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Chapter 8

Simultaneous detection of the spin-Hall
magnetoresistance and the spin-Seebeck effect
in Pt and Ta on YIG

Abstract

The spin-Seebeck effect (SSE) in platinum (Pt) and tantalum (Ta) on yttrium iron gar-
net has been investigated by both externally heating the sample (using an on-chip Pt
heater on top of the device) and by current-induced heating. For SSE measurements, ex-
ternal heating is the most common method to obtain clear signals. Here we show that
also by current-induced heating it is possible to directly observe the SSE, separate from
the also present spin-Hall magnetoresistance (SMR) signal, by using a lock-in detection
technique. Using this measurement technique, the presence of additional second order
signals at low applied magnetic fields and high heating currents is revealed. These sig-
nals are caused by current-induced magnetic fields (Oersted fields) generated by the used
ac current, resulting in dynamic SMR signals.

8.1 Introduction

F
or the investigation of pure spin transport phenomena, yttrium iron garnet (YIG)
is shown to be a very suitable candidate. YIG is a ferrimagnetic insulating mate-

rial having a low magnetization damping as well as a very low coercive field. In com-
bination with a high spin-orbit coupling material such as platinum (Pt), many differ-
ent experiments have been performed, showing spin pumping [1–4], spin transport
[5, 6] and spin-wave manipulation [7–9], as well as the recently discovered spin-Hall
magnetoresistance (SMR) [10–15].

Recently also experiments were performed showing the spin-Seebeck effect [16–
19] (SSE) as well as the spin-Peltier effect [20] in YIG|Pt systems. The SSE is observed
when a temperature gradient is present over a ferromagnetic/non-magnetic inter-
face. In a YIG|Pt system, this temperature gradient causes the creation of thermal
magnons, resulting in transfer of angular momentum at the YIG|Pt interface, gener-
ating a pure spin-current into the Pt [19]. This spin-current can then be detected elec-
trically via the inverse spin-Hall effect (ISHE). So far, most experiments on the SSE
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are performed using external heating sources to create a temperature gradient over
the device. Interestingly, Schreier et al. [21] showed that a clear SSE signal can also be
extracted from more easily performed current-induced heating experiments. In their
experiments a temperature gradient is created by sending a charge-current through
the detection strip. A disadvantage of their measurement method is the presence of
a much larger signal originated from the SMR, which should be subtracted to reveal
the SSE signal.

In this chapter we investigate both the SSE and the SMR in a YIG-based device,
showing the possibility to simultaneously, but separately, detect the SSE and the
SMR by using a lock-in detection technique. Whereas Schreier et al. only performed
their measurements applying high magnetic fields, fully saturating the magnetiza-
tion of the YIG, we show that when lowering the applied magnetic field, dynamic
behavior of the magnetization of the YIG can be picked up as an additional second
order signal. Only by using a lock-in detection technique these signals can be sep-
arately detected and analyzed. Having platinum (Pt) or tantalum (Ta) as detection
layer, we investigate the evolution of the SSE and the SMR signal as a function of
the magnitude and the direction of the applied field, focusing especially on their
low-field behavior.

The first experiments described in this chapter show SSE measurements where a
temperature gradient is generated by externally heating the sample using a Pt strip
on top of the device. By using devices consisting of both Pt and Ta on YIG, we
confirm the opposite sign of the spin-Hall angle for Ta and Pt [22, 23]. In the secondly
shown experiments, the samples are heated by current-induced heating through the
metal detection strip, such that both the SSE and the SMR are present. Additionally
detected second harmonic signals for low applied fields and high heating currents
are discussed and ascribed to dynamic behavior of the magnetization of the YIG,
caused by the applied ac current. Finally, we derive a dynamic SMR term, which is
used to explain the observed features.

