformed into a transverse
charge current via the ISHE according to Eq. (1.11). b) The SSE voltage amplitude depends
on the spin polarization o || M, so that we expect a cos(«) dependence on the magnetization
orientation.

In this thesis we will focus on bilayers consisting of a magnetic insulator and a normal
metal Pt. In the magnetic insulator no charge can flow, but angular momentum can be
transferred via magnons, leading to pure a spin current, which flows into the Pt layer and
can then be detected via the ISHE.

1.2.2 Spin Seebeck Effect (SSE)

In addition to the SHE, there are other effects which can generate a spin current, for
example the spin Seebeck effect (SSE). If a temperature gradient V7 is applied to a
FMI/Pt bilayer, the system relaxes by emitting a spin current along V7', as depicted in
Fig.1.1 a). If we apply an external magnetic field poHy large enough to overcome the
magnetic anisotropies, the magnetization M is aligned with poHy. The generated spin
current then has a spin polarization o which is aligned with the magnetic field. According
to Eq. (1.11), the spin current induces a transverse charge current in the Pt layer, and
the SSE voltage Vssg can be measured.

The SSE voltage therefore depends on the magnetization direction and if we rotate the
magnetization direction in Fig. 1.1 a) by 90°, I. flows along the short side of the sample,
so that no SSE voltage can be detected in this configuration. We therefore expect a cos(«)
dependence on the magnetization orientation, as shown in Fig. 1.1 b). This is consis-
tent with the sign of the SSE voltage determined by Schreier et al. [36] in YIG/Pt bilayers.

The SSE voltage changes sign when the magnetic field is inverted, and in particular,
Vssk follows the magnetic hysteresis when the external magnetic field is swept, so that we
expect a voltage of the form [37]
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Vise (Ho) = B - COSh<@>— i C. 1.12
s (Ho) sinh(M> Hy — H, e (112)

where B is half the amplitude of the SSE hysteresis and poH. is the coercive field of
the ferrimagnetic layer, as shown in Fig. 1.2. There is an additional slope C' in case the
magnetic film does not saturate, e.g. due to a paramagnetic contribution, as discussed in
Sect. 5.2.1. This slope is exaggerated in Fig. 1.2 for better visibility, and in our samples
C - noHy is negligible at small magnetic fields.

1.5 — T T T T T T
N S
05 - C-05T MoH, ]
00 f—----—— - = ¥ - - - —
05

-1.0

.15 1 ] 1 ] 1 ] 1 ] 1 ] 1

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
MoH, (T)

VSSE (uv)
N
W

Figure 1.2: Hysteresis of the spin Seebeck voltage as a function of the external magnetic field pgHg
showing the magnetic field upsweep in red and the magnetic field down sweep in black. The
coercive field is marked by a blue arrow, as well as the SSE amplitude 2B. The slope C of
the hysteresis is exaggerated in this graph: C uoHy is in general negligible at small magnetic
fields and becomes important only at high fields.

It was shown that the SSE spin current depends on the temperature difference AT =
Tpy — Trnvr between the electrons in the Pt and the magnons in the ferromagnetic insulator

[18]

[SSSE OCAT:Tpt—TFMI (113)

There are different methods to generate such a temperature difference: the first SSE
experiments were conducted with two heatbaths of different temperatures on opposite
sample sides in order to generate a temperature gradient along the sample [3, 38]. At
the Walther-Meissner-Institut, a laser was used to generate a local temperature gradient,
allowing for spatially resolved SSE measurements [9, 39, 40].

In this thesis we will make use of the recently discovered current heating induced SSE
(iISSE) [41, 42] developed again at WMI, where a dc current [, is applied to the Pt layer
in order to heat it. AT is then directly proportional to the temperature increase in the
Pt layer [18, 43], which is in turn proportional to the heating power of the dc current, i.e.
the Joule heating
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PJoule = ‘/a[d = [(?R (114)

where R is the sample resistance. We therefore expect Vssg o< I3.

The same effect as in the iSSE can be achieved by exposing the sample to microwave
radiation: the rf electric field induces an ac current in the Pt layer and the dissipated
electrical power induces a temperature gradient which also generates a spin Seebeck

voltage.

1.2.3 Spin pumping

Another way to generate a spin current in a ferromagnetic insulator is the so called spin
pumping. It was found that in FM/NM bilayer a precessing magnetization can also relax
by pumping a spin current with a spin polarization ¢ along the external magnetic field
into the NM [4], as shown in Fig. 1.3 a). This effect leads to an enhanced Gilbert damping
[5], since the spin current provides an additional relaxation channel. The damping co-
efficient oy in Eq. (1.2) is then replaced by o/ = agp+asp, where agp is due to spin pumping.

1ok ", TR

—~ 05
>

—> |

=00 :
>"05 |- -
T
a0 270 -

Figure 1.3: a) The precessing magnetization in the FMI layer emits a spin current with spin polarization
along the external magnetic field, this is called spin pumping. The spin current flows into
the Pt layer and is transformed into a charge current via the ISHE, so that the spin pumping
voltage Vsp can be measured. b) Vgp attains its maximum at the FMR field poHy and has a
Lorentzian line shape with the FMR linewidth. Since the spin pumping voltage depends on

the spin polarization direction, it changes sign upon field inversion.

The spin current originating from spin pumping is again transformed into a charge
current via the ISHE (see Sect. 1.2.1) in the Pt layer, giving rise to a voltage [14, 15, 44]

—e€ OsH )\SD tanh(tNM/(Q)\SD))
oNMINM

Vsp = g1, vmw | P sin’© (1.15)

with e the electron charge, Agp the spin diffusion length in NM, ¢4, the spin mixing
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conductance, [ the sample length, vy\w the microwave frequency, © the magnetization
precession cone angle, P is a correction factor taking into account the ellipticity of the
magnetization precession [14, 45] and ¢ty the normal metal film thickness, oxy the normal
metal conductivity.

According to Eq. (1.15) the spin current amplitude is at its maximum when the precession
angle © is at its maximum, i.e. when the magnetization is driven by a microwave magnetic
field in ferromagnetic resonance. The spin pumping voltage depends on the precession
angle and is therefore symmetric with respect to the resonance field pgH,es, so that we
expect a Lorentzian lineshape of the form [14, 46]

AH? AH?

Vsp (Hy) = L - —L- 1.16
SP( O) (H—O o Hres)2 +AH2 (HO+HreS)2+AH2 ( )

with L the peak height, i.e. the spin pumping amplitude, H, the external magnetic
field, H,.s the FMR resonance field and AH the FMR half linewidth at half maximum,
as depicted in Fig. 1.3 b). Equation (1.16) gives the spin pumping amplitude for positive

and negative fields: when the magnetic field is inverted, the spin current polarization
is inverted as well and the voltage changes sign. The spin current from spin pumping
and SSE flow into opposite direction, since for spin pumping it is the ferrimagnetic layer
that is excited and in the SSE, the Pt layer is heated. The spin pumping amplitude L is
therefore negative for positive magnetic field, which is consistent with the absolute sign of
the spin pumping voltage determined in Ref. [36].

In an FMR experiment the precession angle © from Eq. (1.15) can be calculated as [15]

© = hyw/AH (1.17)

with hyw the microwave magnetic field and AH the FMR half linewidth at half
maximum, as long as the precession cone angle is small. In the small angle approach we
obtain

sin*0 ~ 0% = (hyw/AH)? (1.18)

During measurements at a constant microwave power and therefore constant hypw, the
spin pumping amplitude L in resonance is proportional to 1/(AH?). Since we will be
investigating spin pumping in samples with different FMR linewidths, and also observe a
strong temperature dependence of the FMR linewidth in some samples, a useful parameter
allowing us to compare all results is L(pugAH)?, which we call the spin pumping efficiency.
We will see in Chapter 4, that this spin pumping efficiency is indeed approximately
constant in our different samples.
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v

Igng

Figure 1.4: a) Measurement scheme used for the SMR effect in a FMI/Pt bilayer: a longitudinal dc
current is applied to the Hall bar along j and and the longitudinal resistance Rjong is measured
as a function of the in plane magnetic field orientation «. b) The charge current density
J. induces a spin current via the SHE which can either be absorbed (M_Ls) or ¢) reflected
(M || s) at the interface, depending on the relative orientations of M and s. The reflected
spin current is then converted into a charge current via the ISHE and Rnpis > Rys leading

to a magnetoresistive effect. Figure taken from Ref. [6]

1.2.4 Spin Hall magnetoresistance (SMR)

The recently discovered spin Hall magnetoresistance [6-8, 20, 47, 48] is a magnetoresistive
effect visible in FMI/NM bilayers. A dc charge current I, is applied along the Hall bar
shown in Fig. 1.4 a) and via the SHE (see Sect. 1.2.1) induces a spin current with spin
polarization o which flows into the FMI. If ¢ is perpendicular to the magnetization M
of the ferromagnet as depicted in Fig. 1.4 b), the spin current can exert torque and
transfer angular momentum to M, i.e. the spin current is absorbed. If o || M as shown in
Fig. 1.4 ¢), no angular momentum can be transferred and the spin current is reflected at
the interface and transformed back into a charge current via the ISHE (see Sect. 1.2.1).
We then expect a larger longitudinal resistance if the current is absorbed and a lower
resistance if not, such that [6]

Rmis > Rmys (1.19)

The longitudinal resistance can be written as [6, 7]

Rlong = RO + lef (120)

with Ry = Rms the larger resistance, Ry = Rys — Rmis and m, the projection of
M on the t axis in Fig. 1.4 a), so that R; is in general negative [6]. When rotating the
external magnetic field and assuming that M || H, we expect a longitudinal resistance
dependence on the magnetic field orientation « of the form

Rigng = Ro + Rycos’a (1.21)
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The assumption M || H is valid as long as crystalline and shape anisotropies can be
neglected, i.e. at sufficiently high external magnetic fields.
The positive SMR ratio is then defined as [6, 8]

— R1/Ry (1.22)

1.3 Microwave rectification

We have discussed microwave driven spin pumping in FM/Pt bilayers in Sect. 1.2.3 which
gives rise to a symmetric signal with respect to the ferromagnetic resonance field. There are
however other effects which can yield a voltage in resonance, e.g. microwave rectification.
The origin of the microwave rectification voltage can be explained in a simple picture:
when the sample is exposed to microwave radiation with a frequency w, the rf magnetic
field drives the magnetization precession with the same frequency. If the sample yields
magnetoresistive effects, the sample resistance is time dependent due to magnetization
precession as well, so that R(t) = Ry + Rs cos(wt). The rf electric field on the other hand
induces an ac current in the Pt layer of the form I(t) = Iy cos(wt + ¢), with ¢ the phase
difference between ac current and resistance. This leads to a voltage

View = I(t) - R(t) = (Tocos(wt + ¢)) - (Ro + Rs cos(wt))
= IyRy cos(wt + ¢) + IyRs cos(wt + ¢) cos(wt)
= IyRs/2 cos(p) + IyRy cos(wt + ¢) + Lo Rs/2 cos(2wt + ¢) (1.23)

We therefore obtain an additional dc voltage from microwave rectification proportional
to coso.

The concept of microwave rectification in conducting ferromagnets with an anisotropic
magnetoresistance (AMR) is well established and experimentally confirmed [14, 46, 49, 50].
In this thesis only ferrimagnetic insulators covered by a Pt layer are used, so that we should
not observe AMR rectification. However, as discussed in Sect. 1.2.4, a magnetoresistive
effect (SMR) can also be observed in FMI/Pt bilayers and according to Iguchi et al. [51]
leads to an SMR rectification voltage of the form

AH?  sinpo) AH(H — Hye)
H—Ho )2+ Am2 Y a2 AR

Vieet, sMr < €08 (¢p) ( (1.24)

with pgHyes the FMR field, g AH the FMR half linewidth and ¢, the phase difference
between electric and magnetic microwave field.
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The microwave rectification therefore yields a symmetric and an antisymmetric dc
voltage contribution with respect to the FMR field, depending on the phase ¢q. In a high
Q microwave cavity as used in this thesis @ ~ 90° [51, 52], so that we expect to see only
antisymmetric rectification of the form [49]

AH (HO - Hres) D. AH (HO + Hres)
(Hp — Hyes)” + AH? (Ho + Hyos)* + AH?
with D the amplitude of the microwave rectification voltage, as depicted in Fig. 1.5.

Similar to the spin pumping efficiency L(uoAH)?, as defined in Sect. 1.2.3, we can also
define a rectification efficiency. According to Ref. [51], the SMR rectification amplitude

D is proportional to 1/AH, so that we obtain the microwave rectification efficiency
D(puoAH).

V;ect (H0> =D-

(1.25)

0.06
0.04
0.02
0.00
-0.02
-0.04
-0.06

Vrect (HV)

0.4 0.2 0.0 0.2 0.4
HoH, (T)

Figure 1.5: SMR Microwave rectification voltage in a cavity with ¢¢9 = 90°, so that the rectification
voltage is purely antisymmetric around the FMR field pgHyes-

1.4 Total DC voltage

In the previous Sections we have discussed different resonant and non resonant contri-
butions to the dc voltage in a FMI/Pt bilayer. Vpc shown in Fig. 1.6 is a superposition
of the non resonant SSE voltage (see Sect. 1.2.2) and the resonant voltage consisting of

symmetric spin pumping (see Sect. 1.2.3) and an antisymmetric rectification voltage (see
Sect. 1.3):
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Voo (H, B cosh (#77%) i C-H,
o ( 0) B . sinh(H(’;HC) _Ho—Hc & o
AH? AH (Hy — Hyo
+L- . +D- (Ho S )
(Ho — Hyes)* + AH? (Ho — Hyes)* + AH?
AH? AH (Hy + Hio
—L- ; +D- ( ot ) (1.26)
(Ho + Hyes)” + AH? (Ho + Hyes)” + AH?

15 | ' | ' | ' | ' |
1.0
0.5
0.0
05
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MoH, (T)

VTECt (HV)

Figure 1.6: Total DC voltage: superposition of the contributions from spin Seebeck effect Vsgg, spin
pumping Vsp and antisymmetric microwave rectification Viect.

Equation (1.26) is used as a fit function for the experimental data in Chap. 4.

1.5 Magnetically compensated materials

We have discussed different spinelectronics effects in ferromagnetic insulator/Pt bilayers,
and in this thesis we use, among other materials, the magnetically compensated material
Gadolinium Iron Garnet (GdIG) as a ferromagnetic insulator. GdIG is composed of
three sublattices: a tetrahedrally coordinated Fe*t sublattice (d), an octahedrally cordi-
nated Fe*™ sublattice (a) and a dodecahedrally coordinated Gd** sublattice (c¢). Both
Fe3*t sublattices are antiferromagnetically coupled to each other, the Gd3* sublattice is
antiferromagnetically coupled to the octahedral Fe?* sublattice and ferromagnetically
coupled to the tetrahedral Fe3* [23]. The corresponding exchange energies are given in
Chapter 3. The temperature dependence of the net Fe magnetization given by My — M,
is shown in Fig. 1.7 a) taken from Ref. [23]' and the magnetization of the Gd** sub-
lattice M, which is antiparallel to the net Fe sublattice is depicted as well. At high

INote that the magnetizations in this figure are given in cgs units and are all positive, so that the
relative direction of the sublattices is added through a minus sign.
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Figure 1.7: a) Magnetization of the net Fe3t sublattice as well as the Gd®>* sublattice in GdIG. The
| Miot| yields a magnetization compensation temperature at 280K [23]. b) Magnetic field
vs temperature phase diagram in GdIG: above a critical magnetic field H.; represented by
a black line, the sublattice magnetizations enter the spin canting phase. The critical field

decreases strongly around Tcomp, M. [53]

temperatures, the net Fe magnetization dominates, down to the magnetization compensa-
tion temperature Toomp, v = 280K, where My — M, = M, and the total magnetization
|Miot| = |My— M, — M.| goes to zero. Below Tiomp, v, M. dominates, so that |M;u]
increases again. If no external magnetic field is applied, the total magnetization M,
changes sign at Teomp, . However, in a finite external magnetic field ;10Hy, the total
sample magnetization aligns with p0Hy, so that at Ttomp, M all sublattice magnetizations
are inverted. In a first approximation, the magnetization curve in an external magnetic
field therefore behaves like | M.

The temperature dependent GAIG magnetization as given in Fig. 1.7 a) is accurate,
as long as we assume that all three sublattices are always either parallel or antiparallel
to each other. However, if the external magnetic field exceeds the critical field H.; the
magnetizations are not collinear anymore but form an angle and enter the so called spin
canting phase [54, 55].

Bernasconi et al. calculated the magnetic field vs temperature phase diagram in GdIG
(neglecting magnetic anisotropies), as shown in Fig. 1.7 b) [53]. The critical field H,
is represented by a black line in Fig. 1.7 b): below H,. the sublattice magnetizations
represented by arrows 1 to 3 are collinear and above H.;, the magnetizations are canted.
This means that the sublattice magnetizations are no longer aligned with external magnetic



1.5 Magnetically compensated materials 17

field, but are oriented nearly perpendicular, with a slight tilt to puoHy. H.; was calculated to
be of the order of 80 T in GAIG at temperatures far below the magnetization compensation
temperature. Near Tiomp v however, the critical field decreases and spin canting can be
achieved with more accessible magnetic field strengths. The critical field is in fact zero
at Teomp, M if anisotropies are neglected, but is again finite even at Tiomp, M, if there is a
finite magnetic anisotropy.

During temperature dependent measurements, when passing Ttomp, M in a very weak
magnetic field, the magnetizations of all three sublattices are reversed. However, at
magnetic fields larger than poH.1, spin canting occurs and the sublattice magnetization
reorientation around Tgomp v takes place in a finite temperature interval. The width of
this interval increases with the applied magnetic field [53, 54].

We will now discuss what happens during an FMR experiment in a magnetically
compensated material. In general the antiferromagnetic coupling between sublattices is
large, so that in the so called normal mode the sublattice magnetizations are rigidly coupled.
The angle between the magnetizations is 180° and they act like a net magnetization
precessing about the external magnetic field. In an FMR experiment, the compensated
garnet can then be treated just like a ferromagnet with the resonance frequency wqy from
Eq. (1.1) where 7 is replaced by an effective gyromagnetic ratio [24, 56-58]

% - Md,Fe - Ma,Fe - Mc,Gd
L Lore — Lare — Lega

Veff = (127)

with the sublattice magnetizations M; > 0, the sublattice angular momenta L; = M;/~;
and the sublattice gyromagnetic ratios v; < 0. If all v; = ~ are equal, Eq. (1.27) simplifies
to v and is independent of temperature. However, if the v; are only slightly different, M
and L have different compensation temperatures [24], and g diverges at the angular
momentum compensation point. These effects related to v.g will be discussed in more
detail in Sect. 3.2.

There is a second FMR mode which can be excited, where each magnetization does
not precess around the external magnetic field, but around the exchange field provided
by the other sublattices. This mode is called exchange mode and is similar to the
antiferromagnetic resonance mode [59]. In a two sublattice model, the frequency of the
exchange mode is w, ~ A\(y1 M7 — 2 M) with A the molecular field constant, and therefore
we is of the order of a few 100 GHz [60] and much larger than the normal mode frequency
wp, which is given by the external magnetic field.

At the magnetization compensation temperature, M; ~ M, and the exchange mode
moves to a lower frequency of a few GHz, so that it is more accessible with ordinary
microwave frequencies [57].






Chapter 2

Sample fabrication and characterization

2.1 Gadolinium Iron Garnet

The compensated magnetic material predominantly used in this thesis is Gadolinium Iron
Garnet (GdsFe;012, GAIG). The sublattice structure and magnetization as a function of
temperature for a typical compensated garnet have been described in Sect. 1.5.

Our measurements were conducted in GdIG thin films deposited onto single crystalline
[111]-oriented Yttrium Aluminum Garnet substrates via pulsed laser deposition (PLD)
(61, 62]. After the PLD process, the ferrimagnetic thin films were covered in situ by a
few nanometers of Pt, using electron beam evaporation. The sample fabrication and
optimization were conducted by Francesco Della Coletta in the course of his Master’s
thesis [63]. The crystal quality as well as film thicknesses were deduced from X-ray
diffractometry (XRD). The magnetization and compensation temperature were determined
via SQUID magnetometry. Growth parameters were optimized in order to achieve good
crystalline quality and a compensation temperature close to the value for bulk material,
Teomp, M = 280K for GdIG [23].

For spin pumping measurements a small ferromagnetic resonance linewidth (low mag-
netization damping) is desirable. Qualitatively speaking, for a FMR half linewidth larger
than 100 mT, measuring a clear signal is challenging. Therefore an important criterion for
good samples is a small FMR linewidth. Preliminary FMR experiments were conducted
in order to characterize our thin films in terms of FMR linewidth. Since in a compensated
garnet the FMR linewidth diverges at the compensation temperature (see Sect. 4.2.2.4
and 4.2.3.4) and Tiomp varies in different materials, the parameter used for comparison is
the linewidth at a temperature far away from the compensation region.

