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Chapter 1

Introduction

1.1 Electronics

The utilization of the electron charge in electronics has revolutionized our way
of life, from how we communicate or run our households to fully automatized

production lines. The crucial invention for all of this was that of the transistor, for
which W. B. Shockley, J. Bardeen and W. H. Brattain from Bell labs received the No-
bel prize in physics in 1956. They showed that by sending an electrical current from
a point-contact to a base contact through the semiconductor germanium, the elec-
trical current between a closely spaced second point-contact and the base contact is
significantly enhanced. Such a point-contact transistor has the ability to efficiently
amplify a signal carried by the charge of electrons or even act as an on/off switch.
Up to then large, costly and fragile tube amplifiers were used, which limited their
application in mass production devices or telecommunication systems. The discov-
ery of the point-contact transistor led to the development of the silicon based field
effect transistor (FET), which relies on an electric field to generate a conducting path
between two similarly doped contacts. Nowadays a microprocessor contains bil-
lions of FET’s, bringing large amounts of processing power to the mass and leading
to an explosive economical growth in the last century.

1.2 Spintronics

Our use of computers, mobile devices and the internet could never have been real-
ized without the existence of cheap and easily available information storage devices.
Interestingly in our modern hard drives not the charge of the electron but its angular
momentum or spin is used, making it a spintronic device. The giant magnetoresis-
tance effect (GMR) discovered by A. Fert [1] and P. Grünberg [2] in 1988 makes it
possible to read out the magnetic state of a tiny magnetic domain, as the resistance
of a contacting GMR read head will differ between a parallel or antiparallel mag-
netic alignment. Every magnetic domain will therefore act as a bit with a distinct
“1” and “0” memory state. Together with the successful down scaling of the size of
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a stable bit, hard disks can pack over 15 GBit/cm2 dramatically lowering the cost
per bit over the years. The large impact of the GMR effect earned its discoverers
the Nobel price in physics in 2007. Furthermore spin-transfer torque driven random
access memory (STT-RAM), where the electron spin is used for fast switching be-
tween two memory states, is expected to replace dynamic RAM in the near future
[3]. Other spintronic devices are considered for application as well and can bring
new or improved functionality [4].

1.3 Thermoelectrics

Heat and electric transport in conductors have been investigated separately for a
long time. It is therefore not surprising that the thermoelectric effects, coupling
them, were discovered in the early 19th century. First T. J. Seebeck demonstrated
that a closed circuit made of two metals would disturb the orientation of a com-
pass needle, when the two junctions connecting the materials are kept at different
temperatures. The Seebeck effect is caused by the coupling between heat and elec-
trical transport in the metals, which drives an electrical current through the circuit
producing a magnetic field. Not long after, J. C. A. Peltier showed that the opposite
thermoelectric effect also exist, where a current sent through a junction between two
metals leads to cooling or heating of the junction. The efficiency of a thermoelectric
device is given by its figure of merit, ZT = σS2T/κ, which besides the Seebeck coef-
ficient (S) depends on the electrical (σ) and thermal (κ) conductivity of the material.
Therefore an enhancement of the Seebeck coefficient, like in certain semiconductors,
will not automatically lead to more efficient thermoelectric devices. For ZT → ∞
it approaches the Carnot efficiency, but so far it has proven difficult to find ma-
terials with a ZT > 3. However promising work is done on materials specifically
tailored to optimize ZT, such that they will hopefully find their way into future ther-
moelectric devices for converting waste heat in cars, power plants, etc. into usable
energy[5, 6].

1.4 Spin caloritronics

The important applications in spintronics and thermoelectrics makes it interesting
to look at the combination of both, the coupling between spin and heat transport.
This field of spin caloritronics [7, 8] has seen some early pioneering work [9, 10, 11]
but the discovery of the spin Seebeck effect in 2008 [12] really boosted the research
effort on the subject. This led to the development of thermally induced spin sources
in magnetic metals [13, 14], semiconductors [15] and insulators [16]. In this thesis we
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will present experiments focused on new spin caloritronic effects as well as trying
to improve the understanding of the physics behind them. Hopefully in the future
this will lead to applications where these effects are used to improve or add func-
tionality to present electronic and spintronic components. For instance in thermal
spin-transfer torque RAM, programmable nano heater/coolers or even a full spin
caloritronic device in the form of thermal excitation [17], propagation [17, 18] and
amplification [19] of spin currents.

1.5 Outline of this thesis

In this thesis the first four chapters will discuss new spin caloritronic effects in met-
als, based on spin-dependent electron transport. The last two chapters on the other
hand treat spin caloritronics in a magnetic insulator, where contrary to metals not
the spin of independent electrons but their collective effects, concerning magnons,
are used. It is important to note that these effects are distinctly different and that
they can both be observed in magnetic conductors. In all experimental chapters
next to a full experimental investigation, much effort is put in linking the results to
a physical model.

Chapter 2 discusses the spin-dependent thermoelectric effects and heat transport
in ferromagnetic metals in the framework of a two spin channel model. The basic
transport and thermoelectric physics needed to understand the spin caloritronic ef-
fects in metals is introduced. Furthermore the Onsager reciprocity relations relating
the spin caloritronic effects to each other are reviewed. Finally spin-transfer torque
is discussed.

Chapter 3 presents the experimental observation of the spin-dependent Peltier ef-
fect for a metallic ferromagnet. Depending on the magnetic configuration of the
spin valve nanopillar, heating or cooling occurs at the magnetic|non magetic metal
interfaces. The temperature difference this creates at the bottom of the spin valve is
picked up by a thermocouple. Using a three dimensional finite element model (3D-
FEM) the observed temperature difference is related to a spin-dependent Peltier po-
larization, which via Onsager reciprocity is compared with earlier spin-dependent
Seebeck measurements.

Chapter 4 demonstrates that also the thermal conductivity in a spin valve nanopil-
lar is spin-dependent. The temperature of the bottom of the nanopillar is shown
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to change with its magnetic configuration, while a platinum Joule heater delivers a
constant heating power to it. To be able to experimentally observe this the tempera-
ture for the two spin directions in our nanopillar have to be different and this has to
be maintained across the normal metal spacer layer. Therefore inelastic scattering of
the electrons, which thermalizes the (spin-dependent) electron temperatures, needs
to be sufficiently weak. A 3D-FEM of the measurement indeed shows a surprisingly
weak inelastic scattering.

Chapter 5 investigates the spin-transfer torque efficiency difference between a volt-
age and temperature bias applied across a spin valve nanopillar. Furthermore the
thermally induced spin-transfer torque is quantified and the experimental difficulty
in separating it from overall heating effects is discussed using a thermal 3D-FEM.

Chapter 6 discusses the collective spin caloritronic effects due to thermal magnons,
specifically in magnetic insulators. Our ferrimagnetic insulator of choice, yttrium
iron garnet (YIG), is reviewed together with its use as a pure spin current genera-
tor via the spin pumping mechanism. Spin waves are treated and it is shown that
thermally induced magnons and the spin Hall effect in platinum are able to explain
the spin Seebeck effect. Furthermore, additions to the 3D-FEM, needed to model the
spin caloritronic effects in magetic insulators, are explained with special attention to
the YIG|platinum boundary conditions.

Chapter 7 presents the first experimental observation of the spin Peltier effect and
builds on the basic physics supplied in the previous chapter. It is shown that by
applying a spin current to an interface with YIG, via the inverse spin Hall effect,
thermal magnons in the YIG are excited or annihilated, depending on the spin cur-
rent polarization. These thermal magnons will then transfer heat away or towards
this interface, which can be detected by a thermopile close by. Using a 3D-FEM that
models the magnon and phonon temperatures the effects can be simulated and an
estimation of the magnon-phonon coupling strength is given. Furthermore it shows
that it is indeed the Onsager reciprocal of the spin Seebeck effect.

Appendix A briefly describes the fabrication and measurement techniques used
throughout this thesis.
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[4] I. Žutić and S. Das Sarma, “Spintronics: Fundamentals and applications,” Reviews of
Modern Physics 76, pp. 323–410, 2004.

[5] C. Heiliger and B. K. Meyer, “Advances in Thermoelectric Materials,” Physica Status
Solidi (a) 210, pp. 67–68, 2013.

[6] M. S. Dresselhaus and L. E. Bell, “Reflections on thermoelectrics,” Nature nanotechnol-
ogy 8, p. 469, 2013.

[7] G. E. Bauer, A. H. MacDonald, and S. Maekawa, “Spin Caloritronics,” Solid State Com-
munications 150, pp. 459–460, 2010.

[8] G. E. W. Bauer, E. Saitoh, and B. J. van Wees, “Spin caloritronics,” Nature materials 11,
pp. 391–9, 2012.

[9] M. Johnson and R. Silsbee, “Thermodynamic analysis of interfacial transport and of the
thermomagnetoelectric system,” Physical Review B 35, pp. 4959–4972, 1987.

[10] L. Gravier, S. Serrano-Guisan, and J.-P. Ansermet, “Spin-dependent Peltier effect in
CoCu multilayer nanowires,” Journal of Applied Physics 97, p. 10C501, 2005.
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Chapter 2

Spin-dependent transport in metals

Abstract

In this chapter the basic physics concepts that are needed to understand the work in the
upcoming chapters on spin-dependent transport in metals are treated. First, electrical
and heat transport in a free electron gas model are reviewed and the two main thermo-
electric effects, the Seebeck and Peltier effect, and the Onsager reciprocity relation con-
necting them are explained. Using a two channel diffusion model, the spin-dependency of
these transport and thermoelectric mechanisms is discussed and a short summary of the
research progress on each separate subject is given. At the end the spin-transfer torque
mechanism is evaluated as it is an important development in the field of spintronics and
will be investigated in the form of thermally induced torque in chapter 5.

2.1 Electrical transport

F
or metals the electrons in the outer shell of each atom in the crystal lattice are free
to move through the material and therefore contribute to the electrical conduc-

tion. For a perfect crystal the electron wave packet would be able to move through
the periodic lattice potential without any scattering. In reality no lattice is perfect
and scattering of the electrons with thermal lattice vibrations (phonons) as well as
with impurities and lattice defects leads to a finite electrical conductivity (σ) in met-
als. The higher the density of scattering centers is the lower σ will be, as the dis-
tance between two scattering events, the mean free path (le), will become smaller.
The electrical current density ( ~Je) in metals, when applying a voltage gradient (~∇V )
across it, is given by Ohm’s law [1]:

~Je = −σ~∇V (2.1)

where σ =
ne2τe
m

for a free electron gas, with n the number of electrons per unit

volume, e the elementary charge, m the electron mass and τe is the momentum
randomization time.

According to Matthiessen’s rule [1] 1/τe = 1/τph+1/τR where τph is the momen-
tum randomization time due to electron-phonon scattering and τR due to residual
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scattering from impurities and lattice defects. In a reasonably pure and crystalline
metal τph dominates, especially at high temperatures where more phonons are avail-
able. In Fig. 2.1(a) the Fermi sphere and Fermi-Dirac distribution of the electrons is
given in equilibrium (dashed line) and in a steady state with an electric field present
producing an ~Je (solid line). Above the Debye temperature (TD), which corresponds
to the material’s highest energy phonon mode, the phonon wave vector will be large
enough to scatter an electron from one side of the Fermi sphere to the other. On such
scatter event, depicted by the line and arrow in Fig. 2.1(a), is enough to randomize
the electron momentum, or in other words τph is equal to the time between two
scatter events [1, 2].

2.2 Heat transport

Heat transport can be seen as a flow of energy that can either be carried by magnons,
phonons or electrons. For many materials the phonons are responsible for the trans-
port of energy or heat from warm to colder parts of the material. However, for pure
and clean metals heat transport is dominated by the large amount of free electrons
that are available. The electronic heat current density ( ~JQ) is related to the heat
gradient (~∇T ) across the metal as follows [1]:

~JQ = −κe~∇T (2.2)

where the heat conductivity for a free electron gas κe =
π2nk2

BTτQ
3m

[1], with kB the

Boltzmann constant, T the temperature and τQ the energy randomization time.
The Wiedemann-Franz law, κe

σ = LT [3] where L is the Lorenz number, is a
manifestation of the important role electrons play in the heat transport in metals.
It shows that the ratio of the electrical and thermal conductivity for all metals is
constant at a given temperature. A temperature difference across a metal gives a
Fermi sphere and Fermi-Dirac distributions for the electrons as shown in Fig. 2.1(b).
Above the Debye temperature the warm electrons with a negative kx are scattered
by phonons to the other side of the Fermi sphere, thereby randomizing the thermal
energy and τQ is equal to the time between two scatter events. This means that for
T≥TD holds that τQ ∼ τe (Fig. 2.1(a) and Section 2.1), such that the ratio of κe and σ
defined above indeed gives a linear scaling with T. Note however that for T�TD the
Wiedemann-Franz does not hold as scattering with the low energy phonons needs
multiple scatter events to randomize the momentum, while the energy is random-
ized by inelastic scattering as depicted by the small arrows in Fig. 2.1(b), leading to
a different temperature scaling for τe and τQ [2, 4].
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Figure 2.1: (a) The Fermi sphere is shifted towards higher kx, relative to the equilibrium
situation (dotted circle), when ~Je is sent through the metal. For T≥TD electrons colliding
with phonons will be scattered to the other side of the Fermi sphere thereby almost reversing
their momentum, depicted by the line and arrow. This leads to randomization of the electron
momentum and consequently a finite electrical conductivity (σ). At the bottom the Fermi-
Dirac distribution is shown for the steady state (solid line) and in equilibrium (dashed line).
(b) Applying a temperature difference across a metal leads to heat being transported from
the hot to the cold side, predominantly by diffusion of the electrons. This leads to a different
Fermi-Dirac distribution for the electrons moving from the hot to the cold side than vice
versa. Around room temperature scattering with phonons leads to a randomization of the
thermal energy transported in the +x and -x direction and consequently gives a finite thermal
conducitivity (κ), such that the Wiedemann-Franz law holds. At low temperatures this is
not the case as scattering with low energy phonons will not randomize thermal energy and
momentum equally, depicted by the short line and arrow.

Summarizing, for T≥TD the momentum and energy relaxation are τe ∼ τQ and
scattering is dominated by large angle elastic scattering, while for T�TD holds that
τe > τQ and scattering is dominated by small angle inelastic scattering. Note that
at temperatures close to absolute zero the phonons are frozen out and elastic scat-
tering by impurities or defects dominates. Similarly, if the metal exhibits a large
concentration of impurities and/or defects, elastic scattering can dominate up to
much higher temperatures. In both cases the dominant elastic scattering makes sure
that the Wiedemann-Franz law holds.
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(a) hot

cold

V
Seebeck voltage

metal A metal B

(b) Peltier cooling

metal A metal B

Je

Figure 2.2: (a) Connecting two different metals together on one side and keeping this junction
at a different temperature than the two other ends of the two metals gives a Seebeck voltage
across them. This Seebeck voltage is proportional to the difference in Seebeck coefficient of
the two metals and the temperature difference applied. These thermocouple devices are used
for temperature sensing. (b) The opposite Peltier effect is observed when an electric current
is sent through the same junction, causing the junction to be heated or cooled depending on
the electric current polarity.

2.3 Thermoelectrics

The strong connection between electrical and heat transport in metals becomes most
obvious when looking at the thermoelectric effects. Thermoelectricity consists of
two main effects, namely the Seebeck and Peltier effect. In the Seebeck effect a tem-
perature difference across a conductor leads to a voltage build up between the hot
and cold end, while the Peltier effect describes the heat carried by a charge current
flowing through a conductor. The Seebeck and Peltier effect are used for tempera-
ture sensing and electrical cooling/heating, respectively.

2.3.1 The Seebeck effect

The Seebeck voltage gradient (~∇V ) that builds up when applying a temperature
gradient (~∇T ) is proportional to the Seebeck coefficient (S).

~∇V = S~∇T (2.3)

Applying the same temperature difference across two different metals while elec-
trically contacting them one side, as depicted in Fig. 2.2(a), leads to a measurable
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Seebeck voltage of V = (SA − SB)∆T . If the Seebeck coefficient of both metals
is known and the temperature at one of the ends is set to a reference temperature,
then the temperature at the other end can be calculated from the measured Seebeck
voltage and the device acts as a thermocouple.

The physical origin of the effect in metals relies on the fact that when applying
a temperature gradient across a metal, the Fermi-Dirac distribution at the hot end
broadens compared to that at the cold end (see Fig. 2.1(b)). At the hot end more
electrons will occupy states above the Fermi energy, which diffuse towards the cold
side. On the other hand, at the cold side more electrons occupy states just below
the Fermi energy, which diffuse the opposite way towards the hot side. If the con-
ductivity for these states above and below the Fermi energy are equal, there is no
net result. However, if electrons at higher energy states, for instance, have a larger
conductivity than the lower energy electrons, these two currents will not cancel each
other and more electrons diffuse from the hot to the cold end and a Seebeck voltage
builds up across the metal. The relation between the Seebeck coefficient and the en-
ergy dependence of the conductivity is clearly illustrated in the thermoelectric Mott
formula [5, 6], which holds for simple metals:

S = −π
2

3

k2
BT

e

(
d(ln(σ(E)))

dE

)
E=EF

(2.4)

Using the Einstein relation, σ(E) = e2N(E)D(E), it becomes clear that the mag-
nitude of the Seebeck coefficient is given by the energy dependence of the density
of states (dN(E)/dE)E=EF

and the diffusion constant (dD(E)/dE)E=EF
. In other

words the Seebeck coefficient is determined by the band bending and energy de-
pendence of electron scattering close to the Fermi energy. The large amount of free
electrons and available states in pure metals normally gives a relatively small See-
beck coefficient as opposed to that in for instance semiconductors, where often large
band bending and strong sensitivity to doping is observed [2].

2.3.2 The Peltier effect

The Peltier heat current ( ~JQ,Π), carried by the electric current, is proportional to the
Peltier coefficient (Π).

~JQ,Π = Π ~Je (2.5)

Sending an electric current through a junction between two different metals, as de-
picted in Fig. 2.2(b), leads to the absorption or release of heat at the junction by the
electrons carrying the electrical current of ~JQ,Π = (ΠA−ΠB) ~Je. Changing the polar-
ity of the electrical current will switch between heating and cooling of the junction
and can thus be used for electrical cooling or heating devices.



12 2. Spin-dependent transport in metals

Comparing the Seebeck and Peltier effect, by looking at Fig. 2.2(a) and 2.2(b), a
clear link between the two effects shows up as they seem to be opposite mechanisms.
This link is substantiated by the Thomson-Onsager relation, Π = ST [7], which re-
lates the Peltier coefficient to the Seebeck coefficient and is further discussed in Sec-
tion 2.4. The physical origin of the Peltier effect relies on the fact that when sending
a current through a metal, at a finite temperature, electrons just above and just be-
low the Fermi energy will contribute to the electrical current (see Fig. 2.1(a)). Similar
to the Seebeck effect, if the conductivity of both are the same the electrical current is
equally carried by electrons just below and above the Fermi energy and no net heat
current is associated with the electrical current. However if the conductivity is en-
ergy dependent and for instance the electrons above the Fermi energy have a higher
conductivity, therefore carry more current, then energy or heat will be transported
by the electrical current.

2.4 Onsager reciprocity

The Thomson-Onsager relation given in the previous section relates the thermo-
electric Seebeck and Peltier to each other. Although experimental results confirmed
this relation it was only until much later that Onsager was able to formally derive
Thomson’s initial hypothesis. The Onsager reciprocity relations [8] for two or more
interdependent and irreversible processes in local equilibrium relate their general-
ized fluxes (Ji) to their generalized forces (Xi) in linear response as [8]:

Ji =
∑
j

LijXj (2.6)

Onsager proved that under the condition that
∑
iXiJi equals the total dissipation,

the coefficients giving the interdependence of the two processes are the same, Lij =

Lji with i 6= j.
Onsager reciprocity is widely used in various forms of transports [9, 10, 11] and

also holds for the thermoelectric Seebeck and Peltier effect [8, 12], when relating
the electric and heat currents to the their driving forces voltage and temperature
gradients, respectively:(

~Je
~JQ

)
= −

(
σ σST

σST κT

)(
~∇V
~∇T/T

)
(2.7)

The Peltier heat current here is given by ~JQ,Π = −σST ~∇V , which is indeed equal to
the one given in Eq. 2.5 for ~∇T = 0 with Je = −σ~∇V and Π = ST .
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2.5 Spin-dependent electrical transport

In ferromagnetic materials the electron spins interact strongly with each other, which
gives a finite magnetic moment below the Curie temperature and no applied mag-
netic field. The 3d transition metals Fe, Ni and Co are well known for their ferromag-
netic behaviour. The ferromagnetism in these 3d transition metals originates from
the unfilled 3d electronic band, where the electrons are localized within a small en-
ergy range. To minimize the Coulomb interaction the electrons will try to maximize
the separation between them by creating an antisymmetric spatial wave function.
According to the Pauli exclusion principle the total electron wave function has to be
antisymmetric, which means that the spin part of the wave function has to be sym-
metric or in other words the spins are aligned [13]. The exchange energy is defined
as the difference between the Coulomb energy for this ferromagnetic state and the
non magnetic or singlet state. In the Stoner model the up and down spin sub bands
are shifted with respect to each other by the exchange energy [14] (see Fig. 2.3(a)).

The electrical transport in 3d transition metals is mostly taken care of by the
electrons in the 4s and 4p band, which together form a free electron like sp band
(see Fig. 2.3(a)). In regions where this sp band and the 3d band overlap a strong
hybridization between the two takes place, such that the sp electrons are more lo-
calized or in other words have a lower electrical conductivity. From Fig. 2.3(a) it
then becomes clear that, because of the exchange interaction, the overlap of the sp
and d band is different for the spin up and spin down electrons at the Fermi energy
and consequently so is their conductivity [15].

2.5.1 Two channel model

In Eq. 2.1 the electrical current in metals is given as the diffusion of electrons along
a voltage gradient, when the size of the conductor is much larger than the electron
mean free path. Similarly, if the distance between spin flip scattering events is much
larger than the electron mean free path, then the electric current carried by the spin
up and spin down electrons can be described by separate diffusion equations (see
Fig. 2.6). (

~Je↑,e↓

)
~∇T=0

= −σ↑,↓~∇V↑,↓ (2.8)

where σ↑,↓ = σ(1± Pσ)/2 with σ = σ↑ + σ↓ and the conductivity polarization Pσ =

(σ↑ − σ↓)/σ.
Valet and Fert used this two channel model to describe collinear spin-dependent

electrical transport in ferromagnetic|non magnetic metal multilayers [16]. In a fer-
romagnetic metal an electrical current will be carried unevenly by the spin up and
down electrons because of the difference in conductivity, producing a spin current
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Figure 2.3: (a) The density of states for the spin up and spin down electrons in the sp free
electron like and the 3d exchange split bands in ferromagnetic 3d transition metals, accord-
ing to the Stoner model. The exchange interaction shifts the 3d spin sub bands with respect
to each other, such that the density of states at the Fermi energy (EF ) are different for the two
spin states. The strong hybridization of the sp and d band leads to a reduced conductivity at
energies where there is a strong overlap between the two, which gives a different conductiv-
ity for the spin up and down electrons at the Fermi energy [15]. (b) Sending a charge current
through a ferromagnetic (F)|non magnetic (N) interface leads to a spin accumulation build up
at this interface, as the spin polarized current running in F needs to be converted into a un-
polarized current in N. The spin accumulation falls of exponentially away from the interface,
governed by the material’s spin relaxation length λs. The conversion at the interface gives an
additional resistance at the interface, which is reflected by an extra voltage drop across the
bilayer of ∆V ). Note that any additional (spin-dependent) resistance from the interface itself
is neglected here as discussed in section 4.6.7.

(Js = J↑ − J↓). In a non magnetic metal the spin up and spin down conductivities
are the same and no spin current is produced when sending an electrical current
through it. However at a ferromagnetic|non magnetic metal interface the disconti-
nuity in the spin current leads to a build up of a spin accumulation (Vs = V↑ − V↓),
which follows from the requirement of continuity of spin up and down voltages
and conservation of spin up and down current [17]. In Fig. 2.3(b) the spin up and
spin down voltages at such an interface are given, causing an additional voltage
drop (∆V) to build up across the F|N bilayer. This ∆V reflects the resistance for the
conversion from a polarized current in the ferromagnet to an unpolarized current
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Figure 2.4: Spin-dependent electrical transport in a ferromagnetic|non
magnetic|ferromagnetic metal nanopillar stack. (a) The spin up (green), spin down
(blue) and the weighted average voltage profiles (dashed line) are given for parallel and
antiparallel alignment of the magnetization in the two ferromagnetic metal layers. (a) In
the parallel case the spin accumulation that builds up at both interfaces has opposite sign
and therefore almost fully cancel each other out in the non magnetic metal, leading to a
negligible voltage drop at the interfaces. (b) In the antiparallel case the spin accumulations
have the same sign and add up, producing a large spin accumulation in the non magnetic
metal and consequently a large voltage drops at both interfaces. (c) A characteristic spin
valve measurement, where by sweeping the applied magnetic field the orientation of the
two magnetizations switches from parallel to antiparallel alignment and vice versa. A
clear difference in the voltage across the nanopillar is observed between the parallel and
antiparallel alignment.

in the non magnetic metal. Note that any additional (spin-dependent) resistances
from the interfaces itself are neglected all through this chapter. This is reasonable
for the interface (spin-dependent) electrical resistance but in the case of the (spin-
dependent) thermal resistance the interface contribution might dominate over the
bulk contribution, as discussed in section 4.6.7.