The same kind of experiments could as well be used for detection of spin-transfer
torque effects on the magnetization of the YIG, such as the generation of spin-torque
ferromagnetic resonance as formulated by Chiba et al. [24]. However, as will be
shown in this chapter, when applying low magnetic fields and high currents, the
detected magnetization behavior is dominated by current-induced magnetic fields
(such as the Oersted field). So, to be able to detect any effect of the spin-transfer
torque, its contribution should be increased, for example by decreasing the YIG
thickness.
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8.2 Sample characteristics

For the experiments shown in this chapter, two Hall-bar shaped devices have been
used, one consisting of a 5-nm-thick Pt layer and the other of a 10-nm-thick Ta layer.
The Hall-bars have a length of 500 µm and a width of 50 µm, with side contacts of
10 µm width. Both Hall-bars are deposited on top of a 4× 4 mm2 YIG sample, by dc
sputtering.

The used sample consists of a 200-nm-thick layer of YIG, grown by liquid-phase
epitaxy on a single-crystal (111)Gd3Ga5O12 (GGG) substrate. The YIG magnetization
shows isotropic behavior of the magnetization in the film plane, with a low coercive
field of only 0.06mT [4, 12].

For external heating experiments, a Ti|Pt bar of 5|40 nm thick is deposited on
top of both Hall-bars, separated from the main channel by a 80-nm-thick insulating
Al2O3 layer. The size of the heater is 400 × 25 µm2. Finally, both Hall-bars and Pt
heaters are contacted by thick Ti|Au pads (5|150 nm). All structures are patterned
using electron-beam lithography. Before each fabrication step the sample has been
cleaned by rinsing it in acetone; no further surface treatment has been carried out. A
microscope image of the device is shown in Fig. 8.1(a).

8.3 Measurement methods

To observe the SSE, two measurement methods have been investigated. At first,
to generate a clear SSE signal, a temperature gradient is created using an external
heating source to heat one side of the sample. In our case, we have a Ti|Pt strip on
top of the Hall-bar, electrically insulated from the detection channel, which can be
used as an external heater. By sending a large current (up to 10 mA) through the
heater, the strip will be heated by Joule heating. Hereby, a temperature gradient will
be formed over the YIG|Pt(Ta) stack, giving rise to the SSE.

A second method to generate the SSE is the generation of a temperature gradient
by current-induced heating through the detection strip. In this case a charge-current
is sent through the Hall-bar itself, which also leads to Joule heating, resulting in a
temperature gradient over the YIG|Pt(Ta) stack. As the Hall-bar is directly in contact
with the YIG, also the SMR will be present when using this heating method.

To separately detect the SSE and the SMR signals, a lock-in detection technique
is used. Using up to three Stanford SR-830 lock-in amplifiers, the first-, second-, and
higher-harmonic voltage responses of the system are separately measured. As the
SMR signal scales linearly with the applied current, its contribution will be picked
up as a first harmonic signal. Similarly, the SSE scales quadratically with current, so
its contribution will be detected as a second harmonic signal. For lock-in detection
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an ac current is used with a frequency of 17 Hz. The magnitude of the applied ac
currents is defined by their rms values.

Evaluating the working mechanism of the lock-in detection technique in more
detail [see section 3.2.1], shows that in order to obtain the linear response signal of
the system, both the measured first harmonic signal as well as the third harmonic
signal have to be taken into account. Including both harmonic signals following the
analysis explained in section 3.2.1, we find the shown first order response. Note
that the measured second harmonic signal is directly plotted, without any correc-
tions. More information about the effect of taking into account the third and fourth
harmonic signals is given in section 8.6.1.

In all experiments, an external magnetic field is applied to define the direction of
the magnetization M of the YIG. The direction of the applied field is defined by α0,
which is the in-plane angle between the current direction (along x̂) and the applied
field direction, as it is marked in Fig. 8.1(a). Not only experiments at high satura-
tion magnetic fields are performed; also the low-field behavior is investigated. The
applied magnetic field strength was measured by a LakeShore Gaussmeter (model
421) using a transverse Hall-probe, to correct the set magnetic field for any present
remnant field. All measurements are carried out at room temperature.