The GdAIG/Pt thin film with the best parameters has a linewidth of 15mT at the
cryostat temperature (see Sect. 4.1.4) Ti,y, = 80K at a microwave frequency of 9.7 GHz
for an in plane magnetic field as shown in Fig. 4.25 and discussed in Sect. 4.2.3.4. This
sample was grown using a substrate temperature of 500°C, an oxygen atmosphere of
1.25 x 1072 mbar and an energy fluence of the KrF excimer laser of 1.5J/cm? at the
target surface. The magnetization compensation temperature is Tiomp, v = 279 K, which

19
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is in good agreement with literature [23]. X-ray diffractometry measurements yield a
Pt layer thickness of 5.3nm. The GdIG film thickness could not be determined from
XRD measurements, probably due to a large surface roughness of the film. But from the
number of laser pulse packets during the PLD process in comparison with other samples,
the film thickness is assumed to be about 50 nm. A 2.5 x 5mm? was cut from the finished
bilayer sample for use in our experiments.

2.2 In and Y doped Gadolinium lron Garnet

The disadvantage of pure GdIG is that Ttomp, m is of the order of 280 K, close to room
temperature [23], and that the temperature range in which the divergence of FMR
linewidth and effective g-value take place is quite broad in our samples, about +80 K
around 7tomp, as discussed in detail in Sect. 4.2.3.4. Our setup is laid out for measurements
between 4 K and 300 K and heating above room temperature is challenging (see Sect. 4.1.3).
Therefore a sample with a lower compensation temperature and a narrower divergence
region is desirable for our measurements.

For this purpose, the WMI growth team grew a thin film out of In and Y doped GdIG,
viz. (GdyY)(FeqIn)Oyy (InYGAIG). The paramagnetic Y** is here substituted for Gd**
with spin 7/2, which reduces the Gd-moment. The In**, which has no magnetic moment,
either, substitutes spin 5/2 Fe?" ions on the a lattice [64], i.e. those Fe atoms with the
smaller magnetic moment, so that the net Fe-moment is increased. In this system lower
temperatures are necessary for the Gd sublattice to compensate the net Fe-moment and
therefore the compensation temperature will be lower [65, 66].

It was also shown that the In®* substitution strongly decreases the ferromagnetic
resonance linewidth [66]. This can be explained by anisotropy arguments: the magne-
tocrystalline anisotropy constant K; is determined by the amount of Fe3* ions on the a
and d sites. Since the a site contributes more to the anisotropy, reducing the a-site moment
also reduces the anisotropy. The anisotropic linewidth broadening AH,,; is proportional
to K7/M? [67]. The change in K is larger than the change in saturation magnetization,
so that the linewidth is decreased in the doped material [66, 68].

The same optimization processes as described in Sect. 2.1 were conducted in this
material by Sascha Frolich in the course of his Bachelor’s thesis [69]. The sample used
for our experiments was grown onto single crystalline [111]-oriented Yttrium Aluminum
Garnet using a substrate temperature of 500 °C, an oxygen atmosphere of 2.5 x 10~2 mbar
and an energy fluence of the KrF excimer laser of 2J/cm? at the target surface. The
InYGAIG layer thickness determined by XRD measurements is 61.5nm and the Pt layer
has a thickness of 3.6nm. The sample dimensions are 1.9 x 5mm?. The compensation
temperature is Tiomp, v = 85 K and the FMR half linewidth is 5mT at room temperature
at a microwave frequency of 9.7 GHz for in plane magnetic field, as discussed in detail in
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Sect. 4.2.2. This is one third of the GdIG linewidth determined in Sect. 4.2.3.4. Therefore,
most measurements will be conducted in the InYGAdIG thin film.

2.3 Yttrium lron Garnet reference sample

As a reference sample, a well known material, i.e. Yttrium Iron Garnet (Y3Fe;0,
YIG), is used. The effects relevant for the discussion here, namely FMR, spin pumping
[16, 17, 70], spin Seebeck effect [9, 10, 38, 41, 43] and spin Hall magnetoresistance [6-8],
have thoroughly been investigated in YIG thin films.

The YIG sample was also grown onto single crystalline [111]-oriented Yttrium Alu-
minium Garnet, with a substrate temperature of 500 °C, an oxygen atmosphere of 2.5x 1072
mbar and an energy fluence of the KrF excimer laser of 2.J/cm? at the target surface.
The YIG and Pt layers have a thickness of 59.5nm and 9.7 nm respectively, the sample
dimensions are 2.45 x 5mm?. This sample was grown by Stephan Altmannshofer in the

course of his Master’s thesis [71].

Sample tearnet (MM) | tpy (Mm) | Toomp, m(K)
GdIG/Pt 50 5.3 279
InYGAIG/Pt 61.5 3.6 88
YIG /Pt 59.5 0.7 -

Table 2.1: List of the samples examined in this thesis with layer thicknesses from XRD and magnetization

temperature Teomp, M determined from SQUID magnetometry.






Chapter 3

Simulation of magnetization, effective
g value and FMR field in a magnetically
compensated material

We will now present a calculation based on the mean field approximation allowing
us to determine the temperature dependence of magnetization, effective g value, and
ferromagnetic resonance field in magnetically compensated garnets. We will later compare
the results to the experimental data analyzed in Chap. 4.

The simulation was mainly developed by J. Lotze in the course of his PhD thesis! and
this chapter shall give an overview of the approaches and calculations which were used.

3.1 Calculation of the magnetization

We start with the calculation of the sublattice magnetizations based on the work by G.
Dionne about molecular field coefficients of Gd** substituted YIG [72, 73].

In a ferrimagnet the temperature dependence of the magnetization of the different
sublattices 7 can be calculated as

M,(T) = Mi(0)Bs, (x,) (3.1)

with M;(0) the magnetization at T" = 0, and Bg,(z) the Brillouin functions for the
sublattices i, respectively. We are interested in magnetically compensated Gadolinium
Iron Garnet (GdIG) consisting of three sublattices, viz. a tetrahedral Fe sublattice (d),
an octahedral Fe sublattice (a) and a dodecahedral Gd sublattice (¢), as described in (ref
Theory). My g and M, g, are antiferromagnetically coupled, M, ¢4 is antiferromagnetically
coupled to M, . and ferromagnetically coupled to M, p. [23]. This can also be seen in
the sign of the exchange energies given in Table 3.2. For weak magnetic fields we can
assume that all three sublattices are either parallel or antiparallel to each other over the
whole temperature range (see Sect. 1.5). The total magnetization is then given by

I'PhD thesis in progress.
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Mtot(T) = Md(T) - Ma(T) - MC(T) (32)

with M; > 0 the absolute values of the sublattice magnetizations.

The Brillouin function for sublattice ¢ is [74]

25, +1 25, 41 1 1

Bg,(x) = 23, coth( 25, xz) — QSiCOth (25’1%> (3.3)

with [72, 73]

Sa a

Te = g#m%M+MMﬁMMﬁm%) (3.4)
Sagaj

T4 T (NgaMyq + NgoM, + Nge M, + p1oHop) (3.5)
SC C

v, = %ﬂ%m+%m+%m+wm (3.6)

with NV;; the molecular field coefficients and S; ; the spin quantum numbers of the ions
for sublattices 7,5, up the Bohr magneton, £ the Boltzmann constant, g; the g factor
for the ions on sublattice ¢ and j9H, the external magnetic field. N;;M; describes the
molecular field generated by sublattice i acting on the magnetization of sublattice j. The
original formulas from Ref. [72, 73] do not contain an external magnetic field poHy, but
this term can be added to the molecular fields in order to describe the behaviour of a
magnetic material in an effective magnetic field [55, 74].

We use the following molecular field coefficients N;; from Ref. [73] (in cgs units
mol cm™3):

Ndd Naa Nad:Nda Ndc:ch Nac:Nca Ncc
-30.4 | -65.0 97.0 6.0 -3.44 0

Table 3.1: Molecular field coefficients in GdIG

The molecular field coefficients NN;; are related to the exchange constants J;; by:
2
Ny= L0
nj 9i9iHB

with z;; the number of nearest-neighbour j ions and n; the number of j ions per mole.

(3.7)

The exchange constants J;; in T are then given by:

The molecular fields generated by the magnetic moments are therefore in general much
stronger than the external magnetic field, so that in Eq. (3.4) to (3.6), the influence of
poHy should be small?.

2This simulation however yields a magnetic field dependence of the magnetization compensation
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Jdd Jaa Jad Jdc Jac Jcc
-25.5 | -182154.2 101 ]-19| 0

Table 3.2: Exchange constants J;; in GdIG in T.

The molecular field constants are dependent on the concentration of magnetic ions in
each sublattice, i.e. depend on doping. In [72, 73] the molecular field constants for (Y,
Gds_.) (In, Fes_,) (In, Fesz_,) Oq2 have been determined to:

Nya(ks) = —30.4(1 — 0.87k,) (3.8)
Noa(ks) = —65(1 — 1.26k,)
Naa(ka,kg) = 97.0(1 — 0.25k, — 0.38k,) (3.10)

where kg = y/3, k, = /2 and k. = z/3. To a first approximation, Ny., Ny. and N,
are considered to be independent of doping.

Inserting Eq. (3.4) to (3.6) into Eq. (3.1) yields an implicit equation, in which the
M; depend on all three sublattice magnetizations. This set of equations can be solved
numerically for the three materials discussed in this thesis, viz. GdIG, YIG and InYGdIG.

In Ref. [72, 73], g; = 2 is used for all sublattices and the calculation yields Teomp, m = 280 K
for Hy = 0. g; close to 2 is a good approximation, since the Fe3* and the Gd*" ions carry
only spin angular momentum and no orbital angular momentum. However, the g values
for Fe3* in YIG on the tetrahedral site d and on the octahedral site a were experimentally
determined to be gre 4 = 2.0047 and gge, » = 2.003 [25, 75]. The g value for Gd** was
determined experimentally to be 1.9906 < ggq, . < 1.9925 in CaFy [25, 76]. Rodrigue et
al. extracted ggq . = 1.994 £ 0.005 from measurements in GdIG [77]. As discussed in
Sect. 1.5, when the g; are slightly different from each other, the effective gyromagnetic
ratio from Eq. (1.27) diverges at Tcomp, 1., which is consistent with experimental results
(78, 79].

We therefore use gre q = 2.0047, gpe, » = 2.003 and gaq, c = 1.994 in our calculation
and apply an external field of ugHy = 1T. We obtain the magnitudes of the three
sublattice magnetizations in GdIG, Mgy g, in blue, M, p. in red and M. g4 in green, as
shown in Fig. 3.1 a). The total magnetization M = |Mype — Mype — Mecq| in an
external magnetic field ugHy = 1T is shown in Fig. 3.1 b), where the directions of the
Gd sublattice and the net Fe sublattice magnetizations My pe — M, p. are represented by

temperature, which was not observed experimentally and has to be further investigated.
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green and purple arrows respectively.
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Figure 3.1: a) Magnetization magnitude of the Fe sublattices a (red) and d (blue) as well as the Gd
magnetization ¢ (green) in GAIG calculated using a mean field approach. b) Total magnetiza-
tion Mot = | My, pe — Mo, re — Mc ca| in an external magnetic field poHy represented by a
black arrow. The magnetization directions of the Gd sublattice and the net Fe sublattice are
represented by green and purple arrows respectively. A black line indicates the magnetization

compensation temperature at Teomp, M = 291 K.

With poHy = 1T and the g values given above, the calculation yields a magnetization
compensation temperature Teomp v = 291 K (black line in Fig. 3.1 b)), which is higher
than the value of Toomp m = 280K for poHy = 0T [72, 73], but still consistent with
different experimental values between Tiomp m = 279K and 296 K [23, 77, 79, 80]. This
magnetic field dependence of the magnetization compensation temperature was not
observed experimentally in SQUID magnetometry measurements in GdIG thin films,
and we find Toomp, M = 279K in our GdIG film, independent on the external magnetic
field. These deviations from the experimental observations might be due to the fact
that the simulation is based on the assumption that the sublattice magnetizations are
always collinear. As discussed in Sect. 1.5, this assumption is not valid anymore at
Teomp, M for finite external magnetic fields due to spin canting. Therefore the simulation
cannot reproduce the exact behaviour of the magnetization around the magnetization
compensation point, but nevertheless gives a good idea of the temperature dependence
of the magnetization and yields a magnetization compensation temperature, which lies
within the range of experimental values.
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Figure 3.2: a) Angular momentum of the Fe sublattices a (red) and d (blue) as well as the Gd angular
momentum ¢ (green) in GdIG calculated obtained from calculation. b) Total angular
momentum Lio; = ‘Ld7Fe — Lo, Fe — Lc,Gd| in an external magnetic field pugHgy. A black line
indicates the angular momentum compensation temperature at Teomp, 1, = 295 K. ¢) Effective
g value in GdIG obtained using the sublattice magnetization calculated in Sect. 3.1. geg goes

to 0 at Teomp, M and diverges at Teomp, L.-

3.2 Calculation of the angular momentum L and
effective g value

With the sublattice magnetizations calculated as discussed in Sect. 3.1 and the g values
(gFe, a = 2.0047, gpe, » = 2.003 and ggqa, c = 1.994) given there, we can calculate the angular

momentum L; attributed to each sublattice i using [27]
L, = M (3.11)

Vi

where 7; < 0 is the gyromagnetic ratio of sublattice ¢ obtained as v = g;e/2m with
m and e the electron mass and charge. The resulting L; as well as the total angular
momentum Lot = |Lg pe — Lo re — Le,gal are shown in Fig. 3.2 a) and b). This calculation
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yields an angular momentum compensation temperature 7eomp, 1. = 295 K.

Once the magnetization and angular momentum of each sublattice are known, the
effective gyromagnetic ratio according to Eq. 1.27 can be calculated, as well as the
effective g value gegr = 2m~yeg/e. The resulting geg is shown in Fig. 3.2 ¢) as a function of
temperature.

We can distinguish the magnetization compensation temperature Teomp, M at 291K,
where g = 0 and the angular momentum compensation temperature Teomp, 1, at 295 K,
where geg diverges, so that Teomp, 1, and Toomp, M are 4 K apart. This temperature difference
is small since the difference between the g; is small as well.

3.3 Ferromagnetic resonance field

As discussed in Sect. 1.1.1 and 1.1.2, the ferromagnetic resonance frequency w depends
on an effective field pgHes, which consists of the static external magnetic field, the
shape anisotropy and crystalline anisotropy fields. The total free energy of a magnetic
sample in an external magnetic field is given by Eq. (1.5). The contributions to the
free energy have different angle dependencies [28], leading to hard and easy magnetic
axes. Minimizing the magnetic free energy with respect to the magnetization direction
yields the equilibrium orientation of the magnetization, which in general will not be
along the external field. We therefore have to distinguish the angles © and ® for the
magnetization orientation and 6 and ¢ for the external magnetic field, as shown in Fig. 3.3.

V4
[111]

Figure 3.3: Polar coordinate system in a thin film sample: the angles 6 and ¢ describe the orientation of
the magnetic field Hg, while the angles © and ¢ describe the magnetization direction. Figure
taken from Ref. [28]
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For given magnetic field angles 8 and ¢, the energetically favorable magnetization
orientation, i.e. ©g and P, is obtained by minimizing the total free energy in Eq. 1.5.

O Fio = a@ﬂot =0 (312>
(I>:<I>() 9190
The resonance condition is given as [27]
w)’ 1
(7> = 1o (03 Fiot (09, B0) ) (98 Fiot(©0, Do) ) — (9006 Fiot (B0, D9))?)  (3.13)

We use this kind of calculations in two different ways in the course of this thesis: in
Sect. 4.2.1.1, we conduct out of plane magnetic field rotations as a function of temperature
for the YIG/Pt sample and determine the FMR field as a function of magnetic field
orientation. In the case of our thin film samples, the contribution from shape anisotropy
and uniaxial crystalline anisotropy both have the same angle dependence and cannot be
distinguished in magnetic field orientation dependent FMR experiments. In the simulation
we therefore have a uniaxial anisotropy field B, containing both uniaxial anisotropy terms
and a cubic anisotropy field B.. Since the shape anisotropy dominates in thin films, we
can in many samples neglect the crystalline anisotropies B.. In the simple case of an in
plane magnetic field and neglecting B, the resonance condition can then be written as [28]

2
w
<7> - (/vLOHres,ip + Bu) (/«LOHres,ip) (314)

and for the out of plane configuration we obtain [28]

w

2
(7) = (410 Hres,00p + Bu)’ (3.15)

Knowing the resonance frequency and setting the g value to g = 2, we then determine
the uniaxial anisotropy field B, necessary to obtain the FMR field observed experimentally

3

in the out of plane magnetic field rotations®. B, can then be compared to the shape

anisotropy expected from the magnetization obtained from SQUID magnetometry.

In Sect. 4.2.2 and 4.2.3 however, where the magnetically compensated materials are
discussed, we start from the very general formula (3.13): the magnetization is obtained
from the mean field calculation described in Sect. 3.1 and for v we can insert the effective
gyromagnetic ratio from Sect. 3.2. Equation (3.13) then allows for the calculation of

3This specific part of the simulation for out of plane magnetic field rotations was written by Dr. M.
Althammer at WMI.
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the resonance frequency w for given anisotropies, external magnetic field strength and
orientation. In our experiments however, a fixed microwave frequency w. = 27 9.7 GHz is
used and we want to calculate the corresponding resonance field. The simulation varies the
external magnetic field until w = w,, and gives out the corresponding value pgH,es. For
all calculations we use ¢ = 90°, so that the magnetic field is always applied in the sample
plane and the angle 6§ then corresponds to the in plane angle. Since in [111] oriented
films, the orientation of the 100, 010 and 001 axes is not known, € is not precisely known
from the measurement configuration. The remaining free parameters # and the anisotropy
constants are then chosen in order to best match the experimental data of the FMR field.



Chapter 4

Spin pumping and microwave induced
spin Seebeck effect in YIG/Pt,
InNYGdIG /Pt and GdIG/Pt bilayers

In this chapter, we will discuss the temperature dependence of the spin pumping and
spin Seebeck effect in magnetically compensated systems. We will start by describing
the measurement setup used for these experiments and then proceed to the analysis of
the experimental results. The first sample discussed is a YIG/Pt bilayer, which does not
exhibit compensation and is therefore used as a reference sample. We will then give a
detailed analysis of the measurements in the InYGdIG /Pt sample and finally of the pure
GdIG/Pt sample for comparison.

4.1 Experimental setup

4.1.1 Ferromagnetic resonance

The measurement setup used in this thesis is similar to the one used by Franz Czeschka
in his PhD thesis [35] and a sketch of the setup we use is depicted in Fig. 4.1 a). For
ferromagnetic resonance (FMR) experiments each sample is mounted on a glass tube
(Fig. 4.1 ¢)), which is non magnetic, and inserted in a Bruker 4118X-MD5 microwave
cavity with a resonance frequency of wq/(2m) = 9.7 GHz. The external magnetic field
-0.8T < pupHy < 4+0.8T is applied in the thin film plane, along the short side of the sample.
An Agilent E8257D microwave source is used to generate the microwave radiation. The
microwave power is split, so that one part of the beam passes the circulator and reaches
the resonator, with a power kept constant at 18 dBm throughout all experiments. The
split off signal is used as reference for homodyne detection. The reflected microwave from
the sample as well as the reference signal are fed into an 1Q mixer (Marki IQ0618LXP)
and the I and Q output signals obtained this way are shifted in phase by 90°. The phase
between the reference signal and the signal from the cavity can be adjusted using a phase
shifter, so that the I output signal is purely absorptive (Lorentzian shaped), and Q is

31
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purely dispersive (Lorentzian derivative), or vice versa.

phase
shifter] —>

a)

microwave T
source

circu- 1Q

— |lator — i —
9.7 GHz mixer Detector
—

nano-
voltmeter

Magnet

Contacted Resonator
sample

d)

contacts

Figure 4.1: a) Sketch of the measurement setup for FMR and dc voltage detection with two magnet
coils, microwave source, circulator, cavity with sample inside, IQ mixer and phase shifter for
homodyne detection as well as nanovoltmeter to measure the dc voltage. b) Measurement
configuration: the external magnetic field Hy is applied in the thin film plane along the short
side of the sample, the dc voltage Vp¢ is measured along the long side so that the maximum
spin pumping Vsp and spin Seebeck voltage Vsgg can be detected. c¢) Photograph of the
InYGAIG/Pt sample mounted on a glass tube and bonded onto the Cu inner conductors of
two coaxial cables.