The exponential decrease of the spin accumulation away from the interface, into
the bulk of the ferromagnetic and non magnetic material, is due to spin flip scatter-
ing events, where the excess spin angular momentum is transferred to the lattice.
This process is described by the Valet-Fert spin diffusion equation [16]

∇2Vs =
Vs
λ2
s

, (2.9)

where λs is the spin relaxation length. In pure metals spin relaxation originates from
spin-orbit interaction, which according to the Elliot-Yafet spin relaxation mechanism
leads to a mixing of the electron spin up and spin down state [18]. Every momen-
tum scattering event of an electron will therefore lead to additional mixing of the
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electron spin state with the opposite spin state. Depending on the spin-orbit cou-
pling strength, the electron spin state will be randomized after a certain amount of
momentum scattering events.

In Chapters 3, 4 and 5 ferromagnetic|non magnetic|ferromagnetic metal nanopil-
lar stacks are used (see Fig. 2.4(a)). If the magnetizations in both ferromagnetic
materials are aligned parallel, then the spin accumulations that build up at the two
interfaces have opposite sign and cancel each other. This gives a negligible total spin
accumulation in the non magnetic metal and the voltage drop at both interfaces is
negligible as well. However if the two magnetizations are aligned antiparallel the
spin accumulations that build up at both interfaces have the same sign, giving a
large spin accumulation in the normal metal as they add up. Consequently this
leads to a significant voltage drop across both interfaces. The change in spin accu-
mulation leads to distinct switches in the voltage measured across the pillar, for a
constant applied electrical current, when going from parallel to antiparallel align-
ment of the magnetizations and vice versa (see Fig. 2.4(c)).

The spin valve signal, commonly referred to as the giant magnetoresistance ef-
fect (GMR), was discovered by Fert [19] and Grünberg [20] and sees wide applica-
tion in hard disk read heads. Further investigation of electrical spin injection and
spin relaxation in metals was performed in non-local spin valve geometries [21, 22],
where the electrical current path used for spin injection does not pass through the
spin detection interface. The effect can be significantly enhanced by replacing the
non magnetic metal with a thin tunnel barrier [23] and at that time MgO based tun-
nel magnetoresistance (TMR) devices [24, 25, 26] were one of the prime candidates
for replacing D-RAM [27].

2.6 Spin-dependent thermoelectrics

The strong connection between electrical, spin and heat transport discussed above
could have interesting consequences in ferromagnetic metals (see Fig. 2.6). Already
early on this connection for thermoelectrics was discussed in terms of a thermomag-
netoelectric effect [28]. Pioneering experimental work by Sakurai et al. [29] and later
by Gravier et al. [30, 31] provided evidence for the existence of such spin-dependent
thermoelectric effects in ferromagnetic metals and since then research in the larger
field, known as spin caloritronics [32], has seen much progress and discoveries [33].

2.6.1 Spin-dependent Seebeck effect

In Section 2.5 it was shown that in ferromagnetic metals the electrical conductivity
is spin dependent because of a difference in overlap between the sp and d band
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Figure 2.5: (a) The spin-dependency of the Seebeck coefficients in a ferromagnetic metal (F)
leads to a spin current when applying a temperature difference across it. Contacting F with
a non magnetic metal (N) causes the build up of a spin accumulation at the F|N interface,
similar as for the electrical spin injection. The spin accumulations fall of exponentially away
from the interface as set by the material’s spin relaxation length. The spin current conversion
at the interface causes an additional voltage drop across the F|N bilayer (∆V). (b) The spin-
dependency of the Peltier coefficient in F gives that the Peltier heat current that is associated
with a current of spin-up electrons is different than that of an equal amount of spin-down
current. This means that when sending a pure spin current through a F|N stack, more heat
is removed from the interface than is provided in F (or vice versa) and the interface is cooled
(heated).

(see Fig. 2.3(a)). Furthermore in Section 2.3.1 it was discussed that the Seebeck
coefficient is given by the energy dependence of the electrical conductivity close to
the Fermi energy. Combining these two facts means that in ferromagnetic metals it
is likely to have a spin-dependent Seebeck coefficient, as the overlap between the sp
and d band will change differently with energy for the spin up and down electrons.
Analogous to Eq. 2.8, the spin up and down electrical currents due to the Seebeck
effect can then be defined separately (see Fig. 2.6).(

~Je↑,e↓

)
~∇V=0

= −σ↑,↓S↑,↓~∇T (2.10)

where S↑,↓ = S − 1
2 (Pσ ∓ 1)Ss with Ss = S↑ − S↓. The different Seebeck coefficient

for the two spin channels produces a spin current in the ferromagnetic metal when
applying a temperature gradient across it, which in an open circuit condition (Je =

0) is given by ~Js = σSs
2 (Pσ − 1)~∇T . Interestingly this leads to the build up of a spin

accumulation at a ferromagnet|non magnetic metal interface (see Fig. 2.5(a)) similar
as to spin-dependent electrical transport.
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Figure 2.6: A 4 by 4 spin-dependent matrix gives the relation between the spin-dependent
eletrical and heat currents and their driving forces the spin-dependent voltage and heat gra-
dients. The spin-dependent electrical conductivity, left top corner, provides a mechanism for
electrical spin injection from a ferromagnet into a non magnetic metal. At the top right corner
the spin-dependent Seebeck coefficients gives a mechanism for thermal spin injection with-
out an electrical current. The spin-dependent Peltier coefficients on the other hand lead to
spin-dependent heat currents carried by the spin up and spin down electron currents provid-
ing magnetic dependent heating or cooling of a ferromagnetic|non magnetic metal interface.
Finally at the bottom right, due to spin-dependent heat conductivities a difference between
the spin up and down temperatures builds up, a spin heat accumulation, when applying a
temperature gradient across a ferromagnetic|non magnetic metal interface.

The first experimental realization of thermal injection of a spin current was per-
formed by Slachter et al. [34], where they used a non local spinvalve geometry to
separate the thermal spin injection interface and the interface where the pure spin
current was detected. Follow up experiments by Dejene et al. [35] confirmed these
results in permalloy|copper|permalloy nanopillar stacks and determined the spin-
dependent Seebeck polarization for cobalt using similar structures. The generation
of a pure spin current from only a temperature gradient opens up new possibilities,
like thermally induced spin transfer torque [36, 37, 38], and is further fueled by re-
ports of it in tunnel magnetoresistance structures [39, 40, 41, 42] as well as in silicon
[43].
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2.6.2 Spin-dependent Peltier effect

The difference in the energy dependence of the conductivity for the two spin chan-
nels leads, next to a spin-dependent Seebeck effect, to a spin-dependent Peltier ef-
fect, as might be expected from Onsager reciprocity (see Section 2.4). The Peltier
heat current will therefore differ for the spin up and spin down electron currents
and analogous to Eq. 2.8 are defined separately (see Fig. 2.6).(

~JQ↑,Q↓

)
~∇T=0

= −Π↑,↓σ↑,↓~∇V↑,↓ (2.11)

where Π↑,↓ = Π− 1
2 (Pσ∓1)Πs with Πs = Π↑−Π↓. The different Peltier coefficient for

the two spin channels produces a spin-dependent Peltier heat current when send-
ing a charge current through it, which is given by ~JQ,Πs = Πs

2 (1 − Pσ)~∇Vs. Inter-
estingly when a pure spin current is sent across a ferromagnet|non magnetic metal
interface the spin-dependent Peltier effect leads to cooling or heating of it (see Fig.
2.5(b)). Switching the magnetization will switch between cooling or heating, creat-
ing a magnetically switchable local nanoscale cooling/heating element.

The first direct observation of the spin-dependent Peltier effect is discussed in
Chapter 3.

2.7 Spin-dependent heat transport

As discussed in Section 2.2 the Wiedemann-Franz law shows that in metals the
electrical and thermal conductivity are linearly related to each other. The spin-
dependent conductivity observed in ferromagnetic metals would therefore suggest
a similar spin dependency in the thermal conductivity. In that case heat along a
ferromagnetic metal will not be transported equally by the spin up and spin down
electrons and the spin-dependent heat current can be defined within the two chan-
nel model as follows (see Fig. 2.6)(

~JQ↑,Q↓

)
~∇V=0

= −κe↑,e↓~∇T↑,↓ (2.12)

where κe↑,e↓ = κe(1 ± Pκ)/2 with κe = κe↑ + κe↓ and the conductivity polarization
Pκe = (κe↑ − κe↓)/κe. A temperature gradient applied across a ferromagnetic|non
magnetic metal interface leads to a spin heat accumulation (T↑ − T↓) and a mod-
ulation of the total thermal conductivity of a spin valve stack from the parallel to
antiparallel magnetic alignment is expected. For such spin-dependent temperatures
to build up the inelastic scattering of the electrons has to be sufficiently weak to
suppress thermalization between the spin channels [36, 44]. Inelastic scattering of
the electrons happens via electron-electron or electron-phonon interactions, where
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Figure 2.7: The spin-dependency of the thermal conductivity in a ferromagnetic metal (F)
causes the heat current to be carried unevenly by the two spin channels. Contacting F to a non
magnetic metal (N) while applying a temperature difference across the F|N interface leads to
the build up of a spin-dependent temperatures, as the polarized heat current in F needs to
be converted to an unpolarized heat current in N. This so called spin heat accumulation falls
of exponentially away from the interface, governed by the material’s thermalization length
(λQ). The conversion at the interface leads to an additional heat resistance, which gives an
extra temperature difference across the bilayer of ∆T.

energy exchange ensures that the electrons and phonons are in thermal equilibrium
and the temperature is defined by the Fermi-Dirac distribution. For small structures
the electron-electron interactions can dominate the thermalization process, but for
the typical nanopillar device size used in the following chapters the electron-phonon
coupling is expected to dominate [44]. In a weak thermalization regime, τdwell < τQ
where τdwell is the dwell time in the specific material layer, the electron energy distri-
bution cannot be represented by a Fermi-Dirac distribution requiring the definition
of an effective temperature for the two spin channels [45].

Experimental work on the modulation of the in plane thermal conductance of
magnetic multilayers as function of applied magnetic field has been reported in cur-
rent in plane (CIP) devices [46, 47, 48, 49], but is governed by spin-dependent inter-
face scattering and does not involve the build of spin-dependent temperatures. In
Chapter 4 the first experimental observation of spin-dependent temperatures in cur-
rent perpendicular to the plane (CPP) devices is discussed, where the heat current
is perpendicular to the magnetic|non magnetic interfaces. Note that for nanostruc-
tures the interface heat conductance can be significant and even be spin polarized,
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which has been neglected in the analysis above but is further discussed in section
4.6.7.

2.8 Spin-transfer torque

The discovery of the GMR effect opened up a whole new range of possibilities both
for research as well as applications. Instead of the charge of the electron, the spin
degree of freedom of the electron is used in spintronic devices. Spin-transfer torque
is a spintronic mechanisms that had a big impact and since its prediction in 1996 by
Sloncewski [50] and Berger [51] has been studied intensively. Spin-transfer torque
describes the torque felt by the magnetization of a ferromagnetic material by the
absorption of the angular momentum from spins pointing non collinear to the mag-
netization. An electrical current flowing through a ferromagnet will become spin
polarized and in a spin valve stack this leads to a spin-transfer torque exerted by
one ferromagnetic layer on the other. At a finite temperature the magnetization of a
ferromagnet is not stationary but precesses around the average magnetization direc-
tion, because of continuous thermal excitations of the electron spins. These magne-
tization dynamics are described by the Landau-Lifshitz-Gilbert equation [50, 52, 53]

d ~M

dt
= −γ ~M × ~H +

α

Ms

~M × d ~M

dt
− γ~µ0

2VM2
s

~M × (~Is × ~M) (2.13)

The first term describes the precessional motion of the magnetization around a mag-
netic field where γ is the gyromagnetic ratio. The second term is the Gilbert damp-
ing term and it gives the damping of the precessional motion towards the minimum
energy configuration, which corresponds to the alignment of the magnetization with
the magnetic field. α is the phenomelogical Gilbert damping parameter and repre-
sents all possible dissipation of the magnetization precession. The third term was
developed by Sloncewski and adds the spin-transfer torque to the equation, where
~Is is the spin current entering the ferromagnet pointing in the direction of the spin
polarization.

The direction of the spin-transfer torque depends on the spin polarization di-
rection (~Is). When working against the damping, as depicted in Fig. 2.8, spin-
transfer torque will enlarge the magnetization precession angle and brings it into
an excited state. Spin-transfer torque has been used in this way to drive microwave
magnetic oscillators [54, 55] and for small damping or large spin-transfer torques it
is even possible to fully compensate the damping leading to magnetization reversal
[56, 57]. This mechanism of spin-transfer torque switching has been experimentally
observed and is proposed as a way to switch tunnel magnetoresistance STT-RAM.
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M

H

Figure 2.8: Precessional motion of the magnetization of a ferromagnetic material according to
the Landau-Lifshitz-Gilbert equation. The blue arrow represents the precessional term, which
brings the magnetization in precession along the grey circular line. The red arrow represents
the Gilbert damping term and damps the magnetization motion towards the minimum en-
ergy state, towards the magnetic field H. The green arrow gives the Sloncewski spin-transfer
torque term, which in this case works against the damping and leads to a continuous excited
precession.

The two channel model discussed in Section 2.5.1 is only suitable for transport
of collinear spins and can therefore not describe spin-transfer torque. Magneto elec-
tronic circuit theory defines a spin mixing conductance [58], which gives the effi-
ciency with which spin components transverse to the magnetization direction are
absorbed and contribute to a spin-transfer torque. The non-collinear spins entering
the ferromagnet can be described by a superposition of spin up and down states,
which in 3d transition metals destructively interfere within a distance comparable
to the Fermi wave length [59, 60]. Therefore spin-transfer torque can effectively be
seen as an interface effect for layers thicker than the Fermi wave length and the non-
collinear projections of a spin current entering a ferromagnet will be absorbed as a
torque on the magnetization.

Next to sending an electrical current through a ferromagnet any other mecha-
nism [34, 61, 62] that produces a spin current will be able to exert a spin-transfer
torque on a ferromagnetic layer. For example thermal spin-transfer torque, which
uses a thermally induced spin current via the spin-dependent Seebeck effect, will
further be investigated in Chapter 5.
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Chapter 3

Direct observation of the spin-dependent
Peltier effect

Abstract

The Peltier coefficient describes the amount of heat that is carried by an electrical current
when it passes through a material [1]. When two materials with different Peltier coef-
ficients are placed in contact with each other, the Peltier effect causes a net flow of heat
either towards or away from the interface between them. Spintronics [2] describes the
transport of electric charge and spin angular momentum by separate spin-up and spin-
down channels in a device. The observation that spin-up and spin-down charge transport
channels are able to transport heat independently of each other [3] has raised the possi-
bility that spin currents could be used to heat or cool the interface between materials
with different spin-dependent Peltier coefficients. Here, we report the direct observation
of the heating and cooling of such an interface by a spin current. We demonstrate this
spin-dependent Peltier effect in a spin-valve pillar structure that consists of two ferro-
magnetic layers separated by a non-ferromagnetic metal. Using a 3-D finite element
model, we extract spin-dependent Peltier coefficients in the range of −0.9 to −1.3 mV
for permalloy. The magnetic control of heat flow could prove useful for the cooling of
nanoscale electronic components or devices [4].

3.1 Introduction

S
pin caloritronics [5] is a new field that combines concepts from thermoelectricity,
such as the Peltier effect, and spintronics. The coupling of heat transport with

spintronics [2] has generated novel ideas such as innovative spin sources [6, 7, 8, 9,
10], thermal spin-transfer torque [11, 12], magnetic heat valves [13], Seebeck effects
in magnetic tunnel junctions [14, 15] and magnetically switchable cooling [16, 17].
In particular, pioneering experiments by Gravier et al. on multiple Co/Cu multi-
layer nanowires have indicated the existence of spin-dependent Peltier coefficients
[3], based on magnetothermogalvanic voltage measurements. However, direct ex-
perimental evidence for cooling or heating by spin currents has not been reported.
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Figure 3.1: (a) A pure spin current is sent through a nonmagnetic metal (N) / ferromagnetic
metal (F) interface. In the N, the Peltier heat current for both spin species is equal. As the
flow direction in the two spin channels is opposite, the total heat current is canceled. In
ferromagnets, the heat currents are different for majority and minority carriers, leading to a
net heat current from the interface into the ferromagnetic region or vice versa. (b) Generated
temperature profile in the system. Spin relaxation in the ferromagnet reduces the spin current,
thereby decreasing the induced heat current.

The spin-dependent Peltier effect is based on the ability of the spin-up and spin-
down channels to transport heat independently [3]. Figure 3.1a gives a schematic
presentation of this concept when a pure spin current (J↑ = −J↓) passes through
a nonmagnetic metal / ferromagnetic metal (N/F) interface. The associated Peltier
heat current QΠ is the sum of that of the two spin channels. Since both travel in
opposite directions (the charge flow is zero), a net heat flow will only arise if the
amount of heat carried by the separate spin species is different. The Peltier coef-
ficients for majority and minority electrons, defined as Π↑,↓ = Q↑,↓/J↑,↓, represent
the amount of heat carried by the individual spin channels. In N, both coefficients
are equal (Π↑ = Π↓). However, in the ferromagnet the spin-dependent Peltier co-
efficient, defined as Πs = Π↑ − Π↓, is expected to be nonzero [16]. Owing to spin
flip processes, the spin current attenuates in the ferromagnet and within a few spin
relaxation lengths (λF ) from the interface, the Peltier heat current vanishes. Con-
sequently, heat is effectively transferred from the interface into the ferromagnetic
region over a finite length (or vice versa), thereby producing a temperature gradient
(depicted in Figure 3.1b) and a temperature drop ∆T .
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3.2 Concept of the experiment

In order to demonstrate the effect experimentally, a pure spin current is not required,
but it can be accompanied by a charge current JC = J↑ + J↓. To calculate the tem-
perature gradient, the total heat current Q = QΠ − κ∇T is evaluated where κ is the
thermal conductivity of the electron and phonon systems and QΠ = Π↑J↑ + Π↓J↓
is the Peltier heat current. If we assume that no heat can enter or leave the stack
(Q = 0) and disregard Joule heating, the temperature gradient can be expressed as
the sum of the charge and spin part of the Peltier effect (see Section 3.5.1). For the
spin part, the induced temperature difference between the F/N interface and the
bulk of the ferromagnet is given by:

∆T =
σ

4κ

(
1− P 2

)
Πsµ

0
s (3.1)

where σ = σ↑+σ↓ is the conductivity, Pσ = (σ↑−σ↓)/σ the conductivity polarization
and µ0

s = µ0
↑ − µ0

↓ the spin accumulation at the interface. Therefore, we find that the
induced temperature drop depends directly on the spin accumulation at the F/N
interface.

The device used to study the spin-dependent Peltier effect consists of a stack
of two ferromagnetic layers separated by a layer of N (Fig. 3.2). Assuming that the
spin relaxation length λN is much larger than the thickness of N, we can neglect spin
relaxation in N. A charge current Jc is sent through the stack and the temperature
at the top is anchored at T0. When both ferromagnets are aligned parallel (P), the
spin current is constant over the whole stack and there is no non-equilibrium spin-
accumulation, i.e. µs = 0 everywhere. The temperature follows a zigzag pattern
[3], caused by the conventional (charge) Peltier effect (Fig. 3.2a). In the anti-parallel
(AP) alignment, the situation is different. Now the spin current in the bulk of F1

is opposite to the spin current in the bulk of F2, leading to a spin accumulation at
the interfaces [18]. According to Eq. 3.1, this gives rise to an additional temperature
difference ∆T (Fig. 3.2b) for each F/N interface in the stack. Hence, the induced
difference in temperature at the bottom layer between both magnetic configurations
is now 2∆T (Fig. 3.2c).

The specifically designed device used to study the spin-dependent Peltier effect
is depicted in Fig. 3.3. It consists of a permalloy (Py) (Ni80Fe20) / copper / Py spin
valve stack (150 x 80 nm2 cross section) with a platinum (Pt) bottom contact and a
gold (Au) top contact. Cross linked polymethyl methacrylate (PMMA) forms the
insulating layer between these two contacts forcing the applied current through the
spin valve stack. To probe the temperature of the device a constantan (Ni45Cu55) - Pt
thermocouple is used, where constantan is chosen because of its large Seebeck coef-
ficient (−32 µV K−1), see Table 3.1 in Section 3.5.6). The thermocouple is electrically
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Figure 3.2: Schematic figure showing the spin electrochemical potential and temperature
throughout the stack for the parallel (P) and anti-parallel (AP) configuration of the ferromag-
nets. Note that the splitting between µ↑ and µ↓ and the heat profile at the F/N interfaces have
been exaggerated for clarity (see Section 3.5.2 for the actual electrochemical potential profile
extracted from the modeling). Spin-up/spin-down is defined as the spin direction of the ma-
jority/minority electrons in F2. (a) In the P situation, the spin current in the bulk of both
ferromagnets equals the spin current in the N and no non-equilibrium spin-accumulation ex-
ists. Hence, there is no spin-dependent Peltier effect. (b) For the AP configuration, the bulk
spin currents in F1 and F2 are opposite. The resulting spin accumulation at the F/N interface
leads to a spin-dependent Peltier contribution and hence, an altered temperature gradient.
(c) The spin-dependent Peltier effect causes the temperature at the bottom contact to change
between the P and AP alignment.

isolated from the bottom contact by an 8 nm thick aluminum-oxide layer, thereby
excluding any spurious voltage pickup. In the measurement a current is sent from
contact 1 to 2 through the stack, while recording the thermocouple voltage between
contacts 3 and 4. For the 4-point spin valve signal measurements contacts 5 and 6
are used to probe the voltage. Using an ac lock-in measurement technique it is possi-
ble to separate the Peltier contribution (∆T ∝ I) and the Joule heating contribution
(∆T ∝ I2) by taking the first harmonic V (1f) and second harmonic V (2f) response,
respectively [19, 20]. The measurements are performed at room temperature.

3.3 Spin-dependent Peltier measurement

The thermovoltage is recorded while sweeping the magnetic field in the in plane
direction from negative to positive and back. Figure 3.4a shows the first harmonic
response data with R

(1f)
3−4 defined as V (1f)

3−4 /I . The data shows four abrupt changes
in R

(1f)
3−4 when the magnetization of the Py layers switches from P to AP and back.
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Figure 3.3: (a) Scanning electron microscopy image of the measured device. The colors rep-
resent the different materials used. Yellow: Au top contact, grey: Pt bottom contacts, blue:
cross linked PMMA, red: constantan (Ni45Cu55). (b) Schematic representation of the device.
Current is sent from contact 1 to 2, while recording the voltage between contacts 3 and 4.
Contacts 1, 2, 5 and 6 are used for four probe spin valve measurements. The thermocouple is
electrically isolated from the bottom contact by an Al2O3 (green) layer.

A spin signal, RP − RAP , of −80 µΩ is observed on top of a background signal,
(RP + RAP )/2, of −0.44 mΩ. This corresponds to a temperature difference at the
thermocouple between P and AP alignment of around 3 mK at 1 mA. Using the
modeling described below we calculated that 2∆T = 7.6 mK (Eq. 3.1). The second
harmonic data is presented in Fig. 3.4b where R(2f)

3−4 = V
(2f)
3−4 /I

2 and gives a spin sig-
nal of 110 mV A−2 on a background of−11.73 V A−2. This signal originates from the
Joule heating [21] in the device and its change between the P and AP configuration
(see Section 3.5.3).

The 4-probe spin valve signal shown in Fig. 3.4c gives a −100 mΩ spin signal.
By matching the spin valve signal from our 3-D finite element model [17] to this
measured value, we obtain a conductivity polarization (Pσ) of 0.61, which is close to
the bulk value for Py [22, 23]. The same model can now be used to extract the spin-
dependent Peltier coefficient, Πs = Π↑−Π↓, from the first harmonic measurement in
Fig. 3.4a. The previously obtained value for Pσ together with the electrical conduc-
tivities, thermal conductivities, spin relaxation lengths, the Peltier coefficients and
Seebeck coefficients for each material are taken as input parameters (see Table 3.1 in
Section 3.5.6).

