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Abstract

Research in spintronics often involves generation of heat in nanoscale magnetic systems. This heat generation can be
intentional, as when studying effects created by an external applied temperature difference, or unintentional, coming as
a consequence of driving relatively large charge currents through tiny structures. Understanding and controlling these
thermal gradients can present challenges to experimentalists, which are related at some level to the fact that heat flow is
much more difficult to isolate and manipulate than charge flow. This paper aims to provide a simple, intuitive framework
to understand the fundamental issues that arise in spintronic materials and devices involving thermal gradients. The first
goal is to provide simple tools to demonstrate how thermal gradients arise in systems with thin conducting films on bulk
substrates. The main results are that a thermal gradient pointing perpendicular to the plane of a thin film supported on
a macroscopic substrate is very common, even while the largest temperature drop in the system will exist across the bulk
substrate itself. These results point to the need to understand the range of thermoelectric and magnetothermoelectric
effects that can generate voltage signals and other responses to thermal gradients. I provide a brief review of these, along
with relevant spin effects. The review concludes with examples and comments on several important ongoing issues in

spintronics where thermal gradients play key roles.

1. Introduction

Spintronics seeks to manipulate and use the spin de-
gree of freedom of electrons to add new functionality and
fundamental properties to electronic systems.[1-5] Achiev-
ing this control almost always uses tools of micro- or
nanoscale science and engineering to create physical sys-
tems from thin films with one or more dimensions less than
100 nm. One of the earliest examples, and perhaps most
notable to date, is the “giant magnetoresistance” (GMR)
effect, where spin-dependent scattering of electrons flow-
ing through a thin film heterostructure of two decoupled
ferromagnetic layers causes a significant field-dependent
resistance.[6-8] This fundamental physics leads to sensi-
tive magnetic field sensors that drove advances in mag-
netic hard disk information storage technologies that en-
abled the information age.[9-12] The reciprocal effect of
GMR, where angular momentum conservation can cause
the induced spin polarization of the electrons to transfer
sufficient angular momentum to switch the magnetization
direction of a ferromagnetic thin film element, called spin
transfer torque (STT), opened dramatic new possibilities
for spintronics, allowing control of information by appli-
cation of large local currents instead of distant external
fields.[13-16]

The STT effect also highlights an important compli-
cation that arises in a wide range of ongoing studies in
spintronics and related fields. The fundamental physics of
this effect requires a large current density to pass through
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tiny nanoscale structures. The large current flow almost
always brings large Joule heating through charge scatter-
ing, meaning that a complete understanding of spintronic
devices often requires knowledge of heat flow in complex
nanoscale structures, and the effects or artifacts this heat
flow can introduce. This significant heat flow is funda-
mentally much more difficult to control or manage than
charge flow, since there is no such thing as a heat insu-
lator. To be more quantitative, where typical materials
used in spintronic systems can easily have electrical con-
ductivity, o, that differ by much more than ten orders of
magnitude, their thermal conductivity varies at most by
a factor of ~ 1000. Historically, researchers in spintronics
have a somewhat widely varied approach to these heating
effects, ranging from ignoring them entirely to intention-
ally using them to open new functionalities. The latter
approach, using existing thermal gradients or intentionally
created thermal gradients to manipulate the spin degree of
freedom in a magnetic system, has grown into its own very
active sub-field of spin caloritronics.[17-20]

The goal of this review is first to provide a simple and
accessible motivation for the importance of thermal effects
in spintronic materials and devices, focusing on model sys-
tems and calculations that demonstrate the important fun-
damentals that often arise. The models demonstrating the
fundamentals of thermal gradient generation and direction
will point to the importance of understanding the “zoo”
of thermoelectric and magneto-thermoelectric effects, and
their more recently appreciated spin counterparts. T will
therefore also provide a short review of these effects, pro-
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viding some essential materials parameters for some key
spintronic constituents and highlighting selected literature
where these effects arise or are demonstrated. This will
include the Spin Seebeck Effect, Spin-Dependent Seebeck
Effect and other important spin caloritronic demonstra-
tions, and the Anomalous Nernst Effect. I will conclude
by highlighting some important examples and current ar-
eas of interest in spintronics, where thermal effects will
likely always remain an important consideration. This will
include some aspects of Spin Orbit Torque (SOT) switch-
ing. As indicated in the title, I write this from the point
of view of an experimentalist with interest and expertise
in developing measurement methods for thermal effects in
thin films and nanostructures, and in applications to fun-
damental materials physics of magnetic systems. I hope
that the resulting guide is useful for students or more se-
nior researchers new to the field, and especially to those
wishing to develop a simple framework to better under-
stand how heat flow in nanoscale structures can impact
their own work.