4.1.2 Spin pumping and microwave induced spin Seebeck effect

For the spin pumping and the spin Seebeck effect experiments one and the same setup as
described in Sect. 4.1.1 and Fig. 4.1 a) is used, so that FMR by microwave absorption
and Vpc can be measured simultaneously. As discussed previously in Sect. 1.2.1, the spin
currents produced by spin pumping and SSE are converted into a dc charge current via
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the inverse spin Hall effect. The sample configuration is shown in Fig. 4.1 b): the voltage
is measured along the long side of the sample and the external magnetic field is applied
along the short side. In this orientation, the absolute spin pumping and spin Seebeck
voltages reach their maximum amplitude (see Sect. 1.2.2 and 1.2.3).

Fig. 4.1 ¢) shows a photograph of the InYGdIG sample mounted on a glass tube and
bonded onto the inner conductors of two coaxial cables. The dc voltage is then measured
using a Keithley 2182 nanovoltmeter. The blue arrow in 4.1 ¢) points in the direction of
the external positive magnetic field, i.e. the direction in which a compass needle points
(geographic earth north pole) [36]. This corresponds to a magnetic field orientation of
a = 180° in Fig. 1.1 and we therefore expect a negative SSE voltage and positive spin
pumping amplitude for positive magnetic fields in YIG/Pt (see Sect. 1.2.2 and 1.2.3).

4.1.3 Temperature dependent measurements

For temperature dependent measurements the resonator is inserted into an Oxford CF935
continuous flow cryostat which can be operated with liquid nitrogen or liquid helium.
There is no internal reservoir for cryogenics, so cold gas or liquid needs to be supplied
by an insulated transfer tube. The cold gas flows into the cryostat past a heater and
temperature sensor beneath the sample and through the sample space. The system can
be operated using a pump at the cryostat output to create an under-pressure and pull
gas through. This pumping can lead to pressure fluctuations that are visible in sensitive
measurements. Pressure fluctuations can be avoided by using overpressure at the cryostat
entrance to promote gas flow. This method yields a much better signal to noise ratio and
is therefore preferentially used.

4.1.4 Temperature measurement and calibration

The relevant temperature in spin pumping and SSE experiments, especially in magnetically
compensated materials, is the temperature of the ferrimagnetic film Twy;. Additionally
in SSE experiments, the amplitude of the effect depends on the difference between the
magnon temperature in the ferrimagnetic film and the electron temperature in the Pt film
[18] (see Sect. 1.2.2), so that in addition to Ty also the Pt temperature Tpy is important.
However, the difference between Tgy and Tp¢ is of the order of 1 K at the most in this
kind of bilayers [43] and both are thus in this discussion treated as the same temperature
Tsample = Tym =~ Tpy.

Since the sample is locally heated by an ac current induced by the rf electric field,
Tsample 18 not necessarily the same as the temperature Ty, measured at the cryostat
temperature sensor, which is located beneath the sample and measures the temperature
of the gas flowing into sample space in our setup. There are different methods to
experimentally determine a possible temperature difference AT = Ti,yo - Tiample, and we
will discuss two of them in this section.
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The microwave heating in the GAIG /Pt sample can be determined by measuring the
temperature dependent Pt resistance, while the microwave radiation is switched on, and
comparing it to the resistance when the microwave is switched off. The temperature can
then be calculated from

p(Tpe) = po (1 + a(Tpe — To, pt)) (4.1)

with @ = 3.92 x 107K~ the temperature coefficient for bulk Pt [81], T, py = Tryo and
po the Pt temperature and resistance without microwave heating, and Tpy = Tiample the
temperature obtained with the microwave radiation switched on. Since the coefficient «
in thin films can be reduced by up to a factor of 3 as compared to bulk Pt (see Ref.
citeSibylle and Sect. 4.2.1.2) the values obtained for AT = Tpy — Tp, py with Eq. (4.1)
should be understood as lower bounds.

In the GAIG/Pt sample we found AT = 5K for a microwave power of 18 dBm while
the cryostat was at room temperature and no gas was flowing through the sample space.

The resistive thermometry did not always lead to reproducible results because two
measurements under similar conditions yielded different resistances. This was probably
due to slow thermalization processes of the resonator and sample, leading to a temperature
drift during the experiments.

As mentioned before in Sect. 2.1, for the GAIG /Pt sample, measurements above room
temperature are necessary in order to probe the whole relevant temperature region around
Teomp- The cryostat is not laid out for temperatures above 300 K, therefore the sample
itself must be heated. A heating of the sample further than the heating already attained
by microwave radiation can be achieved by applying a dc current of 1to 10mA to the
Pt layer using a Keithley 2400 sourcemeter, which corresponds to Joule heating of up to
22.8 mW in this sample. Using Eq. (4.1), we determined the sample temperature attained
by microwave heating at a power of 18dBm and dc Joule heating at a power of 22.8 mW
to be about 303 K. This is still within the divergence region for GAIG, but using higher
currents and heating power increases the risk of damaging the sample, while the increase
in temperature is still too small to heat the sample well above T¢omp. Therefore de current
heating was not pursued, especially since in samples like InYGdIG measurements well
below and well above Tion,, are straightforwardly possible using the standard cryostat
temperature range.

In addition to resistive thermometry, we can make use of the fact, that near the
compensation point, the compensated material reacts very sensitively to small temperature
changes (e.g. divergence of the coercive field at Tiomp, v as described in Sect. 4.2.2.2).
This method is based on properties of the magnetically compensated system and will
therefore allow us to determine Tgy;. We find the additional heating to be about 18 K in
the InYGAIG/Pt sample at a cryostat temperature of 77 K and with a microwave power of
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18 dBm, so that Tey = Tryo + 18 K. The exact method leading to this result is described
in Appendix A.

The microwave heating of AT = 18 K in InYGdIG /Pt determined at Tty = 18K as
detailed in Appendix A is different from the AT = 5K determined at room temperature
in the GAIG/Pt film. This is probably due to the fact, that the thermalization efficiency
depends sensitively on the environment, viz. cryostat temperature, gas flow, etc. While
the InYGAIG /Pt sample was held at a stable temperature of 70K by a steady Helium
gas flow, the resistance measurements in GAIG /Pt were conducted without gas flow, so
that the sample temperature in this case might not have been as stable. Furthermore, we
have seen that Eq. (4.1) gives only a lower bound of the temperature increase, while the
actual heating could be higher. In addition to this, the Pt film quality might also play a
role in the amount of heating induced by the rf current in different samples.

This discussion shows the different issues concerning precise temperature calibration
in our setup. Since the Joule heating may vary for different samples (film quality) and
different cryostat conditions (viz. cryostat temperature, gas flow), a universal correction
of the temperature scale by a constant factor might distort the results. A precise calibra-
tion would require resistance measurements in each sample over the whole temperature
range with and without microwave radiation. Since the extent of the calibration issues
became clear only after comparing measurements in different samples, no such calibration
was possible within the time frame of this thesis. We will therefore initially always use
the temperature Ty, that was actually measured and discuss a temperature correction
afterwards if necessary.

4.2 Experimental results

In the following section, the results of temperature dependent ferromagnetic resonance,

spin pumping and spin Seebeck effect measurements in our three different samples YIG /Pt,
GdIG/Pt and InYGAIG/Pt are presented.

4.2.1 Temperature dependent FMR, spin pumping and spin Seebeck
effect measurements in YIG/Pt

We first turn to the analysis of ferromagnetic resonance, spin pumping and spin Seebeck
effect measurements as a function of temperature in our YIG /Pt reference sample. In order
to analyze the following experiments in compensated garnets, a reference measurement
using a well known ferrimagnetic system, e.g. YIG, is useful. This will allow us to
distinguish effects inherent to compensated systems from those which can also be seen in
materials with a Brillouin like magnetization curve.
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Figure 4.2: Ferromagnetic resonance of the YIG/Pt sample at Te,yo = 25K (a) and Tgyo= 275K (c),
dc voltage as a function of external magnetic field at Tt,yo = 25K (b) and Toyo = 275K
(d). The voltage signal is a superposition of the SSE hysteresis and the two spin pumping
Lorentzian peaks at the FMR resonance position. The black dots represent experimental
data, the red line is the fit.

Even though temperature dependent SSE and spin pumping measurements have pre-
viously been conducted in YIG thin films [9, 10, 16, 17, 38, 41, 43, 70|, and a report of
simultaneous measurements of both effects has been put forward recently [82], there are,
to our knowledge, no such measurements as a function of temperature.

The ferromagnetic resonance, spin pumping and spin Seebeck effect were measured from
Toryo = 5K - 295K in 10K steps using liquid He. The external magnetic field was applied
in the film plane as described in Fig. 4.1 ¢) and swept from 0.5 T down to —0.5T and up
again in order to observe the full hysteretic magnetization behaviour of the ferrimagnetic

sample.

4.2.1.1 Ferromagnetic resonance

We will start by analyzing the ferromagnetic resonance detected by microwave absorption,
which is depicted in Fig. 4.2 a) and c) for Ti,y, = 25 K and Ty, = 275 K respectively.
The absorption curve (black dots), i.e. the absorption signal coming from the 1Q mixer
(see Fig. 4.1 a)), has a Lorentzian shape (see Sect. 1.1.1) and the experimental data is
fitted using Eq. (1.4) (red line in Fig. 4.2 a) and ¢)). In both cases the up and down
magnetic field sweeps are depicted, but for visibility reasons only the peaks from one
sweep direction are fitted. In Fig. 4.2 ¢) the problem of temperature drifting becomes
clear, since up and down sweep do not coincide exactly. This is due to the fact that
when the cavity temperature drifts only slightly, its resonance frequency wc changes as
well. In a FMR experiment, we measure the reflected signal from the cavity at a fixed
frequency w. Therefore, if we drifts away, w # we and the reflected microwave power
changes, leading to the kind of drift visible in Fig. 4.2 c¢). This also leads to small
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distortions of the Lorentzian absorption curves of the sample, which are more or less
pronounced depending on thermalization efficiency and temperature stability throughout
the measurement, especially for broad FMR lines. Additionally, since most of the signal is
absorbed in the cavity, the reflected signal is small and more affected by statistical noise.
It is therefore difficult to determine the experimental errors in the FMR data, and for
this reason no error bars are given.

We will see in Sect. 4.2.1.2, that the absorption line can be analyzed with more precision
in the dc voltage, but the FMR measurement still is a good enough method to determine
the position and linewidth of the resonance.
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Figure 4.3: a) In plane ferromagnetic resonance field jigHyes and b) half FMR linewidth in the YIG/Pt

sample as a function of the cryostat temperature Tt;yo.

We will first discuss pgH,es extracted from in plane FMR measurements for different
temperatures, as summarized in Fig. 4.3 a). puoH.es decreases with temperature from
275mT at Teryo= 295K to 235mT at T,yo= 5 K.

This decrease in resonance field at low temperatures has been observed previously
in YIG [61, 71] and in Fe or Co thin films [15, 83, 84]. It is attributed to an increase
of the saturation magnetization [61, 85, 86] and/or anisotropy [77, 84] with decreasing
temperature.

The influence of different kinds of anisotropy on the resonance field has been discussed
in Sect. 1.1.2 and 3.3. Since in thin films the shape anisotropy oM, is an important
contribution to the effective field, we will first determine the temperature dependence of
the saturation magnetization separately. A SQUID magnetometry measurement of the
YIG/Pt thin film is shown in Fig. 4.4. Mg, increases from 99kA/m at Tiumple= 295K
to 151 kA /m at Teample = 10K ! which is comparable to previous measurements [61, 85, 86].

In the SQUID setup the temperature measured is assumed to be Tsample since there is no additional
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Figure 4.4: Saturation magnetization as a function of sample temperature of the YIG/Pt thin film. The
inset shows the saturation magnetization as a function of external field at Tsample= 10K
(black) and Tyample= 300K (red).

The sublattice magnetizations as well as the total magnetization can also be calculated
as described in Sect. 3.1 and the results are shown in Fig. 4.4 b) and c¢). The calculation
yields qualitatively the same behaviour of the magnetization as the SQUID magnetometry.
However, the obtained values are not the same since at Tgamplie = 300 K from the experiment
we find Mg = 97kAm~!, while the calculation yields Mg, = 135kAm~'. The value
from the calculation is consistent with the bulk value in YIG [62], while the experimentally
determined magnetization is lower. This difference might be due to an inferior sample
quality in our thin film, but also to errors in the experimental determination of the
magnetization.

In order to give an estimation of the error arising when determining the saturation
magnetization, we will quickly describe how the magnetization is obtained. The SQUID
magnetometry measures the magnetic moment of the whole sample. Since the substrate is
orders of magnitude thicker (fgupstrate = 500 pm) than the magnetic thin film, its diamag-

heating.
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netic contribution cannot be neglected and has to be subtracted from the total moment.
Then, in order to calculate the sample magnetization M = m/V from the magnetic
moment m determined from SQUID magnetometry, the volume V' of the ferrimagnetic
thin film has to be determined. This is achieved by measuring the sample area and
multiplying it with the ferrimagnetic film thickness from XRD measurements. This can
give rise to errors if the film is not completely homogeneous. This procedure yields different
small sources of errors (ferrimagnet volume, subtraction of diamagnetic moment) which
eventually can lead to a deviation from the actual magnetization.

According to Eq. (1.7) the increase of M, with decreasing T" leads to an increase of the
shape anisotropy term and therefore to a decrease of the resonance field (see Eq. (3.14))
with temperature, which is consistent with the experimental results for pgHes.

In addition to shape anisotropy, there might also be other contributions from the
crystal. In a more general way, the anisotropy terms can be determined by measuring
the evolution of the FMR resonance field as a function of the external magnetic field
orientation and analyzing this FMR angle dependence in terms of different magnetic
anisotropy contributions [28]. This can be done by using the simulation presented in
Sect. 3.3 based on the free energy considerations in Sect. 1.1.2, where the uniaxial (B,)
and the crystalline cubic (B,.) anisotropy fields can be adjusted so that the resulting
resonance field matches the experimental results.

We recorded FMR as a function of magnetic field orientation, rotating around the
axis along the long side of the sample, so that for 0° orientation the external field is in
plane and for 90° it is out of plane. These measurements were performed at five different
temperatures in the cryostat and the resonance fields are shown in Fig. 4.5 a). In Fig. 4.5,
all data is shown as a function of the sample temperature Teumple= Teryo + 18K (see
Sect. 4.1.4), in order to compare it with the SQUID magnetometry data.

Fig. 4.5 b) shows the comparison of experimental FMR data (green dots) and our
simulation (red line) for Tgumple= 168 K. This was done for all five temperatures in order
to extract B, and B..

The uniaxial anisotropy term B, is plotted as a function of temperature in Fig. 4.5
c¢) (black dots). This term contains the shape anisotropy, corresponding to pgMsas,
and the crystalline uniaxial anisotropy. joMs, derived from SQUID magnetometry as
seen in Fig. 4.4 was also plotted as red dots in Fig. 4.5 ¢) and deviates from the B,
extracted from simulation. This difference could represent the additional crystalline
uniaxial anisotropy, but is probably mainly due to errors in the determination of pig Mgy .
Therefore a comparison of B, and poMs, will not allow us to determine the additional
crystalline uniaxial anisotropy with certainty. Still, it is clear that the total uniaxial
anisotropy increases with decreasing temperature, explaining the behaviour of H,.s and
confirming previous measurements [61].
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Figure 4.5: a) Magnetic field orientation dependence of the ferromagnetic resonance field in YIG/Pt as a
function of Tgample- b) Comparison of the experimental FMR resonance field data in YIG/Pt
at Tiample = 168K (green dots) with simulation data (red line). c¢) Uniaxial anisotropy
term B, (black dots) and saturation magnetization (red dots) as a function of Tgample, as
extracted from simulation parameters. d) Cubic crystalline anisotropy term B, as a function

of Tyample extracted from simulation as well.

The cubic anisotropy was also extracted from the FMR simulation (see Fig. 4.5 d))
but is negligible compared to the uniaxial term and does not exhibit a clear temperature
dependence.

The temperature dependence of the ferromagnetic resonance field shown in Fig. 4.3
can therefore be explained mainly by an increase of the uniaxial anisotropy, which is
dominated by shape anisotropy.
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After analyzing the FMR resonance position, we also look at the FMR hlaf linewidth,
which was extracted from the fit to the FMR as well and is shown in Fig. 4.3 b): the
linewidth increases with decreasing temperature from 10 mT at Tt,yo= 295K to 25mT at
Teryo= 5 K. The increase of linewidth at low temperatures has also been observed previously
in YIG [61] and in ferromagnetic metals [15]. The monotonous increase of linewidth with
decreasing temperature in Fe thin films is attributed to an increase of anisotropy at low
temperatures [83]. This is consistent with the angle dependent measurements described
above (Fig. 4.5 ¢)). However, further analysis of the linewidth and damping might be
necessary to fully explain the FMR temperature dependence.

4.2.1.2 DC voltage

Simultaneously to the ferromagnetic resonance measurements by microwave absorption,
the dc voltage along the sample long side was recorded as a function of temperature. Two
such measurements are shown in Fig. 4.2 b) and d) for T¢,yo= 25 K and T¢,yo= 275 K, where
the experimental data is represented by black dots. The dc voltage can be understood
as a superposition of the resonant spin pumping and microwave rectification voltage and
the non resonant, microwave heating induced, spin Seebeck voltage. In the configuration
shown in Fig. 4.1, at room temperature, the spin pumping voltage is positive and the
SSE voltage negative at positive magnetic field. This is consistent with the absolute sign
of both effects as determined by Schreier et al. [36] (see Sect. 1.2.2 and 1.2.3) . We use
Eq. (1.26) to fit the experimental data, as indicated by the red line in Fig. 4.2 b) and d).

The fit reproduces well the experimental data in terms of spin Seebeck hysteresis and
resonant voltage.

The parameters we can extract from fitting Eq. (1.26) to our data are: the peak position,
corresponding to the FMR resonance field pgH,es, the half width at half maximum pgAH,
the amplitudes of the spin pumping and rectification voltage (L and D respectively), the
amplitude 2B of the SSE voltage and the coercive field pgH, of the ferrimagnetic layer.

4.2.1.3 Spin pumping

We first focus on the analysis of the spin pumping signal. As discussed in Sect. 1.2.3,
spin pumping measurements allow the electrical detection of ferromagnetic resonance.
Therefore the resonance position of both spin pumping signal and FMR should coincide.
This can be seen qualitatively when comparing Fig. 4.2 a) and b) as well as c¢) and d). It
is also clearly visible in Fig. 4.6 a) where pH,es extracted from the FMR (using Eq. (1.4))
is represented by black dots and pgH,es extracted from spin pumping (using Eq. (1.26))
is shown as red dots. The results from FMR and spin pumping are in good agreement,
except for small deviations at some temperatures. These deviations are due to the different
detection methods: while in spin pumping measurements a large signal is detected with a
rather small noise level, the FMR measurements are more affected by noise and especially
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Figure 4.6: Resonance position (a) and half width at half maximum (b) from FMR (black dots) and spin
pumping (red dots) in YIG/Pt for an in plane external magnetic field.

by temperature drift of the cavity, as discussed in Sect. 4.2.1.1.

The half width at half maximum was also extracted from the dc voltage using expression
(1.26). These values are plotted as red dots in Fig. 4.6 b). The black dots representing
the previously measured values from the FMR, match the results from spin pumping well
between 150 K and 295 K. Below this, the values deviate which can again be attributed
to the temperature drift affecting the FMR measurements and leading to a distortion of
the FMR line (see Sect. 4.2.1.1).

Overall, the FMR and spin pumping measurements are consistent, yielding very similar
results concerning resonance field and linewidth. Since the data quality of the spin
pumping voltage is superior to the FMR data quality, we will from now on concentrate on
the dc voltage and use the FMR measurements only for comparison.

After comparing the resonance fields and linewidths extracted by FMR and spin pump-
ing measurements, we will turn to the spin pumping amplitude, i.e. the amplitude L of
the symmetric part in Eq. (1.26), which is shown in Fig. 4.7 a). L increases by a factor
of about 15 from T¢,y, = 5K to room temperature. The amplitude of the antisymmetric
part D, attributed to microwave rectification, is also plotted as a function of temperature
in Fig. 4.7 b). D increases as well with temperature, by a factor of about 6 over the whole
temperature range. L and D have opposite signs, but the symmetric part is an order of
magnitude larger than the antisymmetric part and therefore dominates the voltage in
resonance.