From the spin-dependent Peltier signal in Fig. 3.4a, we then obtain a spin-dependent
Peltier coefficient for Py of Πs = −0.9 mV. Similar results were obtained in two other
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Figure 3.4: (a) First-harmonic response signal, R(1f)
3−4 = V

(1f)
3−4 /I , measured at the thermo-

couple with a root mean square current of 1 mA. Switches in R
(1f)
3−4 are observed when the

magnetization of the ferromagnetic layers changes from parallel to anti-parallel and back.
On the right y-axis the temperature detected by the NiCu - Pt thermocouple relative to the
reference temperature T0 is given, using T − T0 = V

(1f)
3−4 /(SNiCu − SPt). (b) Second-harmonic

response signal, R(2f)
3−4 = V

(2f)
3−4 /I

2, measured at the thermocouple. (c) Spin valve measure-
ment on the same device. R(1f)

5−6 is determined by recording the 4-probe resistance of the stack
using contacts 1,2, 5 and 6.

devices giving values for the spin-dependent Peltier coefficient of−1.1 and−1.3 mV
(see Section 3.5.4). The Thomson-Onsager relation applied to the separate spin chan-
nels Π↑,↓ = S↑,↓T gives us a way to compare these values of Πs to the previously
reported [9] spin-dependent Seebeck coefficient (Ss = S↑ − S↓) of −3.8 µV K−1. Us-
ing Πs = SsT and by taking T = 300 K, we get values for Ss between −3.0 µV K−1

and −4.3 µV K−1 from our measurements, which is in agreement with ref. [9].
The observed background signal in the first harmonic measurement, due to the

conventional Peltier effect, is a factor of 3 lower than we obtain from the modeling.
We attribute this difference to difficulties with accurately determining the combina-
tion of Peltier effects for all the interfaces in the current path. Given these uncertain-
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ties we allow for the possibility that the actual value of the spin-dependent Peltier
coefficient can be slightly higher than obtained from the current modeling.

To confirm that the spin-dependent Peltier effect is indeed the origin of the spin
signal, the same device was measured at 77K (see Section 3.5.5). No spin signal
could be observed in the measurement as expected from the temperature depen-
dence of Πs ∝ T 2. This dependence is obtained by taking S(T ) ∝ T in the Thomson-
Onsager relation and gives an upper bound of −0.1 mV for Πs from the observed
noise level at 77K.

3.4 Conclusions

We experimentally demonstrated a magnetically controllable heat current, driven by
the spin-dependency of the Peltier coefficient. The relatively low efficiency of this
effect in ferromagnetic metals restricts the cooling or heating power of the device.
For use in applications the effect can possibly be enhanced by the use of nonmetal-
lic materials. Spin-dependent Peltier coefficients that are an order of magnitude
larger than that in Py bring the achievable temperature differences in the range of
a few Kelvin. With electronic components becoming smaller and smaller the need
for local and programmable refrigeration devices is growing and possibly the spin-
dependent Peltier effect can fulfill this role.

3.5 Supplementary Information

3.5.1 Calculation of the temperature gradient

We first derive an expression for the Peltier coefficient of the separate spin channels
Π↑,↓ in terms of the conventional Peltier coefficient Π and the conductivity polar-
ization Pσ = (σ↑ − σ↓)/σ. In the bulk of the ferromagnet ∇µ↑ = ∇µ↓ = ∇µc and
the Peltier heat current can be written as the sum of that of the separate spin chan-
nels, −Π↑σ↑∇µ↑ − Π↓σ↓∇µ↓ = −Πσ∇µc, where we use Jc = −σ∇µc and J↑,↓ =

−σ↑,↓∇µ↑,↓ as the definitions of the electrochemical potentials µc and µ↑,↓. Using
the spin-dependent conductivities σ↑,↓ = σ

2 (1 ± Pσ), we obtain Π =
σ↑Π↑+σ↓Π↓

σ .
Rewriting the result gives us the relation for the Peltier coefficients for majority and
minority electrons:

Π↑,↓ = Π− 1

2
(Pσ ∓ 1)Πs (3.2)

where we define Πs = Π↑ −Π↓ as the spin-dependent Peltier coefficient.
Next, we derive an expression for the temperature gradient that develops in the

ferromagnetic region for the general case when a spin current is accompanied by a
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charge current Jc = J↑ + J↓. The Peltier heat current is given by QΠ = Π↑J↑ + Π↓J↓
and the temperature gradient is calculated by considering the total heat current in
the ferromagnet Q = QΠ − κ∇T , where κ describes the thermal conductivity of
the electron and phonon system. For simplicity, we assume that no heat can enter
or leave the stack (Q = 0) and disregard Joule heating. Then we can write ∇T =
1
κ (Π↑σ↑∇µ↑+Π↓σ↓∇µ↓) and from the definition of the spin-dependent conductivity
and the Peltier coefficients for majority and minority electrons, we find:

∇T = −σ
κ

(Π∇µc +
1

4
(1− P 2

σ )Πs∇µs) (3.3)

with Π the charge Peltier coefficient and µs = µ↑ − µ↓ the spin accumulation. The
electrochemical potential is here derived from current conservation Jc = J↑ + J↓ =

σ∇µc and by substitution of J↑,↓ with −σ↑,↓∇µ↑,↓, we write∇µc =
σ↑∇µ↑+σ↓∇µ↓

σ .
The first term of Eq. 3.3 describes the conventional Peltier effect in the absence of

spin accumulation. The second term describes what happens if a spin accumulation
is present in the ferromagnet. According to Eq. 3.3, this gives rise to an additional
temperature gradient which depends exclusively on the gradient of the spin accu-
mulation in the ferromagnetic layer and is therefore magnetically controllable. Since
spin relaxation forces the spin accumulation to decrease exponentially in the ferro-
magnetic region [24], we can write µs = µ0

sexp(−x/λF ) with λF the spin relaxation
length. The conventional Peltier term leads to a constant temperature gradient in-
dependent of the spin accumulation. By integrating only the spin-dependent Peltier
term of Eq. 3.3, we obtain a temperature difference between the F/N interface and
the bulk of the ferromagnet of:

∆T =
σ

4κ

(
1− P 2

)
Πsµ

0
s (3.4)

where µ0
s is the spin accumulation at the interface. Here we find that the induced

temperature drop depends directly on the spin accumulation at the F/N interface.

3.5.2 Electrochemical potential profile extracted from the model-
ing

In the temperature profile we obtain from the modeling, the small temperature
change due to the spin-dependent Peltier effect is not visible as the much larger
Joule heating and (charge Peltier) heating disguise it. For this reason we do not
show the temperature profile here. In Figure 3.5, the modeling results of the electro-
chemical potential for the individual spin channels are shown.
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Figure 3.5: Spin electrochemical potentials extracted from the modeling. The spin electro-
chemical potentials throughout the stack for the parallel (P) and anti-parallel (AP) configura-
tion of the ferromagnets as given by the modeling (rms current of 1 mA). Going from the P to
AP configuration the magnetization of the F2 layer is reversed. (a) Parallel configuration. (b)
Anti-parallel configuration.

3.5.3 Second harmonic response (Joule heating)

The second harmonic response signal (see Fig. 3.4b) originates from Joule heating
in the device and is proportional to I2R. This dependence on R causes a change in
Joule heating [17, 19] when the resistance of the spin valve stack changes from the
P to AP configuration and vice versa. Changes in Joule heating in the spin valve
stack are picked up by the thermocouple and show up in the second harmonic re-
sponse measurement, R(2f)

3−4 , as they depend on I2. In our model we explicitly take
into account the heat generation due to energy dissipation related to spin relaxation
[21]. From the model we then obtain the background and spin signal, which are ap-
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Figure 3.6: Spin-dependent Peltier measurements for two other samples. First-harmonic re-
sponse signal, R(1f)

3−4 = V
(1f)
3−4 /I , measured at the thermocouple with a root mean square

current of 1 mA. In (a) the results for sample 2 are shown and in (b) those for sample 3.

proximately two times higher than observed in the measurement. We explain this by
inefficiency in the temperature sensing, owing to the discrepancy between modeling
parameters and the actual, experimental values. Moreover, a big part of the back-
ground Joule heating takes place in the Pt bottom contact. The cross linked PMMA,
not included in the modeling, covers this contact thereby lowering the background
Joule heating signal.

3.5.4 Results for two other samples

The spin-dependent Peltier measurements were performed on two other samples
of the same batch and are presented in Fig. 3.6. The first sample (Fig. 3.6a) shows a
spin-dependent Peltier signal of−100 µΩ on a background of−0.55 mΩ and the sec-
ond (Fig. 3.6b) a−110 µΩ spin-dependent Peltier signal on a−0.56 mΩ background.
These values are somewhat higher than for the sample discussed in the main text.
The observed variation can be attributed to a slightly higher efficiency of the thermo-
couple of these samples and/or small differences in thermal anchoring, aluminum
oxide thickness and lithographic alignment. The switching that is observed prior to
sweeping through zero field is due to interaction between the magnetic dipole fields
of the two Py layers, which favors an AP alignment. The sample to sample variation
of the switching field position has been seen in several batches for different exper-
iments and can be attributed to for instance small variations in cross section of the
pillar. Extracting the spin-dependent Peltier coefficient from this data in the same
way as discussed in the main text gives values for Πs of −1.1 and −1.3 mV.
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Figure 3.7: Measurements at 77K. (a) First-harmonic response signal,R(1f)
3−4 = V

(1f)
3−4 /I , at 77K

measured at the thermocouple with a root mean square current of 1 mA. (b) Second-harmonic
response signal, R(2f)

3−4 = V
(2f)
3−4 /I

2, at 77K measured at the thermocouple with a root mean
square current of 1 mA. (c) Spin valve measurement at 77K on the same device.

3.5.5 Measurements at 77K

The presented measurements were repeated on the same sample at liquid nitro-
gen temperature (77K). This was done to confirm that the first harmonic spin signal
is indeed caused by the spin dependency of the Py Peltier coefficient. From the
Thomson-Onsager relation, Π↑,↓ = S↑,↓T , together with the fact that the Seebeck co-
efficient shows a dependency on temperature, it becomes clear that Πs and thereby
the spin-dependent Peltier effect will decrease when lowering the temperature. The
spin-dependent Peltier measurement at 77K is presented in Fig. 3.7a and shows no
difference between P and AP alignment. The disappearance of the spin signal at low
temperature supports our conclusion that the room temperature spin signal can be
attributed to the spin-dependent Peltier effect. At the same time the background sig-
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nal, which originates from the conventional Peltier effect, remains almost the same.
This can be explained by the fact that for the spin-dependent Peltier effect only the
Peltier coefficient of Py plays a role whereas for the Peltier background the differ-
ence between all the Peltier coefficients in the current path are important. The Peltier
coefficient is proportional to the Seebeck coefficient (Π = ST ) whose temperature
dependence does not have to be the same for different materials. Together with a
change in thermal conductance between different temperatures it is possible for the
regular Peltier effect contribution to not show a decrease when going from room
temperature to 77K.

The spin valve measurement shown in Fig. 3.7c shows a decrease in background
resistance due to an increase of the conductivities at lower temperatures. The bigger
spin signal that is observed is caused by the spin relaxation lengths increasing with
lowering of the temperature.

As the Joule heating depends on the resistance, the increase of the materials’
conductivities at 77K will give a lower second harmonic background signal, which
is in accordance with the measurement shown in Fig. 3.7b. At the same time the sec-
ond harmonic spin signal goes up because of the increased difference in resistance
between P and AP alignment shown in the spin valve measurements. In the mea-
surement this increase is smaller due to temperature dependences of the Seebeck
coefficients and thermal conductivities.

In conclusion we can say that the disappearance of the first harmonic signal,
while the spin valve signal increases, rules out the possibility of it originating from
spin valve voltage pick up and is consistent with the spin-dependent Peltier effect.
Furthermore the second harmonic and spin valve measurement behavior confirm
the lowering of the reference temperature and the correct operation of the device
and thermocouple.
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3.5.6 Modeling parameters

The parameters that were used in the 3-D finite element modeling are summarized
in Table 3.1.

Table 3.1: Input parameters for the modeling.

Material σ [S m−1] Π [mV] λ [nm]] κ [W m−1 K−1]
Au 2.2 × 107 0.51 80 300
Pt 9.5 × 106 −1.5* 5 72
Cu 4.3 × 107 0.48 350 300
Py 4.3 × 106 −6.0* 5 30

NiCu 2.0 × 106 −9.6* 5 20
SiO2 1.0 × 10−13 0 - 1

Al2O3 1.0 × 10−13 0 - 30

* The Peltier coefficient was determined in a separate device specifically designed to accu-
rately determine the Seebeck/Peltier coefficient of a material[25].





3.5. Bibliography 41

Bibliography
[1] D. K. C. MacDonald, Thermoelectricity, An introduction to the Principles, Dover Publica-

tions, Inc., Mineola, New York, 2006.
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Chapter 4

Spin-dependent temperatures in nanopillar
spin valves

Abstract

Since the discovery of the giant magnetoresistance effect [1, 2] the intrinsic angular
momentum of the electron has opened up new spin based device concepts. Our current
understanding of the coupled transport of charge, spin and heat relies on the two-channel
model for spin-up and spin-down electrons having similar temperatures. Here we report
the observation of different (effective) temperatures for the spin up (T↑) and spin down
(T↓) electrons in a nanopillar spin valve subject to a heat current. By 3D finite element
modeling [3] of our devices for varying thickness of the non-magnetic layer, spin heat
accumulations (Ts=T↑-T↓) of 120 mK and 350 mK are extracted at room temperature
and 77 K, respectively, which is of the order of 10% of the total temperature bias over the
nanopillar. This technique uniquely allows the study of inelastic spin scattering at low
energies and elevated temperatures, which is not possible by spectroscopic methods.

4.1 Introduction

R
ecent work in spin caloritronics [4, 5] aimed at spin-dependent thermoelectric
effects led to the discovery of thermally driven spin sources [6, 7, 8, 9, 10],

cooling/heating by spin currents [11, 12], the magneto Seebeck [13, 14, 15, 16] and
Seebeck rectification [17] in magnetic tunnel junctions. Hatami et al. [18] pre-
dicted spin-dependent temperatures in spin valve structures for sufficiently weak
inter-spin heat exchange. The spin heat relaxation by inelastic scattering leads to
a breakdown of the Wiedemann-Franz relation [19] between the charge and elec-
tronic heat conductance of the spin valve.[18, 20] Earlier experiments on the mag-
netic field dependence of the in-plane thermal conductance of magnetic multilay-
ers [21, 22, 23, 24] focused on determining whether the giant magnetoresistance
(GMR) effect is dominated by either elastic or inelastic scattering. In these devices
the change in heat resistance was found to be proportional to the (charge) magne-
toresistance change since both are caused by (spin-dependent) interface scattering
while no spin accumulations or spin-dependent temperatures build up.
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Figure 4.1: Spin heat accumulation (SHA) at an F|N interface. The spin polarized heat current
in a ferromagnetic metal (F; blue shading) creates an SHA at the interface with a non-magnetic
metal (N; red shading), because the heat currents have to be equally distributed over the spin
channels in N. Inelastic scattering equilibrates the spin channel temperatures on the scale of
the spin heat relaxation length λQ.

4.2 Concept of the experiment

A spin-dependent temperature builds up in spin valves when the thermal conduc-
tivity (κ) in the ferromagnet (κ↑ = κ↓) is spin polarized and the spin flip and inelastic
scattering are sufficiently weak.[18, 20] The Wiedemann-Franz relation tells us that
the electronic part of the heat conductance in metals (κe) is proportional to the elec-
trical conductivity (σ), with a polarization Pκ = (κe↑ − κe↓)/κe that should be equal
to Pσ = (σ↑−σ↓)/σ. A heat current through a ferromagnetic metal (F) will therefore
be spin polarized, creating a spin heat accumulation (SHA) by the spin-heat cou-
pling at an interface with a non-magnetic metal (N; Fig. 1). If there would be no
inelastic scattering of the electrons this SHA decays with the same spin relaxation
length (λs) as the spin accumulation, that is, the difference in the local chemical po-
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tential of the spin species. In real physical systems though, the ever-present inelastic
phonon and electron-electron scattering leads to the exchange of heat between the
two spin channels, thereby equilibrating the spin-up and spin-down temperatures
T↑ and T↓ to the same average temperature (Fig. 1). Spin temperatures equilibrate
over the spin heat relaxation length (λQ), which at lower temperatures is limited by
spin flip scattering (λQ = λs) and at high temperatures by inelastic scattering (when
λQ < λs). The thermal equivalent for the diffusion equation for the spin accumula-
tion reads:

∇2Ts = Ts/λ
2
Q (4.1)

where Ts = T↑ − T↓ is the SHA. The temperature drop that builds up at the F|N
interface (Fig. 4.1) then becomes (see section 4.6.1):

∆T =
1

2
PκTs (4.2)

In regular current-perpendicular-to-plane spin valve devices inelastic scattering
is caused by electron-phonon and electron-electron interactions [20]. Time-domain
thermoreflectance [25] and ballistic electron emission microscopy studies [26] on
inelastic scattering of hot electrons in copper found an inelastic (charge) equili-
bration length of the order of 60 nm, which is more than five times smaller than
λs = 350 nm at room temperature [27]. As long as the copper spacer layer in a
spin valve is comparable to λQ the SHA should be detectable by the second ferro-
magnetic layer. In Fig. 4.2, the spin-dependent temperatures T↑ and T↓ are plotted
for the parallel (P) and anti parallel (AP) alignment of the magnetic layers in such a
current-perpendicular-to-plane spin valve. For the P configuration the SHAs at both
F|N interfaces have opposite sign and sum up to be negligibly small. On the other
hand, in the AP configuration both interfaces contribute constructively to generate
a large SHA leading to a significant temperature drop ∆T (equation 4.1) at both
F|N interfaces. If λQ = λs the Wiedemann-Franz relation holds, that is, the rela-
tive thermal conductance ratio (κP − κAP)/κp equals the giant magnetoresistance
ratio (σP − σAP)/σp of the nanopillar. However, in the presence of inter-spin and
spin-conserving inelastic scattering λQ is smaller than λs and we may expect the
Wiedemann-Franz relation to break down, because heat exchange short-circuits the
spin channels, thereby decreasing κP − κAP but not σP − σAP.

4.3 Experimental realization

To observe the SHA, we use a nanopillar spin valve consisting of a Ni80Fe20|Cu|Ni80Fe20

stack with dimensions of 150x80 nm2 as shown in Fig. 4.3. We measure the temper-
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Figure 4.2: Spin heat accumulation (SHA) in an F|N|F spin valve. Temperature profiles over
the stack in the parallel (P) and anti parallel (AP) configuration in the presence of a heat
current (Q). (a) In the P configuration the SHAs at both F|N interfaces have opposite signs,
leading to a negligibly small SHA. (b) For the AP configuration the SHAs at the F|N interfaces
have the same sign, creating a large SHA and a corresponding temperature drop between the
F|N interfaces and the bulk of the F layers. (c) A temperature drop between the P and AP
configuration builds up owing to the spin heat valve effect.

ature of the bottom contact using a Pt|Constantan (Ni45Cu55) thermocouple (con-
tacts 3 and 4) while sending a charge current through the Pt-heater (contact 1 to 2).
One optical lithography step followed by eleven electron-beam lithography steps
were employed to make the device. For each step, materials were electron-beam
evaporated except for the Ni45Cu55 alloy, which was sputtered to maintain the bulk
stoichiometry. First, a 40-nm-thick Pt Joule heater was deposited on a thermally
oxidized Si substrate. Then, the Pt-Constantan (Ni45Cu55) thermocouple was real-
ized on top of a 10-nm-thick Au layer. This is followed by a deposition of an 8-
nm-thick Al2O3 layer over the Pt-Joule heater and the thermocouple to electrically
isolate them from the bottom contact of the nanopillar. The insulating layer pre-
vents the pick-up of any charge-related effects. A Pt bottom contact (60 nm thick)
is then deposited on top of the heater and thermocouple. In the next step, Ni80Fe20

(15)/Cu(tCu=5, 15 and 60)/Ni80Fe20(15)/Au(10), where the numbers in parentheses
are the thicknesses in nanometres, was deposited without breaking the vacuum of
the deposition chamber. Crosslinked polymethyl methacrylate around the nanopil-
lar prevents short-circuiting between the bottom and the top contact (130-nm-thick
Au).

All measurements were done using a standard lock-in technique at low fre-
quency (f<20 Hz) such that a quasi-steady-state condition is reached and at the same
time capacitive and inductive coupling are suppressed. As a measured signal V has
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Figure 4.3: Device geometry. (a) Schematics of the measured device showing an F|N|F pillar
spin valve sandwiched between Au top and Pt bottom contacts. A charge current I through
the Pt-heater (contact 1 and 2) increases the temperature of the bottom contact, which is simul-
taneously measured by a Pt|Constantan (Ni45Cu55) thermocouple. Both the heater and ther-
mocouple are electrically isolated from the bottom contact by an Al2O3 barrier (green; 8 nm
thick) to avoid any charge-related spurious signals. (b) Coloured 3D scanning electron micro-
scope image of the measured device. The nanopillar sits half way between the Pt|Ni45Cu55

thermocouple (contacts 3 and 4) and the Pt-Joule heater (contacts 1 and 2). Crosslinked poly-
methyl methacrylate (blue) electrically isolates the bottom contact (grey contacts 5 and 6)
from the top contact (contacts 7 and 8).

both linear and nonlinear contributions given as V =IR1f+I2R2f, we used a multi-
ple lock-in measurement to distinguish the first harmonic resistance R1f=V1f/I from
the second harmonic resistance R2f =V2f/I2. To fully characterize the samples, four
different measurements were performed. First, in the spin valve measurements,
the four-probe resistance of the nanopillar was measured as a function of magnetic
field from which the bulk conductivity polarization (Pσ) was obtained. Then we
measure the spin-dependent Seebeck and spin-dependent Peltier effect in the same
device. From these measurements, the spin polarizations of the Seebeck (Ps) and
Peltier coefficients (PΠ) are obtained. Then we measure the spin heat accumulation
and using the 3D-FEM (Section 4.6.9) together with the extracted values for Pσ , Ps
and PΠ, we determine the spin heat relaxation length. Measurements were taken
both at room temperature and 77 K.

4.4 Results

To prove the existence of an SHA, we measure the thermovoltage V2f by the Pt|Ni45Cu55

thermocouple as a function of an inplane magnetic field, shown in Fig. 4.4a at
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Figure 4.4: Measured spin heat and conventional spin valve effects. (a) and (b), Second
harmonic response R2f=V2f/I2 measured at the thermocouple, at room temperature (a) and
at 77 K (b), both for a root mean square (r.m.s.) current of 2 mA through the heater. Red and
blue curves show forward (−H→H) and backward (H→−H) traces of the applied magnetic
field. On the right axes the second harmonic r.m.s. value of the temperature differences are
shown at the Pt|Ni45Cu55 thermocouple (TTC) relative to the reference room temperature (T0)
as TTC−T0=V2f/SNiCu−SPt, where SNiCu (SPt) is the Seebeck coefficient for Ni45Cu55 (Pt) (Table
4.1 and 4.2) and T0 is taken as 300 K in (a) and 77 K in (b). The heat resistance RQ,pillar ∝ R2f of
the nanopillar and therefore the temperature is larger in the anti parallel (AP) than the parallel
(P) configuration. (c) and (d), Four-probe electrical resistances R1f=V1f/I as a function of
magnetic field measured using contacts 6 and 8 while current flows from contact 5 to contact
7 for room temperature (c) and 77 K (d).

room temperature. The second harmonic resistance R2f = V2f/I2 is characterized
by four abrupt changes corresponding to the switching from P to AP configurations
and vice versa. On the right y axis the difference between the thermocouple (TTC)
and reference temperature (T0 = 300 K) is plotted. The spin heat valve signal R2f

s =
R2f

P − R2f
AP of −0.04V A−2 corresponds to a temperature difference of −6 mK. At

77 K (Fig. 4.4b), the spin heat valve signal is −0.06V A−2, corresponding to a tem-
perature change of −17 mK between P and AP configurations. The background
resistance, R2f

b = (R2f
P + R2f

AP)/2, is lower at 77 K (21.15 V A−2) than at room tem-
perature (29.13 V A−2) owing to the reduced resistance of the heater. Similar values
are found for two other samples from the same batch (Section 4.6.2). In Fig. 4.4c
we show the four-probe electrical resistance of the nanopillar at room temperature
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as a function of the external magnetic field measured using contacts 6 and 8 while
a charge current flows from contact 5 to contact 7. A spin valve signal of −80 mΩ

is observed on a background resistance of 2.27 Ω. By using the three-dimensional
finite element model (3D-FEM) to fit the spin valve signals, we obtain a spin polar-
ization Pσ of 0.52, typical of the bulk spin polarization for Permalloy [12, 28, 29]. As
a consistency check, the spin-dependent Seebeck [9, 28] and Peltier effects [12] are
also measured in the same device (see Section 4.6.3).

Fitting the measured spin heat valve signal of −0.04V A−2 to the spin heat dif-
fusion model under the assumption of equal polarizations Pκ and Pσ (Sections 4.6.1
and 4.6.9) leads to a spin heat relaxation length λQ,Py of 1 nm in Permalloy, which is
one-fifth of its spin relaxation length of 5 nm (Ref. [30]). Taking the same scaling for
the copper layer we obtain a λQ,Cu of 70 nm as one-fifth of λs,Cu = 350 nm (ref. [27]).
In another set of samples, we measured the SHA for varying thickness of the Cu
layer (tN =5, 15 and 60 nm). This allows us to obtain λQ,Cu of 45 nm in close agree-
ment with the value obtained above (Section 4.6.8). The fact that we observe SHA
up to 60 nm and that λQ,Cu >tN shows that inter-spin and electron-phonon inelastic
scattering is surprisingly weak in nanopillar devices even at room temperature.