8.4 Results and discussion

8.4.1 Spin-Seebeck effect by external heating

For the external heating experiment an ac current is sent through the top Pt strip as
marked in Fig. 8.1(a). By measuring the second harmonic voltage signals along the
Hall-bar, the SSE is detected via the ISHE in Pt and Ta. Fig. 8.1(b) shows the typical
SSE signals for both YIG|Pt and YIG|Ta samples for an applied field perpendicular
to the longitudinal direction of the Hall-bar (α0 = −90◦). Changing the sign of B
(and thus M ) changes the sign of the signal, as the spin-polarization direction of
the pumped spin-current is reversed. Due to the low coercive field of YIG almost
no hysteresis is observed for the reversed field sweep. For the YIG|Pt and YIG|Ta
sample opposite magnetic field dependence is observed, proving the opposite sign
of the spin-Hall angle for Pt versus Ta.

As the spin-polarization direction of the generated spin-current is dependent on
the direction of the YIG magnetization, the SSE/ISHE voltage shows a sine shaped
angular dependence with a period of 360◦. By rotating the sample in a constant
applied magnetic field of 50 mT, this angular dependence is detected as is shown in
Fig. 8.1(c). Also here the effect of the opposite sign of the spin-Hall angle, for Ta
compared to Pt, is clearly visible.
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Figure 8.1: (a) Microscope image of the device structure, consisting of a Pt or Ta Hall-bar
detector (bottom layer) and a Pt heater (top layer), separated by an insulating Al2O3 layer.
Ti|Au pads are used for contacting the device. For external heating experiments, the device is
contacted as marked. The applied field direction is given by α0, as defined in the figure. (b)
Second harmonic voltage signal generated by the SSE for a fixed magnetic field direction of
α0 = −90◦ and (c) angular dependence of the SSE signal applying a magnetic field of 50 mT,
in both Pt and Ta.

From Fig. 8.1 it is observed that the SSE signal for the YIG|Ta sample is almost
a factor 10 smaller than for the YIG|Pt sample (VSSE,Pt/VSSE,Ta = −9.8). To compare,
we calculate the expected ratio from the theoretical description of the SSE voltage,
as reported by Schreier et al. [17]:

VSSE = CYIG ·∆TmeGrθSHρlη
λ

t
tanh

(
t

2λ

)
, (8.1)

where CYIG contains all parameters describing properties of YIG, including some
physical constants (defined in Ref. [17]), so CYIG is constant for both the YIG|Pt and
the YIG|Ta sample. ∆Tme is the temperature difference between the magnons and
electrons at the YIG|metal interface. Gr, θSH, ρ, λ, t, and l are the real part of the
spin-mixing conductance, the spin-Hall angle, resistivity, spin-diffusion length, and
thickness of the normal-metal layer (Pt or Ta), and the distance between the voltage
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contacts, respectively. η is the backflow correction factor, defined as

η =

[
1 +Grρλ coth

(
t

λ

)]−1
. (8.2)

In Chapter 7 [14] we have determined the real part of the spin-mixing conduc-
tance at the YIG|Pt interface (Gr = 4.4× 1014 Ω−1m−2), the spin-Hall angle (θSH,Pt =

0.08), and the spin-diffusion length (λPt = 1.2 nm) of Pt. For the YIG|Ta sample
we take the magnitude of these system parameters as reported by Hahn et al. [15]
(Gr = 2× 1013 Ω−1m−2, θSH,Ta = −0.02, and λTa = 1.8 nm). As a check, we also used
these parameter values to calculate the first order SMR signals for Ta, and found
good agreement with the measured signals (not shown).

To get an estimate for VSSE,Pt/VSSE,Ta we assume ∆Tme to be constant for both
samples. By inserting the values of the mentioned parameters, the dimensions of the
Hall-bars, and the measured resistivity of the Pt and Ta layers (ρPt = 3.4× 10−7 Ωm
and ρTa = 3.5×10−6 Ωm, respectively), we find VSSE,Pt/VSSE,Ta = −10.6, which is close
to the experimentally observed ratio.