We now turn to a quantitative analysis of the spin pumping amplitude. As described in
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Figure 4.7: a) Spin pumping amplitude L (green dots) and b) microwave rectification amplitude D (blue
dots) of the YIG/Pt sample as a function of temperature. L and D have opposite signs but
their absolute value increases with temperature. The resonant voltage signal is dominated by
spin pumping which is one order of magnitude larger than the rectification amplitude. c)
The resistance (black dots) of the YIG /Pt sample also increases with temperature and can
be fitted linearly (red line). d) The effective spin pumping signal L-AH?/R as well as the

effective rectification amplitude D-AH/R (e) have a broad maximum around 150 K.

Eq. (1.15) and (1.18), the spin pumping amplitude L is proportional to ﬁ, such that
L - (oA H)? represents a spin pumping “efficiency”.

Since the spin pumping voltage is also proportional to the sample resistance (see
Eq. (1.15)), i.e. the temperature dependent Pt resistance, an IV-curve was recorded for
some temperatures. The IV-curve was linear for currents from 1A to 1mA and the
resistance was extracted from a linear fit to this data. The results can be seen in Fig. 4.7
c) as black dots. From this data we can determine the temperature dependence of the

Pt resistance using again a linear fit (red line). This leads to R(Ttryo) = (77.9 £0.3) Q +
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(0.11 £ 0.0013) - Ttyyo 2/K. Comparing this to Eq. (4.1) we find a temperature coefficient
a = 0.0014K~! which is lower than the value for bulk Pt ap = 0.00392K~! [87], but
similar to YIG/Pt films with comparable Pt thickness, as discussed in [8].

In order to exclude the temperature dependence of the Pt resistance from the spin
pumping voltage, the spin pumping current can be calculated Isp(T) = L/R, which is
justified since the ISHE induces a charge current in the Pt layer. From this we can again
calculate a spin pumping current efficiency L - (ugAH)?/R shown in Fig. 4.7 d). Starting
from 3.7- 1072 AT? at T,;yo= 5K, the spin pumping current efficiency increases with 7'
until reaching a maximum of 1.6 - 107" A T? at T,y,= 145K and then decreases again to
8.4-107'2 AT? at room temperature. This corresponds to a change in signal of a factor
of 4 between both extrema. Even though the obtained efficiency value is not constant
over the whole temperature range, the change in signal over 7' is much less than in the
spin pumping voltage L.

If we take a look at Eq. (1.15) and the parameters contributing to the spin pumping
voltage, by calculating the spin pumping current efficiency, as shown in Fig. 4.7 d), we
have excluded the temperature dependence of the resistance and the linewidth (damping).
The spin diffusion length Agp, as well as the spin mixing conductance g;; were found to
be temperature independent in YIG /Pt thin films, while the spin Hall angle agy decreases
slightly with 7' [8]. Therefore in L - (oAH)?/R only a small temperature dependence is
expected, which is consistent with our results.

A similar analysis for the antisymmetric amplitude D, using D - ugAH/R as discussed
in Sect. 1.3 [46], is shown in Fig. 4.7 e). The obtained value normalized to linewidth and
resistance has a similar behaviour as the spin pumping current efficiency L - (uoAH)?/R,
also showing a maximum around 150 K. Since this antisymmetric signal is attributed
to microwave rectification based on the spin Hall magnetoresistance, the rectification
efficiency D - 1opAH/R is expected to have a similar temperature dependence to the SMR
effect. The SMR depends on the same parameters cited above for the spin pumping
voltage, viz. Asp, ¢+, and asp [8], which explains the similarities in the temperature
dependence between L - (1gAH)?/R and D - ugAH/R (see Fig. 4.7 d) and e)).

The results obtained from the resonant voltage signal confirm the expectations for
the temperature dependence of spin pumping voltage and microwave rectification due to
spin Hall magnetoresistance, in particular the different dependencies on the linewidth
(see Sect. 1.2.3 and 1.3) predicted by Azevedo et al. [46]. Our results show, that the
temperature dependence of the FMR linewidth cannot be neglected in the analysis of the
resonant voltage, and that extracting a spin pumping and rectification efficiency allows us
to exclude this linewidth temperature dependence.
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4.2.1.4 Microwave heating induced spin Seebeck effect

After analyzing the resonantly induced dc voltage, we will now come to the effects arising
from non-resonant microwave heating in the Pt layer. Due to the microwave heating
induced spin Seebeck effect, the voltage reproduces the magnetic hysteresis, allowing
us to deduce not only the SSE amplitude 2B but also the coercive field pgH. of the
ferrimagnetic thin film. Both parameters were plotted as a function of temperature in
Fig. 4.8.
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Figure 4.8: a) Temperature dependent spin Seebeck voltage 2B in YIG/Pt, extracted using Eq. (1.26). b)
Coercive field pgH,. extracted from spin Seebeck measurements as a function of temperature.

We will begin by analyzing the SSE voltage as shown in Fig. 4.8 a). The SSE voltage is
negative, as expected in this configuration [36], and has opposite sign to spin pumping.
This is consistent with theory, since in resonance, the magnetization in the ferrimagnetic
layer is excited and relaxes by emitting a spin current into the Pt layer (see Fig. 4.1),
leading to a positive spin pumping voltage. The spin Seebeck voltage is due to the
relaxation of the microwave heated Pt layer into the cooler YIG layer. This yields a
spin current in the opposite direction to the spin pumping current, but with same spin
polarization, i.e. an ISHE voltage of opposite sign.

We find that the SSE voltage is constant between T¢.y,= 150 K and room temperature
and linearly decreases below 150K (see Fig. 4.8 a)).

In contrast to spin pumping measurements, the spin Seebeck effect has already been
measured as a function of temperature by multiple groups allowing us to compare our
results.

Temperature dependent SSE measurements were performed by Uchida et al. [88] in a
1mm thick YIG sample, covered by 15nm of Pt, showing a sharp maximum of the SSE
voltage signal around 50 K (enhancement by a factor larger than 10 over a temperature
range of 70 K) for single crystalline YIG (see black dots in Fig. 4.9 a)). This is attributed
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a) b)

Figure 4.9: a) SSE voltage normalized to the room temperature amplitude measured by Uchida et al.
in two YIG(1 mm)/Pt(15nm) samples as a function of sample temperature. One sample
is single-crystalline and shows a large enhancement of the SSE around 50 K while no such
increase arises in the polycrystalline YIG/Pt sample [88]. b) Temperature dependent SSE
voltage measured by Rezende et al. in a YIG(8 mm)/Pt(6 nm) sample for a temperature
difference AT = Tpy — Tyic of 3K (blue dots) and 6 K (red dots) [13]. The solid lines were
calculated using the model presented in [13].

to an increased phonon lifetime in single crystalline YIG and so called phonon-drag [89]
leading to a strong enhancement of the thermal conductivity. According to Uchida et
al., the voltage in polycrystalline YIG/Pt (grey dots in Fig. 4.9 a)) does not show such a
strong T dependence.

XRD measurements show that our YIG thin films are single crystalline, but such a
sharp maximum as in [88] is not visible in our data.

In contrast, Rezende et al. calculated the temperature dependence of the longitudinal
SSE [13] in YIG/Pt bilayers based on magnon population and lifetime. With lowering
T, the magnon population decreases whereas the lifetime increases, leading to a compe-
tition of both factors and resulting in a broad peak of the SSE voltage at about 120 K.
This calculation also yields a vanishing SSE voltage at T" = 0 due to the vanishing of
the thermal magnon population. These authors verified their theoretical predictions by
longitudinal SSE measurements in a YIG film with thickness 8 pm covered by 6 nm of Pt.
The results are shown in Fig. 4.9 b): the SSE voltage vanishes at T'= 0K as expected
from calculations, increases until reaching 100 K and above this the signal is constant.
This behaviour can be reproduced by calculations (solid lines in Fig. 4.9 b)) based on the
presented model. A similar behaviour of the SSE voltage was found experimentally in
NiFe;O4 /Pt samples by Meier et al. [11].

Our SSE measurements are qualitatively comparable to the ones by Rezende et al. [13]
depicted in Fig. 4.9 and Meier et al. [11]. However, in our sample the SSE voltage does not
seem to vanish at very low T¢,y,. Still, in our setup it is very challenging to determine the
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exact microwave heating in the Pt layer and the actual sample temperature. As discussed
in Sect. 4.1.4, the temperature scale in Fig. 4.8 was not corrected because the heating
power can only be approximated. Therefore our measurements might not be completely
reliable at very low temperatures and the low temperature behaviour of our sample can
only qualitatively be compared to [13] and [11].

It might also be interesting to compare samples with different YIG and Pt thicknesses,
since the measurements by Rezende et al. and Uchida et al. where conducted in samples
with a much thicker YIG layer. It was indicated previously by Niklas Roschewski in his
Master’s thesis, that the temperature dependence of the SSE voltage might also depend
on the YIG and Pt layer thickness [42]. However, he examined the current induced SSE
voltage [41] in a sample of similar YIG and Pt thicknesses (61 nm and 11 nm respectively)
and found a minimum of the voltage at low temperatures. This is not consistent with the
results shown in Fig. 4.8 a) and needs to be further investigated.

Even though our results are similar to measurements by Rezende et al., there are still
different temperature dependencies observed by other groups [42, 88]. An examination of
other YIG/Pt samples and a more precise temperature calibration at low 7" in our setup
would be necessary in order to deduce a clear temperature dependence of the spin Seebeck
effect.

Finally, we come to the coercive field which can also be extracted from the dc voltage
(see Fig. 4.8 b)). poH,. increases from 5mT at Tiyo= 295K to 23mT at Tiy= 5K.
This is in agreement with M(H) SQUID measurements performed on the same thin
film at different temperatures (see inset Fig. 4.4) and previous measurements in YIG
[61, 71]. The coercive field determines the external magnetic field necessary to rotate
the sample magnetization by 180° during a field sweep [74]. Therefore pgH. depends on
the ratio between two energies: the crystalline anisotropy energy, which tends to align
the magnetization with an easy magnetic axis and the Zeeman energy —puoM Hy, which
tends to align the magnetization with the external field. If the anisotropy energy increases
faster with lowering temperatures than the Zeeman energy, which is proportional to M,
the coercive field increases.

To summarize this chapter, we have measured the temperature dependence of ferro-
magnetic resonance position and linewidth in a YIG/Pt bilayer. We have simultaneously
examined the dc voltage, which is a superposition of two resonant effects, viz. spin pumping
and microwave rectification, and the non resonant SSE induced by microwave heating in
the Pt layer, as function of temperature. An increase of the ferromagnetic resonance field,
as well as a decrease of the linewidth and the coercive field with increasing temperature
were observed, which can be attributed to magnetic anisotropy effects. We also discussed
the sign and temperature dependence of the spin pumping and rectification amplitudes,
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and found them to be consistent with theoretical expectations. The temperature depen-
dence of the SSE voltage we observed, is in agreement with previous measurements by
other groups, but probably needs further examination.

In anticipation of the following measurements in compensated garnets, we want to
emphasize here, that (as expected for YIG/Pt) spin pumping and spin Seebeck voltages
are of opposite sign in the whole temperature range from 7Tt,yo= 5K to Ttyo= 295 K. The
signs of both voltages do not change over the temperature range investigated.

4.2.2 Temperature dependent spin pumping and spin Seebeck effect
measurements in InYGdIG/Pt

After examining the YIG/Pt reference sample, we will now discuss magnetically com-
pensated materials. This kind of material is interesting since, they allow the separate
investigation of magnetization and angular momentum. Furthermore, the different sublat-
tice magnetizations and angular momenta have different temperature dependencies (see
Sect. 1.5 and Chap. 3). Examining the spin pumping and SSE as a function of temperature
should therefore also yield information about the sublattices involved in those effects.

In the following section, the results of the experiments on the InYGdIG /Pt sample are
presented, while results from experiments on GdIG /Pt are presented in Sect. 4.2.3.

4.2.2.1 Magnetization curve of InYGdIG/Pt

Before turning to the examination of the dc voltage, we will start with the temperature
dependence of the magnetization M of the InYGdAIG /Pt sample. M was obtained by
SQUID magnetometry in an external field of 1T applied along the film plane and is
shown in Fig. 4.10 a). The magnetization orientation of the net Fe sublattice and the Gd
sublattice are represented by purple and green arrows respectively, and the black arrow
indicates the direction of the external field Hy. At Tyampie = 85 K, M (poHy = 1 T) reaches
a minimum. This is the magnetization compensation point T¢omp, v marked by a black
line in Fig. 4.10 a). M(uoHo = 1T) does not reach 0, which might be caused by the
fact that all magnetic moments of the Fe and Gd sublattices do not change orientation
simultaneously at exactly the same temperature. This behaviour is similar to the do-
main formation in a ferromagnet, where not all domains switch simultaneously when the
magnetic field orientation is inversed, leading to a magnetic hysteresis loop [74]. There
is therefore no temperature at which all magnetic moments in the InYGdIG /Pt sample
are exactly compensated, so that the magnetization does not completely vanish but goes
through a minimum at Teomp, M. In addition to this, spin canting near Tiomp, v has to be
considered as well, as discussed in Sect. 1.5 [53]: even though in the SQUID measurements
an external field of only 1T is applied, around T¢omp, v this might be sufficient to enter
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Figure 4.10: a) Magnetization as a function of temperature of the InYGdIG/Pt sample obtained by
SQUID magnetometry measurements. The external magnetic field poHy = 1T applied
in the film plane (black) as well as both sublattice magnetizations (purple for the net Fe
sublattice and green for Gd) are symbolized by arrows. The compensation of magnetization
is indicated by the black line at Tyample = 85 K. b) The black line represents the experimental
SQUID data and the red line is the result of the calculation of the magnetization presented
in Sect. 3.1. ¢) Absolute values of the sublattice magnetizations in InYGdIG obtained by

simulation as well.

the spin canting phase, since the critical field decreases in the compensation region (see
Fig. 1.7 b)). When the magnetizations are canted, they do not compensate each other, so
that there is a finite magnetization left.

In Fig. 4.10 b), the SQUID data is again shown as a black line. The red line is a fit
to the experimental data using the simulation for InYGdIG presented in Sect. 3.1. The
calculation reproduces the experimental data well with a magnetization compensation
temperature Teomp, M = 8D K, for gpe, ¢ = 2.0047, gpe, » = 2.003 and gaq, c = 1.994. These
g values were determined from measurements in YIG [75] and GdIG [77] and can also be
used in InYGAIG. For the simulation in Fig. 4.10, doping concentrations of 8 % of In3*
on the d lattice, 50 % of In®T on the a lattice and 41 % of Y3T on the c lattice were used.
These values are consistent with the doping of the target material (GdsY)(FeysIn)Oq2 used
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to grow this sample (see Sect. 2.2). We would have predicted a doping of 33.33 % of YT
on the ¢ lattice and 50 % of In3* on the a lattice, since the In®** is expected to substitute
mainly on the a lattice [64]. The remaining deviations might be due to the fact that the
incorporation rates of the dopants into the GAIG crystal during the growth process are
different for different ions and depend on the growth parameters. There are other material
compositions, for which the simulation also yields a good match to the experimental data,
but those are very different from the target composition and we therefore used the doping
values given above.
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Figure 4.11: Effective g value in InYGdIG/Pt calculated with gpe ¢ = 2.0047, gpe, » = 2.003 and
9Gd, ¢ = 1.994 [75, 77]. Teomp, M and Teomp, 1, are indicated by black arrows.

With the g values used for the simulation of the magnetization curve, the effective
g value as a function of temperature in our InYGAIG /Pt thin film can be calculated
using Eq. (1.27), as described in Sect. 3.2. The result is shown in Fig. 4.11: geg is 0
at Teomp, v = 85K and diverges at Tiomp, 1. = 86K, so that the compensation of an-
gular momentum and magnetization are only 1K apart. This difference between the
two compensation points is even smaller than the 3K difference found for GAIG (see
Sect. 3.2), even though the same g values were used for both materials. This might be
caused by the dilution of magnetic moments in InYGdIG which reduces the magnetizations.

We will now proceed to the discussion of FMR, spin pumping and SSE experiments
in InYGdIG/Pt, which were conducted simultaneously as a function of magnetic field at
various temperatures ranging from Tt.y, = 6 K to Tty = 295 K.

The measured dc voltage is a superposition of a resonant voltage, consisting of spin
pumping and microwave rectification, and the non resonant SSE voltage, so that Vpc =
Vase + Vsp + Vieer (see Sect. 1.4). The voltages recorded as a function of the external
magnetic field applied in the film plane for T¢,y, = 10K, Tty = 40K and T4y = 296 K
are shown in Fig. 4.12 as black lines. The dc voltage has a pronounced temperature
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dependence. First of all, the spin pumping amplitude, i.e. the part of the dc voltage
that is symmetric around poH,es and changes its sign upon magnetic field inversion (see
Sect. 1.2.3), is much larger at room temperature than at lower temperatures. At low
temperatures, the resonant signal is dominated by an antisymmetric signal attributed to
microwave rectification, as discussed in Sect. 1.3. These effects, as well as the temperature
dependence of resonance position and linewidth, will be analyzed in detail in the following
sections. Furthermore, the SSE voltage yields a characteristic magnetization hysteresis
loop with a strongly temperature dependent coercive field. We observe two sign changes
in the SSE voltage, since the amplitude 2B (see Fig. 4.12) is negative at T¢yo = 296 K
and Ty, = 10K, and positive at T¢,y, = 40 K. These sign changes are expected since the
same behaviour was found in GdIG/Pt [80], but will also be examined in the following
discussion in more detail.
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Figure 4.12: DC voltage (black line) in the InYGAIG/Pt sample as a function of the external magnetic
field for Tiyo= 10K (a), Teryo= 40K (b) and Teryo= 295K (c). The red line represents the
fit from Eq. 1.26.

All measurements were fitted using Eq. (1.26) for the dc voltage (red line in Fig. 4.12),
in order to extract the same parameters (H,es, AH, L, D, B) as for the YIG/Pt reference
sample.

4.2.2.2 Spin Seebeck effect and coercive field

We will start with the analysis of the spin Seebeck effect and first analyze the SSE voltage
amplitude 2B extracted using Eq. (1.26). The results are shown in Fig. 4.13 a), where
the values extracted from the magnetic field up and down sweep are represented by red
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Figure 4.13: a) Spin Seebeck amplitude 2B extracted using Eq. (1.26) in the InYGdIG /Pt sample as
a function of cryostat temperature, the error bars represent the read out errors. The red
and black dots represent the values extracted from magnetic field up and down sweep
respectively. b) Coercive field obtained from the fit to the spin Seebeck hysteresis, the errors
are the standard deviation from the fit.

and black dots respectively. Between T¢,y, = 75 K and room temperature the SSE voltage
is negative as it was the case for the YIG /Pt reference sample, which was mounted in
the same configuration. An absolute maximum of 2.88 pV of the SSE voltage is reached
around 7y, = 160 K and below this, the amplitude decreases and goes to 0 at about 72K
and changes sign. There is a second sign change at approximately T4y, = 25K, where
the SSE voltage becomes negative again.

The two sign changes in the SSE seemingly have different natures, since the upper one
at Teryo = 72K is rather abrupt and the lower one at Ty, = 25K rather smooth. The
upper abrupt sign change can be attributed to the magnetization compensation point
Teomp, M, at which all the sublattices switch direction [90]. Due to microwave heating
in the Pt layer the sample temperature has to be corrected to Tiumple = Teryot+ 18K
(see Sect. 4.1.4), so that the upper sign change takes place at Tempe = 90 K. This is
higher than Tiomp, v = 85 K from SQUID magnetometry, indicating that a more precise
calibration would be necessary, as dicussed in Sect. 4.1.4.

In order to validate the statement that the upper SSE sign change takes place at Tiomp, M,
we can additionally analyze the coercive field pgH., which was extracted from the SSE
voltage as a function of cryostat temperature (see Fig. 4.13 b)). At room temperature
toH. is very small at approximately 0.1 mT. With decreasing temperature the coercive
field increases strongly and becomes very large around 7t,y, = 72 K, where the upper sign
change in the SSE voltage takes place. Below T¢.y, = 60K, poH, decreases again. Due to
the fact that the SSE voltage is very small around the second sign change of the SSE, the
coercive field could not be evaluated at temperatures around 30 K.
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Figure 4.14: a) Simulation of the SSE contributions from the net Fe sublattice (purple) and the Gd
sublattice (green) in InYGdIG as a function of temperature. b) The black and red dots
represent the SSE voltage extracted from experiments, the red line is the total SSE voltage
obtained from the simulation assuming that the Fe and Gd sublattices contribute with
different efficiencies to the SSE voltage.