Most material-dependent transport parameters at 77 K can be found in the liter-
ature (Table 4.1 and 4.2). To fit the measured spin valve signal at 77 K of −160 mΩ

(Fig. 4.4d), we require a slightly higher spin polarization Pσ of 0.59, in agreement
with earlier reports [25]. From the measured spin heat valve signal of −0.06 VA−2

and Pκ = Pσ = 0.59, we obtain a λQ,Cu of 150 nm, more than two times longer than
the λQ,Cu at room temperature, demonstrating the reduced inelastic scattering.

From the 3D-FEM and the above experimental results we can now estimate the
difference in the effective temperatures of the spin-up and the spin-down channels
in the copper layer. We find T↑−T↓ = 120 mK (at room temperature) and 350 mK (at
77 K), up to 10% of the temperature bias of 4 K across the nanopillar for a root-mean-
square (r.m.s.) current of 2 mA through the heater. Here, the temperature bias is
defined as the temperature difference between the bottom Pt|Py and the top Py|Au
interface. In addition to the vertical temperature difference over the nanopillar a
horizontal temperature gradient exists, parallel to the Py|Cu interface. The hori-
zontal temperature gradient is only 6% of the vertical temperature gradient (Section
4.6.5) and does not lead to any SHA. In our modeling we do not take into account
electrical or heat interface resistances [30]. We would like to emphasize that those
would not modify the extracted values of the SHA (Section 4.6.7).
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4.5 Dicussion and conclusions

The SHA is a unique concept that deserves more study. Our results indicate that
the spin heat relaxation length in copper is close to the recently measured charge
heat relaxation length [25, 26]. Indeed, at higher temperatures the inelastic scatter-
ing is thought to be dominated by phonons and is not spin selective. We should
therefore interpret the results not as a temperature difference of thermalized spin
channels. The SHA is rather a measure of the difference between non-thermalized
spin distributions that can be parameterized by the effective temperature parameter
[20].

We measured the difference between the effective temperatures for spin-up and
spin-down electrons in heat current-biased nanopillar spin valves. Modulating the
heat conductance of the nanopillar by the magnetization configurations allows con-
trol of the flow of heat across the nanopillar, opening up possibilities for room-
temperature magnetic thermal switches. Whereas optical pump and probe tech-
niques and hot-electron transistors can access spin-dependent relaxation processes
only at high energies, conventional transport experiments are limited to very low
temperatures. The spin heat valve measurement, on the contrary, offers a unique
possibility to estimate inelastic scattering lengths at the Fermi energy both at low
and elevated temperatures.

4.6 Supplementary Information

4.6.1 Spin-dependent heat transport

The mathematical model for spin-dependent heat transport [3] is a thermal equiv-
alent of the diffusion theory for spin-dependent charge transport [31] (for imple-
mentation of the model see Section 4.6.9). As mentioned in the main text the spin
polarization of the heat conductance in an F material leads to a spin heat accumula-
tion (SHA) at an F|N interface in the presence of a heat current (Q = −κ∇T ). This
SHA obeys the diffusion equation

∇2Ts =
Ts
λ2

Q
(4.3)

where λQ is the material and temperature-dependent spin heat relaxation length.
The solution to equation 4.3 in the ferromagnetic metal reads

T↑,↓(z) = A− Q

κF
z± 2B

(1± Pκ)κF
e+z/λQ,F (4.4)
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and in the normal metal

T↑,↓(z) =
Q

κN
z± 2C

κN
e+-z/λQ,N (4.5)

with Pκ =
κe↑ − κe↓
κe↑ + κe↓

. The integration constants A, B and C are determined by the

boundary conditions, namely continuity of T↑ and T↓ (in the absence of interface
resistances) and conservation of heat currents Q↑ and T↓ at the F|N interface. The
SHA at the F|N interface then reads

Ts =
2Pκ

(
λQ,F
κF

)(
λQ,N
κN

)
(
λQ,F
κF

)
+ (1− P 2

κ )
(
λQ,N
κN

)Q. (4.6)

Interface heat resistances can significantly modify the λQ,F and λQ,N obtained from
the bulk model as discussed in Section 4.6.7.

At the F|N interface a spin-related thermal resistance leads to a temperature drop

equal to the difference between the (particle) temperature in F, TF =
κ↑T↑ + κ↓T↓

κF
,

and the temperature in N, TN =
T↑ + T↓

2
, giving a temperature difference of

∆T =
1

2
PκTs. (4.7)

In an F|N|F spin heat valve stack the temperature difference between the P and
AP alignment of the magnetic layers over the entire pillar is 2∆T , assuming that
tN � λQ,N with tN being the thickness of the N spacer.

4.6.2 Results for two other samples

The spin heat valve effect was measured on two other samples fabricated in the
same batch. Fig. 4.5 shows the result of such measurements for sample 2 (Fig. 4.5a
and 4.5b) and sample 3 (Fig. 4.5c and 4.5d), respectively, both at room temperature
and 77 K. At room temperature, both samples show a spin heat valve signals of
−0.04 V A−2 on slightly different background signal of 30.97 V A−2 and 28.87 V A−2

respectively, similar to the sample presented in the main text. At 77 K, sample 2
shows a slightly higher spin heat valve signal of −0.07 V A−2 compared to sample
1. The spin heat valve signal of−0.06 V A−2 in sample 3 is again similar to sample 1
in the main text. Also the spin heat relaxation length λQ,F of 1 nm, λQ,N of 50 nm (at
room temperature) and 200 nm (at 77 K) extracted from these measurements agree
well with the values found for sample 1.
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Figure 4.5: Spin heat valve measurement for two other samples. The second harmonic resis-
tance R2f=V2f/I2 is plotted as a function of the applied magnetic field for sample 2 at room
temperature (a) and at 77 K (b) and for sample 3 at room temperature (c) and at 77 K (d).

4.6.3 Spin-dependent Peltier and spin-dependent Seebeck measure-
ments

The spin-dependent Peltier effect [12] and the spin-dependent Seebeck effect [9, 28]
were also measured in samples 1, 2 and 3. Here we show the results for sample 1.
From these measurements we obtain the spin polarization of the Seebeck and Peltier
coefficient, which are later used in the modeling of the spin heat valve measure-
ments. In the spin-dependent Seebeck effect [9, 28], because of the difference in the
Seebeck coefficients for spin-up (S↑) and spin-down (S↓) electrons, a temperature
gradient ∇T across an F|N interface drives a spin current Js ∝ (S↑ − S↓)∇T , where
Ss = S↑ − S↓ is the spin-dependent Seebeck coefficient of the ferromagnet, which
is a fraction of the Seebeck coefficient of the ferromagnet SF. In the spin-dependent
Seebeck effect, we measure the open-circuit voltage across the nanopillar by using
contacts 6 and 8 while sending a root mean square current of 2 mA through the Pt-
heater. Fig. 4.6a and 4.6b show the spin-dependent Seebeck signals for the sample 1
both at room temperature and at 77 K, respectively.

From the plot of the second harmonic response R2f = V 2f/I2 as a function of
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Figure 4.6: Spin-dependent Seebeck and spin-dependent Peltier effect measured for the sam-
ple presented in the main text. The second harmonic signal R2f=V2f/I2 as a function of the
magnetic field in the spin-dependent Seebeck measurement (a) at room temperature and (b)
at 77 K, for a root mean square current of 2 mA through the heater. The first harmonic sig-
nal R1f=V1f/I as a function of the magnetic field in the spin-dependent Peltier measurement
is also shown in (c) for room temperature and in (d) for 77 K. The corresponding change in
temperature is shown on the right y-axis.

the magnetic field we deduce a spin signal of −0.4 V A−2 and −0.2 V A−2 at room
temperature and at 77 K, respectively. The decrease in signal at lower tempera-
tures is expected from the reduced Seebeck coefficient of Permalloy at such temper-
atures (see Table 4.1 and 4.2). The change in sign of the background resistance from
1.2 V A−2 at room temperature to −11.2 V A−2 at 77 K is also expected from the
change in the Seebeck coefficients of Pt and Ni80Fe20 (see Table 4.1 and 4.2). By fit-
ting the finite element model to these signals, in which a small correction due to an
SHA (see Section 4.6.4) is disregarded, we obtain a PS = (S↑ −S↓)/SF of 0.27± 0.02,
which agrees with a previous report [9, 28] of PS = 0.25.

The spin-dependent Peltier effect describes the heating/cooling of an F|N inter-
face due to the flow of spin current Js through the interface. The temperature change
is proportional to the spin accumulation µ0

s at the interface and the difference of the
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Peltier coefficients for the spin-up and spin down electrons Πs = Π↑ − Π↓. In the
experiment, a charge current is sent from contact 5 to 7 (Fig. 4.6b) and the thermo-
voltage is recorded using the thermocouple (contacts 2 and 3). Figures 4.6c and 4.6d
show the first harmonic response R1f = V 1f/I as a function of the magnetic field
for room temperature and 77 K, respectively. The corresponding temperature mea-
sured by the thermocouple is also plotted on the right y-axis. At room temperature,
a spin-dependent Peltier signal of −80 µΩ is observed on a background resistance
of −1.32 mΩ, in good agreement with earlier measurements in similar devices [12].
From the finite element model a spin-dependent Peltier coefficient of −1.3 mV is
obtained, demonstrating the Onsager-Kelvin relationship Πs = SsT0 between the
two spin-dependent thermoelectric transport coefficients. The low temperature re-
sults also confirm our earlier report that the spin-dependent Peltier signal vanishes
quadratically with the temperature [12].

4.6.4 Modification of Ps by a spin heat accumulation

In our analysis of the spin-dependent Seebeck effect above and in our earlier reports
[9, 28], we disregarded SHA (λQ = 0). The presence of an SHA modifies the spin
polarization of the Seebeck coefficient Ps. By explicitly taking the SHA into account,
we find that the previously determined value of Ps = 0.25 is increased to 0.35. This
increase has, however, no significant impact on the analysis of the spin heat valve
measurement as it contributes to the SHA only to higher order (see Section 4.6.6).

4.6.5 Temperature profiles obtained from the finite element model

Here we show the temperature profile across an F|N|F perpendicular spin valve
obtained using the 3D finite element model, for λQ = 0.2λs (for both F and N) corre-
sponding to the value obtained in the main text and for a root mean square current
of 2 mA through the Joule heater. In the parallel configuration, T↑ ≈ T↓ and any
SHA is very small. In the anti parallel case, the spin heat accumulation in the cop-
per layer is observed as a position-independent temperature difference of spin up
and spin down electrons. In addition to the vertical temperature difference a hor-
izontal temperature difference, parallel to the Py|Cu interface, is also present (Fig.
4.7c). Such an in-plane heat current does not, however, lead to any spin heat ac-
cumulation. In Fig. 4.7a and b, we compare the in-plane (blue) and out-of plane
temperature gradients along the length of the nanopillar where the contribution of
such an in-plane heat current is negligible in our measurement, maximum 6% of
the out-of-plane temperature gradient (red). The field dependent in-plane heat con-
ductance, as measured in Ref. [21, 22, 23, 24] for magnetic multilayers, is larger in
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Figure 4.7: Temperature profile across the spin valve in the presence of spin-dependent tem-
peratures for λQ = 0.2λs. (a) In the parallel configuration, because the spin heat accumulation
at the two F|N interfaces is opposite, the spin-dependent temperatures T↑,↓ cross in the nor-
mal metal and the local temperature T0 = (T↑ + T↓)/2. (b) In the antiparallel configuration
T↑,↓ = T0 ± Ts/2, where Ts is the spin heat accumulation. (c) Comparison of the in-plane
and out-of-plane temperature gradients along the length of the nanopillar at the first Py|Cu
interface (green dotted line). (d) Temperature of the bottom Py|Pt and top Py|Au interface
along the length of the nanopillar.

P than in AP configuration. In our samples that means that in the P configuration
more heat would flow from the heater to the thermocouple giving a higher tem-
perature in the parallel configuration (TP − TAP > 0). In Fig. 4.4a and 4.4b, we,
however, observe that the temperature at the thermocouple is higher in AP than in
P configuration (TP − TAP > 0). This is expected because the presence of a large
spin heat accumulation in the anti parallel configuration limits the flow of heat to
the top contact thereby increasing the temperature of the bottom contact. This dif-
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Figure 4.8: Control experiments to rule out contribution of the in-plane heat current. (a)
Device with its thermocouple connected to the top contact. (b) spin heat accumulation (SHA)
measurement for the device in (a) showing a magnetic configuration dependent signal that
has opposite behavior than when the thermocouple is connected to the bottom contact. (c)
Device without a top contact. Here the in-plane heat current is maximized while the out-of-
plane heat current is suppressed. (d) SHA measurement for the device shown in (c). No field
dependence of the measured temperature above the noise level indicates that the SHA signal
is only caused by an out-of-plane heat current.

ference in sign of the measured signal confirms that our signals cannot be caused by
the magnetic field dependence of the in-plane heat current. In Fig. 4.7d we show
the temperature of the bottom Pt|Py interface and the top Py|Au interface where an
average temperature bias of about 4 K can be deduced.

Furthermore, we repeated the measurements in a device with its thermocouple
connected to the top contact instead of the bottom contact. Fig. 4.8a shows such
a device. Here, the contribution from a lateral temperature difference should be
minimal but of the same sign, as the thermocouple is still connected to the same
side of the pillar. The SHA measurement (Fig. 4.8b) shows a clear dependence of
the signal on the magnetic configuration where the change in temperature from P
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to AP configuration ∆Ts = ∆TP −∆TAP is positive. This is expected because in the
P configuration the thermal resistance of the nanopillar is smaller, allowing larger
vertical heat flow thereby increasing the temperature of the top contact. In the AP
configuration, however, the increase in thermal resistance of the nanopillar leads to
reduced heating of the top contact, consistent with the earlier experiments using a
thermocouple connected to the bottom contact for which ∆Ts < 0.

Furthermore, devices without a top Au contact (Fig. 4.8c) have also been mea-
sured. Here, the absence of the top contact strongly suppresses the out of plane
heat current thereby increasing the lateral temperature difference compared to the
previous devices. As shown in Fig. 4.8d, there exists no observable magnetic field
dependence of the measured temperature above the noise level, confirming the im-
portance of the out-of-plane temperature gradient for the observation of SHA.

4.6.6 Possible contribution from spin-dependent Peltier effect in-
duced by the spin-dependent Seebeck effect

Here we discuss the interplay between the spin-dependent Seebeck and the spin-
dependent Peltier effects that exists even in the absence of spin heat accumulation
(T↑ = T↓). When an F|N|F nanopillar stack is subjected to a temperature gradient, a
thermally injected spin current from the first F|N interface (spin-dependent Seebeck
effect) leads to heating/cooling of the second F|N interface (spin-dependent Peltier
effect) and vice versa. By extensive model calculations, we find that being higher
order in the thermoelectric coefficients this effect can contribute only ten percent to
the measured spin heat valve signal at room temperature and is negligibly small at
77 K, ruling out this effect as possible explanation for the heat valve effect.

4.6.7 Modification of the spin heat relaxation lengths in a pure in-
terface resistance model

In the Section 4.4 and 4.6.9 we only take into account bulk scattering. This is justi-
fied for charge transport in our Py|Cu|Py nanopillar because the contribution of the
interface resistances is four times smaller than that of the bulk [30] and omission of
the interfaces only leads to a slightly overestimated bulk polarization Pσ . The dif-
ference in heat resistance between P and AP alignment (1/∆κ) can be described in
a similar way as ∆R for the GMR signal (Eq. 3 in Ref. [30]) by replacing the elec-
trical resistivities and interface resistances by their thermal counterparts using the
Wiedemann-Franz relation. Furthermore λs,Py in the bulk term has to be replaced by
its heat equivalent, λQ,Py, which is expected to be at least 5 times smaller (see Section
4.4 and 4.6.9) thereby reducing the bulk contribution to the spin heat accumulation.
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Figure 4.9: Spin heat valve signal versus the spin heat relaxation length in the copper (λs,Cu)
for the pure interface resistance model. The spin heat valve signal found by using a spin
heat interface resistance model, by taking Pκ = Pσ and λQ,Py = λs,Py. The measured spin
signal (see section 4.4 and 4.6.2) of −0.04 V A−2 is indicated by the dashed line and the
corresponding extracted λQ,Cu of 7.5 nm by the dotted line. The λQ,Cu of 7.5 nm is significantly
smaller than the value derived from the model without interface resistance (see section 4.6.9)

The interface contribution can therefore be of the same size or even dominate the
spin heat signal, which requires a comparison of the extracted parameters from both
analyses.

Here we explore the limit in which the spin-dependent thermal resistances are
dominated by the interface. It is reasonable to assume that the interface resistances
obey the Wiedemann-Franz relation and disregard any interface spin-flip scattering.
In our current model this can be implemented by setting Pκ = Pσ and λQ,Py = λs,Py

such that the SHA is limited by λQ,Cu as is the case for a pure interface model. To
fit the measured signal with this interface model we need to drastically decrease the
spin heat relaxation length in copper (λs,Cu) to 7.5 nm (Fig. 4.9). It is important to
notice that the interface spin heat accumulation does not change as it only depends
on Pκ and the observed heat-spin coupled ∆T (see Eq. 4.2).

Summarizing, we find that the extracted T↑, T↓ and Ts are the same for both bulk
and interface models (as well as intermediate regimes). However, the Cu thickness
dependence of the SHA measurements (see Section 4.6.8) indicate a λQ,Cu ≈ 50 nm.
This implies that interface resistances do not play a major role.
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Figure 4.10: Copper thickness (tCu) dependence of spin heat accumulation. (a),(c) and (e)
gives the spin heat accumulation measurements for tCu of 5 nm, 15 nm and 60 nm, respec-
tively. (b),(d) and (f) show the corresponding electrical spin valve measurements. (g) Spin
heat accumulation (SHA) signal showing a decreasing trend as a function of tCu. (h) Spin
valve signal as a function of tCu showing similar behavior. Different symbols for a given
thickness denote different samples.

4.6.8 Copper thickness dependence

By varying the Cu thickness in the in Py (15 nm)|Cu(tCu)|Py(15 nm) nanopillar spin
valves, we expect the SHA to decrease with the copper thickness due to extra inelas-
tic scattering. To that end we prepared nanopillar spin valves with of 5 nm, 15 nm
and 60 nm. We measured the electrical spin valve, spin-dependent Peltier, spin-
dependent Seebeck and spin heat valve effects under similar conditions to the ones
presented above. We separately extracted Pσ , Ps, PΠ and finally the spin heat relax-
ation lengths. The results of the thickness dependence of the SHA and spin valve
measurements are summarized in Fig. 4.10g and 4.10h below. Different symbols for
a given thickness represent measurements on different samples.
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We see that both the SHA and spin valve signals show a monotonous decrease
with tCu. Using our 3D finite element model, we obtain a conductivity polarization
Pσ of 0.49 that fits all spin valve signals for all copper thickness, in agreement with
the devices discussed in the main text within 4%. In a similar manner we obtain Ps

and PPi values of 0.37, only 2% higher than obtained before. The spin-dependent
Seebeck and Peltier effects also show a similar trend with increasing Cu thickness
thereby validating our model. Finally, using these values in the analysis of SHA
measurement, we obtain a λQ,Cu of 45 nm, which is 1/8 of λs,Cu. Although the spin
valve and spin heat valve signals for these samples are smaller than the ones dis-
cussed in the main text, there is a clear decreasing trend in the measured spin valve
signal as a function of tCu (see Fig. 4.10g and 4.10h). Using a spin heat relaxation
length λQ,Cu of 1/8th of the spin relaxation we can fit all measured values well. We
note that a contribution from the lateral temperature difference also decreases with
the copper thickness, but on a very short length scale smaller than the mean free
path in Cu as demonstrated by B. Dieny et al. [32]. For our Cu films, using the
separately measured electrical conductivity σ = 1.7× 107 S/m, calculated diffusion
coefficient Dc = 5× 103 m2/sec and Fermi velocity of Cu vf = 1.5× 106 m/sec, one
obtains a mean free path le = 2Dc

vf
= 7 nm. This means that the in-plane magneto

thermal resistance is only relevant for thicknesses comparable to the mean free path.
Because we observe magnetic configuration-dependent signal up to a tCu of 60 nm,
we attribute this effect to a spin heat accumulation.

4.6.9 Finite element modeling for spin and heat transport

We use a spin-dependent thermoelectric model in which the charge and heat cur-
rents in the two spin channels are defined in terms of the spin-dependent elec-
trical conductivity σ↑,↓ = σ

2 (1 ± Pσ), Seebeck coefficient S↑,↓, Peltier coefficient
Π↑,↓ = S↑,↓T0 for a reference temperature T0, temperature T↑,↓ and thermal con-
ductivity κ↑,↓ = κ

2 (1 ± Pκ), where Pκ is the bulk spin polarization of the thermal
conductivity. Here, κ includes the contribution of the spin-dependent electronic
thermal conductivity κe and the phonon thermal conductivity κph that also includes
heat current paths through the insulating substrate. Pκ is therefore a lower bound
for the spin polarization of the electronic heat conductivity. The spin-dependent
thermoelectric currents are then related to the driving forces as [3]

~J↑
~J↓
~Q↑
~J↓

 = −


σ↑ 0 σ↑S↑ 0

0 σ↓ 0 σ↓S↓
σ↑Π↑ 0 κ↑ 0

0 σ↓Π↓ 0 κ↓



~∇V↑
~∇V↓
~∇T↑
~∇T↓

 (4.8)



4.6. Supplementary Information 61

Spin relaxation due to spin-flip processes leads to non-conservation of spin currents
while Joule heating causes finite divergence of the heat currents

~∇×


~J↑
~J↓
~Q↑
~J↓

 =


− (1−P 2

σ)σ
4λ2
s

(V↑ − V↓)
(1−P 2

σ)σ
4λ2
s

(V↑ − V↓)

− (1−P 2
κ)κ

4λ2
Q

(T↑ − T↓) +
J2
↑
σ↑

+
(1−P 2

σ)σ
8λ2
s

(V↑ − V↓)2

(1−P 2
κ)κ

4λ2
Q

(T↑ − T↓) +
J2
↑
σ↑

+
(1−P 2

σ)σ
8λ2
s

(V↑ − V↓)2

 (4.9)

The first two terms ∓ (1−P 2
σ)σ

4λ2
s

(V↑ − V↓) represent spin relaxation between the spin
up and spin down channels derived from the spin diffusion equation∇2(V↑−V↓) =
V↑−V↓
λ2
s

. Joule heating in each channel is represented by J2
↑
σ↑

and J2
↓
σ↓

. The term (1−P 2
σ)σ

8λ2
s

(V↑−

V↓)
2 denotes heat generation due to spin relaxation [33]. Finally, the term∓ (1−P 2

κ)κ

4λ2
Q

(T↑−
T↓) denotes heat exchange between the two channels. Unlike the spin relaxation
length, which is determined only by spin-flip scattering, the spin heat relaxation
length λQ is determined both by spin-flip scattering and inelastic scattering. The
material parameters which are used in the model are listed in Table 4.1 and 4.2. The
room temperature data were separately measured in Ref. [34] and have previously
been used in Ref. [28]. Material parameters including Seebeck coefficients at 77 K
are adopted from the literature. The spin relaxation lengths are taken from Ref. [30]
and references therein.

We strategically fit a single parameter per measurement in order to reduce large
error margins caused by correlations between parameters. We first obtain the spin
polarization Pσ by fitting the measured electrical spin valve signal. By using this
value in the analysis of the spin-dependent Seebeck and Peltier measurements, we
obtain Ps and PΠ, respectively. This allows us to accurately determine the spin po-
larization of the conductivity, Seebeck, and the Peltier coefficients. Having obtained
these fitting results we model the spin heat valve measurement with the ratio of the
spin heat relaxation length to the spin relaxation length λQ/λs as a fitting parameter
(see Section 4.6.5).
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Table 4.1: Input parameters for the modeling at room temperature.

Material σ S κ λs
(thickness) (106 S m−1) (µV K−1) (W m−1 K−1) (nm)

Au (130 nm) 27 1.7 180 80
Au (10 nm) 6.8 1.7 46 80
Pt (40 nm) 4.2 −5 32 5
Pt (60 nm) 4.8 −5 37 5
Cu (15 nm) 15 1.6 100 350 [27, 30]
Py (15 nm) 2.9 −18 18 5

Ni45Cu55 (30 nm) 2 −32 20 5
Al2O3 (8 nm) 0 - 0.12 -
SiO2 (300 nm) 0 - 1 -

Table 4.2: Input parameters for the modeling at 77 K.