2. Generation of Thermal Gradients (Intentional
and Unintentional)

To begin, consider a large current density, J = /A,
where A is the cross-sectional area perpendicular to the
electron flow, and I is the charge current applied to a wire
patterned from a metallic thin film, with electrical resis-
tivity p, deposited on an electrically insulating substrate.
Such structures are common in spintronic systems and de-
vices, and often have thickness, ¢, ranging from a few to
a few hundred nanometers, and width, w from about 100
nanometers to dozens of microns. Electron flow through
such wires generates Joule heat, with dissipated power
P=1 2R, with resistance R determined by the material
composition and geometry of the wire, R = pl/wt, where
¢ is the length of the current path. The heated volume is
then V = fwt. We can easily relate P; directly to current
density, such that
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It is fairly common in experiments such as STT and
SOT switching to reach current density on order of J ~
10t A/ m?. For our simple wire this could represent a cur-
rent I = 1 mA applied to a 100 nm thick, 100 nm wide
wire. Depending on the material used for the wire, p can
easily be fairly large. If we assume p = 30 uf2 cm (in the
range of typical ferromagnetic metal alloys), then the re-
sulting power density in the wire that results from Joule
heating is > 101 W/m®. This power density exceeds that
in the core of a nuclear reactor by many orders of magni-
tude. [21] Here we are mostly concerned with the temper-
ature gradients that arise from this large energy density,
which as we will see, depend strongly on how this energy
escapes the wire in the form of heat flow. But even before
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Figure 1: Schematic views and simple thermal models for two situa-
tions common in spintronic devices. a) A slice of an insulating sub-
strate with a deposited metal film, with thicknesses, tmet and tsyup,
and length ¢ and width w indicated. Electrical connections are shown
schematically in brown. b) Corresponding thermal model, showing
contributions to heat transport from radiation, convection, conduc-
tion (through experimental wiring), and the sample heterostructure.
c) A similar schematic slice of an insulating substrate for the case of
a metal film on top of a thin oxide layer, on top of a bulk substrate.
d) Corresponding thermal model with the additional conductances
introduced by the oxide (heat loss from the top of the film is not
shown for simplicity).

developing a picture of this heat flow, the huge energy den-
sity seen here should warn us that very significant thermal
gradients will often be present in spintronic devices.

We can gain a bit more understanding of the nature of
these thermal gradients using very simple analytic models
of the steady-state heat current that flows in various thin
films or heterostructures supported by bulk substrates. As
shown in Fig. 1, we will consider the temperature pro-
file in a slice of two common structures. Fig. la) shows
a schematic view of a slice, with width w and length ¢
through a thick substrate, with thickness tg,},, with a very
thin metallic film, with thickness ¢, deposited on top.
Since electrical connections to this film are often important
to generate or measure the desired signal, and since we will
see these often play an important role in the resulting ther-
mal profile, we also schematically indicate the electrical
connections to the top of the metal film. For this structure,
we can write the corresponding “lumped element” thermal
model seen in Fig. 1b). We assume this substrate will be
mounted in an experimental platform with a constant base
temperature, T, and held in a surrounding environment
at temperature T,. The top surface of the metal film can
exchange heat energy with the surroundings potentially
via all three of the typical mechanisms: radiation, convec-
tion, and conduction. Radiation, the exchange of energy
with the distant environment via thermally excited (black-
body) photons, is described by the Stefan-Boltzmann law,



Praq < AegoeT?, where Aog is the effective area of the ra-
diating surface, o is the Stefan-Boltzmann constant, and
€ is the emissivity of the surface. Despite the strong T-
dependence, in many situations of interest this contribu-
tion is small and can often be ignored. However, some care
must be taken when a surface has components with very
different emissivities, especially since these can be poorly
known for materials of interest.[22] If the sample is held
in atmosphere or other gaseous environment, the heated
film surface can also exchange energy via convection and
conduction through this gas. For the case of atmosphere
surrounding a spintronic device, this contribution is often
significant. Finally, heat can flow away from the top sur-
face of the film via conduction (transport of electrons and
phonons) in the wires or probes used to make electrical
connections to this film element. This also can be a very
significant contribution.