The coercive field defines the external magnetic field that has to be applied to the
ferrimagnetic material in order to rotate the total magnetization by 180° [74]. The higher
the crystalline anisotropy of the sample, the higher the applied magnetic field has to be in
order to switch all magnetic moments. Therefore a large crystalline anisotropy field leads
to a large coercive field. The crystalline anisotropy field is proportional to K /M with K
the crystalline anisotropy constant and M the saturation magnetization. At Toomp v M
goes to 0 and K /M becomes very large, no matter how small K is. Therefore at the
magnetization compensation temperature a strong increase of the coercive field is expected
[26], which is consistent with the experimental results shown in Fig. 4.13. Since the SSE
changes sign at the temperature where pgH. diverges, this is an additional evidence of
the fact that the SSE really changes sign at Ttomp, M-

The behaviour of the SSE in InYGdIG/Pt is very similar to the one observed by Geprags
et al. [80] in GAIG/Pt thin films. They also found an abrupt sign change at a temperature
corresponding to the magnetization compensation point at Tgample= 286 K and a second
smoother one at Tyumple= 68 K.

Both sign changes of the SSE in a magnetically compensated material can be explained
by a qualitative picture: we assume that the SSE contribution of each sublattice is
proportional to its magnetization, that the Fe sublattices contribute equally with a factor
1 and the Gd sublattice with a factor n = 0.75, such that

VasE, total = Vase, M, = ¢+ (Myre — My pe — 1M ca) (4.2)
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with VSSE, My pe — CMd,Feu VSSE, M, re ecd CnMc,Gd' The sublat-

tice magnetizations M; are the same as in Fig. 4.10 obtained from a mean field calculation

= CMa,Fe and VSSE, M

as described in Sect. 3.1. The scaling factor ¢ = 1.8 x 107V m A~! is a phenomenological
constant introduced to convert the magnetization into a voltage of the same order of
magnitude as the one observed in the experiment. The resulting temperature dependence
of the SSE voltage from the net Fe sublattices (purple line) and from Gd (green line)
are depicted in Fig. 4.14 a). The two curves cross each other at 40 K, yielding the low
temperature zero-crossing observed in the experiment. If we add the right signs of the
magnetization for each sublattice contribution, i.e. negative for Fe and positive for Gd
at high T, so that opposite magnetizations yields opposite voltages, and switch those
signs at the magnetization compensation point, we are able to qualitatively reproduce
the experimental data. This is shown in Fig. 4.14 b), where the experimental data is
represented by red and black dots (magnetic field up and down sweep) and the result from
the simulation by a red line. The temperature of the experimental data was corrected
t0 Tsample = Teryo+ 13 K to match the compensation temperature Toomp M = 85 K of the
calculation. At high T the Fe sublattice dominates the spin Seebeck signal, giving rise
to a negative SSE voltage, similar to the YIG/Pt reference sample (see Fig. 4.8). In
this temperature range, the Gd sublattice contribution is very small and the sample
behaves like YIG/Pt in terms of SSE voltage. The SSE amplitude qualitatively follows
the magnetization curve shown in Fig. 4.10 a) and decreases to higher T" as we approach
the Curie temperature. At the compensation point, the sublattice magnetizations change
direction, so that the SSE voltage changes sign with the still dominating Fe contribution
and becomes positive. At lower temperatures, the Gd sublattice gains importance. This
leads to a slow decrease of the SSE voltage, until the Gd eventually dominates, so that a
smooth second sign change takes place at a lower temperature. The constant ¢ and the
Gd sublattice efficiency were chosen empirically to match the results from the experiment.
The results in Fig. 4.13 a) therefore suggest that the spin Seebeck effect in InYGdIG/Pt
does not depend on the net magnetization, but that Fe and Gd sublattices contribute
with different efficiencies to the SSE, leading to two sign changes in the SSE voltage.

4.2.2.3 Resonance field

We will now turn to the resonant voltage (the voltage appearing in FMR) and start by
determining the resonance field pgH,es using Eq. (1.26). The resonance field can also be
extracted from FMR measurements, since FMR and spin pumping are expected at the
same field (see Sect. 1.2.3), but as discussed for the YIG/Pt sample, the signal to noise
ratio in the FMR detection is smaller than in the voltage measurements, leading to larger
errors in the determination of the resonance field. We will thus focus on the spin pumping
voltage to determine pugH,es.

The resulting resonance field for the in plane configuration (see Fig. 4.1) is shown in
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Figure 4.15: Temperature dependence of the resonance field determined from the spin pumping voltage in
InYGdIG/Pt, the error bars represent the standard deviation from the fit. The red and black

dots represent the values extracted from magnetic field up and down sweep respectively.

Fig. 4.15 as a function of the cryostat temperature, the red and black dots represent the
data extracted from magnetic up and down sweep respectively. Starting at 317mT at
room temperature the resonance field decreases slightly, similar to the YIG/Pt sample
(see Fig. 4.6). Around Ttyyo = 72K, p9H,es decreases strongly and then increases again
reaching a local maximum of 293 mT at T¢,, = 35K. At very low temperatures, the
resonance field again decreases slightly.

When approaching Ty, = 72K it is increasingly difficult to detect the spin pumping
signal and extract pgH,es, so that at some temperatures no data is available. As we will
see later, this is due to the fact that in this temperature region the linewidth is very large
and the spin pumping amplitude disappears.

We have seen in the discussion of the SSE voltage, that the magnetization compensation
temperature in the InYGdIG/Pt sample corresponds to Ti.y, = 72 K. It therefore seems
that we observe a drop in the ferromagnetic resonance field at Ttomp, M-

Our results are consistent with the strong decrease of pgH,es, around the compensation
point observed by Calhoun et al. [79] and Rodrigue et al. [77] in GdIG.

In order to understand the behaviour of pgHes, we start with the simplified FMR
equation

W = Teff ,UOHres (43)

where anisotropy terms are neglected. As discussed in Sect. 1.5, the effective gyromag-
netic ratio e given by Eq. (1.27) diverges at the angular momentum compensation point
Teomp, . and goes to 0 at the magnetization compensation point Tiomp, M (see Fig. 4.11).
Equation 4.3 then yields a drop in pgHes When ~.g diverges, so that a strong decrease in
toHes around Tyomp 1, is expected.

According to Eq. (4.3), we should also observe an increase in figHyes at Teomp, M, Where
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Yet Vanishes. Such a behaviour was observed by J. Pauleve in Lithium-Chromium Ferrites
[78] and by T. McGuire in Nickel Ferrite Aluminates [91]. However, a pronounced increase
in poH,es is not visible in our data in Fig. 4.15 and a more thorough analysis of the
resonance condition is necessary.

0 50 100 150 200 250 300

sample

Figure 4.16: The black and red dots represent the in plane FMR resonance field extracted from the spin
pumping voltage as a function of sample temperature Tiample = Teryot+ 13 K. The red line
is the result of the simulation presented in Sect. 3. The sharp peak in the compensation

region is a numerical artifact due to the fact that the resonance field cannot be negative.

Using Eq. (4.3) is only justified as long as anisotropy fields are small compared to the
external field. This is not the case here, since the anisotropy (i.e. shape anisotropy in a
thin film and crystalline anisotropy) cannot be neglected [77], and a free energy calculation
as described in Sect. 3.3 is necessary to determine the effective magnetic field acting on
the magnetization. The crystalline anisotropy field has a contribution proportional to
K /M to the effective magnetic field [26, 28] with K the anisotropy constant and M the
magnetization. Therefore even for a small K, the anisotropy field diverges at Tcomp, M,
which in a simplified picture, compensates the decrease of v.¢, so that there is no visible
increase of FMR simu around Teomp, m [78]. The details of these calculations are not
straightforward and we use a simulation based on the free energy ansatz to determine the
expected resonance field as a function of temperature in InYGAIG (see Sect. 3.3). The
total magnetization determined in Sect. 4.2.2.1 using the mean field approach described
in Sect. 3.1 was used. In this simulation, approximations were made, for example that the
anisotropy constant K is independent of temperature. Measurements show that this is
not the case and that the anisotropy increases upon lowering T' [77].

It is however possible to reproduce the behaviour of the experimentally determined
resonance field, as shown in Fig. 4.16, where the experimental data is represented by red
and black dots as a function of temperature corrected to Tsample = Teryo+ 13 K in order to
match Teomp, M = 85 K from the simulation (see Sect. 4.2.2.1). The red line is the result of
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the simulation, which reproduces nicely the strong decrease in resonance field around the
compensation temperature. The sharp peak in the compensation region is a numerical
artifact caused by the fact that only positive values for the resonance field are given
out. The high temperature behaviour of the resonance field is not exactly reproduced by
the simulation, but this may be attributed to the fact that a temperature independent
anisotropy constant was used.

The drop in resonance field can therefore not simply be attributed to Tiomp, 1., as
suggested by Eq. (4.3), since the divergence of the anisotropy field near Tiomp, v also
contributes to the behaviour of poH,.s. We have seen that the angular momentum and
magnetization compensation temperatures are only a few K apart (see Fig. 4.11) and can
therefore not be distinguished in these measurements.

The simulation also reproduces the low T behaviour of pgH,es, i.e. the slight decrease
at low temperatures. This effect was observed as well by Calhoun et al. [79] and can
be attributed to an increase of the magnetization and/or anisotropy with decreasing
temperature [77], similar to the observations made in the YIG/Pt reference sample (see
Sect. 4.2.1.1).

4.2.2.4 FMR linewidth
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Figure 4.17: Half width at half maximum in InYGdIG/Pt as a function of temperature for an in plane
external magnetic field. The red and black dots represent the values extracted from magnetic
field up and down sweep respectively. The error bars indicate the standard deviation from
the fit.

After analyzing the temperature dependence of the resonance field in the InYGdAIG /Pt
sample, we will now proceed to the analysis of the resonance linewidth for an in plane
magnetic field. It is possible that the FMR line consists of multiple lines, we will however
treat it as one line in the following analysis. The half width at half maximum extracted
from spin pumping measurements using Eq. (1.26) is shown in Fig. 4.17.

We can see a large increase in linewidth to over 100 mT around 7y, = 72 K. Here again,
the measurements could not be analyzed close to the compensation region because the
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spin pumping linewidth increases to the point that the resonance can no longer be observed.

This divergence effect in linewidth was also observed previously [77, 79] and was
attributed to the sharp increase in anisotropy at the magnetization compensation temper-
ature Teomp, M, similar to the divergence of the coercive field.

Another explanation for the divergence of linewidth is a divergence of the effective
damping coefficient aeg at Toomp, 1. as discussed by Giles et al. [58]

LMl_i_LMz

Qelt = 311, — (4.4)
noor

where a2 and ;2 are the damping coefficients and gyromagnetic ratios of two anti-
ferromagnetically coupled sublattices with absolute magnetization values M; ». However,
since in InYGAIG /Pt Tiomp, . and Teomp, M are only a few kelvin apart, the divergence of
the FMR linewidth cannot be attributed with certainty to one of the two temperatures.

4.2.2.5 Resonant voltage Vies = Vsp + Vieat

We will now proceed to the analysis of the resonantly induced voltage amplitude. The
resonant voltage consists of a symmetric signal with amplitude L, which changes sign
upon magnetic field inversion, attributed to spin pumping and of an antisymmetric signal
of amplitude D attributed to microwave rectification. Both amplitudes L and D (spin
pumping and rectification respectively) were extracted using Eq. (1.26) as shown in
Fig. 4.18 a) as a function of cryostat temperature. The red dots represent the results from
the magnetic field upsweep, the black dots the ones from the downsweep and the error
bars represent the standard deviation from the fit function. At room temperature, similar
to the YIG/Pt sample, the spin pumping amplitude is positive, while the rectification
amplitude is negative. Therefore at high temperatures, the InYGdIG /Pt sample yields
the same sign for spin pumping and rectification as the YIG /Pt reference sample. This is
similar to the observations in the SSE voltage in InYGdIG/Pt (see Fig. 4.13), where the
Gd sublattice can be neglected at high 7', and mainly the Fe sublattices contribute, so
that the InYGdIG /Pt behaves just like YIG/Pt at high 7'

At room temperature, the spin pumping voltage L is about an order of magnitude
larger than the rectification voltage D, as it is the case in the YIG/Pt sample. When
approaching the compensation region both resonant signals decrease, and vanish around
Teryo = 80K. Below Tgy, = 60 K, the resonance reappears and L and D slightly increase
to very low temperatures. The inset in Fig. 4.18 a) shows a close up of the spin pumping
voltage in the compensation region. The amplitude L does not only vanish but changes
sign at Ty = 100 K. Below Ti,y, = 60 K the signal is positive again, yielding a second
sign change around Tgomp, M-

It becomes clear in the field sweeps, that the antisymmetric rectification voltage dom-
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Figure 4.18: a) Spin pumping amplitude L and b) microwave rectification amplitude D, as a function of
cryostat temperature in InYGAIG/Pt. The inset in a) shows a close up of the compensation
point region for the spin pumping amplitude L. c) "spin pumping efficiency” L - (uoAH)?
and d) "rectification efficiency” D - ugAH as a function of cryostat temperature. The red
dots represent the data extracted from the magnetic field upsweep and the black dots the

results from the downsweep.

inates over the spin pumping voltage at low T' (see Fig. 4.12). This is also visible in
Fig. 4.18 a) and b) where L is smaller than D between Ti,,, = 0K and 125K. Such a
behaviour can be expected, since the spin pumping amplitude is proportional to ﬁ and
the rectification only to <= (see Sect. 1.2.3 and 1.3). Therefore when AH continuously
increases (see Fig. 4.17), the spin pumping is reduced much faster than the rectification

voltage.

Due to the fact that both the spin pumping and the rectification amplitude are strongly
dependent on FMR linewidth, the relationship between the magnetization in the ferrimag-
net and the spin current injected into the Pt is better described by the spin pumping and
rectification efficiencies (see Sect. 1.2.3 and 1.3).

The spin pumping amplitude is proportional to ﬁ (see Eq. 1.16) and we therefore
analyze the efficiency L - (upAH)?, which is plotted in Fig. 4.18 b). The values extracted

from the magnetic field upsweep are represented by red dots, while the ones from the
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downsweep are depicted as black dots. In the compensated InYGdIG /Pt sample, looking
at the spin pumping efficiency turns out to be even more necessary than in the YIG/Pt
reference sample, since the linewidth has a very pronounced temperature dependence,
which obviously influences the spin pumping amplitude. Around the compensation region
the linewidth diverges and the spin pumping signal goes to 0, whereas at room temperature
the linewidth is reduced and L attains a maximum of about 32 V. Calculating the spin
pumping efficiency allows us to exclude the temperature dependence that is due to the
linewidth and the spin pumping efficiency then reflects the behaviour of the remaining
parameters, viz. resistance, spin mixing conductance, spin Hall angle and spin diffusion
length (see Eq. (1.15)). Contrary to YIG/Pt, no resistance measurements in InYGdIG /Pt
were conducted in this setup as a function of temperature, but it is known from other
experiments (see Sect. 5.1.2) that the Pt resistance increases linearly with temperature
and the change is about 200 €2 between 50 K and 300 K. Since the spin pumping voltage
depends linearly on the sample resistance R (see Eq. (1.15)), L - (1oAH)?/R has the same
qualitative behaviour around Teomp, as L - (uoAH )2 and the resistance is not essential to
understanding the spin pumping behaviour in InYGdIG /Pt in the compensation region.

The spin pumping efficiency L - (uoAH)? remains constant from Tiy, = 160K to
Teryo = 296 K and below Tty = 60 K, which is consistent with the fact that the pronounced
increase of L at room temperature is due to the decrease of linewidth as shown in Fig. 4.17.
The spin pumping efficiency in this temperature region is of the same order of magnitude
as L - (upAH)? in YIG/Pt, i.e about 1 x 1072 AT? (see Fig 4.7). At Tyyyo = 100K the
efficiency changes sign with L, until T¢,y, = 80K, where the resonant signal is no longer
visible. Below Ti,y, = 60 K the spin pumping voltage is positive and does not change
strongly until the lowest measured temperature. We thus find that the change in the
spin pumping efficiency is most likely connected to the magnetization compensation in
InYGAIG, since as a function of temperature, the efficiency changes strongly only around
the compensation temperature.

This kind of sign change of the spin pumping voltage in a magnetically compensated
material has never been observed before. The lower sign change is close to the compensa-
tion region around 7Ty, = 72K and could be attributed to the change of orientation of
the sublattice magnetizations or angular momenta at 7Ttomp, m, similar to the sign change
of the spin Seebeck voltage at Teomp, M (see Sect. 4.2.2.2). However, contrary to the SSE
voltage which yields a second low temperature sign change below Tomp, M, the second
sign change of the spin pumping voltage takes place at a temperature above T;omp v The
low temperature sign change of the SSE can be explained by the phenomenological model
presented in Sect. 4.2.2.2, based on the assumption that the Gd sublattice contributes
with a smaller efficiency to the SSE voltage than the Fe sublattice. This model can
only yield a sign change at 1" >Ti,mp, M as observed in the spin pumping voltage, if the
efficiency of the Gd sublattice was larger than the Fe sublattice efficiency. We find that
for a Gd spin pumping efficiency 1.2 times larger than the Fe spin pumping efficiency,
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the temperature of the upper sign change can be reproduced. This would mean, that
spin pumping and spin Seebeck effect depend on different parameters, for example that
the SSE is related to the magnetization, while the spin pumping is linked to the angular
momentum. These measurements could then yield a method to distinguish magnetic
moment and angular momentum. However, there is not enough experimental data to
confirm this hypothesis, especially since Ttomp, M and Tiomp, 1, cannot be differentiated
in our measurements in InYGdIG/Pt. There is also, until now, no theoretical expla-
nation for the spin pumping behaviour. Therefore further investigations, for example
in a material, where Toomp, M and Teomp, 1, are further apart will be necessary (see Sect. 6.2).

The last step in our analysis concentrates on the resonant antisymmetric signal attributed
to microwave rectification. The rectification efficiency D - uoAH (see Sect. 1.3), extracted
separately for up and down sweep (red and black respectively), is shown as a function of
temperature in Fig. 4.18 d). Starting at room temperature the signal is approximately
constant at about —20 x 1072 VT until 7, ayo = 130K and then starts to decrease until
disappearing between T¢,,, = 80K and 60 K similar to the spin pumping signal. Below
Teryo = 60K, the up and down sweep values do not match perfectly due to a larger signal
to noise ratio, but the signal value increases to very low temperatures.

The high temperature rectification efficiency is approximately the same as the —20 x
1072 VT found in YIG/Pt (see Sect. 4.2.1.3), which is consistent with the assumption
that the InYGdIG /Pt sample behaves like YIG/Pt as long as we are far away from the
compensation region. This also justifies the fact that we used D - ugAH as a rectification
efficiency, since the efficiency is the same in both the InYGdIG/Pt and the YIG/Pt sample,
even though the actual rectification amplitude D is different.

In contrast to the spin pumping amplitude L, D does not change sign at T¢.y, = 100K,
but seems to go to 0 between Tt,y, = 60 K and 80 K. This corresponds to the temperature
range around 7tomp, M, Where the magnetization reaches a minimum. Since the rectification
probably originates in the spin Hall magnetoresistance (SMR), further SMR measurements
in this sample might help to understand the decrease of the rectification voltage around
Teomp, M- Such experiments will be discussed in Sect. 5.2.2.

In this section we have discussed the measurements of the resonant and non resonant
dc voltage in an InYGdIG /Pt bilayer with a magnetization compensation temperature
of 85 K. We observe two sign changes in the SSE voltage, one being attributed to the
abrupt switching of the sublattice magnetizations at Teomp, m. The origin of the second
sign change at T < Ttomp, M cannot yet be determined with certainty, but one possible
explanation is that the sublattices contribute with different efficiencies to the SSE. In
addition to this, we found a strong decrease of the ferromagnetic resonance field around
the compensation temperature, originating in the divergence of the effective gyromagnetic
ratio at Tiomp, 1, and the divergence of the crystalline anisotropy field at Tyomp v The
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latter also leads to a divergence of the coercive field at Tiomp, M- The divergence of the
FMR linewidth can be attributed to the anisotropy effects at Tiomp, M as well, or to the
divergence of the effective damping constant a.g. However, in order to confirm either
explanation further investigations will be necessary.

The analysis of the voltage induced by FMR in InYGdAIG/Pt yields similar spin pumping
and rectification efficiencies for high temperatures, i.e. far away from Toomp, M, as for
YIG/Pt. The InYGAIG /Pt however behaves differently near the compensation region,
since we observed two sign changes in the spin pumping voltage, one around Tiomp, v and
the other one at 7" > Ttomp, M- This kind of sign change in the spin pumping signal in a
compensated garnet has never been observed to date and could be attributed to the fact
that the Gd sublattice contributes with a higher efficiency to spin pumping than the Fe
sublattices. This hypothesis however, has to be confirmed by further measurements and a
theoretical model.

4.2.3 Temperature dependent FMR, spin pumping and spin Seebeck
effect measurements in GdIG/Pt

We will now turn to the discussion of FMR, spin pumping and spin Seebeck effect
measurements in the second magnetically compensated sample, i.e. the pure GAIG /Pt
sample, in order to compare it with the results in InYGdIG/Pt.