Material σ (77 K) S (77 K) κ (77 K) λs (77 K)
(thickness) (106 S m−1) (µV K−1) (W m−1 K−1) (nm)

Au (130 nm) 40.5 [35] 1.4 [35] 107 [35] 160 [30]
Au (10 nm) 10 [35] 1.4 [35] 23 [35] 160 [30]
Pt (40 nm) 5.5 [36, 37] 6 [38] 17 [36, 39, 40] 10 [30]
Pt (60 nm) 7.2 [36, 39, 40] 6 [37] 23 [36, 39, 40] 10 [30]
Cu (15 nm) 22.5 [41, 37] 1.3 60 [41, 37] 1000 [27, 30]
Py (15 nm) 4.3 [42] −4.5 [39, 40, 42] 11 [39, 40, 42] 10 [30]

Ni45Cu55 (30 nm) 3 −8 [39, 40, 38] 12 [39, 40] 10 [30]
Al2O3 (8 nm) 0 - 0.1 -
SiO2 (300 nm) 0 - 0.1 -
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Chapter 5

Comparison between ther-
mal and current driven spin-transfer torque in
nanopillar metallic spin valves

Abstract

We investigate the relation between thermal spin-transfer torque (TSTT) and the spin-
dependent Seebeck effect (SDSE), which produces a spin current when a temperature
gradient is applied across a metallic ferromagnet, in nanopillar metallic spin valves.
Comparing its angular dependence (aSDSE) with the angle dependent magnetoresis-
tance (aMR) measurements on the same device, we are able to verify that a spin heat
accumulation builds up in our devices. From the SDSE measurement and the observed
current driven STT switching current of 0.8 mA in our spin valve devices, it was esti-
mated that a temperature difference of 230 K is needed to produce an equal amount of
TSTT. Experiments specifically focused on investigating TSTT show a response that is
dominated by overall heating of the magnetic layer. Comparing it to the current driven
STT experiments we estimate that only∼10% of the response is due to TSTT. This leads
us to conclude that switching dominated by TSTT requires a direct coupling to a perfect
heat sink to minimize the effect of overall heating. Nevertheless the combined effect of
heating, STT and TSTT could prove useful for inducing magnetization switching when
further investigated and optimized.

5.1 Introduction

The intrinsic angular momentum of the electron (spin) is used in spintronics to
develop new or improved electronic components. In the spin-transfer torque

(STT) mechanism proposed by Slonczewski and Berger in 1996 [1, 2], a spin polar-
ized charge current entering a magnetic layer exerts a torque on the magnetization
by transfer of angular momentum. Nowadays STT is being extensively studied and
STT switchable random access memory (STT-RAM) is one of the prime candidates
for replacing dynamic RAM (DRAM) in the future [3]. The two spin channel model
[4] describes collinear transport, in for instance giant magnetoresistance devices, but
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is not able to explain and quantify the absorption of transverse spins in STT. There-
fore a so called spin mixing conductance (G↑↓) was defined [5, 6] that gives the
efficiency with which these spins transverse to the magnetization direction are ab-
sorbed at the non-magnetic (N)|ferromagnetic (F) interface. G↑↓ can be determined
experimentally by performing angular magnetoresistance measurements.[7, 8]

In recent years research in the field of spin caloritronics, the interplay between
spin and heat transport, has led to exciting new results.[9] In the spin-dependent
Seebeck effect (SDSE) [10, 11] heat flow is used to inject a spin polarized current
from F into N, which can exert an STT on the magnetization of a second F layer.
Indications of such a TSTT have been reported by Yu et al. [12], where they observed
a change in the switching field of a Co|Cu|Co spin valve in the second harmonic
response to a current sent through the nanowire. Nevertheless a complete study
where the efficiency of the TSTT is quantified and a comparison with STT is made,
is still lacking.

The goal of this chapter is to provide such a study of TSTT in F|N|F GMR nanopil-
lars. Using the same device to study the GMR, the SDSE as well as their angle depen-
dence we are able to reliably compare both. Furthermore we discuss measurements
oriented at directly observing TSTT and the obstacles that come with it.

5.2 Theory

If, in an F|N|F stack, the magnetization of one of the F layers is rotated while keeping
the other pinned, noncollinear spin transport becomes important. The spin current
flowing from one F layer to the other will have a spin component transverse to the
magnetization direction of the second F layer. Contrary to the collinear case these
transverse spin components are not eigenstates of the ferromagnet and its angu-
lar momentum will be absorbed by destructive interference in F over the decoher-
ence length, expected to be ≤1 nm for transition metals.[13] The absorbed angular
momentum gives a torque on the magnetization which, if large enough, can excite
magnetization dynamics or even reverse its direction. In magnetoelectronic circuit
theory [6] the real part of the spin mixing conductance (Gr↑↓), in typical metals an
order of magnitude larger than the imaginary part, gives the efficiency with which
the electron’s spin component transverse to the magnetization (M) direction are ab-
sorbed at an F|N interface:[6]

Is,⊥ = Vs,⊥G
r
↑↓ (5.1)

where Is,⊥ is the transverse angular momentum current absorbed and Vs,⊥ is the
the spin accumulation (V↑ − V↓) at the F|N interface with the electron spin pointing
perpendicular to M. The charge current through an F|N|F stack [13] depends on the
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angle between the two magnetizations (θ) in the thermalized regime as follows:[14]

Ic(θ) =
G

2

[(
1− P 2

G tan2(θ/2)

η + tan2(θ/2)

)
∆V +

(
1− PGP

′ tan2(θ/2)

η + tan2(θ/2)

)
S∆T

]
(5.2)

where ∆V and ∆T are the voltage and temperature difference across F, S is the
F’s Seebeck coefficient or thermopower, PG=(G↑ −G↓) /G is the spin polarization
of the F’s conductance, P ′=

(
PS + 2PG − PSP 2

G

)
/2 with the spin polarization of the

Seebeck coefficient PS=(S↑ − S↓) /S and η = 2Gr↑↓/G with G = G↑ +G↓ [14].
The Gr↑↓ can be determined for a certain F|N interface by using η as a fitting

parameter for angle dependent magnetoresistance (aMR) measurements, by setting
∆T = 0 in Eq. 5.2 (see Section 5.7.1):[7, 8]

aMR =
R(θ)

R(0)
=

η + tan2(θ/2)

η + (1− P 2
G) tan2(θ/2)

(5.3)

A similar approach can be used for the angle dependence of the SDSE (aSDSE),
which is given by Eq. 5.2 for Ic = 0 (see Section 5.7.1):[14]

aSDSE =
−∆V (θ)

S∆T
=
η + (1− PGP ′) tan2 (θ/2)

η + (1− P 2
G) tan2 (θ/2)

(5.4)

Both the MR and the SDSE produce a spin current running from one of the F
layers to the other and therefore lead to a spin transfer torque, either current driven
(STT) or driven by a temperature difference (TSTT).

τSTT (θ) =
~
2e
A(θ)PGIc (5.5)

τTSTT (θ) =
~
2e

G

2
A(θ) (P ′ − PG)S∆T (5.6)

with A(θ) = η sin(θ)
η(1+cos(θ))+(1−cos(θ))

η+tan2(θ/2)

η+(1−P 2
G) tan2(θ/2)

.

The description given above holds in the thermalized regime where strong in-
elastic scattering between the two spin channels leads to energy exchange and en-
sures that they remain at the same temperature. However if inelastic scattering is
relatively weak the electron temperatures can become spin-dependent and a spin
heat accumulation will build up [15, 16]. Such a spin heat accumulation produces
an additional SDSE term which depends on the spin heat accumulation itself and
the energy derivative of Gr↑↓, and a normalized spin mixing thermopower can be

defined η′ = 2
(
δGr↑↓/δE

)
E=EF

/ (δG/δE)E=EF
[14]. As a consequence the aSDSE

curve shape will differ from that in the thermalized regime and Eq. 5.4 will not
accurately describe the observed aSDSE behaviour.
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Figure 5.1: (a) Schematic representation of the device structure used, where an F|N|F stack
is sandwiched between a Pt bottom contact and a Au top contact. Two Pt Joule heaters are
used to produce a thermal gradient across the stack and are insulated form the Pt bottom
contact by a thin Al2O3 layer. (b) In the angle dependent measurements stack type A is
used, consisting of a circular F1 layer and rectangular N and F2 layers. The circular shape
of F1 ensures that there is no preferential in plane direction for the magnetization, such that
it easily aligns with a small magnetic field. Rotating this small field will not influence the
magnetization direction of F2 giving an angle θ between M1 and M2. (c) For the thermal
STT measurements stack type B is used, consisting of in situ grown rectangular F|N|F stack.
Because of shape anisotropy two stable magnetic states are present, namely parallel and anti
parallel magnetization alignment.

5.3 Fabrication and measurement techniques

The samples are prepared on top of a thermally oxidized Si substrate by 8 or 9 con-
secutive electron-beam lithography (EBL) steps, depending on the stack type. All
the materials are deposited by e-beam evaporation with a base pressure of 3× 10−6

mbar.
In this paper two types of F|N|F stacks are used. One for the angle dependent

measurements (section 5.4) and an other for the TSTT measurements (section 5.5),
for convenience they are named stack type A (Fig. 5.1(b)) and B (Fig. 5.1(c)) re-
spectively. For both stack types the full device consists of a bottom platinum (Pt)
contact of 60 nm thick and a 130 nm thick gold (Au) top contact with the F|N|F stack
sandwiched in between (see figure 5.1(a)). On both sides of the Pt bottom contact
Pt Joule heaters of 40 nm thick are placed to produce a thermal gradient across the
F|N|F stack. An 8 nm thick aluminium oxide (Al2O3) layer seperates these Pt heaters
from side extensions of the Pt bottom contact, ensuring strong thermal contact be-
tween the two but excluding any direct electrical pick up. Around the stack a ∼150
nm thick layer of polymethyl methacrylate (PMMA) e-beam resist is crosslinked,
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electrically isolating the top from the bottom contact.
The stack of type A, see figure 5.1(b), is fabricated in two steps. First a circular F1

layer of 15 nm thick Permalloy (Py)(Ni80Fe20) is deposited, with a diameter of 300
nm. After cleaning the interface by Ar ion milling, to create a good Ohmic contact,
the remainder of the stack is deposited consisting of a 10 nm thick copper layer (Cu)
followed by a 10 nm thick Py layer with lateral dimensions of 150 × 50 nm2. Be-
cause F1 is circular there is no preferential in-plane direction for the magnetization.
The magnetization of F1 (M1) will therefore easily follow a relatively small rotating
applied magnetic field. However, the rectangular shape of F2 ensures an easy axis
for M2, parallel to its longest side, due to shape anisotropy. Therefore the rotation
of M2 is negligible when the applied field is much lower than the field needed to
rotate M2 or to overcome its hard axis direction. Such magnetic behavior is ideal for
magnetization angle dependent measurements, further discussed in section 5.4.

Stacks of type B, see figure 5.1(c), are rectangular in shape (100 × 50 nm2) and
consists of 15 nm (F1) and 5 nm (F2) thick Py layers separated by a 15 nm thick Cu
spacer. The full stack is deposited without breaking vacuum. Both magnetic layers
have the same easy axis direction giving two distinct stable states, namely parallel or
anti parallel alignment of the two magnetizations. These stacks are used in section
5.5 to investigate changes in switching field due to TSTT.

The electrical measurements presented in this paper are all performed using
standard lock-in detection techniques, providing a way to distinguish first harmonic
response signals (V1H ∝ I) from second harmonic response signals (V2H ∝ I2). To
ensure a thermal steady-state condition a low excitation frequency of 17 Hz was
used. All measurements are performed at room temperature except for the temper-
ature dependent measurement in section 5.5, where a Peltier heating element to-
gether with a thermometer is used to bring and keep the sample at a preset elevated
temperature.

5.4 Angle dependent experiments

To investigate the aMR and aSDSE an F|N|F stack of type A is used (see Section 5.3).
For characterization purposes we first measure the MR and SDSE.

Fig. 5.2(b) gives the MR measurement where the resistance across the stack is
measured as a function of the applied magnetic field (B), parallel to the easy axis of
F2. Just after B passes through zero the magnetization in the F1 layer switches as it
has no easy axis direction. The field necessary to switch the magnetization of F2 is
significantly larger, around 80 mT, as it has to overcome the planar shape anisotropy.
Nevertheless the field to switch F2 is larger than expected for a single layer of its
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Figure 5.2: (a) The normalized, angle dependent magnetoresistance (aMR) [17] (squares), an-
gle dependent spin-dependent Seebeck effect (aSDSE) (triangles) and the difference between
the two (circles) are plotted as a function of the angle between M1 and M2. (b) The magne-
toresistance (MR) measurement gives the resistance across the stack as a function of applied
magnetic field B. (c) The spin-dependent Seebeck effect gives the Seebeck voltage as a func-
tion of applied magnetic field B.

size and shape. This is caused by the dipole magnetic field created by the F1 layer
coupling to the magnetization of F2. For the angle dependent measurements we
have to make sure that this coupling is canceled out such that it will not influence
M2 when rotating M1. From separate measurements we conclude that the coupling
corresponds to a 50 mT field, see Section 5.7.2. A constant B of 50 mT in the angle
dependent experiments is therefore sufficient to cancel out the dipole coupling field.
Note that because we compare aMR and aSDSE measurements directly, measured
on the same sample and using the same technique, any small differences between
the angle set by the rotation of B and the actual angle, between M1 and M1, has no
effect on the ability to compare both curves.

The MR measurement corresponds well with the results found from a Comsol
Multiphysics three-dimensional finite element model (3D-FEM) with Pσ,1 = 0.25

and Pσ,2 = 0.52. See Refs. [16, 18] for a full discussion of the model. The difference
in Pσ for the two F layers is because of the ion mill cleaning of the F1 layer,[10, 11]
which leads to a stronger spin scattering and can thus be taken as an effective lower
Pσ .

The SDSE measurement in Fig. 5.2(c) gives the Seebeck voltage measured across
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the stack while sweeping B. The temperature gradient over the stack is produced by
sending a 1 mA root mean square current through each Pt Joule heater. A clear dif-
ference in the Seebeck voltage for the parallel and antiparallel case is observed. The
SDSE signal and the background voltage correspond well with previously reported
results [10, 11] and with the modeled values, with PS,1 = 0.19 and PS,2 = 0.35.

For the angle dependent measurements the sample holder is mounted on a ro-
tatable stage with a rotation precision of at least π/180 radian by the automated
control of a stepper motor. The sample holder is rotated from−2π to 2π radian with
a constant B of 50 mT while recording the voltage across the stack. M1 will follow
B therefore creating an angle θ between M1 and M2, see figure 5.1(b), equal to the
rotation of the sample holder.

In Fig. 5.2(a) the aMR and aSDSE measurements are plotted together and are nor-
malized by the spin signal from the MR and SDSE measurements, respectively. In
this way the angle dependence of both effects can directly be compared. A small but
distinct difference between the two curves is visible, as the aSDSE is wider than the
aMR, indicating that η′ starts playing a role. From this we can conclude that a SHA
builds up in our stacks, verifying previous results of direct SHA measurements.[16]
The TSTT, as described in Eq. 5.6, will be affected as well but from the relatively
small difference between the aMR and aSDSE curves, of maximum 10% of the total
spin signal (see Fig. 5.2(a)), we can assume that this change will be small and in first
order can be neglected.

5.5 Investigation of thermal spin-transfer torque

The existence of an SDSE suggests that the spin current generated by a thermal
gradient across an F|N|F stack would produce a TSTT. The experiments discussed
in this section are aimed at finding evidence for such a TSTT. For this purpose we
use devices with F|N|F stack of type B (see Fig. 5.1(c)) to investigate the changes in
minor loop switching fields.

The magnetic minor loop measurement is presented in Fig. 5.3(a), where the first
harmonic response is plotted as a function of B. Here we only look at the switching
of the 5 nm thick F2 layer. First M1 and M2 are saturated parallel by applying a
high positive magnetic field. Now B is sweeped towards zero until M1 switches,
bringing the stack into the anti parallel resistance state. By reversing the B field
sweep direction, before M2 switches, a minor loop is obtained when M1 switches
back to its original parallel resistance state. The minor loop should normally be
centered around B=0 but is shifted to around B=45 mT in our devices, because of
the dipole field coupling between the two F layers.
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Figure 5.3: (a) The magnetic minor switching loop of the F2 layer for a type B stack, where B1

and B2 represent the low and high switching field, respectively. (b) Resistance of the stack as
function of direct current (Idc) sent through it. The switching from the anti parallel resistance
state to the parallel state and vice versa is cause by the spin-transfer torque induced by Idc. A
constant B of 40 mT is applied to ensure that we are in the middle of the minor loop, where
both the parallel and anti parallel magnetization alignment constitute a stable state.

In Fig. 5.3(b) the STT switching experiment is given for characterization pur-
poses. On top of the small alternating current (Iac) of 10 µA, which gives the re-
sistance of the stack via a lock-in detection technique, a direct current (Idc) is sent
through the stack responsible for inducing the STT. Sweeping Idc from -1.5 to +1.5
mA a STT switching from the parallel to anti parallel state is observed, for a positive
Idc of 0.8 mA, and a reverse switch, for a negative Idc of -1.2 mA. A constant B of 40
mT is applied to make sure that we are within the minor loop (Fig. 5.3(a)), where
both the parallel and anti parallel magnetization alignment constitute a stable state.

The experiments discussed above show that the switching fields B1 and B2 in the
minor loop are changed by STT, or in other words the barrier going from the P to AP
state and vice versa is changed. Measuring these two switching fields as a function
of Idc, through the F|N|F stack, therefore quantifies the response of the sample to
STT, at currents below the STT switching current. Fig. 5.4(a) gives this evolution
of B1 and B2, where every measurement point is an average switching field from
5 consecutively obtained minor loops. B2 clearly shifts to lower values for higher
Idc values, almost reaching 40 mT at an Idc of 0.8 mA, corresponding well to the
STT switching current observed in Fig. 5.3(b). B1 on the other hand only shows
a very small decrease consistent with magnetic phase diagrams found for similar
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Figure 5.4: The evolution of the minor loop switching fields B1 and B2 for: (a) Spin-transfer
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Overall temperature change, induced by a controllable heater. (c) The temperature of the F2

layer extracted from 3D finite element modeling as a function of Idc sent through the Pt Joule
heaters.

stacks.[19]
For TSTT a similar change in B1 and B2 should be observed when increasing the

temperature gradient across the stack. In the measurement presented in Fig. 5.4(b)
this is investigated by determining these switching fields as a function of Iheaters,
sent through the Pt Joule heaters. The results are plotted versus I2heaters because the
Joule heating scales quadratically with Iheaters. Indeed a clear quadratic decrease of
B2 is observed as one would expect for TSTT. However B1 now seems to slightly in-
crease, instead of showing a small decrease as seen for the STT measurement. This
could indicate that the changes in B1 and B2 are not purely due to TSTT, but overall
heating of F2 plays an important role as well. Namely, overall heating will lower
the coercive field of the F2 layer. To further investigate this we measured the evo-
lution of the switching fields as a function of the overall temperature of the device,
without any STT or temperature gradient applied. A heating element together with
a thermometer, positioned underneath and in good thermal contact with the sam-
ple, was used to controllably set the overall temperature of our device. Fig. 5.4(c)
gives the results up to a temperature of 80oC, showing a very similar behavior as
the “thermal” STT dependent measurement in Fig. 5.4(b).

To determine if the results in Fig. 5.4(b) are dominated by overall heating the
temperature of the F2 layer as function of Iheaters needs to be known. Experimentally
this is difficult to determine and therefore we use our 3D finite element model, suc-
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cessfully used in section 5.4 as well as numerous previously reported measurements.[10,
11, 16] The modeled temperature of F2 versus I2dc is given in Fig. 5.4(d). At an Iheaters

of 3 mA (I2heaters=9 mA2) F2 reaches a temperature of 57 oC. The same Iheaters gives a
Bswitching of 52 mT, according to the measurement in Fig. 5.4(b), which is also found
for an overall heating of ∼60 oC in Fig. 5.4(c). In other words the change in Bswitching

observed in Fig. 5.4(b) seems to be dominated by the overall heating of the F2 layer.

5.6 Discussion and conclusions

The aSDSE measurement presented in section 5.4 shows that the spin heat accumu-
lation in our devices will influence the TSTT, however this changed is assumed to be
small and can effectively be neglected. Applying a temperature gradient across an
F|N|F stack, presented in section 5.5, shows no evidence of TSTT. This we attribute
to the dominance of overall heating of the magnetic layer, masking the response due
to TSTT. If we indeed neglect the relatively small efficiency difference in TSTT and
current driven STT, then Eq. 5.5 and 5.6 describe the torques, respectively. The ∆T

needed to produce the same amount of STT, for a certain Idc through the stack, is
then found by setting τSTT = τTSTT and gives

∆T =
2

G

PG
S(P ′ − PG)

Idc =
PGR

S(P ′ − PG)
Idc, (5.7)

where R is the resistance of the spin active part of the stack [20] and Idc is the current
through the stack as plotted on the x-axis in Fig. 5.4(a). Using R=1.3 Ω (from the 3D-
FEM), S=-18 µV/K and for P and P’ the values found in section 5.4 we get; ∆T =

2.9 × 105[K/A] Idc. In order to switch the F2 layer using current driven STT an Idc
of 0.8 mA is required (see Fig. 5.3 (b)), which then corresponds to a ∆T of 230 K,
across the spin active part [20] of the F1 layer, for pure TSTT driven switching. It can
safely be said that such a large steady state ∆T cannot be applied across such a short
length and will lead to a significant increase in the background temperature. This
becomes evident when determining the TSTT versus overall heating contribution
in the “thermal torque” dependence measurement (see Fig. 5.4(b)). For the largest
Joule heating current (Iheaters) in Fig. 5.4(b) Bswitching is 52 mT, which corresponds to
an Idc of 0.375 mA for the STT dependent measurement in Fig. 5.4(a). The change in
Bswitching observed in Fig. 5.4(b) would therefore need a ∆T of 110 K, across the spin
active part of the stack [20], if caused purely by TSTT. The model gives a ∆T ≈ 12

K for the largest Joule heating current, which would mean TSTT is only responsible
for a maximum of ∼10% of the observed Bswitching change.

In conclusion we can say that, although the angle dependent measurements
show that a thermal gradient will induce a TSTT, it is small and difficult to distin-
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guish from overall heating effects. Overall heating leads to a lowering of the energy
switching barrier for both the P and AP state, such that B1 and B2 move towards
each other and gives a narrower minor loop. In the case of STT, either induced by
a thermal or voltage gradient, the two switching fields should move in the same
direction providing a way to distinguish it from overall heating. Our results show
that, in steady state experiments, it is difficult to avoid overall heating from being
the dominant effect, unless the magnetic layer under investigation is connected di-
rectly to an almost perfect heat sink. An alternative approach would be to use use
short heat pulses and look at time dependent signals as discussed in Ref. [14, 21, 22]
for tunnel magnetoresistance (TMR) structures.

A combined effect of the lowering of the switching barrier by overall heating
together with TSTT could of course be beneficial as the torque needed to switch will
be smaller. This route is currently being investigated in the form of heat assisted
switching devices.[23, 24, 25] However it requires an in depth investigation and
precise calibration of the timing of the two effects.

5.7 Supplementary Information

5.7.1 aMR and aSDSE formula’s

aMR in a symmetric F|N|F stack is described by Eq. 5.3, which is found by setting
∆T = 0 in Eq. 5.2. This gives:[14]

Ic(θ)

∆V
=
G

2

(
1− P 2

G tan2(θ/2)

η + tan2(θ/2)

)
(5.8)

R(0)

R(θ)
=
η + (1− P 2

G) tan2(θ/2)

η + tan2(θ/2)
(5.9)

The aSDSE is described in Eq. 5.4, which is found by setting Ic = 0 in Eq. 5.2.
This gives:[14]

−
(

1− P 2
G tan2(θ/2)

η + tan2(θ/2)

)
∆V =

(
1− PGP

′ tan2(θ/2)

η + tan2(θ/2)

)
S∆T (5.10)

−∆V (θ)

S∆T
=

(
η + (1− PGP ′) tan2 (θ/2)

η + tan2 (θ/2)

)
(
η +

(
1− P 2

G

)
tan2 (θ/2)

η + tan2 (θ/2)

) (5.11)
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Figure 5.5: Measurements on device with F|N|F stack with negligible dipole field coupling
(a) Resistance of the stack as a function of applied magnetic field B, spin valve measurement.
(b) Minor loop switching measurement for the F2 layer clearly showing no coupling as the
loop is well centered around B=0.

5.7.2 Dipole magnetic field coupling

To determine the dipole field coupling between the F1 and F2 layer for stack type
A similar devices were fabricated, with a 1.5 µm by 100 nm rectangular F1 layer.
As the F1 layer is now much longer than the F2 layer the dipole coupling field will
become negligibly small. As the rest of the device and especially the N and F2 layer
are kept the same we are able to determine the switching field of F2 without any
coupling present. In Fig. 5.5 the spin valve and minor loop measurements are given.
The minor loop is perfectly centered around B=0 confirming that the dipole field
coupling is negligibly small. Furthermore we observe a switching field of 35 mT,
which can be seen as the uncoupled switching field. Comparing this to the switching
field of 85 mT for the coupled stacks used in the angle dependent measurements, see
Fig. 5.2, we estimate a dipole coupling field of 50 mT.
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Chapter 6

Spin caloritronics in magnetic insulators

Abstract

The previous chapters discussed spin caloritronic effects and mechanisms in metallic fer-
romagnets. The large amount of free electrons in metals make that these effects originate
from spin-dependencies of the electron transport. However in magnetic insulators there
are no electronic states available at the Fermi energy, suppressing the electrical conduc-
tivity, and spin caloritronic effects work differently. In this chapter the basic physics
concepts needed to understand these spin caloritronic effects in magnetic insulators are
introduced. First of all the most widely used magnetic insulator in the field, yttrium iron
garnet (YIG), is discussed. After that the spin pumping mechanism and spin waves are
treated, which together serve as the basis for the explanation of the spin Seebeck effect in
YIG. Finally the modeling of spin caloritronic effects in YIG is discussed.