8.4.2 Current-induced spin-Seebeck effect

The second method used to detect the SSE is by current-induced heating through
the metal detection strip itself, as recently was reported by Schreier et al. [21]. In this
section we show that we can achieve more directly similar results, by using a lock-in
detection technique. By this technique, the SSE signals can directly be detected as
a second harmonic signal, fully separated from the SMR signal, which shows up in
the first harmonic response. Furthermore, the lock-in detection technique enables us
to reveal and investigate additional signals appearing when applying low magnetic
fields.

The inset of Fig. 8.2(c) shows a microscope image of the sample, marking the po-
sition of the current and voltage probes for the current-induced heating experiments.
The magnetic field direction is again defined by α0. This measurement configuration
is similar to the method used to detect transverse SMR [12, 14] and therefore we ex-
pect to observe SMR in the first order signal, as is shown in Figs. 8.2(a) and 8.2(b). In
Fig. 8.2(b) it is observed that down to very low applied magnetic fields, the average
magnetization direction of the YIG nicely follows the applied field direction, result-
ing in the sin(2α0) angular dependence as expected for the SMR [11]. Only for the
lowest applied field of 0.9 mT a small deviation of the signal around α0 = ±90◦ is ob-
served, showing this field strength is not sufficient to assume M being (on average)
fully along the applied field direction.

Similar to the external heating experiment, the SSE signal shows up in the sec-
ond harmonic signal. Figs. 8.2(c) and 8.2(d) show the magnetic field dependence
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Figure 8.2: Current-induced heating experiments on the YIG|Pt sample. (a) Magnetic field
dependence of the first order resistance for α0 = 0◦, showing the SMR signal for applied
ac currents of 4 mA and 8 mA. (b) Angular dependence of the first order SMR signal for
Iac = 8 mA, for applied magnetic fields of 0.9 mT, 1.8 mT, and 100 mT. (c) and (d) show
the corresponding second harmonic voltage signals, respectively. For applied magnetic fields
above 10 mT, the second harmonic response only shows the SSE signal. For low applied
magnetic fields an additional signal is observed on top of the SSE signal. The black symbols
in both figures are a guide for the eye. They show equal measurement conditions comparing
the results shown in both figures. The inset of (c) shows the used measurement configuration.

and angular dependence of the detected second harmonic signal, respectively. Com-
paring the shape of the second harmonic data of the external heating experiments
[Fig. 8.1(b)] to the current-induced heating experiments [Fig. 8.2(c)], an enhanced
signal is observed in Fig. 8.2(c) for fields of a few mT. This additional signal cannot
be explained by the angular dependence of the SSE or by the rotation of M in the
plane towardsB (by which the first harmonic SMR peaks in Fig. 8.2(a) are explained
in chapter 6 [12]).

The angular dependence of this additional signal, as presented in Fig. 8.2(d),
shows that besides an increased amplitude of the SSE signal [black symbols in Figs.
8.2(c) and 8.2(d)], also at α0 = ±90◦ additional peaks appear for low applied fields.
By increasing the applied magnetic field, all extra signals disappear, leaving the ex-
pected SSE signal showing a 360◦ periodic angular dependence.
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Figure 8.3: ac current dependence of the second harmonic voltage for an applied field of (a)
0.9 mT and (b) 50 mT. For the shown experiments, the transverse current-induced heating
measurement configuration has been used. The vertical dashed lines mark the data plotted
in (c), which shows the ac current dependence of the magnitude of the signal at α0 = 0◦ for
B = 0.9 mT (red dots) and B = 50 mT (black squares) and the average magnitude of the
peaks (peak to peak) around α0 = ±90◦ for B = 0.9 mT (blue triangles). The dashed lines are
a guide for the eye.

