
 

 

 University of Groningen

Spin transport and dynamics in magnetic insulator/metal systems
Vlietstra, Nynke

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Vlietstra, N. (2016). Spin transport and dynamics in magnetic insulator/metal systems. [Thesis fully internal
(DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/ab7521c4-c286-49cd-877b-061ea7b7aa98


6

Published as: N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and J. Ben Youssef – “Spin-Hall
magnetoresistance in platinum on yttrium iron garnet: Dependence on platinum thickness and
in-plane/out-of-plane magnetization,” Phys. Rev. B 87, 184421 (2013).

Chapter 6

Spin-Hall magnetoresistance
in Pt on YIG: Dependence on Pt thickness and
in-plane/out-of-plane magnetization

Abstract

The occurrence of spin-Hall magnetoresistance (SMR) in platinum (Pt) on top of yttrium
iron garnet (YIG) has been investigated, for both in-plane and out-of-plane applied mag-
netic fields and for different Pt thicknesses (3, 4, 8, and 35 nm). Our experiments show
that the SMR signal directly depends on the in-plane and out-of-plane magnetization di-
rections of the YIG. This confirms the theoretical description, where the SMR occurs due
to the interplay of the spin-orbit interaction in the Pt and the spin-mixing conductance
at the YIG|Pt interface. Additionally, the sensitivity of the SMR and spin pumping sig-
nals on the YIG|Pt interface conditions is shown by comparing two different deposition
techniques (e-beam evaporation and dc sputtering).

6.1 Introduction

Platinum (Pt) is a suitable material to be used as a spin-current to charge-current
converter due to its strong spin-orbit coupling [1]. A spin-current injected into

a Pt film will generate a transverse charge-current by the inverse spin-Hall effect
(ISHE), which can then be electrically detected. The ISHE has been used to detect,
for example, spin pumping into Pt from various materials such as permalloy [2] (Py)
and yttrium iron garnet (YIG) [3–5]. For the opposite effect, to use Pt as a spin-
current injector, a charge-current is sent through the Pt, creating a transverse spin
accumulation by the spin-Hall effect (SHE) [6–8].

Recently, Weiler et al. [9] and Huang et al. [10] observed magnetoresistance (MR)
effects in Pt on YIG and related those effects to magnetic proximity. These MR ef-
fects have been further investigated by Nakayama et al. [11] and they found and ex-
plained a new magnetoresistance, called spin-Hall magnetoresistance (SMR) [11, 12].
A change in resistance due to SMR can be explained by a combination of the SHE
and the ISHE, acting simultaneously. When a charge-current ~Je is sent through a Pt
strip, a transverse spin-current ~Js is generated by the SHE following ~Je ∝ ~σ × ~Js



6

74 6. Spin-Hall magnetoresistance in Pt on YIG

Pt

YIG 

σ

Je

(a) (c)(b)

M
Jabs

Pt

YIG 

σ

Je

M

Jrefl

Pt

YIG 

σ

Je

M

Jabs

Jrefl

Figure 6.1: Schematic drawing explaining the SMR in a YIG|Pt system. (a) When the magne-
tization ~M of YIG is perpendicular to the spin polarization ~σ of the spin accumulation created
in the Pt by the SHE, the spin accumulation will be absorbed ( ~Jabs) by the localized moments
in the YIG. (b) For ~M parallel to ~σ, the spin accumulation cannot be absorbed, which results
in a reflected spin-current back into the Pt, where an additional charge-current ~Jrefl will be
created by the ISHE. (c) For ~M in any other direction, the component of ~σ perpendicular to ~M

will be absorbed and the component parallel to ~M will be reflected, resulting in a current ~Jrefl

which is not collinear with the initially applied current ~Je.

[13–16], where ~σ is the polarization direction of the spin-current. Part of this created
spin-current is directed towards the YIG|Pt interface. At this interface the electrons
in the Pt will interact with the localized moments in the YIG as is shown in Fig.
6.1. Depending on the magnetization direction of the YIG, electron spins will be ab-
sorbed ( ~M ⊥ ~σ) or reflected ( ~M ‖ ~σ). By changing the direction of the magnetization
of the YIG, the polarization direction of the reflected spins, and thus the direction
of the additional created charge-current, can be controlled. A charge-current with a
component in the direction perpendicular to ~Je can also be created, which generates
a transverse voltage.