6.1 Yttrium Iron Garnet (YIG)

The discovery of yttrium iron garnet (Y3Fe5O12) and its net magnetic moment
goes back as far as 1956 [1, 2]. It is a ferrimagnetic electrical insulator, where

three of the five Fe3+ ions in a repeating unit reside on tetrahedal sites and the re-
maining two on octrahedal sites. The antiferromagnetic coupling between the tetra-
hedal and octrahedal sublattices leads to a net magnetic moment, as one of the three
Fe3+ ions on a tetrahedal site remains uncompensated [3]. The weak interaction be-
tween the Fe3+ ions and phonons in YIG leads to a very low magnetic damping and
therefore long lifetimes of magnetic excitations. In monocrystalline YIG the damp-
ing is a few orders of magnitude smaller than those in the standard ferromagnetic
metals [4], making it interesting for microwave applications [5].

The YIG used in Chapter 7 is made by liquid-phase epitaxy [6], where clean
and defect free (111) YIG films were grown on top of a non magnetic (111) gal-
lium gadolinium garnet (Gd3Ga5O12) substrate, because of the very small lattice
mismatch between them. The growth conditions are chosen such that the magneti-
zation will be in plane and has a small coercive field of around 0.06 mT. YIG growth
by other techniques like pulsed laser deposition [7] and sputtering [8] can be used
as well.
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Figure 6.1: (a) A microwave magnetic field at 1 GHz (see inset) is applied to a YIG layer
by placing it on top of a microstrip reflection line. Sweeping a static magnetic field (B) (see
inset), perpendicular to the microwave field, while recording the reflected microwave power
of the strip line shows a significant decrease at the resonant fields (±Bres). At resonance the
magnetization of the YIG goes into a uniform precession by absorbing energy from the mi-
crowave field, causing the observed dip in reflected power. (b) If the YIG is contacted by a
metal while brought into resonance a pure spin current will be pumped into the metal, with
the dc component of the spins aligned to the average YIG magnetization direction.

In Fig. 6.1(a) a typical magnetic resonance measurement, used for characteri-
zation purposes, is given for one of our YIG samples. The full film YIG sample is
placed on top of a 50 Ω microstrip reflection line, which is connected to a microwave
power source. This produces an oscillating microwave magnetic field (see inset Fig.
6.1(a)) in the in plane direction of the YIG film. For a specific applied in plane static
magnetic field B (see inset Fig. 6.1(a)), perpendicular to the microwave field di-
rection, the magnetization of the YIG will go into a uniform precessional mode,
where the electron spins precess with the same phase and amplitude around the
applied static magnetic field. The relation between the microwave field frequency
and the static applied magnetic field for which resonance of the YIG magnetiza-
tion occurs, the so called Kittel equation [9], can be found by solving the linearized
Landau-Lifshitz-Gilbert equation (see Eq. 2.8). In Fig. 6.1(a) the reflected power
from the microstrip is plotted as function of the applied static magnetic field, for a
microwave frequency of 1 GHz. At an applied field of±Bres the resonance condition
is fulfilled and the YIG magnetization goes into resonance by absorbing energy from
the microwave field, represented in the measurement by a strong decrease in the re-
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flected power. The width of the resonance peak is directly related to the magnetic
damping of the material where low damping materials like YIG give a narrow res-
onance peak. The low damping as well as the existence of fully developed growth
procedures make YIG the material of choice for magnonics [4] and insulator spin
caloritronics.

6.2 Spin pumping

If a magnetic material in resonance is in contact with a normal metal a pure spin cur-
rent, with no associated electrical current, is injected from the magnetic material into
the metal (see Fig. 6.1(b)). This mechanism of spin pumping was first observed as an
enhanced magnetic damping when contacting a strong spin flip scattering metal to a
ferromagnetic metal in resonance [10] and only later was directly observed [11]. As
discussed by Tserkovnyak et al. [12] the precessional torque on the magnetization is
equivalent to the injection of a bulk spin current. The non equilibrium spin accumu-
lation that builds up can relax by diffusing into the non magnetic metal, causing the
observed enhanced damping. The spin current density ( ~Js) pumped into the metal
depends on the interface spin mixing conductance (g↑↓ = g↑↓r + g↑↓i ), as follows [12]:

~Js =
~
e

(
g↑↓r

(
~m× d~m

dt

)
+ g↑↓i

d~m

dt

)
(6.1)

with g↑↓r and g↑↓i in units of 1/(Ωm2) and ~m is a unit vector pointing in the direction
of the magnetization. The imaginary part of the spin mixing conductance g↑↓i pumps
spin oriented parallel to the precessional “field like” torque and is commonly ne-
glected as it is an order of magnitude smaller than the real part [13]. The orientation
of the pumped spins from the g↑↓r term, see Eq. 6.1, point parallel to the magneti-
zation damping, which gives a dc component parallel to the average magnetization
direction and an ac component normal to it. This immediately shows the link be-
tween spin pumping and spin-transfer torque where the opposite happens, namely
an applied spin current exerts a torque on the magnetization opposing the damping
and driving precession (see section 2.8). The two effects are indeed Onsager recip-
rocal mechanisms (see Section 2.4) and are both proportional to the real part of the
spin mixing conductance as discussed by Brataas et al. [14].

In a magnetic insulator like YIG the spin pumping mechanism as discussed
above is not possible as the electrons in the YIG will not be able to diffuse and
transport a spin current into the adjacent metal. Nevertheless spin pumping in
YIG|non magnetic metal system is observed [15]. From first-principle calculations
Jia et al. [16] have shown that this originates from interactions between the elec-
tron spins in the metal and the insulator due to conduction electron scattering at



84 6. Spin caloritronics in magnetic insulators

Magnetic ground state

Excited state

Spin wave excitation (a)

(b)

(c)

side view

top view

Figure 6.2: (a) The magnetic ground state of a ferromagnetic or ferrimagnetic material can be
depicted as a parallel alignment of all the “net” spins in the material. (b) A simple excited
state will then entail the reversal of one of these spin. (c) The excited state in (b) is an energet-
ically unfavorable state as it opposes the exchange interaction between the reversed spin and
its neigbours. The low-lying excitations are therefore spin-wave excitations, where the spin
reversal is distributed over all the spins.

the metal|insulator interface. This magnetic exchange field at the interface can then
transport angular momentum from a spin current in the metal to the magnetiza-
tion in the YIG (spin-transfer torque) or vice versa (spin pumping). Even though
the mechanism for magnetic insulator and magnetic metal systems is different, the
spin mixing conductance can still be used to describe both systems in the same way,
as it only defines a measurable spin pumping/spin-transfer torque efficiency of an
interface. The spin mixing conductance for magnetic insulators is expected to be
of the same order of magnitude as that for magnetic metals [16], which is true for
the experimentally determined value for typical YIG|Pt interfaces used in our group
[13].

6.3 Spin waves

The magnetic ground state of a ferromagnetic or ferrimagnetic material can be de-
picted as all the “net” spins being aligned, as in Fig. 6.2(a). An excited state would
then be obtained by reversing one of those spins as shown in Fig. 6.2(b). However
the strong exchange interaction in such materials, which favors the parallel align-
ment, makes this is a relatively high energy excitation [9]. It is energetically more
favorable to distribute the angular momentum of the spin reversal over all of the
spins as is given in Fig. 6.2(c), giving a so called low-lying spin wave excitation. The
spin waves are carried by the electron spins distributed over the crystallographic
lattice of the material and are therefore quantized. The quasi particles that corre-
spond to these quantized spin waves are called magnons and can transport spin and
heat through the material. Magnon states can be divided into two groups namely,
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Figure 6.3: (a) In conducting materials with a strong spin-orbit coupling the spin Hall effect
converts an electrical current density (Je) into a transverse spin current density (Js). (b) The
Onsager reciprocal effect, the inverse spin Hall effect, does the opposite and converts a spin
current into a transverse electrical current.

long wave length modes called magnetostatic or dipolar magnons where the dipole
field coupling between the spins dominates and short wave length modes called
exchange magnons where the exchange interaction between the spins dominates.
Magnonic excitations induced by microwave magnetic fields, as in spin pumping
experiments, are dominated by dipolar magnons and the low magnetic damping
for these magnetostatic spin waves in YIG makes it possible for them to travel over
centimeter long distances before being fully damped. A magnetic excitation on one
side of a YIG film, for instance by a microwave magnetic field antenna, will there-
fore transport spin (via magnons) to the other side of the YIG. These kind of low
loss spin transport mechanisms could be used for signal transmission [17, 18, 19],
signal processing [20, 21] and heat transport [22] in micrometer sized devices. How-
ever thermally excited magnons are exchange dominated and show a significantly
higher damping than observed for the magnetostatic modes, as further discussed in
section 6.5.

6.4 Spin Hall effect

The spin Hall effect is the conversion of a charge current into a transverse spin cur-
rent (see Fig. 6.3(a)) in materials with a strong spin-orbit coupling. The Onsager
reciprocal effect, often referred to as the inverse spin Hall effect, does the opposite
and a spin current is converted into a transverse charge current (see Fig. 6.3(b)).
It is often described phenomenologically by the spin Hall angle (θSH ) relating the
transverse spin current density (Js) to the applied charge current density (Je) and
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vice versa.

Js = θSHJe spin Hall effect (6.2)

Je = θSHJs inverse spin Hall effect (6.3)

The spin Hall effect was predicted by Dyakonov and Perel [23] and was further
developed by Hirsch [24] and Zhang [25]. It originates from spin-orbit interactions
giving the spin up and spin down electrons a different momentum, transverse to
their initial flow direction. This happens either in between scattering events, due to
the material’s band structure (intrinsic), or during scattering (extrinsic) [26]. Note
that the extrinsic effect is not only due to scattering with impurities, as the name
might suggest, but scattering by internal defects like grain boundaries and lattice
defects as well. Its first experimental observation was by Kerr rotation microscopy
in a semiconductor [27] and three years later spin Hall angles four order of magni-
tude larger were observed by electrical measurements in platinum [28].

Nowadays the spin Hall effect is widely used as a spin current detector and
generator, where platinum or tantalum are the materials of choice because of their
large spin Hall angles [29]. Recently it was even experimentally demonstrated that
the spin Hall effect in tantalum can produce large enough spin currents to switch
the magnetization direction of an adjacent magnetic layer [30].

As it is used in so many spin caloritronic and spintronic experiments it is impor-
tant to have a clear definition of the sign of the spin Hall effect. In many publications
the sign or orientation of the applied magnetic field, the spin current and measured
voltage were not or carelessly reported, making it difficult to compare results with
each other. Further driven by the paper from Adachi et al. [31], that reported a sign
change between transverse and longitudinal spin Seebeck measurements, a collab-
orative effort between four research groups including ours set out to determine the
sign of the spin Hall angle [32]. By comparing spin pumping and spin Seebeck ex-
periments on one device per group for all groups it was confirmed that the spin Hall
angle observed in all of them matched. Furthermore a corresponding right-hand-
rule is suggested to define a positive spin Hall angle, which is expected for a simple
theory of electrons scattering from repulsive Coulomb charges.

6.5 Spin Seebeck effect

In 2008 Uchida et al. [33] reported the detection of a spin current injected transverse
to a temperature gradient applied across a 6 millimeter long Ni81Fe19 metallic fer-
romagnet, the transverse spin Seebeck effect. Using thin platinum bars on top of
the magnet (see Fig. 6.4(a)) the spin current injected from the ferromagnet into the
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Figure 6.4: (a) In the transverse spin Seebeck geometry a temperature gradient is applied
along a magnetic film. A spin current is injected into platinum bars placed on top of the
magnet by thermally excited magnons. The spin current is detected by a transverse voltage
in the platinum due to the inverse spin Hall effect. The injected spin current changes sign
from the hot to the cold end and scales with the distance from the middle of the magnet. (b)
In the longitudinal spin Seebeck geometry a homogenous temperature gradient is applied
across a magnetic|platinum bilayer. In this way the thermal magnon induced spin pumping
mechanism, governing the spin Seebeck effect, can be investigated.

platinum is converted into a voltage by the inverse spin Hall effect (see Section 6.4).
The detected spin current in this transverse geometry changes sign going from the
hot to the cold end and disappears in the middle. The explanation provided in Ref.
[33] itself, based on the spin-dependent Seebeck mechanism (see Section 2.6.1), was
soon deemed impossible because the millimeter range of the effect is inconsistent
with the much shorter spin relaxation lengths observed for spin currents carried by
electrons. Similar experimental observations for a magnetic semiconductor [34] and
the magnetic insulator YIG [35] suggest a different mechanism is at play. Further-
more the results in Ref. [34] showed that the signal remained when scratching away
a strip of the semiconductor, severing the electrical connection along the tempera-
ture gradient, providing strong evidence that interactions between phonons in the
substrate and magnons in the magnetic material are important.

The longitudinal spin Seebeck geometry (see Fig. 6.4(b)) gives a much cleaner
way of investigating the origin of the effect as it does not suffer from parallel heat
currents through the substrate and magnetic material, but instead a homogeneous
temperature gradient all across the magnetic material|platinum bilayer is produced.
Using this longitudinal geometry together with a magnetic insulator [36, 37] has
the added advantage that any spurious effects, like the anomalous Hall effect, are
avoided or at least minimized. Nevertheless possible anomalous Hall effect con-
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tributions have been suggested even for magnetic insulators due to the magnetic
proximity effect in the platinum close to the interface [38]. However thorough in-
vestigations by several groups using XMCD [39], the spin Hall magnetoresistance
[40, 41, 42] and direction dependent measurements [43] have put forward convinc-
ing evidence that especially in YIG|platinum systems the anomalous Hall effect is
negligible compared to the spin Seebeck effect.

Xiao et al. [44] proposed a theory were thermally excited magnons, analogous
to the spin pumping mechanism (see section 6.2), are used to explain the spin See-
beck effect. At finite temperatures the spins in a material are not stationary but
are randomly rotated out of the average magnetization direction because of thermal
excitations. Applying a temperature gradient across a ferromagnetic insulator there-
fore leads to stronger thermal spin excitations on the hot side than at the cold side,
causing thermally excited magnons to transport spin along the temperature gradi-
ent. Using the work by Sanders and Walton [45] they were able to show that thermal
spin pumping can inject a spin current density (Js) into a contacting metal, which
is proportional to the temperature difference between the magnons and electrons at
this interface:

Js = Ls(Tm − Te) (6.4)

where Ls is the interfacial spin Seebeck coefficient (proportional to g↑↓r ) and Tm and
Te are the magnon and electron temperature at the interface, respectively. Alterna-
tive theoretical descriptions have been given [46, 47, 48] where the spin Seebeck ef-
fect is described by magnon transport of spin along the temperature gradient, from
the bulk towards the interface or vice versa. Such a “bulk” theory should give the
same results as the interface description introduced above, when the appropriate
boundary conditions at the interface are used, as they rely on the same thermally
induced spin pumping mechanism.

The thermal magnons involved in the spin Seebeck effect have a much higher
wave number than the spin pumping modes excited by microwave magnetic fields.
The magnon-phonon interaction strength for these thermal magnons high up in the
complex magnon bandstructure is unknown but several experiments [49, 50, 51, 52,
53] and theoretical predictions [44, 54] suggest that it is relatively strong causing
stronger damping. The magnon-phonon relaxation length values found still cover
a wide range, roughly between 1 to a few hundreds of nanometers, illustrating the
necessity of a more accurate determination of all the parameters involved in the pro-
posed theoretical models. The much stronger damping of these thermal magnons
limits their use as a long distance spin/information carrier, as discussed for mi-
crowave driven excitations, but application of it in nanoscale devices is feasible.

In the future the spin Seebeck effect might find an application as a low cost and
flexible thermoelectric material [55, 56] or as a small scale two-dimensional position
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Figure 6.5: In the spin Peltier effect an electrical current through a platinum (Pt) layer pro-
duces a transverse spin current towards the Pt|YIG interface. The spin components transverse
to the magnetization are absorbed by YIG exciting (annihilating) magnons in the YIG close
to the interface. These magnons will transport heat away (towards) the interface leading to a
cooling (heating) of the interface.

sensing device [57].

6.6 The spin Peltier effect

The spin Peltier effect is the Onsager reciprocal of the spin Seebeck effect and leads
to the build up of a temperature difference across the magnetic material while an
electric current flows through a contacted platinum bar (see Fig. 6.5). The current in
the platinum gives a transverse spin current towards the interface with the YIG by
the spin Hall effect. At the interface the spin component transverse to the magneti-
zation direction is absorbed as a spin-transfer torque and either excites or annihilates
magnons in the YIG close to the interface. In other words it directly influences the
magnon temperature at the interface, which by magnon-phonon coupling can be de-
tected by a temperature sensor close to the YIG. The first experimental observation
of this effect is discussed in chapter 7.

6.7 Finite element modeling

For metallic systems a three-dimensional finite element model was developed in our
group, which describes (spin-dependent) charge and heat transport. In the supple-
mentary sections of chapters 3 and 4 and in Ref. [58] this model is discussed. How-
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(a) (b) Je

Je

Figure 6.6: (a) The surface mesh of the spin Peltier device geometry in COMSOL, where
every point represents a node that together make up a finite amount elements. The partial
differential equations (PDE’s) are solved for these nodes. (b) Plot of the surface phonon tem-
perature of the spin Seebeck device, where a an electrical current through the top platinum
heater produces a heat gradient.

ever to model spin caloritronic effects in YIG|platinum bilayers the model needs
to be extended. First of all heat transport in both platinum and YIG will be car-
ried by two parallel channels, namely by electrons and phonons in platinum and by
magnons and phonons in YIG, where interaction between the two channels causes
thermalization. Furthermore at the platinum|YIG interface the phonon interface
heat conductance needs to be taken into account because of the interface nature
of the spin caloritronic effects. Finally a temperature difference between electrons
in the platinum and magnons in the YIG leads to energy exchange between these
two subsystems across the interface, either by thermal spin pumping into platinum
or spin-transfer torque on the magnons. This interface heat exchange between the
electrons and magnons is added in the form of a magnetic interface heat conduc-
tance. In our model we use a similar method as described by Schreier et al. [50],
where the phonon and magnetic interface heat conductance have been determined
for platinum|YIG interfaces.

In chapter 7 the model is used to calculate the electron, phonon and magnon
temperature profiles that build up in both the spin Peltier and the spin Seebeck
samples. The geometries are defined using the built in COMSOL CAD drawing
module and a mesh defines the elements (see Fig. 6.6(a)). Thermoelectric effects are
taken into account by adding an electrical current channel, such that the Seebeck
voltages in the thermopile sensors are included (see chapter 7). This gives a 4 by 4
matrix that relates the electrical current and heat current densities to their respective
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driving forces: 
~Je
~Qph
~Qm
~Qe

 = −


σ 0 0 σS

0 κph 0 0

0 0 κm 0

σST 0 0 κe




~∇V
~∇Tph
~∇Tm
~∇Te

 (6.5)

where Qx, Tx and κx represent the heat current densities, temperatures and thermal
conductivities, respectively, with x is ph for the phonon, m for the magnon and e for
the electron subsystem. Obviously in the YIG σ and κe are set to zero and the same
for κm in the platinum and thermopile materials. The conservation of the charge
and heat current densities define the bulk partial differential equations (PDE’s) that
have to be solved

~∇ · ~Z = ~f (6.6)

where ~Z is one of the current densities from Eq. 6.5 and ~f is a source term that for
instance represents Joule heating or thermalization. For our YIG|platinum systems
the PDE’s are given in Eq. 7.10.

At the material interfaces or ends boundary conditions can be provided. The
temperature at the outer ends of the metallic contacts and the bottom of the GGG
substrate is set to room temperature. At the YIG|platinum and YIG|thermopile in-
terfaces the two materials are deliberately not in contact with each other. Instead,
to account for the interface effects, the phonon and magnetic interface heat con-
ductance are added using a boundary flux at the two faces (see Fig. 6.7). These
boundary fluxes are proportional to the phonon-phonon and magnon-electron tem-
perature difference across the interface and the phonon and magnetic interface heat
conductance (see Eq. 7.12). For the spin Peltier modeling the magnon excitation or
annihilation by a non equilibrium spin accumulation adds an extra magnon-electron
heat exchange term proportional to Ls (see Eqs. 7.2 and 7.3).

All the different pieces that form the model have first been tested separately, in a
situation where the outcome is known or easily predicted. For instance for the inter-
face heat conductances a simple YIG/Pt bilayer was used with a homogeneous heat
flux entering at the top and the temperature at the bottom set to a reference temper-
ature. In this way it is possible to check if the heat transport across the interface is
modeled correctly. Similar test were done for the thermalization between subsys-
tems and their interoperability with the interface conductances. Furthermore com-
paring our model outcome on device geometries used by other groups or previously
reported similar modeling (e.g. [50]) gives an additional check of its creditability.

Solving the PDE’s for these boundary conditions with a finite amount of ele-
ments distributed across the device geometry (see Fig. 6.6(a)) gives the expected
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interface heat �uxinterface region

Figure 6.7: The phonon and magnetic interface heat fluxes are added in the form of a bound-
ary flux, extracted from one side of the interface and added on the other side. This means
in the model the two materials at the interface are not physically in contact and the only
exchange across the interface region is by the imposed boundary flux.

thermopile voltage (spin Peltier) or the thermally pumped spin current (spin See-
beck). In Fig. 6.6(b) the modeled phonon temperature profile is given for the spin
Seebeck device. The mesh size close to the interface is kept much finer, as this is
where the important physics happens and evolves on the nanoscale, than in the
bulk YIG and GGG. An important added advantage of such a model is that the op-
timal device geometry for future experiments can be determined relatively easy, by
testing how the measured signal changes with e.g. substrate thickness, heat sink
connections, thermopile positioning, etc.
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Chapter 7

Observation of the spin Peltier effect for
magnetic insulators

Abstract

We report the observation of the spin Peltier effect (SPE) in the ferrimagnetic insula-
tor Yttrium Iron Garnet (YIG), i.e. a heat current generated by a spin current flow-
ing through a Platinum (Pt)|YIG interface. The effect can be explained by the spin
torque that transforms the spin current in the Pt into a magnon current in the YIG.
Via magnon-phonon interactions the magnetic fluctuations modulate the phonon tem-
perature that is detected by a thermopile close to the interface. By finite-element mod-
elling we verify the reciprocity between the spin Peltier and spin Seebeck effect. The
observed strong coupling between thermal magnons and phonons in YIG is attractive
for nanoscale cooling techniques.

7.1 Introduction

The discovery of the spin Seebeck effect (SSE) in YIG|Pt bilayers [1] opened up
a new research direction in the field of spin caloritronics. Contrary to spin-

dependent thermoelectric effects carried by the electron spin-up and spin-down cur-
rents that are presumably dominant in metallic ferromagnets [2], only magnons can
drive the SSE in magnetic insulators. In the SSE a temperature difference between
the magnons in the magnetic insulator and the electrons in the metal contact leads
to thermal pumping of a spin current [3, 4, 5]. In a suitable metal such as Pt this spin
current is transformed into an observable transverse voltage by the inverse spin Hall
effect [6]. Numerical simulations of the phonon, magnon and electron temperatures
show good agreement with experiments [7]. In this Letter we report the observation
of the spin Peltier effect (SPE), which is the Onsager reciprocal [8] of the SSE.

The SPE is the generation of a magnon heat current in the magnetic insulator by a
spin current through the interface with the metal contact. The latter can be generated
by a charge current in the Pt film that by the spin Hall effect generates a transverse
spin current normal to the interface. The spin Peltier heat current generates a tem-
perature difference between magnons and phonons in the YIG that when relaxing
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Figure 7.1: Schematic figure of the spin Peltier effect at a Pt|YIG interface. (a) A charge
current through the Pt creates a transverse spin current induced by the spin Hall effect that
generates a spin accumulation Vs at the boundaries. (b) When the spin magnetic moment µs is
antiparallel to M the spin torque transfers angular momentum and energy from the electrons
in the Pt to the magnons in the YIG thereby cooling the electrons and heating the magnons,
effectively raising the magnon temperature Tm with respect to the electron temperature Te.
(c) When µs is parallel to M the spin torque transfers angular momentum and energy from
the magnons in the YIG to the electrons in the Pt thereby cooling the magnons, effectively
lowering Tm with respect to Te.

leads to a change in the lattice temperature. We confirm this scenario experimentally
by picking up such temperature changes via proximity thermocouples. According
to our modelling the experimental results are consistent with Onsager reciprocity
between the SPE and the SSE, which we measure separately (see Supplementary
Section IV). Our results confirm recent indications for a strong magnon-phonon in-
teraction in YIG at room temperature [9, 7, 10].

7.2 Concept of the experiment

A charge current through a Pt strip generates a transverse spin current induced
by the spin Hall effect that leads to a spin accumulation Vs at the boundaries. At
the interface to YIG the spin current is absorbed as a spin transfer torque propor-
tional to the spin mixing conductance [11, 12], as depicted in Fig. 7.1(a). When the
magnetic moment of the spin accumulation (µs) at the YIG|Pt interface is parallel
(antiparallel) to the average magnetization direction, the spin torque transfers mag-
netic momentum and energy from the electrons in the Pt to the magnons in the YIG
(or vice versa). Magnons are thereby annihilated (excited) (see Fig. 7.1(b)) leading
to cooling (heating) of the magnetic order parameter (see Fig. 7.1(c)). Since ther-
mal magnons equilibrate with the lattice by magnon-phonon scattering, the non-
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equilibrium magnons affect the lattice temperature (see Fig. 7.1(b) and (c)) depend-
ing on the magnetization direction.