4.2.3.1 Saturation magnetization of GdIG/Pt
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Figure 4.19: Saturation magnetization in GdIG /Pt obtained from SQUID magnetometry as a function
of the sample temperature in an external magnetic field of 1T (black arrow). The black
line indicates the magnetization compensation temperature at Tgample = 279 K. The purple
and green arrows show the direction of the magnetization of the net Fe and Gd sublattices
respectively. The inset shows a close up around the magnetization compensation temperature
Teomp, M = 279K.

We first look at the saturation magnetization as a function of temperature of the
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GdIG/Pt sample, as shown in Fig. 4.19. This curve was obtained by SQUID magne-
tometry in an external magnetic field of pgHy = 1T applied in the sample plane. The
minimum of Mg, i.e. the magnetization compensation temperature, is indicated by a
black line at Ttomp, M = 279 K, which is consistent with literature values ranging from
Teomp, m = 280K to 296 K [23, 77, 79, 80] and in the same region as Tiomp M = 291K
from the magnetization calculation in GdIG presented in Sect. 3.1. The magnetization
directions of the net Fe and Gd sublattices in an external magnetic field are represented
by purple and green arrows respectively. The total magnetization of the GAIG/Pt film at
low temperatures is larger by about a factor of 2 than in the doped InYGdAIG/Pt. This is
to be expected since in InYGdIG the Gd is diluted, which reduces the magnetization of
the Gd sublattice [23] so that the low temperature increase of My, is weaker. The inset

in Fig. 4.19 is a close up of the region around the magnetization compensation temperature.
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Figure 4.20: DC voltage as a function of the in plane external magnetic field in GAIG/Pt at Teyo = 4K
(a), Teryo = 80K (b) and Teryo = 295K (c). The magnetic field upsweep is represented by a
red line and the downsweep by a black line. For each temperature, the SSE amplitude 2B
is indicated by a black arrow.

The same FMR, spin pumping and spin Seebeck measurements as in YIG/Pt and
InYGAIG /Pt were conducted in the GAIG/Pt sample as a function of temperature from
Teryo = 5K to Thhyo = 295 K.

The dc voltage measurements at 1oy = 4 K, Toryo = 80K and Tty = 295 K are shown
in Fig. 4.20 as a black line. The dc voltage is a superposition of different contributions from
spin pumping, spin Seebeck effect and microwave rectification Vpc = Vssg + Vsp + Viect
(see Sect. 1.4) and yields a pronounced temperature dependence. At room temperature for



Chapter 4  Spin pumping and microwave induced spin Seebeck effect in YIG/Pt,

64 InYGdIG/Pt and GdIG/Pt bilayers
_tpa L sle o+ Gaomt -
S - T e -

2 0
Q p f L3 * :'
200 F—+—F—+—F+—+—F+—+———F+—+—F+——
= 450 £ ? ]
£ [ ~]
— 100 | ]
I L .
= 50 | ]
0 B 1 ' 1 I 1 I 1 I 1 I 1 ]

0 50 100 150 200 250 300

(K)

cryo

Figure 4.21: SSE amplitude 2B (a) and coercive field poH. (b) in GdIG/Pt as a function of the cryostat
temperature extracted from the dc voltage. The error bars represent the standard deviations
from the fit function (1.26).

example, the resonant voltage nearly vanishes and the coercive field of the SSE hysteresis
becomes quite large, while at lower temperatures a resonant voltage is clearly visible and
the coercive field is not discernible anymore. Furthermore, there are two sign changes in
the spin Seebeck voltage, which is consistent with other measurements in GAIG /Pt thin
films [80] and the observations in InYGAIG/Pt described in Sect. 4.2.2.2. We will in the
following discuss these effects in more detail as a function of temperature. All voltage
measurements were fitted using Eq. (1.26), represented by a red line in Fig. 4.20, in order
to extract the same parameters (Hyes, AH, L, D, B) as for the YIG/Pt reference sample
in Sect. 4.2.1 and the InYGdIG/Pt sample in Sect. 4.2.2.

4.2.3.2 SSE and coercive field

We again start with the analysis of the spin Seebeck amplitude 2B in GdIG/Pt, extracted
using Eq. (1.26) as shown in Fig. 4.21 a) as a function of the cryostat temperature. The
SSE voltage is negative at high temperatures similar to the YIG /Pt reference sample (see
Sect. 4.8) and the InYGdIG /Pt sample (see Fig. 4.13), which were mounted in the same
configuration (see Sect. 4.1.2), indicating that GdIG/Pt behaves like YIG/Pt at high
temperatures. A first sign change takes place at approximately Tt,y, = 250K, so that
the SSE voltage is positive. At approximately T¢.y, = 75K the voltage becomes negative
again, yielding a second sign change. This double sign change of the SSE voltage was
previously observed in GdIG /Pt by Geprigs et al. [80] and is consistent with the SSE
sign changes in InYGAIG/Pt presented in Sect. 4.2.2.2.

We attribute the high temperature sign change to the magnetization compensation
point [90] at Teample = 279 K determined from SQUID magnetometry. The sample tem-
perature deviates from the cryostat temperature due to microwave heating and therefore
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the scale in Fig. 4.21 needs to be corrected (see Sect. 4.1.4). Using the calibration from
the InYGAIG /Pt sample, the upper sign change would take place at Tiampie = Teryot+ 18K
= 268 K, which is still lower than T,omp v in GAIG/Pt. This calibration however is based
on measurements in InYGdIG /Pt at a different temperature, and a larger temperature
deviation in GdIG/Pt possible. We therefore use the correlation between SSE high
temperature sign change and magnetization compensation temperature to deduce a devi-
ation of 29 K between Tiample and Tt.y, in the compensation region in this GAIG/Pt sample.

In order to explain the second sign change at Tt,y, = 75K we can apply the principle
described in Sect. 4.2.2.1 and assume that the three sublattice magnetizations in GdIG
contribute with different efficiencies to the SSE voltage. The experimental data can be
reproduced when assuming a Gd efficiency n = 0.4

VasE, total = P Vase, M, = € - (Mg pe — My pe — 1M ca) (4.5)

with Vssg, m, ., = Mg pe, Vssi, M, pe = M, pe and Vsgg, M, g = d nM. Gqa. The sub-
lattice magnetizations M; are the ones obtained from the mean field calculation presented
in Sect. 3.1. The scaling factor ¢ = 1 x 107! Vm A~! was introduced to convert the
magnetization into a voltage of the same order of magnitude as the one observed in
the experiment. The factor ¢ found for GAIG /Pt is of the same order of magnitude as
c=18x10"1"VmA~! used for InYGdIG/Pt as discussed in Sect. 4.2.2.2. Figure 4.22 a)
shows the SSE voltage contributions from the net Fe sublattice and the Gd sublattice,
which cross at a sample temperature of 85 K. The experimentally obtained SSE voltage
is depicted as black and red dots in Fig. 4.22 b), with a temperature scale corrected by
41K (29K to match the magnetization compensation point from the SQUID data and
additionally 12 K to match the simulation as discussed in Sect. 4.2.3.1). The result of the
simulation for the efficiencies in Eq. (4.5) (red line) nicely reproduces the experimental data.
The 1 = 0.4 used here is smaller than the efficiency n = 0.75 found for the InYGdIG/Pt
sample, but still in the same order of magnitude. The different efficiencies could be due
to differing sample and/or interface quality. Furthermore, the composition of the samples
and ¢ factors are not precisely known, leading to an uncertainty in the simulated sub-
lattice magnetizations. This could also influence the value of 1 derived from the simulation.

We now proceed to the analysis of the coercive field in GAIG/Pt, as shown in Fig. 4.21
b) as a function of cryostat temperature. The coercive field strongly increases around
Teryo = 250 K, which corresponds to the magnetization compensation temperature. This
is consistent with observations in InYGdIG/Pt, where the increase of the coercive field
is attributed to an increase of the anisotropy field proportional to K /M at Teomp, M (see
Sect. 4.2.2.2).
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Figure 4.22: a) Simulation of the SSE contributions from the net Fe sublattice (purple) and the Gd
sublattice (green) in GdIG as a function of sample temperature. b) The black and red
dots represent the SSE voltage extracted from experiments, the red line is the total SSE
voltage obtained from the simulation assuming that the sublattices contribute with different

efficiencies.

4.2.3.3 Resonance field

We now turn to the ferromagnetic resonance position, which can be deduced from FMR
experiments and simultaneously from the spin pumping voltage as a function of cryostat
temperature. One supplementary measurement was conducted at a temperature exceeding
the cryostat range by applying a dc current to the Pt layer for additional heating. As
discussed in Sect. 4.1.4, a precise temperature calibration is very challenging in this case
and we estimate the temperature in this measurement to Tiample > 303 K. The goal here
was only to heat the sample enough to achieve a temperature well above T¢on,,, and
therefore this calibration is sufficient for now.

While heating the sample with a dc current of a few mA, i.e. applying a voltage of a
few volts, a dc current of the order of pV is not detectable in this setup, so that there is
no spin pumping and spin Seebeck data available above Ty, = 295 K. However, FMR
measurements through microwave absorption were not affected by the heating current, so
that the FMR position and linewidth could still be determined.

We have discussed previously (see Sect. 4.2.1.1 and 4.2.2.3) that the spin pumping
voltage is less affected by temperature drift and noise and therefore yields better data
quality. However, for high temperatures exceeding the range of the cryostat, only FMR
measurements are available and we will therefore show the resonance field obtained from
both FMR and spin pumping. The results are shown in Fig. 4.23 as a function of the
cryostat temperature: the blue dots represent the data extracted from FMR using Eq. (1.4),
while the red and black dots show the resonance field extracted from the spin pumping
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Figure 4.23: Resonance position extracted from FMR measurements (blue dots) and spin pumping voltage
(red dots for magnetic field upsweep, black dots for downsweep) as a function of temperature
in GdIG/Pt. The green square at 303 K was obtained from an FMR measurement using a
dc current to heat the sample.

voltage using Eq. (1.26) from the magnetic field up and downsweep respectively. All
three values coincide well over the whole temperature range except for 1¢,y, = 200K and
Teryo = 295 K. This deviation might have different origins: as discussed in Sect. 4.2.1 for
the YIG/Pt sample, the FMR, is more affected by temperature drift, which might distort
the resonance, especially for broad lines. We will see that the linewidth in GdIG/Pt is
very large around the compensation temperature, so that in this temperature range the
determination of the resonance field is less precise and a determination of the experimental
errors is challenging. On the other hand, the spin pumping at Ty, = 295 K has practically
vanished and the resonance field is very close to the coercive field (see Fig. 4.20 ¢)), so that
the spin pumping overlaps with the slope of the spin Seebeck hysteresis near poH.. A fit
to this data with Eq. (1.26) might then yield less precise results than for a measurement,
where all voltage contributions are clearly discernible.

The green square plotted above 300 K in Fig. 4.23 was extracted from the one FMR
measurement, where a dc current was applied to the Pt layer in order to heat the sample
above room temperature.

We find a decrease of pgH,es between Ty, = 200K and Ty, = 303K and below
Teryo = 80K. The magnetization compensation temperature in GdIG/Pt determined from
the SSE voltage is at Ty = 250K (see Fig. 4.21). Similar to the InYGdAIG /Pt sample,
we expect a drop in resonance field around Tiomp, M and Tiomp, 1.- From a calculation of
Vet based on the sublattice magnetizations (see Fig. 3.2 ¢)) we find that Tiomp, v and
Teomp, 1, are 4 K apart, so that the angular momentum compensation temperature is within
the region where the FMR and spin pumping signals cannot be analyzed due to the very
large linewidth in this temperature region.

The simulation of the resonance field described in Sect. 3.3 and used for InYGdIG /Pt
(see Sect. 4.2.2.3) can also be applied to GAIG/Pt. The result is shown in Fig. 4.24 as a
red line, as well as the resonance field from the experimental data extracted from spin
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Figure 4.24: The black dots represent the resonance field extracted from the spin pumping voltage and
FMR measurements, with a temperature scale corrected to Tsample = Teryo+ 41 K in order
to match the compensation temperature of the calculation. The red line is the result of the
resonance field simulation presented in Sect. 3. The sharp peaks in the compensation region

are numerical artifacts due to the fact that the resonance field cannot be negative.

pumping and FMR (black, red and blue dots). The calculation reproduces the drop in
resonance field in the compensation region. The sharp peaks around the compensation
point are numerical artifacts, since the resonance field cannot become negative.

Our results are also consistent with the drop in resonance field in GdIG in the compen-
sation region as observed in other GdIG samples [78, 79].

In contrast to InYGdAIG/Pt, the resonance field at 7' < 80K in GAIG/Pt decreases
by a factor of 2, down to 150 mT at 5 K. This behaviour can be attributed to the shape
anisotropy, which is proportional to the saturation magnetization (see Sect. 1.1.2 and 4.2.1).
M, is smaller in the InYGdIG/Pt sample, leading to a smaller shape anisotropy and a
less pronounced decrease of jigHes. The strong decrease of jigH,es to low temperatures is
also quantitatively reproduced by the simulation.

4.2.3.4 FMR linewidth

The FMR linewidth was also extracted as a function of temperature as shown in Fig. 4.25,
where the linewidth obtained from FMR measurements using Eq. 1.4 is represented by
blue dots and the one obtained from the dc voltage using Eq. 1.26 by red and black dots
for magnetic up and down sweep, respectively. The FMR linewidth from the measurement
conducted with a heating dc current is shown as a green square.

Except for the measurement at room temperature, where the resonance nearly vanishes,
the results from both FMR and spin pumping coincide very well. We find that the
linewidth increases in the temperature region between 7T¢,,,= 170K and Ty o= 303K,
i.e. around the compensation temperature, which is consistent with the divergence of
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Figure 4.25: Temperature dependence of the linewidth extracted from FMR (blue dots) and spin pumping
voltage (red and black dots for magnetic field up and down sweep) in GAIG/Pt. The linewidth
extracted from the measurement above 300 K is represented by a green square.

linewidth at Tiomp observed in other GAIG samples [77, 79] and in InYGdIG /Pt (see Sect.
42.2.4).

The results shown in Fig. 4.23 and 4.25 justify our choice to focus on InYGdIG/Pt,
since the compensation region in our GAIG/Pt sample stretches over a range of about
100K, but only over 50K in InYGdIG/Pt. The expected divergence of linewidth and
drop in resonance field are only visible to some extent in GAIG/Pt, while they are very
pronounced in InYGAIG/Pt due to the smaller overall FMR linewidth.

4.2.3.5 Resonant voltage Vies = Vop + Viect

We now turn to the analysis of the voltage in resonance Vies = Vsp + Vieey in GAIG /P,
i.e. a superposition of a symmetric signal attributed to spin pumping and an antisymmetric
signal attributed to microwave rectification. The spin pumping amplitude L was extracted
from the dc voltage as a function of the cryostat temperature using Eq. (1.26) as shown in
Fig. 4.26 a), where the red dots represent the results from the magnetic field upsweep, the
black dots those from the downsweep and the error bars show the standard deviations from
the fit. L is positive and therefore has the same sign as in YIG/Pt (see Fig. 4.7) and in
InYGdIG/Pt at room temperature (see Fig. 4.18), which is to be expected since all three
samples were mounted in the same configuration (see Fig. 4.1). At room temperature,
i.e. in the compensation region, L is very small and the resonant voltage vanishes. Below
Teryo = 200K, the spin pumping amplitude increases to lower temperatures reaching a
maximum of 1.3 1V around 7T,y, = 80K and then decreases again slightly. This behaviour
is consistent with observations in the InYGdIG/Pt sample, where the spin pumping
voltage also decreases when approaching the compensation temperature. However, in
the InYGAIG/Pt sample, L changes sign at a temperature 30 K above Teomp, M, but no
such sign change is visible in GAIG/Pt. We have seen that the compensation region
in InYGAIG/Pt is narrower and the FMR linewidth smaller than in GdIG/Pt, so that
measurements near 7 omp still yield good results. In the GAIG /Pt sample, we might simply



Chapter 4  Spin pumping and microwave induced spin Seebeck effect in YIG/Pt,
70 InYGdIG/Pt and GdIG/Pt bilayers

not be able to see this sign change, because the spin pumping cannot be detected in a
narrow enough temperature region around 7tomp.
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Figure 4.26: a) Amplitude L of the spin pumping voltage and b) amplitude D of the microwave recti-
fication in GAIG/Pt as a function of the cryostat temperature. Panel c¢) shows the spin
pumping efficiency L(pugAH)? and panel d) the rectification efficiency DyugAH as a function
of the cryostat temperature. The red and black dots represent the results obtained from the

magnetic field up and down sweep respectively.

The amplitude D of the antisymmetric microwave rectification signal was also extracted
from the dc voltage as a function the cryostat temperature using Eq. (1.26), as shown in
Fig. 4.26 b), where the results from the magnetic field upsweep are again represented by
red dots and those from the downsweep by black dots. The amplitude D is negative over
the whole temperature range, so that L and D have opposite sign, similar to the YIG/Pt
and InYGdIG/Pt sample. The rectification amplitude is small around the compensation
point where the resonant voltage vanishes and increases to lower temperatures until
reaching a maximum of 0.75pV at iy, = 80 K. Below T¢,y, = 50K, D decreases again
below 0.211V. The data point at T¢.y, = 80K seems to deviate from the data at other
temperatures, and further measurements would be necessary to determine whether this
point is an outlier due to a slightly different sample orientation or if there actually is a
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pronounced maximum in rectification at Ty, = SOK.

We now address the spin pumping efficiency L(puyAH)? in GAIG/Pt, as discussed in
Sect. 1.2.3, in order to exclude the pronounced temperature dependence of the linewidth,
as shown in Fig. 4.26 ¢). In InYGAIG/Pt the spin pumping efficiency is constant over the
whole temperature range except for the compensation region. In GAIG/Pt, L(ugAH)? is
constant between T¢,,, = 140 K and room temperature, but the low temperature behaviour
deviates from the expectation since the efficiency increases again. This might be due
to the fact that the sample was removed after conducting the measurements between
Teryo = 80K and room temperature and placed back into the resonator for the low
temperature experiments. It is therefore possible that the orientation of the sample was
slightly changed during this procedure, leading to deviations of the signal amplitude.

However, the spin pumping efficiency is of the order of 1 x 107 VT2, which is the
same order of magnitude as in YIG/Pt (see Sect. 4.2.1.3) and InYGdAIG/Pt far away from
the compensation region (see Sect. 4.2.2.5). As long as only temperatures far away from
the compensation temperature are considered, the spin pumping efficiency is therefore
quantitatively comparable in all three Iron Garnet samples studied in this thesis. The
difference in the spin pumping voltages L is thus mainly due to the FMR linewidth.
Remaining deviations between the spin pumping efficiencies in different samples can be
attributed to the interface quality.

We finally discuss the microwave rectification efficiency DyugAH shown in Fig. 4.26
d). The efficiency is constant at about 15 x 1072 VT for T' > 140K, but there still is
an outlier at T¢,y, = 80K and at low temperatures the signal decreases. This can again
be attributed to a slight change of the sample orientation during the measurement, as
discussed for the spin pumping efficiency.

Similar to the spin pumping efficiency, the overall efficiency of the microwave rectifi-
cation is of the same order of magnitude as the value 15 x 1072 VT for YIG/Pt (see
Sect. 4.2.1.3) and in InYGAIG/Pt far away from Teomp, m (see Sect. 4.2.2.5).

In summary, the measurements in GdIG/Pt yield similar results to the ones in In-
YGAIG/Pt presented in Sect. 4.2.2. We observe two sign changes in the SSE voltage,
the first one at Ttomp, M, Where the sublattice magnetizations abruptly switch direction,
and the second one at a lower temperature. Similar to the InYGdIG/Pt sample, the low
temperature sign change can be explained by assuming different SSE efficiencies of the Fe
and Gd sublattices. Even though the compensation region in GdIG/Pt is broader than
in InYGAIG/Pt, the same drop in resonance field and the divergence of coercive field
and FMR linewidth around the compensation temperature are observed. The efficiencies
of spin pumping and microwave rectification are quantitatively comparable in GAIG/P,
InYGAIG/Pt and YIG/Pt, at least for temperatures far away the compensation temper-
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ature. However, we did not observe a sign change of the spin pumping amplitude near
Teomp, M, as it was the case for InYGdAIG/Pt, but we attribute this to the fact that the
compensation region is broad, so that measurements near Ttomp, M could not be conducted.