In this chapter, the angular dependence of the SMR in Pt on YIG is investigated
for different Pt thicknesses (3, 4, 8, and 35 nm) and different deposition techniques
(e-beam evaporation and dc sputtering), for applied in-plane as well as out-of-plane
magnetic field sweeps, revealing the full magnetization behavior of the YIG.1 All
measurements are performed at room temperature. The magnitude of the SMR is
shown to be dependent on the magnetization direction of the YIG, as well as on
the Pt thickness, indicating its relation to the spin diffusion length. Also the used
deposition technique is found to be an important factor for the magnitude of the
measured signals.

1Nakayama et al. [11] also investigated the out-of-plane behavior of the SMR, but only for saturated
magnetization directions, which are fully aligned to the applied field
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6.2 Sample characteristics

Pt Hall-bars with thicknesses of 3, 4, 8, and 35 nm were deposited on YIG by dc
sputtering. Similar Pt Hall-bars were also deposited on a Si|SiO2 substrate, as a ref-
erence. Finally a sample was fabricated where a layer of Pt (5 nm) was deposited on
YIG by e-beam evaporation. Fig. 6.2(a) shows the dimensions of the Hall-bars. The
thickness of the deposited Pt layers was measured by atomic force microscopy with
an accuracy of ±0.5 nm. The used YIG (single-crystal) has a thickness of 200 nm and
is grown by liquid phase epitaxy on a (111) Gd3Ga5O12 (GGG) substrate. By using
a vibrating sample magnetometer, the magnetic field dependence of the magnetiza-
tion was determined, as shown in Fig. 6.2(b). The magnetic field dependence shows
the same magnetization behavior for all in-plane directions, indicating isotropic be-
havior of the magnetization in the film plane, with a low coercive field of only 0.06
mT. To saturate the magnetization of this YIG sample in the out-of-plane direction,
an external magnetic field higher than the saturation field (µ0Ms = 0.176 T) [5] has
to be applied.

6.3 Results and discussion

6.3.1 In-plane magnetic field dependence

The longitudinal resistance of the Pt strip was measured (using a current I = 100

µA) while sweeping an externally applied in-plane magnetic field. For subsequent
measurements the magnetic field was applied for different in-plane angles α, as de-
fined in Fig. 6.3(a). As the in-plane magnetization of YIG shows isotropic behavior
with a coercive field Bc of only 0.06 mT, its magnetization will easily align with the
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Figure 6.2: (a) Schematics of the used Pt Hall-bar geometry. (b) In-plane magnetic field de-
pendence of the magnetization M of the pure single-crystal of YIG. Bc indicates the coercive
field of 0.06 mT.
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applied in-plane magnetic field. It was observed that the measured longitudinal re-
sistance is dependent on the direction of the applied magnetic field, and thus of the
magnetization direction of the YIG, as can be seen in Fig. 6.3(c) for the YIG|Pt [4nm]
sample. For clarity, a background resistance R0 of 1007 to 1008 Ω was subtracted in
the plots (the small change in R0 between different measurements occurred due to
thermal drift). A maximum in resistance was observed when the magnetic field was
applied parallel to the direction of the charge-current Je (α = 0◦). The resistance
was minimized for the case where B and Je were aligned perpendicular (α = 90◦).
These results are consistent with the SMR as described by Fig. 6.1 and as observed
by Nakayama et al. [11]. The measured resistivity for the longitudinal configuration
can be formulated as [11]

ρL = ρ0 −∆ρmy
2, (6.1)

where ρ0 is a constant resistivity offset, ∆ρ is the magnitude of the resistivity change,
which can be calculated from the measurements, giving ∆ρ = 2×10−10 Ωm, and my

is the component of the magnetization in the ŷ-direction.
The same experiments were repeated for the transverse resistance, where the re-

sistance was measured perpendicular to the current path as shown in Fig. 6.3(b).
Also in this configuration it was found that the measured resistance depends on the
direction of the applied in-plane magnetic field, as shown in Fig. 6.3(d) for the YIG|Pt
[4nm] sample. Here a maximum resistance is observed for α = 45◦, and a minimum
for α = 135◦. The observed SMR resistivity for the transverse configuration can be
formulated as [11]

ρT = ∆ρmxmy, (6.2)

where mx is the component of the magnetization in the x̂-direction. From the shown
measurements, a ratio ∆RL/∆RT ≈ 7 is found, which is close to the expected ratio
of 8, following from the ratio between the length of the longitudinal and transverse
channel, combined with equations (6.1) and (6.2).