In the SSE [3] the spin current density (Js) pumped from the YIG into the non
magnetic metal is proportional to the temperature difference between the magnons
and electrons at the interface (Tm-e = Tm − Te) and the interface spin Seebeck co-
efficient LS , Js = LSTm-e. In order to arrive at a symmetric linear response matrix
that reflects Onsager symmetry, the sum of the products of currents and driving
forces should be proportional to the dissipation [13], leading to (see Supplementary
Section I) (

Js
Qm-e

)
=

(
gS LST

LST κIST

)(
Vs/2

Tm-e/T

)
(7.1)

Here we used the Onsager Kelvin relation ΠS = SST = LST/gS , where the spin
Seebeck SS = (dVs/2dTm-e)Js=0 and spin Peltier ΠS = (dQm-e/dJs)Tm-e=0 coeffi-
cients have been defined. gS is the average spin conductance per unit area when
spin accumulation and magnetization are collinear, i.e. the Vs at the YIG|Pt interface
is either parallel or antiparallel to the average YIG magnetization. gS ≈ 0.16gr at
room temperature [14], where gr is the real part of the spin-mixing conductance per
unit area. κIS is the magnetic contribution to the interface heat conductance per unit
area [7]. The SPE heat current density we set out to discover is therefore

Qm−e = LST
Vs
2
. (7.2)

7.3 Experimental realization

The devices designed for observing the SPE are fabricated on top of a 200 nm thick
single-crystal (111) Y3Fe5O12 (YIG) film grown on a 500 µm thick (111) Gd3Ga5O12

(GGG) substrate by liquid-phase-epitaxy. Two temperature sensors are fabricated in
close proximity to the YIG|Pt interface. The optical microscope image in Fig. 7.2(b)
shows the 20×200 µm2 and 5 nm thick Pt injector film. The thermopile sensors
consist of five 40 nm thick Pt-Constantan (Ni45Cu55) thermocouples in series that
are very sensitive because of the large difference in the Seebeck coefficient of these
metals. In the thermopile on the right of the Pt injector the Pt|Ni45Cu55 order is re-
versed for additional cross check measurements (see Supplementary Section II). The
two thermopiles and the Pt injector are connected to 5|100 nm thick titanium|gold
contacts, providing good thermal anchoring and electrical contact to bonding pads
30 µm away. All structures are patterned by electron beam lithography. The Pt in-
jector and the Ni45Cu55 are deposited by DC sputtering while electron beam evap-
oration has been used to make the Au contacts and Pt thermocouple components.
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Figure 7.2: (a) First harmonic voltage across the thermopile as a function of applied magnetic
field. The difference between the voltage at positive and negative fields is the spin Peltier
signal. (b) Optical microscope picture of the device. (c) The spin Peltier signal (∆Vspin Peltier)
as a function of the charge current through the Pt injector.

An AC current is sent through the Pt injector, from I+ to I− (Fig. 7.2(b)), to
create Vs. The voltage over the thermopile (V+ and V−) is simultaneously recorded.
Using a standard lock-in detection technique the first harmonic response (V ∝ I)
is extracted from the measured voltage. A low excitation frequency of 17 Hz was
used to ensure a thermal steady-state condition. All measurements are carried out
at room temperature.

7.4 Results

In Fig. 7.2(a) the first harmonic voltage over the thermopile is shown as a func-
tion of an applied in-plane magnetic field (B) for a root-mean-square current of 3
mA through the Pt injector. A clear switch is observed just after the applied field
becomes positive, in line with the magnetization reversal of YIG at very small co-
ercive fields [15]. The signal switches back to its original value when reversing the
field with a small hysteresis. We measure a SPE signal of 33 nV on top of a back-
ground voltage of 0.463 µV. We observe linear scaling of the SPE signal for currents
between 1 and 4 mA in the Pt (IPt injector)(see Fig. 7.2 (c)). Results for four different
samples (from two different batches) match the signal presented here within 15 %.
The measurements were repeated with B rotated 90◦. No SPE signal was observed
in this configuration while the background remained the same (see Supplementary
Section III), which confirms our interpretation.

In order to obtain quantitative information we carry out 3D finite element mod-
elling of our devices. As discussed above, the SPE heat current (Qm-e) flows between
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the electron and magnon systems through the YIG|Pt interface. Qm-e is calculated
using Eq. (7.2) and

Vs = θJc · η · tanh

(
t

2λ

)
(7.3)

where θ is the spin Hall angle, t the Pt film thickness, Jc the charge current density
through the Pt injector, ρ the Pt resistivity, λ the spin-flip diffusion length and η =

2λρ · [1 + gSρλ coth
(
t
λ

)
]−1 a backflow correction factor. The heat charge current

densities in Pt are modelled by a three reservoir model of thermalized phonons,
magnons and electrons at temperatures Tph, Tm and Te, respectively [7]. In linear
response the charge (Jc) and heat (Q) current densities in the bulk of the materials
are related to their driving forces, i.e. gradients of (V , Tph, Tm and Te) as ~Qx =

κx~∇Tx and (
~Jc
~Qe

)
= −

(
σ σS

σST κe

)(
~∇V
~∇Te

)
(7.4)

where x is ph or m, σ is the electrical conductivity, S the Seebeck coefficient and κph,
κm and κe are the phonon, magnon and electron thermal conductivities, respec-
tively. The interaction between the magnon and phonon subsystems in YIG and
between the phonon and electron subsystems in Pt are taken into account by us-
ing thermal relaxation lengths, λm−ph and λe−ph, respectively (see Supplementary
Section IV),

∇2Tm-ph =
Tm-ph

λ2
m-ph

and ∇2Te-ph =
Te-ph

λ2
e-ph

. (7.5)

The phonon interface heat conductance (κIph) and heat exchange between magnons
and electrons across the interface (κIS) are treated as boundary conditions [7] (see
Supplementary Section IV).

This model is evaluated for the material parameters listed in table 7.1 and gr =

7 × 1014 Ω−1m−2 [17], θ = 0.11 [7], λ = 1.5 nm [7] and LS = 7.24 × 109 A/(m2K)
[3, 7]. The magnon heat conductivity of YIG (κm) at room temperature is not well
known so we used a κm of 10−2 and 10−3 W/(mK) in order to cover the range of
estimated values [7, 18]. For YIG|Pt a κIph of 2.78× 108 W/(m2K) obtained from the
acoustic mismatch model was adopted [7]. Since this model tends to overestimate
the heat conductance [19], we also used 2×108 W/(m2K). In figure 7.3(a) the results
are shown as a function of λm-ph. The semi transparent blue horizontal bar indicates
the range of measured SPE signals that are best fitted by a λm-ph of 0.1 to 0.2 nm for
the ranges of κm and κIph discussed above.

SSE samples were fabricated and simulated by the same model and parameters
used above (see Supplementary Section V). In Fig. 7.3(b) the results are plotted and
best fitted by λm-ph between 0.2 and 0.5 nm, which is consistent with the values
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Table 7.1: Material parameters used in the model. Both σ and S are measured in separate
devices [16] except for σ of the Pt injector, which is extracted from the SPE devices directly.
κph
κe

is adopted from Ref. [7] and the total κ = κph + κe is calculated using κ = σ
σbulk

κbulk.
σ S κph κe

(S/m) (µV/K) (W/(m· K)) (W/(m· K))
YIG - - 6 -

GGG - - 8 -
Au 2.7·107 1.7 1 179

Pt injector 3.5·106 -5 3 23
Pt thermocouple 4.2·106 -5 4 28

Ni45Cu55 1·106 -30 1 9
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Figure 7.3: The modeled SPE (a) and SSE (b) signal versus λm-ph for two different values of
κm (W/(m K)) and two different values of κIph (W/(m2K)). The semi transparent blue bar
indicates the range of measured SPE and SSE effect signals.

found for the SPE, as is indeed required by Onsager reciprocity. This implies that
our model captures the essential physics of the interacting electron, magnon and
phonon systems.

The observed SPE signal in Fig. 7.2(a) corresponds to a phonon temperature dif-
ference of 0.25 mK at the thermopile, which according to the model is 39 % of the
phonon temperature difference directly at the YIG|Pt interface. By engineering de-
vices in which the phonon heat loss through the substrate is minimized by thinner
or etched YIG films could therefore significantly enhance the measured signal. Al-
tering the Pt injector coupling to the heat sink or placing the thermocouple on top
of the Pt injector might also help.
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7.5 Dicussion and conclusions

The λm-ph found here is smaller than the one adopted by Ref. [7] (≈ 6nm) by roughly
an order of magnitude. Actually Schreier et al.’s simulations might agree better with
their measurements for smaller values as well. λm-ph extracted from Fig. 7.3 is quite
sensitive to small variations in the modelling, which implies a large uncertainty.
Nevertheless even when accepting a large error bar from 0.1 to 6 nm for λm−ph
we may conclude that thermal magnons and phonons interact strongly [9]. The
relaxation length for thermal magnons with much higher energy and wave number
than magnetostatic spin waves, is basically unknown. Therefore there is no evidence
that the magnon-phonon interaction high up in the very complex magnon bands in
YIG cannot be strong. It is also possible that most heat-spin-charge coupling takes
place in the (dirty) interface region of the YIG|Pt interfaces [20]. In that case the
parameters are dominated by the interface and do not reflect the bulk behavior.

The background signal in the SPE data is a factor 20 higher than we would expect
from conventional charge Peltier heating and cooling at the Au|Pt injector interfaces.
Reference measurements on the second thermopile on the other side of the Pt injec-
tor excludes charge current leakage to the thermopile (see Supplementary Section
II). For an identical configuration, V+ on the same side as I+, we find an opposite
sign of the measured voltage, as expected for a thermal signal since the Pt|Ni45Cu55

thermopile sequence is inverted. A current leak would not change sign and can
therefore be excluded. The background in the second harmonic voltage is likely to
be caused by the thermovoltage across the thermopile due to Joule heating in the Pt
injector, since its value agrees within 17% with the modeled one. Additional mea-
surements of frequency dependent properties (see Supplementary Section VI) rule
out pick-ups due to capacitive or inductive couplings.

The sign of the observed SPE and SSE signals is consistent with reciprocity.
Moreover the voltage measured across the Pt detector in a RF spin pumping mea-
surement matches the sign of the SSE voltage for the same geometry when heating
the YIG relative to the Pt [21, 22]. However, the absolute sign of these three effects
is still under investigation [23].

Alternative SSE theories have been proposed by Hoffman et al. [5] and Rezende
et al. [24] that do not explicitly model the phonon system and interface heat resis-
tance. A comparison of our results with these theories would be interesting, but is
beyond the scope of this current paper.

In conclusion, we report experimental proof that a spin accumulation at a Pt|YIG
interface induces heat exchange between electrons and magnons on both sides. In
order to knit the theory of interface transport to the observables in our experiments
it is necessary to use thermal modelling. We demonstrate that for a suitable set of
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parameters the model can describe both SPE and SSE, but only in the presence of a
strong interaction between thermal magnons and phonons in YIG. This is consistent
with the results by Agrawal et al. [9] who did not detect a temperature difference
between magnons and phonons. However, due to their limited spectral and spatial
resolution they could only determine a not very restrictive upper bound of 0.47
mm for λm-ph. We hope that our results can contribute to a better understanding
of coupling between thermomagnetic and thermoelectric properties. Our proof of
principle opens new strategies for nanoscale cooling applications.

7.6 Supplementary Information

7.6.1 Onsager reciprocity for the spin Seebeck and spin Peltier ef-
fect

The linear response matrix of thermoelectrics reflects Onsager reciprocity when the
sum of the products of currents times driving forces equals the dissipation [13].
When Ic and Q are the charge and heat currents driven by voltage and temperature
differences ∆V and ∆T , Ḟ = Ic∆V +Q∆T/T equals the dissipation and we obtain
the symmetric response matrix [13]:(

Ic
Q

)
= −

(
G GST

GST KT

)(
∆V

∆T/T

)
(7.6)

where G is the electrical conductance, S the Seebeck coefficient, and K the heat
conductance. Here the Onsager-Thomson relation for the Peltier coefficient Π = ST

has already been implemented.
In the case of the spin Seebeck effect (SSE) and the spin Peltier effect (SPE) for

magnetic insulators, the spin accumulation at the interface drives a spin current. To
ensure reciprocity, we have to compute the Joule heating caused by the spin cur-
rents:

Ḟ = I↑∆V↑ + I↓∆V↓ = G↑∆V
2
↑ +G↓∆V

2
↓ (7.7)

where the subscripts denote the up and down spin contribution. Comparing this
with the product of Is with ∆Vs:

Is∆Vs = (G↑∆V↑ −G↓∆V↓)(∆V↑ −∆V↓) = 2(G↑∆V
2
↑ +G↓∆V

2
↓ ) (7.8)

we conclude that ∆Vs/2 is the proper driving force. The linear response relations
for spin and heat current densities at the interface between a normal metal and a
ferromagnet then reads (Eq. 7.1, where all variables and parameters are introduced):(

Js
Qm−e

)
=

(
gS LST

LST κIST

)(
Vs/2

Tm-e/T

)
(7.9)
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Figure 7.4: (a) First harmonic voltage across the second thermopile as a function of applied
magnetic field. (b) Optical microscope picture of the measured device and measurement
geometry. (c) Second harmonic voltage across the first thermopile as a function of applied
magnetic field.

and we omitted the charge sector because we are dealing with a ferromagnetic in-
sulator.

7.6.2 Measurement on the second thermopile and the second har-
monic response

The SPE effect was also measured on the second thermopile on the other side of
the Pt injector where the Pt/NiCu order has been reversed (see Fig. 7.4 (a)). This
measurement shows a sign reversal for the background as well as the SPE effect
which we can use to exclude several effects that could contaminate our SPE signal.

In Fig. 7.4 (c) the second harmonic response (V ∝ I2) is plotted as a function
of applied magnetic field. The background voltage is due to Joule heating in the Pt
injector, as it scales with the current squared. No magnetic dependence is observed
thereby further ruling out any other heating effects.

7.6.3 Measurement with B rotated 90◦

We repeated the measurements discussed in Section 7.4 text after rotating the mag-
netic field by 90◦ (see Fig. 7.5). The magnetization direction is here parallel to the
current in the Pt film such that the current-induced spin accumulation is normal to
the magnetization. The background voltage and noise level remain unmodified; we
do not detect a heating or cooling of the ferromagnet. This confirms our interpre-
tation of the experiments discussed in Section 7.4. The spin torque normal to the
magnetization is not expected to affect the magnon temperature and the SPE should
vanish, as observed.
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Figure 7.5: (a) First harmonic voltage across the thermopile as a function of applied magnetic
field parallel to the Pt injector. (b) Optical microscope picture of the measured device and
measurement geometry.

7.6.4 The 3D finite element model

We adopt the three reservoir model of thermalized electron, magnon, and phonon
systems. Charges are transported by the electron system only, while heat currents
flow in all subsystems. We take into account spin angular momentum currents in
the electron and magnon system, but disregard the phonon angular momentum
current. The bulk charge and heat currents in linear response are given by Eq. 7.4.
The charge and energy conservation relations in the bulk read:

For metals: ~∇ ·



~Jc

~Qph

~Qe


=


0

(1−P 2
e−ph)(κe+κph)

4λ2
e−ph

(Te − Tph)

J2
c

σ −
(1−P 2

e−ph)(κe+κph)

4λ2
e−ph

(Te − Tph)



For insulators: ~∇ ·


~Qph

~Qm

 =


(1−P 2

m−ph)(κm+κph)

4λ2
m−ph

(Tm − Tph)

− (1−P 2
m−ph)(κm+κph)

4λ2
m−ph

(Tm − Tph)



(7.10)

with Pm−ph = (κm − κph) / (κm + κph), Pe−ph = (κe − κph) / (κe + κph) and J2
c /σ
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accounts for Joule heating. The other terms describe the heat exchange between
phonons, magnons and electrons, as indicated by the subscripts. All parameters
have been defined earlier, except for the thermal relaxation lengths λm−ph and λe−ph.
The former is used as an adjustable parameter while the latter λe−ph =

√
κe/g is cal-

culated from the electron-phonon coupling parameter (g) for Au and Pt [25]. This
leads to a λPte−ph of 4.5 nm and a λAue−ph of 80 nm at room temperature.

The boundary conditions at the metal|YIG interfaces are governed by the phonon
(κIph) and magnetic (κIS) interface heat conductances. We adopt the values for κIph
from Ref. [7], while that for Ni45Cu55|YIG is assumed to be equal to that of Pt|YIG.
The interface magnetic heat conductance is calculated using [7]

κIS =
h

e2

kBT

~
µBkBgr
πMsV2m

(
1 + gSρλ coth

(
t

λ

))−1

(7.11)

where V2m is the (spin pumping) magnetic coherence volume. The currents into the
interface read

JIc = 0

QIph = ∓κIph(TPtph − TY IGph )

QIm = −κIS(Tm − Te)− LST
Vs
2

QIe = κIS(Tm − Te) + LST
Vs
2

(7.12)

where the minus in the equation for QIph is used for the Pt side of the interface and
the plus for the YIG side. QIm and QIe are the interface magnetic heat currents. The
first terms on the r.h.s represent the heat current driven by temperature differences,
while the second term is associated with the magnon injection by an applied Vs (see
Eq. 7.2) that is responsible for the SPE.

Eq. 7.4 is solved for the SPE and SSE configurations, taking into account en-
ergy conservation (Eq. (7.10)) and boundary conditions (Eq. (7.12)). The results are
plotted in Fig. 7.3(a) and 7.3(b).

7.6.5 Spin Seebeck effect

To verify reciprocity we fabricated samples nominally identical to the Pt|YIG het-
erostructures used for the SPE experiments in order to measure the longitudinal
SSE [26, 27]. Fig. 7.6(b) gives a picture of such a device consisting of a 5 nm thick
sputtered Pt detector (250 x 10 µm2) on top of a GGG|YIG substrate as used for the
study of the SPE effect. The Pt detector is covered with a ∼70 nm aluminium oxide
(Al2O3) layer that electrically isolates the Pt detector from a 40 nm Pt film heater
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Figure 7.6: SSE measurements. (a) Second harmonic voltage across the Pt detector as a func-
tion of applied magnetic field. The small field offset in the hysteresis loop is due to a remnant
magnetic field of the employed electromagnet. (b) Optical microscope picture of the mea-
sured device and the measurement geometry used.

evaporated on top. Both the detector and heater are contacted by a 100 nm thick Au
layer to large bonding pads.

By Joule heating, a charge current through the heater creates a thermal gradient
over the Pt|YIG interface. The hot electrons transfer energy to the cold magnons,
which is associated with a spin current in Pt that is converted to an observable
charge current by the inverse spin Hall effect. This is the SSE.

In Fig. 7.6(a) the second harmonic voltage versus magnetic field is a measure
of the Joule heating. A clear SSE signal is observed, which changes sign when the
magnetization is reversed, as expected. The signal scales quadratically with the
current and for B parallel to the Pt detector no SSE signal is detected, which confirms
that the voltage is due to the inverse spin Hall effect.

The model discussed in Section 7.6.4 can be applied to this measurement geom-
etry to find the Tm−e at the interface and the transverse voltage over the Pt detector
[7]:

VSSE = 2 · grγ~kB
2πMsV2m

Tm−e ·
4π

e
θρl ·

λ
t tanh

(
t

2λ

)
1 + gSρλ coth (t/λ)

(7.13)

where l is the length of the Pt detector. The results obtained from the SSE modeling
are shown in Fig. 7.3(b).

7.6.6 Frequency dependent measurements

We measured the voltage as function of frequency in order to exclude any capaci-
tive or inductive coupling between the Pt injector and the thermopile (see Fig. 7.7).
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Figure 7.7: (a) First harmonic voltage across the thermopile in phase with the current (X-
component). (b) First harmonic voltage across the thermopile out-of-phase with the current
(Y -component).

The in-phase voltage (x-component) slightly decreases with frequency, leading to a
frequency-dependent voltage of around 10% at our usual measurement frequency
of 17 Hz (Fig. 7.7(a)). The out-of-phase voltage (Y -component) linearly depends on
frequency and vanishes for zero frequency, as expected.

In Fig. 7.8 the first harmonic voltage across the thermopile is shown for a 4
mA current through the Pt injector with a frequency of 3 Hz. A clear SPE signal
is observed with the same magnitude as for the measurements at 17 Hz . From
these results we can safely conclude that the measured signal is not affected by any
spurious capacitive or inductive signals. Furthermore at these low frequencies the
thermal time constants are much shorter than the period of the measurement mod-
ulation.
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Appendix A

Fabrication and measurement techniques

In this appendix the fabrication and measurement techniques used in the experi-
mental chapters are reviewed.

A.1 Fabrication techniques

The devices discussed in this thesis have all been fabricated by standard lithographic
techniques in the NanoLabNL facility in Groningen. Using several consecutive steps
of electron-beam (e-beam) lithography and e-beam or sputter deposition, the differ-
ent components making up the device are defined on the substrate. In the following
sections the different techniques are discussed.

A.1.1 Deep-UV lithography

For the devices discussed in chapters 3, 4 and 5 the first step consist of an optical
(deep-UV) lithography step on top of a 2 inch Si/SiO2 wafer, where the 300 nm
thick SiO2 is grown by thermal oxidation of the Si. In this way the bonding pads
and contact pattern (see Fig. A.1 (a)), defining the inner device region of 100 by 100
µm (see Fig. A.1 (b)), are transferred from an optical mask to a deep-UV sensitive
resist. The recipe is summarized below:

Resist spinning: A deep-UV sensitive resist, ZEP-520-A dissolved in anisole, is
spun on top of the wafer at 4000 RPM for 60 seconds, giving a layer of ∼300 nm
thick.

Deep-UV exposure: A mask containing deep-UV transparent regions, that corre-
spond to the desired pattern, is brought in contact with the wafer. A constant dose
of 700 mJ cm−2 exposes the unmasked regions of the resist.
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(a) (b)

500 μm

50 μm

Figure A.1: (a) The optical pattern consisting of markers, large contacts and bonding pads
defining the inner 100 by 100 µm device region. (b) Close up of the inner device region,
where the actual device is defined by consecutive electron-beam lithography steps.

Development: The wafer is immersed in n-Amyl acetate for 60 seconds and imme-
diately afterwards in isopropyl alcohol (IPA) for at least 30 seconds. This develops
the exposed areas of the resist.

Deposition: A Temescal FC-2000 e-beam evaporator is used to deposit a 5 nm ad-
hesion layer of Ti followed by a 100 nm thick Au layer. The base pressure of the
system is 9 × 10−7 mbar and the deposition rate is 1 to 3 Å/s.

Lift-off: The resist, covered with deposited material, is removed by immersing the
wafer in PRS3000 heated to 90oC for 10 minutes. Additional oxygen plasma cleaning
at 100 W, for two times 1 minute, ensures the removal of any resist residue.

A.1.2 Electron-beam lithography (EBL)

All the devices are defined by several consecutive EBL and deposition steps. Metal
crosses are written in the first step and serve as alignment markers, such that dif-
ferent lithographic steps can be aligned with an accuracy of <10 nm. The contantan
(Ni45Cu55) in the thermocouples in chapters 3, 4 and 7 as well as the Pt injector in
chapter 7 are deposited by DC sputtering instead of e-beam evaporation. For the
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constantan this is done to ensure that the deposited alloy has the original target
material composition, which is difficult to achieve using evaporation from a single
target. In the case of the Pt injector, sputtering is chosen because it produces a larger
spin mixing conductance for the Pt|YIG interface. The steps in a single EBL lithog-
raphy process, either using e-beam or sputter deposition, are reviewed:

Resist spinning:

• For e-beam evaporation: A positive e-beam sensitive resist PMMA 950K, con-
sisting of a solution of 2 to 4 % poly(methyl methacrylate) in ethyl lactate, is
spun at 4000 RPM for 60 seconds. Depending on the thickness of the layer that
will be deposited different resist layer thicknesses (70 to 270 nm) are used, set
by the dilution percentage. The resist layer is baked on a hot plate at 180oC for
90 seconds.

• For sputter deposition: As sputter deposition is not as directional as e-beam
evaporation, material will also be deposited on the sidewalls of the developed
parts of the resist. During lift-off this will either make it difficult to remove the
resist or it will tear of the material in the developed areas with it. To avoid this
a double resist layer is used, where the bottom resist layer is more sensitive to
e-beam exposure causing it to overdevelop and produce an undercut profile.
First a layer of PMMA/MA 617.03 (3% dissolved in ethyl lactate) is spun at
4000 RPM providing a 90 nm thick layer. The resist layer is baked on a hot
plate at 180oC for 90 seconds. Secondly a layer of PMMA 950K 4% is spun at
4000 RPM providing a 270 nm thick layer, which is also baked on a hot plate
at 180oC for 90 seconds.