Chapter 5

Transport measurements in
InYGdIG/Pt

In this chapter, we discuss current induced spin Seebeck effect and spin Hall magnetore-
sistance measurements in InYGdAIG /Pt as a function of temperature. We will start with
a description of the experimental setup and then proceed to the analysis of the current
induced SSE (iSSE) measurements and their comparison with the microwave heating
induced SSE (mw-SSE) discussed in Sect. 4.2.2.2. We will then turn to the analysis of the
spin Hall magnetoresistance (SMR) measurements and discuss them in comparison to the
rectification voltage measured in Sect. 4.2.2.5.

5.1 Experimental setup

5.1.1 Magneto-transport measurements in a Hall bar
mesa-geometry

For magneto-transport measurements, the InYGdIG /Pt sample is patterned into a Hall
bar mesa-structure with dimensions 600 x 80 pm?, using optical lithography and Argon
ion beam milling. Figure 5.1 shows a sketch of the contacted Hall bar structure.

For the SSE measurements, a temperature gradient between the Pt and the InYGdIG
is generated by applying a dc current of Iy = £6 mA along the Hall bar with a Keithley
2400 source meter. The transverse voltage V; is measured between the blue contacts in
Fig. 5.1 using a Keithley 2182 nanovoltmeter. Since the SSE originates in the thermal
gradient induced by the dc current, Vigsg o< [ 3 (see Sect. 1.2.2) and is independent of the
current direction. There are however resistive effects, e.g. the spin Hall magnetoresistance
[6], which are larger than the SSE voltage and depend on the current direction, Spin
Seebeck and resistive effects can be discerned using the following equation [41]

73
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Figure 5.1: Sketch of the Hall bar structure used for the current heating induced SSE experiments: the dc
current I is applied between the purple contacts, the longitudinal V; and transverse voltage
V; are measured between the green and blue contacts, respectively. An external magnetic
field is applied in plane with an angle o’ relative to the short side of the sample. [41] FMI in
this case is the InYGAIG layer.

Vi(+1a) + Vi(—1a) = Vies(+1a) + Vies(—1a) + Visse(+1a) + Visse(—1a)
= Vies(+1a) — Vies(+1a) + Visse(+14) + Visse(+1a)
= 2Vissp(+1a) (5.1)

with Vies(+1q) = —Vies(—1q) the resistive voltage. The iSSE voltage is then obtained
as [41]

Villa) + Vi(—1a)
2

In the setup depicted in Fig. 5.1, the SMR effect can be observed simultaneously to the

iSSE by measuring the longitudinal voltage V; between the green contacts using a second

Keithley 2182 nanovoltmeter. The SMR effect being a resistive effect, it depends on the

current direction, so that the longitudinal resistance we are interested in (see Sect. 1.2.4)

Visse = (5.2)

is given by

Rlong _ ‘/l, res _ (Vz([d) - W(_Id))/z (53)
14 14
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Note that the SMR measurements do not require a heating current, and can be con-
ducted using a much small current I;. Using a dc "heating’ current I; however allows for
the simultaneous observation of SSE and SMR.

In order to conduct temperature dependent SSE and SMR effect measurements, the
sample is inserted into a magnet cryostat, in which He exchange gas in a variable
temperature insert (VTI) allows us to adjust the sample base temperature from 5K to
300 K. A magnetic field is applied in the plane of the sample using a superconducting
magnet. The magneto-thermo-galvanic voltages are then recorded as a function of the
angle o between the charge current direction and the applied magnetic field, as depicted
in Fig. 5.1. In this magnet cryostat, external magnetic fields of up to 7T are possible.

An in plane orientation for the positive magnetic field of o/ = 180° in Fig. 5.1 corre-
sponds to the positive field configuration in the microwave induced SSE experiments (see
Sect. 4.1.2), so that at room temperature we expect a negative SSE voltage at o/ = 180°
[36] (see Sect. 1.2.2).

5.1.2 Temperature calibration

1000 T T T T T T T T T T T
InYGdIG/Pt
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Figure 5.2: Calibration curve of the Pt resistance in InYGdIG /Pt as a function of VTI temperature

without dc current heating.

The sample base temperature, corresponding to the VTT temperature Tty is measured
by a Cernox sensor placed just below the sample. For all measurements in this setup,
the sample is heated by a dc current of 26 mA and therefore the sample temperature
Tsample deviates from the base temperature T¢,y,, so that a correction of Tg,mple is necessary.
We make use of the fact that the Pt resistance has a linear temperature dependence and
record a calibration curve, where the Pt resistance is measured as a function of cryostat
temperature, as shown in Fig. 5.2 as black dots. For this measurement, a small dc current
of 100 pA was applied along the Hall bar (which corresponds to a dissipated heat of the
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order of 10 pW and is negligible) and we recorded the voltage between the green contacts in
Fig. 5.1. The Pt resistance is linear with 7" in good approximation between 50 K and 300 K
and from the fit (red line) we obtain R(T¢y0) = (759.5 £ 0.2) Q+(0.74 £ 0.001) - Teyyo /K,
which corresponds to a temperature coefficient o = 0.0010 K~!. This is smaller than the
value apyi = 0.00392K~! [87] for bulk Pt but close to the value a@ = 0.0014K~! obtained
for our YIG/Pt thin film (see Sect. 4.2.1.3). Below 50 K the resistance reaches a residual
value due to impurities [92].

Since for each measurement conducted with a heating current, the longitudinal resistance
is recorded, this value can be compared with the calibration curve shown in Fig. 5.2, in order
to determine the actual sample temperature. Since we also observe a magnetoresistive effect,
the sample resistance changes in magnetic field dependent measurements. This change
however corresponds to a temperature change of the order of 1K, so that the resistive
thermometry method is still justified. The correction was applied to all measurements
shown in the following section.

5.2 Experimental results

5.2.1 Current heating induced spin Seebeck effect

In analogy to the microwave heating induced SSE in InYGdIG/Pt as a function of
temperature (see Sect. 4.2.2.2), we now analyze the results of the dc current heating
induced SSE.

In plane magnetic field rotations in Ao’ = 2° steps at ugHy = 7T were conducted in the
InYGAIG /Pt sample as a function of temperature and the iSSE voltage was determined
from V; using Eq. (5.1). The in plane magnetic field orientation dependent iSSE voltages at
Tsample = 21 K, 59K and 326 K are shown in Fig. 5.3 in black. According to Sect. 1.2.2, we
expect a cos(a) dependence with a the orientation of the magnetization. At ugHy = 7T,
in plane anisotropies can be neglected such that M || Hy in good approximation, and the
SSE voltage indeed has a cos(a’) angle dependence, as shown by the cosine fit represented
by a red line. The cosine is offset by a constant voltage, which is particularly pronounced
at high temperatures (see Fig. 5.3 ¢)). This might be due to contributions from the
longitudinal voltage caused by a slight misalignment of the transverse Hall bar contacts.
These longitudinal voltage contributions increase with temperature as the Pt resistance
increases and the offset is therefore more pronounced at high than at low temperatures.

At Tiample = 326 K, the iSSE voltage at o/ = —180° (magnetic field along the Hall bar) is
negative, which is consistent with the expectations for this configuration and with the mw-
SSE measurements in Sect. 4.2.2.2. There are two sign changes, since Vissg(o/ = —180°)
is negative at Tyumple = 59 K and positive again at Tiumple = 21 K. This behaviour is also
consistent with our previous mw-SSE measurements in InYGdIG /Pt and the observations
by Geprigs et al. [80] concerning iSSE in GdIG /Pt thin films as a function of temperature.
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Figure 5.3: Vigsg in InYGdIG/Pt as a function of the in plane magnetic field orientation at 7T at
Tsample = 21K, 59K and 326 K. The experimental data is depicted in black and the red line
represents the cos(a’) fit to the data.

The angle dependent measurements were repeated for various temperatures between
Tiample = 21 K and 326 K and the spin Seebeck amplitude 2B(7T), corresponding to twice
the cosine amplitude!, was extracted as shown in Fig. 5.4 as black dots. We find a first sign
change at Tsample = 80K and the second one at 26 K. The SSE voltage extracted from the
microwave heating induced SSE at pugHy = 1T is also shown as red dots as a function of
the corrected sample temperature (see Sect. 4.1.4). The temperature dependence of both
measurements is very similar, since they both yield two sign changes, the upper one being
more abrupt and the lower one smoother. However, the temperatures at which the sign
changes take place in the iSSE are about 10 K lower than in the mw-SSE. Since the upper
sign change of the spin Seebeck effect is attributed to the magnetization compensation
point which was determined by SQUID magnetometry to be at Tiumple = 85K, both
the temperature calibrations from iSSE and mw-SSE measurements deviate from the
SQUID temperature scale. The deviation of the iSSE temperature scale can be explained
by the fact that the calibration curve in Fig. 5.2 was recorded once at the beginning
of the measurement series and used for all following measurements. Even though the
heating current was held constant throughout all experiments, it seems that the heating
power decreased over time, which might be due to a change of the Pt resistance, i.e. a

12B(7T) = Vssp(7T) — Vese(—7T) similar to the SSE amplitude extracted in Sect. 4.2.2.2 using
Eq. (1.26)
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Figure 5.4: Amplitude 2B(7T) of the current heating induced SSE in InYGdIG/Pt extracted from
magnetic field orientation dependent measurements as a function of the sample temperature
(black dots). The red dots show the amplitude extracted from the microwave heating induced
SSE at 1T from Sect. 4.2.2.

deterioration of the Pt layer after numerous measurements using dc current heating 2.

It is also possible that the temperature of the SSE sign change depends on the external
field, however such a behaviour of the magnetization compensation temperature was not
observed in SQUID measurements in our thin films. Therefore further investigations,
i.e. measurements at different magnetic field strengths in the same setup, as well as a
more precise temperature calibration will be necessary in order to precisely compare the
temperatures obtained in different setups.

Nevertheless, we have seen that two different SSE measurement methods (current
heating and microwave heating) yield the same kind of temperature dependence of the
SSE voltage, i.e. one sign change at Tyomp v and a second one at a lower temperature,
which, as proposed in Sect. 4.2.2.2, can be attributed to different SSE efficiencies of the
sublattices in InYGdIG/Pt.

Even though the temperature dependence resulting from both methods is similar, the
absolute amplitude of the iSSE is about a factor 5 larger than the amplitude of the
mw-SSE. According to Eq. (1.13), the SSE amplitude is proportional to the temperature
difference between electrons in the Pt and magnons in the ferrimagnetic layer [18], i.e
to the heating power [41]. Therefore in order to compare the SSE amplitudes obtained
from different experimental methods, a comparison of the heating power is necessary. The
heating power for the iSSE is known, since it corresponds to the Joule heating power of the
dc current in the Pt layer. However, in the case of microwave heating the determination of
the heating is challenging, since the exact electric field distribution at the sample position
is not known.

2A similar deviation of the sign change from the SQUID Tromp, M was also observed in other samples
measured in this setup.
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Figure 5.5: The black dots represent the iSSE voltage as a function of the external magnetic field
7T < poHy < 7T for o/ = —180° at Tyample = 43K. The iSSE amplitude 2B(7T) is
marked by a green arrow while the amplitude at zero magnetic field is marked in red.

Furthermore, we have to take into account that the mw-SSE measurements were con-
ducted in a non patterned 1.9 x 5 mm? sample, while the iSSE experiments were conducted
in a 600 x 80 pm? Hall bar geometry, so that the resistance and also the measured voltage
in both cases are different.

In addition to the different heating powers and Pt resistances in both measurements, the
SSE amplitude in InYGdIG /Pt strongly depends on the external magnetic field. This effect
is illustrated by the magnetic field dependent iSSE measurement for —7T < pgHy < 7T
at Tiample = 43K at o/ = —180° shown in Fig. 5.5 as black dots, where the SSE am-
plitude increases to higher magnetic fields. The amplitude 2B(7T) = Vigsg(7T, o/ =
—180°) — Vissg(—7T, o/ = —180°) = 2.93 nV marked by a green arrow in Fig. 5.5 is consis-
tent with the amplitude 2B(7T) = Vigsp(7T, o/ = —180°) — Vissp(7 T, o’ = 0°) = 2.96 pV
in Fig. 5.4, which is expected since a magnetic field rotation by 180° is equivalent to a
magnetic field inversion. The amplitude 2B(0.6 T) = 0.82 pV marked in red (0.6 T being
the maximum external field applied in the mw-SSE experiments) is much smaller than the
high field value. Therefore, the different amplitudes obtained from different experimental
methods in Fig. 5.4 can also be partly explained by the strong field dependence of the
SSE voltage.

The apparent increase of the SSE amplitude with magnetic field amplitude shown
in Fig. 5.5 is linear only in a first approximation and cannot simply be described by
the additional slope C' as defined in Fig. 1.2. The origin of this strong magnetic field
dependence is not known yet, but it seems that a very large magnetic field is necessary to
saturate the InYGdIG. This might be caused by the paramagnetic behaviour of the Gd
moments, but futher investigations will be necessary in the future in order to understand
this behaviour.
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5.2.2 Spin Hall magnetoresistance

We now proceed to the analysis of the longitudinal voltage in order to determine the tem-
perature dependence of the spin Hall magnetoresistance in InYGAIG/Pt. The longitudinal
resistance Rjong as a function of the in plane magnetic field orientation o obtained from
Vi using Eq. 5.3 at Tiample = 21K, 81 K and 326 K in an external field of 7T is shown in
Fig. 5.6 (black).

T

sample

INYGdIG/Pt M,H,=7T

RIong (Q)

Figure 5.6: The longitudinal resistance Riong as a function of the in plane magnetic field orientation
o' in InYGAIG/Pt for poHo = 7T at Tyample = 21K (a), 81K (b) and 326 K (c) is shown
in black. The red line represents a cos?(a’) fit to the experimental data. The blue dashed
line represents the sample resistance Ry at o/ = 0° and the green arrow represents Ry =
Riong (@' =90°) — Riong(a’ = 0°) as defined in Sect. 1.2.4.

We start with the analysis of the measurement at Tgymple = 326 K shown in Fig. 5.6
c). The longitudinal resistance has a cos?(a’) dependence on the in plane magnetic field
orientation o' (fit function represented by the red line). From Eq. (1.20) we expect a
cos? () dependence of Rjone 0n the magnetization orientation o. We assume the individual
sublattice magnetizations M; to be collinear at this temperature far away from Teomp, w,
where there is no spin canting at 7T [53], so that M; || M with M the net magnetization
of the sample. The external magnetic field of 7T applied in the sample plane is sufficient
to overcome in plane magnetic anisotropies and align the net magnetization along the
external magnetic field. Therefore M || Hy and a@ = ' and our results are consistent with
the expectations from the theoretical model in Sect. 1.2.4. At o/ = 0° the magnetic field
is oriented along the Hall bar, i.e. parallel to the current direction j, so that M_Ls. The
spin current can transfer angular momentum to the magnetization and the resistance
reaches its maximum Ry (dashed blue line in Fig. 5.6). For o/ = 90°, the magnetic field
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Figure 5.7: SMR ratio —R;1/Ry [6] in InYGAIG/Pt at 7T as a function of the sample temperature.
The red line represents the upper sign change of the SSE attributed to the magnetization

compensation temperature Teomp, M-

is oriented across the Hall bar (see Fig. 5.1), i.e. perpendicular to the current direction
Jj, so that M || s, with s the spin current polarization. In this configuration no angular
momentum can be transferred to the magnetization and the resistance is at its minimum
Ry + Ry, with Ry = Rjpng(@’ = 90°) — Riong(a = 0°) < 0, as illustrated by the green
arrow in Fig. 5.6 ¢). This definition of Ry [6] yields a negative magnetoresistance at
Tiample = 326 K. The SMR ratio is then given as —R;/Ry (see Eq. (1.22)), so that we
obtain —R;/Ry(326 K) = 9.23 x 10~*, which is consistent with SMR values obtained in
YIG/Pt of comparable Pt thickness at room temperature [6, 8]. In terms of SMR, the
InYGdIG/Pt therefore behaves like YIG/Pt at high temperatures.

For Tiample = 21K (see Fig. 5.6 a)), the exact same angle dependence as for 326 K
is observed, only the absolute resistance values are different, due to the temperature
dependence of the Pt resistance. We obtain —R;/Ro(21 K) = 5.8 x 10™*, which is also
comparable to the value obtained in YIG/Pt of comparable Pt thickness at similar
temperatures [8].

At Tiample = 81K, as shown in Fig. 5.6 b), however, the cos?() is shifted by 90°, so
that the resistance minimum is at o/ = 0° and the maximum at o/ = 90°. Extracting
Ry = Riong(@' = 90°) — Riong(a@’ = 0°) then yields a positive sign for R; and we obtain
—Ry/Ry(81K) = —2.96 x 10~*. This sign change of the SMR ratio is due to the definition
of Ry and in fact only reflects the interchange of minimum and maximum resistance
configuration, with respect to the external magnetic field orientation ', in comparison to
measurements at Tgample = 326 K and Tgample = 21 K. This indicates that for Tgample = 81K,
at o' = 0°, no (or less) angular momentum can be transferred, since the resistance reaches
a minimum, even though the magnetic field is perpendicular to s. Therefore it seems
that the assumption M; || M || Hy is no longer valid in this situation. This effect will be
discussed in more detail in the following analysis.
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Figure 5.8: R as a function of magnetic field at 43K (a) and 81K (b) with the data for a = —180°
represented in red and data for « = —90° in blue. The green arrow indicates the amplitude

and sign of R;.

The in plane angle dependent measurements were conducted at various temperatures
between Tiample = 21 K and 326 K and the SMR amplitude extracted as described above
from Eq. (1.22) is shown as black dots in Fig. 5.7. Starting at high temperatures, the SMR
amplitude is approximately constant until Tgmple = 150 K and then decreases strongly.
The amplitude is negative between Tgample = 79 K and 87K, increases again reaching a
local maximum of 5.8 x 10~ at 50K and slightly decreases to low temperatures. The
temperature region in which —R; /Ry is negative stretches from Tiample = 76 K to 87K, i.e.
around the temperature Tiumple = 81 K where the upper sign change in the SSE voltage
takes place (see Sect. 5.2.1). This SSE sign change is attributed to the magnetization
compensation temperature Teomp, M and is marked by a red line in Fig. 5.7.

Except for the pronounced drop of the SMR amplitude around Tiomp, v, the overall
behaviour, i.e. slight decrease to lower temperatures, is consistent with previous observa-
tions in YIG/Pt [§].

In order to better understand the decrease and ”sign change” of the SMR amplitude
around the magnetization compensation temperature, additional measurements as a
function of magnetic field strength pgHy at two constant field orientations o/ = —180°
and o/ = —90° were conducted at Tiample = 81 K and Tiample = 43 K, i.e. at Toomp M and
well below Teomp, M- The data is shown in Fig. 5.8 a) and b). In both panels the red
dots represent Rjong as a function of poHy at o' = —180° and the blue ones the sweep at
o = —90°.

We will first analyze the field sweeps at Tiample = 43 K, i.e. far away from the compen-
sation region. At pigHy = £7T, Riong(@/ = —180°) > Rjong(a’ = —90°) which is consistent
with the angle dependent measurements in Fig. 5.6. An illustration of the Fe (purple)
and Gd (green) sublattice magnetization orientations in a magnetic field sweep from 7T
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to —7T with an in plane magnetic field orientation o/ = —180° is shown in Fig. 5.9. We
assume that both magnetizations are rigidly coupled and that the angle between them
is always 180° i.e. M; | M with M the net magnetization. At T < Tiomp, M, the Gd
sublattice magnetization dominates and is parallel to pgHg = 7T. In this configuration
M Ls and the longitudinal resistance is at its maximum R,.x (see Fig. 5.9 a)). Upon a
field sweep from positive to negative fields, the magnetization direction is not immediately
changed by 180° but rather rotates in the sample plane (see Fig. 5.9 b)) (we here assume
single domain/macrospin type behaviour, i.e, no magnetic domain formation but coherent
rotation), so that the angle between M and spin polarization s is less than 90° and
Riong < Rmax as expected from Fig. 5.6. With increasing negative field, all magnetic
moments are again aligned with the external field and the resistance reaches the maximum
value for o/ = a = —180° (Fig. 5.9 ¢)).

The illustration in Fig. 5.9 can also be applied for the sweep direction from negative to
positive field. The drop in resistance takes place around the coercive field of the magnetic
film, leading to a hysteretic behaviour in an up and down field sweep [6]. This hysteretic
behaviour is however not visible in the 43 K measurement since the coercive field in
InYGAIG/Pt at this temperature is of the order of ugH. = 30 mT (see Sect. 4.2.2.2),
which is much smaller than the resolution of 500 mT of the field sweep in Fig. 5.8. Thus,
only the dip from the magnetization orientation change owing to coherent rotation prevails.