For both the longitudinal and the transverse configuration, there is a peak and/or
dip observed around +Bc for all measurements. This can also be explained by the
above described SMR. While sweeping the magnetic field (here from negative to pos-
itive B), the magnetization of the YIG will change direction when passing +Bc [see
Fig. 6.2(b)]. Due to its in-plane shape anisotropy, the magnetization of the YIG will
rotate fully in-plane towards B. This rotation of M results in a change in measured
resistance, passing the maximum and/or minimum possible resistance, which is ob-
served as a peak and/or dip around +Bc (when sweeping the field from positive to
negative B, a peak/dip will occur at −Bc). Similar features were not observed by
Huang et al. [10] and Nakayama et al. [11]. They do observe some peaks and dips,
but these do not cover the maximum and minimum possible resistances, and thus do
not show the full rotation of the magnetization in the plane. The absence of the full
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Figure 6.3: Results of the in-plane magnetic field dependence of the resistance of the Pt strip
with a thickness of 4 nm. Configuration for (a) longitudinal and (b) transverse resistance
measurements. (c) and (d) show the measured resistance of the Pt strip while applying an
in-plane magnetic field for different angles α, for the longitudinal and transverse configura-
tions, respectively. R0 has a magnitude between 1007 and 1008 Ω. (e) Thickness dependence of
the measured magnetoresistance for YIG|Pt and SiO2|Pt samples. ∆RL is defined as the maxi-
mum difference in longitudinal resistance [RL(α = 0◦)−RL(α = 90◦)], andR0 isRL(α = 0◦).
The solid red line is a theoretical fit [11, 12].
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peaks and dips can be explained by the different magnetization behavior of their YIG
samples, showing higher coercive fields and switching of the magnetization which
is probably dominated by non-uniform reversal processes.

The resistance measurements for the in-plane magnetic fields were repeated for
all different samples. A summary of these measurements is shown in Fig. 6.3(e).
Here ∆RL is defined as the difference between the maximum (α = 0◦) and minimum
(α = 90◦) measured longitudinal resistance, and R0 is RL(α = 0◦). The shown thick-
ness dependent measurements are in agreement with data as published by Huang
et al. [10], though they do not relate their results to SMR. The red line shows a theo-
retical fit [11, 12] of the SMR signal. The position and width of the peak are mostly
determined by the spin relaxation length λ of Pt, and the magnitude of the signal
by a combination of the spin-Hall angle θSH and the spin-mixing conductance G↑↓
of the YIG|Pt interface. For the shown fit, λ = 1.5 nm, θSH = 0.08, G↑↓ = 1.2 × 1014

Ω−1m−2, and a thickness dependent electrical conductivity as used in Ref. [17] were
used.

When YIG is replaced by SiO2, the SMR signal totally disappears, showing the
effect is indeed caused by the magnetic YIG layer. More notable, the e-beam evapo-
rated Pt layer on YIG did show only a very low SMR signal (≈ 10−5). This suggests
that the spin-mixing conductance (which is determined by the interface) [18] is an
important parameter for the occurrence of SMR.

6.3.2 Out-of-plane magnetic field dependence

To further investigate the characteristics of the Pt layer, also the transverse resistance
was measured while applying an out-of-plane magnetic field, as shown in Fig. 6.4(a).
The Pt layers on the Si|SiO2 substrate showed linear behavior with transverse Hall
resistances of 1.3± 0.05, 0.9± 0.05, and 0.3± 0.05 mΩ for Pt thicknesses of 4, 8, and
35 nm, respectively, at B = 300 mT. These results, due to the normal Hall effect, are
in agreement with the theoretical description RHall = RHB/d, where RH = −0.23 ×
10−10 m3/C is the Hall coefficient of Pt [19] and d is the Pt thickness.