To further characterize the additionally observed features at low applied mag-
netic fields, also their ac current dependence has been measured and these results
are shown in Fig. 8.3. It can be seen that the current dependence is very similar to
the shown magnetic field dependence, giving maximal additional signals for low ap-
plied fields and high applied ac currents. From Figs. 8.3(a) and 8.3(b), the magnitude
of the signal at α0 = 0◦ is extracted and plotted separately in Fig. 8.3(c). As can be
seen from this figure, for both the applied magnetic field of 0.9 mT [Fig. 8.3(a)] and
50 mT [Fig. 8.3(b)], the amplitude of the signal quadratically scales with the applied
ac current. The magnitude of the peaks around α0 = ±90◦, plotted in blue in Fig.
8.3(c), increases faster than quadratically, pointing to the presence of higher order
effects.

To fully exclude the SSE being the origin of the additionally detected signals, the
current-induced heating measurements were repeated on the YIG|Ta sample. Results
of those measurements are shown in Fig. 8.4. The applied current in those experi-
ments is only 1.9mA, limited by the high resistance of the Ta bar (ρTa = 3.5 × 10−6

Ωm). In both Figs. 8.4(a) and 8.4(b) it can be seen that the high-field signal nicely
changes sign compared to the YIG|Pt data, as predicted for the SSE/ISHE, because
of the opposite sign of the spin-Hall angle of Ta compared to Pt. Contrarily, the
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low-field peak in the magnetic field sweep [Fig. 8.4(a)] keeps the same sign as in
the YIG|Pt sample [Fig. 8.2(c)], showing the SSE cannot be the origin of this phe-
nomenon. Furthermore, this result also excludes the observed feature being origi-
nated by any other effect linearly related to the spin-Hall angle of a material. So,
possible deviations of M caused by spin-transfer torque, due to a spin-current cre-
ated via the SHE, cannot directly be used to explain the observed features. Note that
the SMR signal depends quadratically on the spin-Hall angle [10, 14], which makes
any effect related to the SMR a likely candidate for explaining the observed features.

Summarizing, the current-induced heating experiments show that when apply-
ing a sufficiently high magnetic field (> 10 mT), the SMR and SSE can be simultane-
ously, but separately, detected using an ac current combined with a lock-in detection
technique. By this method the SSE can thus be very easily and directly detected,
without being interfered with the SMR signal. Furthermore, it is observed that for
low magnetic fields, and/or high heating currents, additional signals appear on top
of the SSE. The origin of these additional signals might be related to the SMR effect,
which will be discussed in more detail in the next section.

8.4.3 Dynamic spin-Hall magnetoresistance

During the measurements, large ac currents are sent through the Hall-bar structure,
which can generate magnetic fields. One source of these magnetic fields will be Oer-
sted fields Boe generated around the Hall-bar, perpendicular to the current direction.
As the Hall-bar structure is very thin compared to its lateral dimensions, the Oersted
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Figure 8.4: second harmonic response of the transverse voltage for the YIG|Ta sample. (a)
Magnetic field sweep for α0 = 0◦ and (b) angular dependence for two different applied mag-
netic fields (0.9 mT and 50 mT), the dashed line is a guide for the eye. The SSE signal (=
signal at high field) has opposite sign compared to the YIG|Pt sample, whereas the low-field
behavior is similar for both samples. The black symbols in the figures point out the equal
measurement conditions comparing both figures.
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field above/below the center of the bar can be estimated using the infinite plane ap-
proximation: Boe = µ0I

2w , where µ0 is the permeability in vacuum, I is the applied
current, and w is the width of the Pt bar. Note that the generated field in this case is
independent of the distance from the plane, so the full thickness of the YIG below the
Hall-bar will be exposed to this field.1 For example, for an applied current of 8 mA,
an Oersted field of 0.1 mT will be generated, which is significant compared to an ap-
plied magnetic field of 0.9 mT. Therefore, for low applied fields, the magnetization
direction of the YIG will also be affected by the generated Oersted field.