NOTE: For both type of EBL steps on the insulating YIG|GGG substrate (chapter 7)
a layer of electrically conducting polymer (aquaSAVE-53za) is spun at 4000 rpm as
the last layer and baked on a hot plate at 180oC for 60 seconds. This ensures that the
electrons can flow away during the EBL process and thereby avoids charging of the
sample surface.

E-beam exposure: The desired pattern is exposed by the Raith e-line electron-beam
lithography (EBL) system. Markers defined in the first step are used to align the cur-
rent patterning step to previous steps, by an automatic alignment procedure. The
e-beam is set to an acceleration voltage of 30 kV and depending on the size of the
structures an aperture of 10, 20 or 30 µm is used. The pattern is exposed with a dose
of 450 µC/cm2.
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Development: The exposed pattern is developed by immersing the sample in a mix-
ture of IPA and methyl isobutyl ketone (MIBK), with a ratio IPA:MIBK of 3:1, for 30
seconds. Immediately followed by rinsing in IPA for at least 30 seconds.

NOTE: For the YIG samples the aquaSAVE layer is removed first by rinsing it in
purified water for at least 30 seconds.

Deposition:

• For e-beam evaporation: A Temescal FC-2000 e-beam evaporator is used to
deposit a layer of material, which automatically stops at the desired thick-
ness. The system has a base pressure of 9 × 10−7 mbar and the deposition
rate is kept constant between 1 to 3 Å/s. If ohmic contact is required between
the deposited material and structures already present, then the surface is first
cleaned by an argon ion mill etching procedure. The argon ions are accelerated
by a 500 V acceleration voltage giving a current of 14 mA and upon leaving
the ion gun a neutralizer ensures the beam remains focused. The surface is
etched for 20 seconds removing any metal oxide or resist residue.

• For sputter deposition: A Kurt J. Lesker sputter system is used to deposit a
layer of material, with a base pressure of 5 × 10−8 mbar. Argon ions are accel-
erated towards the target material and have enough energy to remove target
material atoms upon collision, which coats the nearby sample. The deposi-
tion rate is determined by measuring the thickness of the deposited layer for
several tests samples with different deposition times.

Lift-off: The resist, covered with deposited material, is removed by immersing the
wafer in acetone of 40oC for at least 10 minutes.

A.1.3 Nanopillar fabrication

In chapters 3, 4 and 5 metallic nanopillars with a pillar width of ∼80 nm are used.
In such devices the electrodes connected to the top and bottom of the pillar need to
remain electrically isolated from each other, except through the pillar itself. Several
techniques can be used but they almost all rely on depositing some kind of dielectric,
that needs to be opened up at the pillar before depositing the top contact. For our
devices we use cross linked PMMA as the dielectric, which has the advantage that it
can be defined very precisely and fast in the EBL system. The procedure is depicted
in Fig. A.2 and is explained step by step below:

(a) First the bottom contact and pillar structure are fabricated by standard EBL
lithography steps, see section A.1.2.
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Figure A.2: (a)-(d) The different steps in the fabrication of a nanopillar device. A cross linking
layer of PMMA around the pillar serves as the dielectric that electrically isolates the top and
bottom contact from each other. (e) A colored scanning electron microscope images of such a
nanopillar device.

(b) PMMA 950K 3% is spun and baked, which gives a 150 nm thick layer. The con-
tact hole to the pillar is exposed by EBL and developed. Note that no deposition
step or lift-off procedure is performed. The sample is loaded back in to the EBL
machine.

(c) A square all around the contact hole is now exposed by the EBL but with 40
times the normal dose. This cross links the PMMA resist and this part does
not dissolve in acetone anymore. Immersing the sample in heated acetone will
therefore only remove the unexposed PMMA and not the cross linked part around
the pillar.

(d) Finally the top contact can be defined by a standard EBL lithography step, see
section A.1.2. This gives a pillar structure where the bottom and top electrode
are electrically isolated from each other by a layer of cross linked PMMA.

(e) A colored scanning electron microscope picture of a finished nanopillar device.

A.2 Measurement techniques

After completing the fabrication steps, all the devices made in one batch are sepa-
rated by a precision diamond scriber setup (RV-129). The devices are glued on top
of a chip carrier and bonding wires of AlSi (Al 99% and Si 1%) provide electrical
contact between the gold contact pads of the device and the chip carrier (see Fig.
A.3(a)). The chip carrier can be placed in a sample holder connected to the mea-
surement setup and is positioned in between the two poles of a GMW 5403 electro-
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(b)(a)

Figure A.3: (a) Sample glued on top of a chip carrier, with bonding wires connecting the
bonding pads to the chip carrier connections. (b) Picture of the chip carrier with glued sam-
ple in the rotatable sample stage, which electrically connects the device to the measurement
setup. The sample stage is positioned in the middle of the two poles of a electromagnet.

magnet (see Fig. A.3(b)). The measurement setup consists of an in house made IV
measurement box and several Stanford Research Systems SR830 DSP lock-in ampli-
fiers. The internal oscillator of one of the lock-in amplifiers sets the frequency of the
a.c. current applied to the device and is usually set to a low frequency of around
17 Hz, to ensure a thermal steady state in our spin caloritronic experiments. The
response from the device will have the same frequency, or integer higher harmon-
ics, and the lock-in amplifier filters these out from the overall signal. Therefore any
noise in the rest of the spectrum is removed, thereby providing a much better signal
to noise ratio than in d.c. measurement techniques.

The current to the sample is provided by a floating current source in the IV mea-
surement box, which uses the lock-in amplifier’s internal oscillator signal to define
the a.c. current profile. The voltage response of the device to this a.c. current is fed to
the IV measurement box amplifier, which has a maximum amplification of 103. This
amplified voltage signal is then given as an input to the lock in amplifier. Suppose
that the applied root mean square (r.m.s.) current is given by I(t) =

√
2I0 sin(ωt).

The output of the lock in amplifier will then be given by the product of the reference
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signal and the voltage response from the device, integrated over time:

Vh =

√
2

T

∫ t

t−T
sin(hωs+ θ)V (s)ds (A.1)

where θ is the phase shift from the original reference signal. From Eq. A.1 it becomes
clear that using a lock in amplifier the linear, quadratic, etc. voltage responses to the
applied current can be extracted seperately, defined by the integer harmonics (h).
So as the total voltage response from the device is the sum of all the harmonics,
V (t) = R1I(t) + R1I

2(t) + R1I
3(t) + ..., then the voltage output of the first three

harmonics for the lock in is given by:

V1 = I0R1 +
3

2
R3I

3
0 for θ = 0o (A.2)

V2 =
1√
2
I2
0R2 for θ = −90o (A.3)

V3 = −1

2
I3
0R3 for θ = 0o (A.4)

The first harmonic voltage (Eq. A.2) shows a contribution proportional to the cur-
rent cubed and for most measurements is neglected as it is much smaller than the
linear contribution. However in case of a strong temperature dependence it can be
necessary to subtract this cubic response contribution, in order to obtain the correct
linear contribution.





Summary

This thesis consists of two different parts. Firstly (chapter 2 - 5), spin caloritronic
effects in metals are discussed, which are driven by the motion of the charge, spin
and heat carrying electrons. Secondly (chapter 6 and 7), spin caloritronic effects in
the magnetic insulator yttrium iron garnet (YIG) are discussed, for which not the
motion of the electrons but the coupling between their angular momentum (spin) is
responsible.

Spin caloritronics in metals
In electronics the flow of negatively charged electrons provides the energy needed to
power a large variety of components and devices. Such an electric current is driven
by a voltage difference applied across a conductor, where free electrons diffuse from
the negatively to the positively biased side. The transport is diffusive due to colli-
sions with lattice vibrations (phonons), impurities or defects, which randomize the
motion of the electrons and make it harder for them to travel to the positively biased
side. The electrical conductivity relates the electrical current to the applied bias volt-
age, where metals typically have a large conductivity (small resistance) as they have
many free electrons that contribute to the electrical current. Similarly when a tem-
perature difference is applied across a metal, heat or energy diffuses from the hot
to the cold end, which is governed by the thermal conductivity of the material. Be-
cause of the large amount of free electrons in metals the electronic contribution to
the thermal conductivity dominates, whereas it is the phonon contribution in most
other materials. The important role of the electrons in both electrical and heat trans-
port, results in a connection between the two, named thermoelectrics. The two most
important thermoelectric effects are the Seebeck and Peltier effect, which lead to
an electrical current due to a temperature difference and heating/cooling due to an
electrical current, respectively.
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According to quantum mechanics an electron has an intrinsic angular momen-
tum, the electron spin. In the same way as a rotating charged particle possesses
a dipole magnetic moment, the electron spin corresponds to an intrinsic electron
magnetic moment. Interestingly, in magnetic metals the electrical conductivity for
electrons with their spin parallel to the magnetization is different for those with
their spin anti parallel. Applying a voltage difference across a magnetic metal will
therefore, besides an electrical current, lead to a net spin current, which can be in-
jected into a contacted non magnetic metal. Spintronic devices based on such spin-
dependent transport phenomena are used in modern hard disk drives.

Spin caloritronics investigates the coupling between the thermoelectric effects
and spin transport in magnetic materials. For magnetic metals not only a voltage
difference can drive a spin current and act as a spin source, but a temperature differ-
ence via the spin-dependent Seebeck effect can be used as well. The fact that such a
thermal spin source works even in an open circuit condition, means that not only the
electrical conductivity for magnetic metals is spin-dependent but the Seebeck coef-
ficient as well. From the Onsager reciprocity relations, connecting the Seebeck and
Peltier effect, it then follows that the Peltier coefficient should show the same spin-
dependence as the Seebeck coefficient. By positioning a nanoscale thermocouple
only 100 nm away from a magnetic nanopillar, we were able to experimentally ob-
serve the spin-dependent Peltier effect by a change in the induced heating/cooling,
when switching between the two magnetic states. Comparing these measurement
results with a three dimensional finite element model (3D-FEM) of the charge, heat
and spin transport, we were able to confirm that the Peltier coefficient polarization
indeed matches that of the Seebeck coefficient. This opens up the possibility to use
heat driven spin sources and switchable spin current driven heaters/coolers, in fu-
ture spin caloritronic devices.

As discussed above the thermal conductivity in metals is dominated by the elec-
tronic contribution, causing a strong coupling between electrical and heat trans-
port. It is therefore not surprising that for magnetic metals besides the electrical
conductivity, the thermal conductivity is spin-dependent as well. A heat current
sent through a magnetic metal will thus be carried unevenly by the electrons with
opposite spin. We experimentally demonstrate that for a heat current perpendicular
to the plane (CPP) nanopillar device, the heat conductivity changes by switching
between the two magnetic states. This is only possible if spin-dependent tempera-
tures build up at the magnetic|non magnetic metal interface and reach the second
magnetic layer, before relaxing due to thermalization. Thermalization happens by
collisions between electrons or electrons with phonons, where energy is exchanged
(inelastic scattering). The relatively weak thermalization observed in the measure-
ment was surprising, as inelastic scattering in metals at room temperature was al-
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ways assumed to be strong. The effect can be used as a nanoscale heat valve or as a
technique to probe the inelastic scattering strength close to the Fermi energy.

A spin current polarized perpendicular to the magnetization of the magnetic
metal, it is entering, will be absorbed as a spin transfer torque (STT). The STT can
influence the magnetic switching field of the magnetic layer or even reverse the
magnetization completely. It is currently considered as a technique to switch be-
tween two magnetic memory states, for future application as STT random access
memory (STT-RAM) . A lot of research has been done on voltage driven STT where
the spin current, exerting the torque, is spin polarized by sending an electrical cur-
rent through a second magnetic layer. However the spin-dependent Seebeck effect
acts as a thermally driven spin source and can be used to produce a thermal STT.
We experimentally confirm the build up of spin-dependent temperatures, which in-
fluences the efficiency of the spin-dependent Seebeck, by comparing magnetization
angle dependent measurements of the resistance and spin-dependent Seebeck effect
in a magnetic nanopillar. Furthermore we investigate the direct use of thermal STT
in magnetic nanopillars and the problems arising from overall heating of the device.
In the future, thermal STT might improve the efficiency of STT memory or even be
solely responsible for the magnetic switching.

Spin caloritronics in magnetic insulators
In insulators electrons are unable to freely move around and the electrical conduc-
tivity is effectively zero. As no electrical current can flow it is equally impossible to
produce a spin current by the actual flow of spin polarized electrons, as is the case
in metals. However spin can still be transported by coupling between the electron
spins via spin waves or magnons. In magnetic insulators like YIG the heat is trans-
ported predominantly by phonons, but magnons also add a small contribution to
the thermal conductivity. Obviously the conventional thermoelectric effects are not
present in (magnetic) insulators, but interestingly spin caloritronic effects have been
observed. In 2010 the so called spin Seebeck effect was reported in YIG, where it was
experimentally shown that YIG acts as a spin source when exposed to a temperature
gradient. The now believed origin for this effect is thermally induced pumping of
spins by the warm/excited magnons in the YIG into a contacted cooler non mag-
netic conductor. The excited magnons travel from the hot to the cold side of the YIG
and at the interface a net angular momentum is transported from the magnons in
the YIG to the electrons in the non magnetic conductor. In the spin Seebeck effect
a spin Hall non magnetic conductor converts the injected spin current into a trans-
verse charge current, which because of it scalability and cheap device structure is
currently considered as a flexible or wearable thermoelectric device design.

In this thesis we demonstrate experimentally the reverse or Onsager reciprocal
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effect of the spin Seebeck effect. In the spin Peltier effect a spin accumulation in the
non magnetic conductor, exerts a STT on the magnons in the YIG just at the other
side of the interface. Depending on the polarization direction of the spin accumu-
lation magnons will either be excited or annihilated, causing them to heat up or
cool down, respectively. This change in the magnon temperature will be reflected
in the YIG phonon temperature close to the interface, due to coupling between the
two subsystems. By placing a thermopile close to the interface we were indeed
able to detect a temperature difference between the heating and cooling state. To-
gether with the 3D-FEM, extended to incorporate interface magnetic and phonon
heat transport, Onsager reciprocity with the spin Seebeck effect was proven and the
magnon-phonon coupling and interface conductances were investigated.

Conclusion
Although extensive research has been performed on spin caloritronic effects in both
magnetic electrical conductors and insulators, much work is still to be done. The
way the different effects are tied together and influence each other, could improve
our understanding of the behaviour of current nanoscale spintronic components,
which increasingly have to cope with parasitic heating. Furthermore a better under-
standing of the physics involved gives the opportunity to find or fabricate materials
and devices specifically tailored to maximize the efficiency and lead to applications.



Samenvatting

Deze thesis bestaat uit twee verschillende delen. Eerst (hoofdstukken 2 - 5), worden
spin caloritronische effecten behandeld in metalen, die worden veroorzaakt door de
fysieke verplaatsing van lading, spin and warmte dragende electronen. Vervolgens
(hoofdstukken 6 and 7), worden spin caloritronische effecten in de magnetische iso-
lator yttrium ijzer granaat (YIG) behandeld, waar niet de verplaatsing van de elek-
tronen maar de koppeling van hun draaimoment (spin) belangrijk is.

Spin caloritronica in metalen
In elektronica voorziet de verplaatsing van negatief geladen elektronen, elektrische
componenten en apparaten van energie. Zo’n elektrische stroom komt tot stand
door het aanbrengen van een voltage verschil over een elektrische geleider, waar
vrije elektronen diffunderen van de negatief naar de positief geladen kant. Het
transport is diffuus omdat botsingen met roostertrillingen (fononen), dotering en
defecten, leiden tot randomisatie van de bewegingsrichting van de elektronen en
het daardoor voor ze moeilijker wordt om de positief geladen kant te bereiken.
De elektrische geleiding relateert de elektrische stroom aan het aangebrachte volt-
age, waar metalen over het algemeen een grote elektrische geleiding hebben (kleine
weerstand) omdat er veel vrije elektronen zijn die aan de elektrische stroom bijdra-
gen. Een temperatuursverschil aangebracht over een metaal zorgt, in een vergelijk-
bare manier, voor diffusie van warmte/energie van de warme naar de koude kant,
beschreven door de warmtegeleiding van het materiaal. De grote hoeveelheid vrije
elektronen in metalen zorgt er voor dat het elektrische deel van de warmtegeleid-
ing domineert, terwijl het fonon deel domineert in de meeste andere materialen. De
belangrijke rol van elektronen in zowel de elektrische geleiding als de warmtegelei-
ding resulteert in een connectie tussen twee, genaamd thermo-elektriciteit. De twee
belangrijkste thermo-elektrische effecten zijn het Seebeck en Peltier effect, waar een
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elektrische stroom wordt veroorzaakt door een temperatuursverschil en verwarm-
ing/koeling door een elektrische stroom, respectievelijk.

Quantum mechanica toont aan dat een elektron een intrinsiek draaimoment be-
vat, de elektron spin. Op dezelfde manier als dat een roterend geladen deeltje een
dipool magnetisch moment bevat, zo zorgt de elektron spin voor een intrinsiek mag-
netisch moment van het elektron. In een magnetisch metaal is de elektrische gelei-
ding anders voor spins parallel aan de magnetisatie dan voor spins antiparallel.
Het aanleggen van een voltage verschil over een magnetisch metaal leid daarom,
naast een elektrische stroom, tot een netto spin stroom, die in een gecontacteerde
niet magnetische metaal geı̈njecteerd kan worden. Spintronische componenten die
gebruik maken deze spin afhankelijke tranport eigenschappen worden toegepast in
moderne computer harde schijven.

Spin caloritronica onderzoekt de koppeling tussen thermo-elektrische effecten
en spin transport in magnetische materialen. In magnetische metalen genereert niet
alleen een voltage verschil een spin stroom, maar kan ook een temperatuursver-
schil via het spin-Seebeck effect worden gebruikt. Het feit dat zo’n thermische spin
bron zelfs werkt in een open stroomkring, laat zien dat niet alleen de elektrische
geleiding maar ook de Seebeck coëfficiënt van magnetische metalen spin afhanke-
lijk is. Uit de Onsager reciprociteits relaties, die het Seebeck en Peltier effect aan
elkaar koppelen, volgt dat de Peltier coëfficiënt dezelfde spin afhankelijkheid zou
moeten hebben als de Seebeck coëfficiënt. Door een nanoschaal thermokoppel op
maar 100 nm afstand van een magnetische nanopillaar te plaatsen, waren we in
staat om experimenteel het spin-Peltier effect te observeren door een verandering
in de geı̈nduceerde verwarming/koeling, wanneer we schakelden tussen de twee
magnetische standen. Door deze metingen te vergelijken met een driedimension-
ale eindige-elementenmethode (3D-FEM) van de ladings, warmte en spin transport,
waren we in staat te bevestigen dat de Peltier coëfficiënt polarisatie overeen komt
met die van de Seebeck coëfficiënt. Dit creëert de mogelijkheid om thermische spin
bronnen en/of schakelbare spin stroom gedreven verwarmers/koelers te gebruiken
in toekomstige spin caloritronische toepassingen.

Zoals hierboven besproken wordt de warmtegeleiding in metalen gedomineerd
door het elektrische deel, wat leidt tot een sterke koppeling tussen elektrisch en
warmte transport. Het is daarom niet verassend dat in magnetische metalen niet
alleen de elektrische geleiding, maar ook de warmtegeleiding spin afhankelijk is.
Een warmte stroom door een magnetisch metaal zal dus niet evenredig worden
gedragen door elektronen met tegenovergestelde spin richting. Wij tonen experi-
menteel aan dat voor een warmte stroom loodrecht op het vlak (CPP) van een mag-
netische nanopilaar, de warmtegeleiding verandert wanneer er wordt geschakeld
tussen de twee magnetische configuraties. Dit is alleen mogelijk als een spin afhanke-
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lijke temperatuur zich op bouwt op het magnetische|niet magnetische metaal grensvlak
en het tweede grensvlak bereikt, voordat relaxatie door middel van thermalisatie
plaats vindt. Thermalisatie gebeurt door botsingen tussen elektronen en tussen
elektronen en fononen, waarbij energie wordt uitgewisseld (inelastische verstrooi-
ing). De relatief zwakke thermalisatie waargenomen in de meting is verassend,
aangezien inelastische verstrooiing in metalen op kamer temperatuur altijd als sterk
is beschouwd. Het effect kan worden gebruikt als een nanoschaal warmte klep of
als een techniek voor het onderzoeken van inelastische verstrooiing dichbij de Fermi
energie.

Een spin stroom gepolariseerd loodrecht op de magnetisatie richting van een
magnetisch metaal, waar die binnen gaat, zal worden geabsorbeerd als een spin
koppel (STT). De STT beı̈nvloedt het magnetische schakelveld van de magnetis-
che laag of kan de magnetisatie zelfs volledig omkeren. Het wordt op het moment
overwogen als een techniek om te schakelen tussen twee magnetische geheugen
standen, voor toekomstig gebruik in STT random access memory (STT-RAM). Veel
onderzoek is gedaan op voltage geı̈nduceerde STT waar de spin stroom, die het
koppel uitoefent, spin gepolariseerd is door een elektrische stroom door een tweede
magnetische laag te sturen. Echter het spin afhankelijke Seebeck effect kan ook als
thermische spin bron worden gebruikt en op die manier een thermisch spin koppel
produceren. Wij bevestigen experimenteel de opbouw van spin afhankelijke tem-
peraturen, die de spin afhankelijke Seebeck efficiëntie beı̈nvloedt, door magnetische
hoek afhankelijke metingen van de weerstand and het spin afhankelijke Seebeck ef-
fect in magnetische nanopilaren te vergelijken. Verder onderzoeken we het directe
gebruik van thermische STT in magnetische nanopilaren en de problemen hierin
door algemene opwarming van het sample. In de toekomst kan thermische STT de
efficiëntie van STT geheugen verbeteren of zelfs volledig worden gebruikt voor het
magnetische schakelen.

Spin caloritronica in magnetische isolatoren
In elektrische isolatoren zijn elektronen niet vrij om te bewegen en is de elektrische
geleiding dus effectief nul. Zonder elektrische stroom kan een spin stroom ook
niet ontstaan door de stroom van spin gepolariseerde elektronen, zoals het geval
is in metalen. Echter spin kan nog wel getransporteerd worden door middel van
koppeling tussen de elektron spins, via spin golven of magnonen. In magnetis-
che isolatoren zoals YIG gaat het warmte transport voornamelijk via fononen, maar
magnonen leveren ook een kleine bijdrage aan de warmtegeleiding. Logischer-
wijs kunnen de standaard thermo-elektrische effecten niet bestaan in (magnetis-
che) isolatoren, spin caloritronische effecten daarentegen zijn wel geobserveerd. In
2010 werd het spin Seebeck effect in YIG gerapporteerd, waar werd aangetoond



128 Samenvatting

dat YIG zich als een spin bron gedraagt wanneer blootgesteld aan een temper-
atuur gradiënt. De oorsprong van dit effect is het thermisch pompen van spins,
door warme/geëxciteerd magnonen in het YIG, naar een gecontacteerde koelere
niet magnetische geleider. The geëxciteerde magnonen bewegen van de warme naar
de koele kant van het YIG en op het grensvlak wordt een net draaimoment van de
magnonen in het YIG, naar de elektronen in de niet magnetische geleider getrans-
porteerd. In het spin Seebeck effect zet het spin Hall effect in de niet magnetische
geleider de geı̈njecteerde spin stroom om in een transversale elektrische stroom.
Door de schaalbaarheid en goedkope fabricage methode wordt het op het moment
overwogen als gebruik in flexibele en draagbare thermo-elektrische apparaten.

In deze thesis tonen we experimenteel het bestaan aan van het omgekeerde of
Onsager wederkerige effect van het spin Seebeck effect. In het spin Peltier effect
genereert een spin accumulatie in de niet magnetische geleider een koppel op de
magnonen in het YIG, aan het grensvlak tussen de twee. Afhankelijk van de po-
larisatie richting van de spin accumulatie zullen magnonen geëxciteerd of geanni-
hileerd worden, zodat ze respectievelijk verwarmd of gekoeld worden. Deze ve-
randering in de magnon temperatuur beı̈nvloedt de fonon temperatuur in het YIG
dichtbij het grensvlak, door koppeling tussen de twee subsystemen. Het plaatsen
van meerdere thermokoppels in serie dichtbij het grensvlak maakt het mogelijk een
temperatuursverschil te detecteren tussen de verwarmende en koelende toestand.
Met behulp van 3D-FEM, uitgebreid met de magnetische en fonon warmte geleidin-
gen over het grensvlak, is Onsager reciprociteit met het spin Seebeck effect aange-
toond en zijn magnon-fonon koppeling en de grensvlak geleidingen bestudeerd.

Conclusie
Hoewel er veel onderzoek is gedaan naar spin caloritronische effecten in zowel mag-
netische elektrische geleiders en isolatoren, is er nog veel te doen. De manier waarop
de verschillende effecten elkaar beı̈nvloeden kan belangrijk zijn voor het gedrag van
nanoschaal spintronische componenten, die meer en meer te maken krijgen met
stijgende operationele temperaturen. Verder geeft een verder begrip van de spin
caloritronische fysica meer inzicht in de mogelijkheden tot nieuwe materialen en
ontwerpen specifiek geënt op het maximaliseren van de efficiëntie en toekomstige
applicaties.
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