The exact same considerations as in Fig. 5.9 can be applied to a magnetic field orienta-
tion of @/ = —90° in order to reproduce the blue dots in Fig. 5.8 a). At high fields, the
magnetization is again aligned with poHyg, so that in this configuration M || s and the
longitudinal resistance is at its minimum. During the magnetic field sweep from positive
to negative field, the magnetization again does not change direction instantaneously but
rotates, so that M is not parallel to the spin current polarization s anymore and angu-
lar momentum can be transferred, leading to an increase of Rjop,, as observed in Fig. 5.8 a).

We now turn to the magnetic field strength dependent measurement at Tiymple = S1K,
i.e. at the magnetization compensation point, shown in Fig. 5.8 b). At this temperature
the field dependence of Rjoyg is very different from the one observed in Fig. 5.8 a). At
poHo = 7T, Rigng(a’ = —180°) < Ripng(@’ = —90°) which is consistent with the angle
dependent measurements in Fig. 5.6 b). For —4T < pugHy < 4T however, Rjng(of =
—180°) > Riong(@ = —90°), as it was the case at Tiumple = 43K, and we observe the
expected hysteretic magnetoresistive behaviour. At this temperature the coercive field
increases strongly (see Sect. 4.2.2.2) and a hysteretic behaviour is visible with the 250 mT
magnetic field resolution. However, for both magnetic field orientations the magnetic field
up and down sweep do not match, which might be caused by a slight temperature drift
leading to different resistance values.

The strong dependence of Rions on the magnetic field strength at Tiomp, M can be
explained by the illustration in Fig. 5.10 for o/ = —180°. At Tomp, M, the magnetizations
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Figure 5.9: Tllustration of the magnetization behaviour in InYGdIG/Pt in a magnetic field sweep at
T < Teomp, M- The net Fe and Gd sublattices are represented by purple and green arrows
respectively. The dc current j and the magnetic field pgH, are applied along the Hall bar
(o/ = —180°). a) A magnetic field of 7T is applied, so that M || Hy || j and M.Ls and the
Riong reaches its maximum. b) The magnetic field is negative but smaller than the coercive
field, and not strong enough to completely reorient the magnetization. The angle between M
and s is smaller than 90° and Rjong < Rmax. €) The strong —7 T magnetic field reorients the
magnetization so that again M || Hy || j and M_Ls and Riong = Rmax

of the net Fe and the Gd sublattices represented by purple and green arrows of the
same length compensate each other. As discussed in Sect. 1.5, at Tyomp, M the sublattice
magnetizations M; are all aligned with the external magnetic field as long as ugHy is
weak [53]. This situation is represented in Fig. 5.10 b), where M; || M || Hy || j and
M Ls, so that the longitudinal resistance is at its maximum Ry,.. For a sufficiently high
magnetic field, spin canting occurs [53, 54], where the sublattice magnetizations turn
to a position perpendicular to the external magnetic field and are slightly tilted in the
direction of Hy (see Fig. 5.10 a) and c)). For this configuration, the sublattices M; are
nearly perpendicular to the current direction j and nearly parallel to the spin current
polarization s, so that Rjn, approaches its minimum. This explains the decrease of Rigng
for |ugHy| > 2T, as shown in Fig. 5.8 b).

In this configuration, even though the small net magnetization is collinear to Hy, the
individual sublattice magnetizations are not. If we now rotate the magnetic field by 90°,
the M,; are again perpendicular to the spin polarization s and Rj,y, increases as shown in
Fig. 5.6, even though the net magnetization M is aligned with s.

The same considerations can again be applied to the configuration where o/ = —90° in
order to obtain the blue dots in Fig. 5.8.
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Figure 5.10: Illustration of the magnetization behaviour in InYGdIG/Pt in a magnetic field sweep at
T = Teomp, M, Where the net Fe magnetization (purple arrow) and the Gd magnetization
(green arrow) compensate each other. The dc current j and the magnetic field uoHg are
applied along o = —180°. a) At poHp = 7T a spin canting [53] occurs and the sublattice
magnetizations are reoriented perpendicular to the external magnetic field, so that M, L]j
and M || s. Riong reaches a minimum in this configuration. b) At zero magnetic field both
magnetizations are aligned with Hy, so that M; Ls and Riong = Rmax. ¢) At poHo = —7T,
the situation is the same as in (a) and the longitudinal resistance is small again.

Our interpretation of the measurements conducted in the spin canting phase around the
compensation temperature indicate that the SMR effect does not depend on the orientation
of the net magnetization M, but on the orientation of the sublattice magnetizations M.
To our knowledge, this is the first time such an observation was made.

We can also compare these results to the microwave rectification in InYGdIG/Pt at-
tributed to the SMR effect and discussed in Sect. 4.2.2.5. The rectification efficiency
was found to decrease when approaching the compensation region, which is consistent
with the very pronounced decrease of the SMR amplitude in Fig. 5.7. However, no
rectification voltage could be detected close to the compensation temperature because the
FMR linewidth was too large to observe a resonant voltage.

In conclusion, we were able to observe the SMR effect in InYGdIG/Pt, and found a
slight decrease of the SMR ratio with decreasing temperature, similar to the measure-
ments in YIG/Pt [8]. Around the magnetization compensation temperature, the SMR
ratio decreases strongly, which is consistent with the rectification efficiency discussed in
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Sect. 4.2.2.5, and changes sign. This sign change of the SMR amplitude R; is due to the
interchanging of the minimum and maximum resistance configuration, which corresponds
to a shift by 90° of the cos?(a’) dependence of the longitudinal resistance on the magnetic
field orientation. The shift can be explained by the fact that for a sufficiently high
magnetic field, the sublattice magnetizations enter the spin canting phase, so that the
individual magnetizations are rotated by approximately 90°. Since the SMR effect does
not disappear in this configuration even though the net magnetization goes to zero, we
conclude that the SMR effect does not depend on the orientation of the net magnetization
of the sample, but on the individual sublattice magnetizations, leading to the 90° shift
of the angle dependence in the spin canting phase at Tiomp M. In order to confirm this
statement, further investigations will be necessary, i.e. the magnetic field dependence of
the Ry sign changes in SMR measurements in the compensation region. Additionally, a
more direct observation of the spin canting phase and its magnetic field and temperature
dependence will allow for a magnetic field vs temperature phase diagram, which we can
then compare to the SMR data.



Chapter 6

Summary and Outlook

In this thesis, spin current flow in magnetic insulator/Pt heterostructures was investigated.
The key idea hereby was to use particular magnetic insulators, which exhibit a magnetic
compensation point, or possibly even an angular momentum compensation point. In these
so-called magnetically compensated ferrimagnetic insulators, e.g., GAIG, InYGAIG, etc.,
close to the compensation points, magnetic moment and angular momentum (spin) must
no longer be strictly antiparallel. Simply speaking, the goal behind the thesis thus was to
try to experimentally measure whether a spin current is a current of angular momentum,
or should rather be thought of as a current of magnetic moment. More specifically, we
studied GAIG/Pt and InYGdIG/Pt heterostructures using spin Seebeck, spin pumping
effect and spin Hall magnetoresistance measurements as a function of temperature and
magnetic field magnitude and orientation. In this Chapter, we give a summary of the
experimental results we obtained and possible models for their explanation. We also
propose future experiments for further investigation of the observed effects.

6.1 Summary

In this thesis, we performed temperature dependent spin current experiments in magnetic
insulator /Pt heterostructures. The magnetic insulator mainly used was the compen-
sated ferrimagnetic system, Gadolinium Iron Garnet (GdIG). This system features three
magnetic sublattices, one of Gd** and two of Fe3*. The Gd?* sublattice is coupled
ferromagnetically to one Fe3* sublattice and antiferromagnetically to the other. The Fe3*
sublattices are coupled antiferromagnetically to each other.

To get a quantitative notion of the magnetic properties, SQUID magnetometry was
performed on the GdIG films as a function of temperature. We found a strongly tempera-
ture dependent magnetization with a characteristic minimum at the GdIG magnetization
compensation temperature Tyomp, v = 279 K. This behaviour can be described by a
simulation based on the mean field model, assuming that each magnetic moment feels, in
addition to the external magnetic field, an average molecular field from the other magnetic
moments. The model shows that at low temperatures, the Gd3* sublattice dominates the
magnetization. With increasing temperature, the magnetization of the Gd** sublattice

87
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decreases and the Fe?™ moment dominates at temperatures higher than Teomp, M- The
simulation also allows for the calculation of the angular momentum of the sublattices.
The angular momentum compensation temperature Tgonp, 1, is not the same as Tyomp, M,
but in GAIG Ttomp, M and Teomp, 1, are no more than 4 K apart, making an experimental
distinction rather difficult. The proportionality constant between the total magnetization
and the total angular momentum, i.e. the effective gyromagnetic ratio, nevertheless is
highly temperature dependent around the compensation temperature.

Furthermore, it was found that doping GdIG with non magnetic ions Y** and In®*
[65, 66] lowers the magnetization compensation temperature. In InYGAIG, we experi-
mentally obtained T¢omp, M = 85 K, which could also be reproduced quantitatively by our
simulation. The calculations then yielded T¢omp 1, = 86 K. Even though in InYGAIG,
Teomp, M and Toomp, 1, are even closer together than in GdIG, we mainly focused on this
InYGAIG/Pt sample, because the doping also lead to a smaller FMR linewidth, which is
advantageous for spin pumping experiments.

In Chapter 4, we described the simultaneous measurement of spin pumping voltage
and spin Seebeck (SSE) voltage in the InYGdIG/Pt bilayer. These measurements were
performed in a microwave cavity: the microwave radiation was used to excite the fer-
romagnetic resonance needed for spin pumping. It furthermore heated the Pt via eddy
currents, and thus allowed to induce a temperature gradient for the SSE. The SSE voltage
shows two sign changes as a function of temperature: the sign change around the higher
temperature T' = 85K is at the magnetization compensation temperature and can be
understood in terms of the inversion of all sublattices in an external magnetic field at this
temperature. The second sign change, at a lower temperature 7' = 40 K can be explained
by assuming that the contribution from one sublattice to the SSE voltage is proportional
to its magnetization and that the proportionality constants are different for the Gd3*
and Fe3* sublattices. A simulation based on this model, together with the sublattice
magnetizations extracted from SQUID magnetometry, allows to quantitatively reproduce
the experimental data, if one assumes that the Gd3* sublattice contributes to the SSE
effect 0.75 times as efficiently as the Fe3" sublattices.

In the spin pumping voltage there are, as a function of temperature, also two sign
changes: one sign change takes place again at the compensation temperature. However,
the second sign change in spin pumping is at a temperature above Ttomp. The model
we proposed for the interpretation of the SSE voltage reproduces the experimental data
assuming that the Gd3* sublattice contributes to spin pumping 1.2 times more efficiently
than the Fe?* sublattices. This indicates that the SSE and spin pumping voltage depend
on different parameters, and a possible explanation would be that the SSE depends on
the magnetization, while the spin pumping is connected to the angular momentum. This
hypothesis however has yet to be confirmed theoretically and experimentally.

In summary, our measurements unambiguously show, that the spin current genera-
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tion via spin pumping and SSE in the magnetically compensated bilayer (InY)GdIG/Pt
does not depend on the total magnetization. Rather, the magnetizations (or angular
momenta) of the individual sublattices contribute independently. This is a new key insight.

In addition to the voltage amplitude we also analyzed the temperature dependence
of FMR field and linewidth in InYGdIG: we found a strong decrease of the resonance
field in the compensation region, which was reproduced by our simulation. We attributed
this behaviour to a combination of the divergence of the effective gyromagnetic ratio at
Teomp, 1. and the divergence of the magnetic anisotropy field at Teomp, . Furthermore, we
observed the divergence of the FMR linewidth at the compensation temperature, which
we attributed to a strong increase of the effective damping coefficient at Tiomp 1. The
analysis of FMR linewidth and resonance position as a function of temperature yields
information about the properties of both compensation points and provides an important
consistency check for our multi-lattice model.

As described in the subsequent Chapter 5, we also conducted current heating-induced
SSE measurements (iSSE) as well as SMR measurements simultaneously in InYGdIG /Pt as
a function of temperature. As one might naively expect, the iSSE measurements confirmed
the two sign changes observed in the microwave heating induced SSE. As also expected,
when measuring the resistance of a Hall bar patterned into the InYGdIG/Pt bilayer as a
function of magnetization orientation in the InYGdIG, we found a resistance modulation
consistent with spin Hall magnetoresistance (SMR). As a function of temperature, this
SMR amplitude is nearly constant — except for a temperature range of 10 K around
Teomp, M- In this narrow temperature window, the SMR amplitude decreases strongly
and changes sign. Such a SMR sign change has never been reported to date in samples
made from magnetic insulators without magnetic compensation. In other words, the
SMR sign change must be connected to the compensation region. We proposed a model
which explains the experimental observations. In this model, the sign change is attributed
to the incidence of a spin canting phase near Toomp, M, Where the individual sublattice
magnetizations are not collinear anymore to the external magnetic field. This explanation
implies the fact that the SMR, like spin pumping and SSE, does not depend on the
orientation of the total (net) magnetization, but is governed by the orientations of the
sublattice magnetizations and/or angular momenta.

Our experimental findings thus suggest that spin current transport across a FMI/Pt
interface is much more subtle than thought to date. The magnetic (angular) sublattices
must be considered separately, instead of only the net magnetization.
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6.2 Qutlook

The temperature dependent measurements of the spin Seebeck, spin pumping and SMR
effect in the compensated magnetic insulators GAIG and InYGdIG presented in this thesis
thus request a series of experiments to test the “each sublattice contributes in its own
right” hypothesis, which could provide a deeper understanding of spin current transport
and spin current generation.

6.2.1 Separation of magnetization and angular momentum
compensation temperature

We have performed measurements in GdIG-based magnetic insulators, in which the
compensation temperature of magnetization and angular momentum are so close together,
that they could not be discerned in our experiments. In order to unambiguously attribute
specific processes, such as spin current generation, to either the magnetization or to the
angular momentum, it is mandatory to use a material, in which T¢omp v and Teomp, 1, can
be distinguished more clearly.

We have seen that the difference between Tiomp M and Teomyp, 1, is caused by differing
sublattice g values (see Sect. 1.5). Since in GdIG all magnetic ions carry only spin angular
momentum, their g values are close to 2 [25]. Replacing the Gd*T by Dy3*, which has an
additional orbital angular momentum and g # 2, should then yield a larger temperature
difference between Tomp 1. and Teomp, m- DyIG/Pt thin film samples were already grown
in the WMI by F. Della Coletta [63] in order to investigate the SSE and SMR effect!.
Using the exchange coefficients from DyIG and gpy, = 1.54 provided by Ref. [23] in our
simulation (see Chapter 3), we obtain Teomp, M = 238 K and Tiomp, . = 330K, as shown
in Fig. 6.1 a). We would therefore not be able to experimentally probe the temperature
region around 7tomp, 1, in our experimental setups, which are limited to room temperature.
However, we have seen that both compensation temperatures of rare earth iron garnets
can be lowered by doping the material with non magnetic Y** and In®* [65, 66]. For a
doping of 50% of In®** on the octahedrally ordered Fe3* sublattice and 33% of Y3+ on the
Dyt sublattice, our calculations yield Teomp, m = 88K and Tiomp, 1, = 135K, as shown in
Fig. 6.1 b). An InYDyIG/Pt bilayer is therefore a promising candidate for further SSE,
spin pumping and SMR measurements, since it should allow for the separate study of
magnetization and angular momentum compensation and their impact on spin current
transport.

! Master thesis in progress
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Figure 6.1: a) Simulation of the total magnetization (black) and angular momentum (red) in DyIG,
with Teomp, M = 238K and Teomp, 1, = 330K. b) Total magnetization (black) and angular
momentum (red) in InYDyIG, with Tcomp, M = 88K and Toomp, 1, = 135 K.

6.2.2 Investigation of the spin canting phase

The SMR measurements in this thesis yielded a sign change of the SMR ratio in GdIG/Pt
in the compensation region, and we attributed this to the spin canting phase. In order to
confirm this model and obtain a deeper understanding of the mechanisms involved in the
SMR effect, further investigations will be necessary. The width of the temperature region,
in which the spin canting takes place, increases with the external magnetic field strength
[53]. Therefore, SMR experiments in GAIG/Pt as a function of external magnetic field
should enable us to extract a magnetic field vs temperature phase diagram similar to the
one shown in Fig. 1.7 [53] and delimit the spin canting phase.

Furthermore, we expect that at Tiomp m, the critical field above which spin canting
occurs, does not vanish, but is finite due to the magnetic anisotropy of the sample. The
calculations in Ref. [53] neglect such anisotropies, but our simulation can be extended to
include magnetic anisotropies in order to reproduce our experimental results. This should
then also allow for a better understanding of the behaviour of the magnetic anisotropy
near Toomp, M and/or Teomp, 1.-

Assuming we can observe the spin canting phase in SMR measurements, they are still
an indirect observation of the sublattice magnetization orientation. A complementary
experiment allowing for a more direct measurement of the spin canting phase will therefore
be of great interest. To the best of our knowledge, no spin current transport experiments
have been performed using magnetic insulators in the spin canted phase yet (except for
those presented in this thesis). Clearly, the interplay between spin current and spin
canting phenomena would be an interesting topic for further research.

Bernasconi et al. [53] successfully conducted Faraday rotation experiments in GAIG
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films of 0.49 mm thickness: since the Faraday rotation is related to the orientation of the
individual sublattice magnetizations [93], when the magnetizations enter the spin canting
phase, a change of the rotation angle is observed.

The Faraday rotation, based on light transmission, is proportional to the sample thick-
ness (as long as light transmission is still possible) and is therefore difficult to detect in
our thin films. One instead could use the magneto-optical Kerr effect, which stems from
the same phenomena as the Faraday effect [94], but is based on reflection and can thus
be detected in thin films. Such measurements were already conducted at the WMI in
ferromagnetic materials [95].

This thesis gave a first glimpse at the interesting and complex properties of spin current
transport in magnetically compensated materials, and provided first models to explain the
observed effects. Our results however also gave rise to new questions, and we proposed
future experiments as continuation of this work, which will hopefully yield answers and a
deeper understanding of spin current physics in FMI/Pt bilayers.



Appendix A

Temperature calibration:
Determination of microwave heating in
the Pt layer

In a magnetically compensated material we can make use of the characteristic temperature
dependence of the coercive field around the compensation temperature to calibrate the
heating induced in the Pt layer by the microwave radiation.

The microwave electric field is proportional to the square root of the microwave power

E x \/Pow (A.1)

and therefore induces a current I,y < 1/R- E o< 1/R+/Ppy. The Joule heating is then
given as

Piowle = I, - R X Py - 1/R (A.2)

with R the resistance of the Pt layer. This Pt resistance is also temperature dependent,
so that with increasing heating power, the resistance changes. Nevertheless, this change
in the InYGdIG/Pt sample is of the order of 1QK™! (determined from the temperature
calibration in another setup, see Fig. 5.2) and can be neglected.

We therefore expect that the temperature increase of the sample is directly proportional
to the microwave power. Comparing measurements at different cryostat temperatures
but constant microwave power, with measurements at constant cryostat temperature but
varying microwave power, will thus allow us to determine the microwave induced heating.

The results of the dc voltage measurements in InYGAIG/Pt at a constant microwave
power of 18dBm = 63mW as a function of the cryostat temperature are discussed in
Sect. 4.2.2 and the extracted coercive field is shown as orange dots in Fig. A.1 a). A
linear approximation can be used to interpolate the experimental data (orange line). We
repeated these voltage measurements for different microwave powers at a constant cryostat
temperature of Tt,y, = 70 K and again extracted the coercive field. The results can be
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Figure A.1: a) The coercive field as a function of Ty, at a constant microwave power of 18 dBm is
represented by orange dots, the orange line is a linear interpolation of the experimental
data. The black dots represent the coercive field at Ti;y, = 70K at different microwave
powers. b) A new temperature is attributed to each microwave power (black dots), the red

line represents a linear fit to the data.

compared to the coercive field obtained from the previous measurements and are plotted
as black dots in Fig. A.1 a) with their corresponding microwave power.

We can now attribute a temperature to each microwave power as shown in Fig. A.1 b)
and indeed find a linear temperature dependence of the additional heating. Using a linear
fit (red line in Fig. A.1 b)), the temperature at zero microwave power can be extrapolated
to about 55 K. We find a temperature difference of 18 K between on and off switching of
the microwave heating, so that Tyumpie= Teryo+ 18 K.

This calibration is valid in the temperature range around the compensation temperature,
but the measurements described here do not give us any information whether the correction
is the same over the whole temperature range. In general, thermalization effects have
to be taken into account, since the thermal coupling of the sample to the environment
depends on the gas flow and temperature difference between sample and gas.

Due to this issue the temperature scale was not corrected in the measurement data,
but the power dependent measurements shall at least give an idea of the temperature
deviation between sample and cryostat sensor.
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