As we are dealing with ac currents, the generated Oersted field (and any other
current-induced magnetic field) will continuously change sign, which might cause
M to oscillate around the applied field direction. In this case, α (defining the di-
rection of M ) is current-dependent [25], giving rise to dynamic equations for both
the SMR and the SSE. The current-dependent behavior of the SMR signal is derived
starting from the equation for transverse SMR [10, 14]

VT,SMR = IRT,SMR = ∆R1Imxmy + ∆R2Imz, (8.3)

where ∆R1 and ∆R2 are resistance changes dependent on the spin-diffusion length,
spin-Hall angle and spin-mixing conductance of the system, as defined in Refs. [10,
14]. mx,y,z are the components of M pointing in respectively the x̂-, ŷ-, and ẑ-
direction (where ẑ is the out-of-plane direction). mx and my can be expressed as
sin(α) and cos(α), respectively. As the applied magnetic field is in-plane, as well
as the generated Oersted field, combined with the large demagnetization field of
YIG for out-of-plane directions, mz will be small and therefore neglected in further
derivations.

Small oscillations of M , due to the presence of ac current generated magnetic
fields, result in a current-dependent SMR signal, which can be expressed in first
order as

VT,SMR(I) ≈ VT,SMR(α0) + I
dVT,SMR

dI

∣∣∣∣
α0

, (8.4)

where α0 gives the equilibrium direction of M around which it is oscillating (as-
suming it to be equal to the applied field direction, as concluded from the measured
first harmonic SMR response). Calculating the derivative in Eq.(8.4), using Eq.(8.3),
neglecting mz , and keeping in mind that α is dependent on I , gives

dVT,SMR

dI

∣∣∣∣
α0

= ∆R1 sin(α0) cos(α0) + ∆R1I cos(2α0)
dα
dI

. (8.5)

The first term on the right side of Eq. (8.5) describes the first order response
(linear with I), showing the expected transverse SMR behavior given by Eq. (8.3).

1This approximation was checked by modeling the system using COMSOL Multiphysics, showing
indeed a nearly constant Oersted field at least several hundreds of nanometers above/below the plane.
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The second term is a second order response (R2,SMR) and will therefore show up in
addition to the expected SSE signal. dα

dI is the term which includes the deviation of
M due to current-induced magnetic fields, and its magnitude is dependent on both
α0 and the magnitude of the total magnetic field (applied field, coercive field and
the current-induced fields). For large applied magnetic fields, the current-induced
magnetic fields will have a negligible effect on M , so dα

dI goes to zero, leaving only
the SSE signal in the second harmonic signal (as is observed). Note that also in
the described external heating experiments Oersted fields are generated, influencing
M , but there the dynamic SMR signal will not be detected, as the SMR itself is not
present.

To find an expression for dα
dI , first the direction of M (given by α) is defined,

taking into account the Oersted fields (causing ∆α):

α = α0 + ∆α = α0 + atan
(
Boe

Bex

)
cos(α0), (8.6)

where Bex is the applied magnetic field and atan(Boe
Bex

) is the maximum deviation
of M from α0, which is the case for α0 = 0◦ (Bex perpendicular to Boe, neglecting
any other field contributions). From Eq. (8.6) now dα

dI (= dα
dBoe

dBoe
dI ) can be derived,

finding
dα
dI

=
µ0

2w

Bex

B2
ex +B2

oe
cos(α0). (8.7)

Substituting the derived equation for dα
dI in Eq. (8.5), we calculate the expected

second harmonic SMR signal due to dynamic behavior of M , caused by the current-
induced Oersted field as

R2,SMR = ∆R1
µ0

2w

Bex

B2
ex +B2

oe
cos(2α0) cos(α0). (8.8)

Additional to R2,SMR, also the SSE will be present as a second harmonic signal,
showing cos(α0) behavior with an amplitude independent from the applied mag-
netic field strength. The amplitude of the SSE signal can be derived from the high-
field measurements shown in Fig. 8.3(b) and Fig. 8.4(b).