For the YIG|Pt samples, results of the out-of-plane measurements are shown in
Fig. 6.4(b). At fields lower than the saturation field, a large magnetic field depen-
dence is observed. The magnitude of this dependence decreases with Pt thickness
and disappears for the thickest Pt layer of 35 nm. The occurrence of this magnetic
field dependence can be explained by the SMR, using the results of the in-plane
measurements as shown in Fig. 6.3(d), because for applied fields lower than the
saturation field, the magnetization of the YIG still has an in-plane component. To
investigate its effect on the transverse resistance measurements, the direction of the
in-plane magnetization in the YIG should be known. To achieve this, the external
magnetic field was applied with a small intended deviation φ from the out-of-plane
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Figure 6.4: Results of the out-of-plane magnetic field dependence of the transverse resistance.
(a) Configuration for the transverse resistance measurements. φ is defined as a rotation from
the ẑ- towards the−ŷ-direction, whereas θ gives a rotation from the ẑ- towards the x̂-direction.
(b) Magnetic field dependence of the transverse resistance for different thicknesses of Pt on
top of YIG, for φ = −1◦ and θ = 1◦. (c) Dependence of the transverse resistance on θ, fixing
φ = −1◦, pointing out the effect of the direction of the in-plane component of the applied
magnetic field on the observed signal. (d) Theoretical fits of the SMR signal for out-of-plane
applied fields lower than the saturation field, assuming a linear background resistance, as
shown by the dotted red line. For all shown measurements, a constant background resistance
of 10 to 900 mΩ is subtracted.

ẑ-direction towards the −ŷ-direction as defined in Fig. 6.4(a). This small deviation
results in a small in-plane component of the applied field, which controls the magne-
tization direction of the YIG. Using this configuration the sign of the signal due to the
SMR can be checked according to Fig. 6.3(d) by varying the direction of the in-plane
component of the applied magnetic field. Fig. 6.4(c) shows results applying an exter-
nal field fixing φ = −1◦ for various angles θ, where θ is an additional rotation from
the ẑ- towards the x̂-direction. According to the theory of the SMR and also compar-
ing the results shown in Fig. 6.3(c), a maximum additional resistance due to SMR is
expected for an in-plane magnetic field with α = 45◦, which is the direction of the
in-plane component when applying a magnetic field choosing φ = −1◦ and θ = 1◦.
Similarly, for φ = θ = −1◦, the in-plane component of the field will be α = 135◦, re-
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sulting in a minimum additional resistance. Results as shown in Fig. 6.4(c) confirm
that the sign and magnitude of the magnetic field dependence are consistent with
the SMR observed for in-plane fields. The shape of the curve can be explained by
the dependence of the resistance on the direction of M , as only the component of σ
parallel to M (σM ) will be reflected. For out-of-plane applied fields, σM is given by
σM = σ cosβ cosα, where β is the angle by which M is tilted out of the x̂ŷ-plane.
Using the Stoner-Wohlfarth Model [20] (explained in more detail in section 2.3), for
an applied field in the ẑ-direction, it was derived that β = arcsin(b), where b = B/Bs
andBs is the saturation field. Assuming that the transverse resistivity change due to
SMR scales linearly with the in-plane component of σM (σM,in-plane = σM cosβ), this
gives (for applied fields close towards the ẑ-direction and φ = θ = ±1)

ρT = ±1

2
∆ρ(1− b2). (6.3)

Two fits using this equation are shown in Fig. 6.4(d). For both fitted curves, an
assumed linear background resistance, as indicated by the dotted red line, is also
added. The derived fits are in good agreement with the measured data for applied
fields below the saturation field, which confirms the presence of SMR and its de-
pendence on the magnetization direction [12, 21, 22], also for out-of-plane applied
fields.

Also for the out-of-plane measurements a peak and/or a dip is observed at zero
applied field. These peaks and dips have the same origin as those observed for
the in-plane measurements, which is the rotation of the magnetization in the plane
towards the new magnetic field direction.