Figs. 8.5(a) and 8.5(b) show the total calculated second harmonic voltage signal
for the YIG|Pt sample, taking into account both the SSE, extracted from the measure-
ments, and the dynamic SMR term, given by Eq.(8.8) (where V2,SMR is obtained from
the relation V2,SMR = (I2/

√
2)R2,SMR). For the calculation of ∆R1 system parameters

from chapter 7 [14] are used. Both the calculated current dependence [Fig. 8.5(a)] and
the calculated magnetic field dependence [Fig. 8.5(b)] show features similar to the
measurements; only their magnitude and exact shape do not fully match. Follow-
ing the explanation of the lock-in detection method as described in section 3.2.1, we
find that these discrepancies are mainly caused by the presence of a non-negligible
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fourth harmonic signal (and possibly even higher harmonics). When determining
the second order response of the system, taking into account the measured second
and fourth harmonic signals, the peaks observed around α0 = ±90◦ get wider and
smoother, more closely reproducing the calculated signals as presented in Fig. 8.5.

The amplitude of the overall calculated signal is slightly larger than the measure-
ments, up to a factor 1.6 (even after taking into account the fourth harmonic signal).
One reason for this discrepancy might be that, for the calculations, only the applied
magnetic field and the generated Oersted field are taken into account, neglecting any
other present fields. For example, the coercive field of the YIG is assumed to be ab-
sent, as well as the effect of spin-torque and the presence of non-uniform magnetic
fields. These additional fields will influence the amplitude of the oscillations of M ,
giving a different value for dα

dI than the assumed deviation from only Boe and Bex.
Furthermore, the assumed perfect cos(α0) behavior of dα

dI might also be disturbed by
the presence of these other fields. Secondly, in the calculations it is assumed thatM is
fully aligned with the total magnetic field, which might not always be the case, as we
investigate the system applying magnetic fields approaching the coercive field of the
YIG. Therefore, the definition of α0 can be slightly off from the assumed ideal case.
Full characterization of the magnetization dynamics of the system and the magnetic
field distribution would be needed to be able to give a more complete theoretical
analysis of the observed features.

The same calculations have been repeated for the YIG|Ta system. The system
parameters needed to calculate ∆R1 are taken from Ref. [15], as given in section
8.4.1. As a check, these system parameters first were used to calculate the first order
SMR signal, finding good agreement with the measured signals (not shown). For
the calculated second harmonic signal again it is found that the amplitude of dα

dI
has to be lowered to be able to reproduce the measured behavior. When lowering
the calculated dα

dI by a chosen scaling factor of 0.5, results as shown in Fig. 8.5(c)
are obtained. Comparing the calculated angular dependence to the measurement
as shown in Fig. 8.4(b), good agreement is found in the observed behavior. Note
that for the YIG|Ta system the contribution of the fourth harmonic term is much less
pronounced, as the applied current is only 1.9 mA (compared to 8 mA for the YIG|Pt
experiments).

Following the derivation of the dynamic SMR as explained above, also dynamic
SSE signals can be expected. As the SSE is a second order effect, any dynamic SSE
signals are expected to appear as a third order signal. Measurements of the third
harmonic signal indeed show additionally appearing signals at low applied mag-
netic fields, but these additional signals are one order of magnitude too large to
be explained by the derived possible dynamic SSE signals. This shows that other
higher harmonic effects are present, which makes it at this moment impossible to
exclusively extract any contribution of possibly present dynamic SSE signals.
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Figure 8.5: (a) Current dependence and (b) magnetic field dependence of the calculated sec-
ond harmonic response, including the dynamic SMR [from Eq.(8.8)] and the SSE for the YIG|Pt
system. (c) Calculated second harmonic response for the YIG|Ta sample using a scaling factor
for dα

dI of 0.5. For all calculations the SSE signal is extracted from the measurements.