For applied magnetic fields above the saturation field, no in-plane component
of M is left, but still a small magnetic field dependence is observed. At B = 300

mT, transverse resistances of 10.1 ± 0.1, 5.1 ± 0.1, 1.5 ± 0.1, and 0.3 ± 0.05 mΩ were
measured for Pt thicknesses of 3, 4, 8, and 35 nm, respectively. So for thin Pt lay-
ers, at applied fields above the saturation field, an increased transverse resistance is
observed compared to the SiO2|Pt sample. Possible origins of this difference might
be related to the imaginary part of the spin-mixing conductance, or to the (spin-)
anomalous Hall effect.

6.3.3 Comparison of e-beam evaporated and dc sputtered Pt

In addition to the thickness and angular dependence of the SMR signal, also the
difference in the signal for two deposition techniques, e-beam evaporation and dc
sputtering, was investigated. It was observed that the e-beam evaporated Pt layer
did show very low SMR effects compared to the sputtered layers. To compare, Fig.
6.5(a) shows the out-of-plane transverse measurement for both the sputtered (4 nm)
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and evaporated (5 nm) Pt layers. The value of the signal at applied fields higher than
the saturation field is the same, but the additional signal which is ascribed to SMR is
lowered by a factor of 7.

As the evaporated Pt layer showed lower SMR signals compared to the sput-
tered Pt layers, the effect of using a different deposition technique on the spin pump-
ing/ISHE signal was also investigated. By using an RF magnetic field, the magne-
tization of the YIG was brought into resonance. During resonance, a spin-current is
pumped into the Pt layer where it is converted in a charge-current by the ISHE. A
more detailed description of the used measurement technique can be found in chap-
ter 4 [5] and in section 3.2.3. Fig. 6.5(b) shows a measurement of the spin pumping
voltage for both e-beam evaporated Pt and dc sputtered Pt on YIG. An RF frequency
and power of 1.4 GHz and 10 mW, respectively, were used to excite the magneti-
zation precession in the YIG. The same measurement was repeated for different RF
frequencies between 0.6 and 4 GHz, all at a power of 10 mW (not shown). For all
measurements, the spin pumping signal of the evaporated Pt layer was found to be
a factor 12 smaller than the signal of the sputtered layer. This change in magnitude
of the signal shows the difference of the YIG|Pt interface between both deposition
techniques, determining a probable difference in the spin-mixing conductance. As
e-beam evaporation is a much softer deposition technique compared to dc sputter-
ing, the spin-mixing conductance at the YIG|Pt interface might be lower in case of
evaporation, resulting in less spin pumping [18, 23]. Also the structure of the Pt lay-
ers might be different, resulting in different spin-Hall angles and/or different spin
diffusion lengths.
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Figure 6.5: Comparison of (a) transverse resistance for an out-of-plane applied magnetic field,
and (b) spin pumping/ISHE signal (using an RF frequency of 1.4 GHz with a power of 10mW)
for Pt on top of YIG, deposited by e-beam evaporation (E) and dc sputtering (S).
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6.4 Summary

In summary, the SMR in Pt layers with different thicknesses (3, 4, 8, and 35 nm),
deposited on top of YIG, was investigated for both in-plane and out-of-plane ap-
plied magnetic fields. In-plane magnetic field scans clearly show the presence of
SMR for the transverse as well as the longitudinal configuration. Out-of-plane mea-
surements present a magnetic field dependence which can also be assigned to the
SMR. The sign and magnitude of the SMR signal are shown to be determined by
the magnetization direction of the YIG. Further, thickness dependence experiments
show that the SMR signal decreases in magnitude when increasing the Pt thickness.
No SMR signals were observed for SiO2|Pt samples. For Pt layers deposited by e-
beam evaporation, in stead of dc sputtering, the found SMR signals are decreased
by a factor of 7. Also spin pumping experiments show reduced signals for e-beam
evaporated Pt compared to sputtered Pt. The difference in spin pumping signals and
SMR signals shows the possible importance of the YIG|Pt interface, and connected
to this, the spin-mixing conductance, for these kinds of experiments.
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