Concluding this section, the dynamic SMR is a good candidate for explaining
the observed low-field second harmonic behavior. For both the YIG|Pt and YIG|Ta
sample, the features observed in the experiments can be well reproduced by the dy-
namic SMR model. However, one has to keep in mind that more nonlinear effects are
present, such that higher harmonic signals need to be taken into account. Further-
more, the derived model is not sufficient to fully be able to reproduce the measured
data. Further analysis of the magnetization dynamics in the YIG at low applied fields
and high applied currents is necessary to be able to derive a more complete model.

8.5 Summary

We have shown the detection of the SSE in YIG|Pt and YIG|Ta samples by both exter-
nal heating and current-induced heating. The external heating experiments directly
show the SSE and clearly show the effect of the opposite spin-Hall angle for Ta com-
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pared to Pt. For the current-induced measurements, besides the SSE, the SMR is
also present. By using a lock-in detection technique we are able to simultaneously,
but separately, measure the SSE and the SMR signals. Investigation of the low-field
behavior of the SMR and SSE reveals an additional second harmonic signal. This
additional signal is explained by the presence of a dynamic SMR signal, caused by
alternating Oersted fields. Calculations show reproducibility of the observed second
harmonic features; however further analysis of the magnetization dynamics in the
YIG is needed to derive a more complete model of the system behavior.

8.6 Supplementary information

8.6.1 Higher harmonics included

By making use of the lock-in detection technique it is shown to be possible to simul-
taneously, but separately, detect the SMR and SSE. However, upon decreasing the
applied magnetic field (or increasing the applied current), the system starts to show
additional signals: Besides the expected first and second harmonic signals, caused by
the SMR and SSE respectively, also non-negligible higher harmonics start to appear.

Following the principle of lock-in detection, which is explained in section 3.2.1,
taking into account the first up to the fourth harmonic signal, the first order resis-
tance response of the system is given by

R1 =
1

I0
(V1 + 3V3). (8.9)

Similarly, the second order response is calculated as

R2 =

√
2

I20
(V2 + 4V4). (8.10)

From these equations it is clear that R1 (R2) is not directly proportional to V1
(V2): To obtain the first (second) order response R1 (R2) of the system, also the third
(fourth) harmonic signal V3 (V4) has to be included.

For the current-induced SSE and SMR measurements described in this chapter,
Fig. 8.6 shows the effect of including the higher harmonic responses of the system
(up to the fourth harmonic), compared to assuming them to be negligible. For this
comparison Eq. (8.9) and Eq. (8.10) are used. In Figs. 8.6(a) and 8.6(c) V3 and V4 are
assumed to be zero, whereas in Fig. 8.6(b) and 8.6(d) the measured third and fourth
harmonic response have been taken into account, respectively. From these figures it
can be concluded that in our low-field measurements the higher harmonic signals
are not negligibly small, and thus should be accounted for.
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Figure 8.6: Evaluation of Eq. (8.9) for a selected set of measurements: (a) assuming V3 = 0

and (b) including the measured values of V3 [as in Fig. 8.2(b)]. Similarly for Eq. (8.10): (c)
assuming V4 = 0 [as in Fig. 8.2(d)] and (d) including the measured values of V4.

In Figs. 8.2(a) and 8.2(b), the first order response of the system is plotted, taking
into account the measured third harmonic voltage response as given by Eq. (8.9), and
shown in Fig. 8.6(b). For the other figures presented in this chapter, regarding the
second order response of the system, the measured second harmonic lock-in voltage
V2 is directly plotted. From these measurements, to find the second order response of
the system, Eq. (8.10) should be evaluated, including both V2 and V4. Taking this cor-
rection into account, the observed features of V2 slightly change, as is shown in Fig.
8.6(d), more closely following the expected behavior from the calculated dynamic
SMR signal.
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