The heated film can also exchange energy via conduc-
tion of heat downward toward the base temperature. In
this event the heat current flows through a series of ther-
mal impedances W, or thermal conductances K = 1/W.
The first such thermal conductance comes from the metal
film itself, Kgim, related to the limitations of heat flow in
a given material that we typically describe as the thermal
conductivity of a material, k. In analogy to the typical
relation used to determine electrical resistance from elec-
trical resistivity, we can write:

(1/k)¢
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where the cross-sectional area perpendicular to heat flow
is A = w - t, and the length of the heat flow path is £. In
the case of the heat flowing through the metal film, the
area is w - £, and the path length t,,.; as indicated in Fig.
1a), such that Kmet = kmetfW0/tmet -

The next thermal conductance comes from the inter-
facial thermal conductance between the metal and sub-
strate. The thermal boundary resistance is the recipro-
cal, and refers to the same physical picture. One intuitive
picture of this physical mechanism comes from imagin-
ing that phonons carrying heat across such an interface
between dissimilar materials experience a change in their
group velocity that is similar to the case for photons trav-
eling across an interface between two materials with dif-
ferent index of refraction. Interfacial thermal conductance
is an important and active field of study in its own right,
both from a theoretical (or numerical) and experimental
point of view. Most of this work is outside the scope of
this paper, though I recommend those wanting to gain in-
depth understanding of their own particular thermal pro-
file in a spintronic device or material engage with excellent
general reviews on nanoscale heat flow,[23, 24] and more
specific reviews of interfacial thermal conductance.[25, 26]
A recent paper[27] has also experimentally investigated
many important spintronic systems to determine the in-
terfacial thermal conductance using the now fairly com-
mon approach of ultrafast time domain thermoreflectance

(TDTR), which provides crucial information to improve
understanding of the thermal gradients in these systems.
The interfacial thermal conductance, Giy is typically re-
ported in units of W/m?, so to include in the thermal
models that follow, we calculate Ki,; = Gint A, where A
is again cross-sectional area. Though in the few specific
situations and geometries I calculate below, the interfacial
effects do not dominate, I have included these both for
physical accuracy regarding the nature of the heat flow,
and for ease of adapting the simple analytical picture to
situations where interfaces could play a more important
role.

The next thermal conductance comes from what is
nearly always, and by many orders of magnitude, the
largest component of the system, the bulk substrate that
supports the thin film structure. Before continuing, I point
out that Figs. 1a) and ¢), and any similar cartoons, dra-
matically misrepresent the actual ratio between the thick-
ness of a typical bulk substrate and typical thin film. It is
common for the substrate to be on order 10,000x thicker
than the film, such that a truly correct picture of the sub-
strate thickness for the films represented in Fig. 1 by boxes
that are perhaps 3 mm on the rendered page would be
~ 30 m talll Keeping this simple fact in mind will be
helpful as we move forward to find that, in almost any case
imaginable, when a film is supported on a substrate, the
substrate dominates the heat flow problem. As with the
film, Kgp, is related to the substrate thermal conductiv-
ity, ksub, and the geometry, such that Kqp, = ksupfw/tsup-
Dividing by the much larger ts,p, means that Kgy, will
almost always be the smallest thermal conductance, or
largest thermal impedance, in the problem.

The final thermal conductance shown in Fig. 1b) repre-
sents a possible thermal impedance between the bottom of
the substrate and the experimental platform. Especially in
low temperature physics, this impedance is typically called
a Kapitza resistance, in analogy to the similar physical
phenomenon originally observed between a liquid helium
bath and a bulk object.[28] This thermal impedance could
be included in calculations to model any expected or en-
countered poor thermal link between the back of a sample
and its heat sink. In the few calculations I present below, I
will typically assume this conductance is high enough not
to contribute.

Fig. 1c) and d) present a similar schematic and model
for the case where the metal film is deposited on a thin film
of oxide, which was in-turn deposited on or grown from a
bulk substrate. This adds two thermal conductances, that
arising from the interface between the metal and the oxide,
Kint,mo and that from the bulk heat flow through the ox-
ide Kox = koxlw/tox (we also modify the name of interface
contribution between oxide and substrate, accordingly, to
Kint 0s). This situation will represent a wide range of stud-
ies where thin metal films are patterned on insulating oxide
or nitride layers on a silicon substrate.



2.1. Simple Analytic Models: Heat flowing from back of
substrate

We first consider a simple model of heat flow through
the structures shown in Fig. 1 where the back of the sub-
strate, Ty, is kept at a temperature somewhat higher than
the temperature of the environment 7,,. This could be the
case for a range of experiments where a film on a substrate
is heated from below, including those where the intention
is to create a thermal gradient pointing in the plane of
the substrate. First we will investigate the situation when
heat loss from the film surface occurs only from convec-
tion. The power flowing out of the film, upwards from
the film surface to the surrounding air can be reasonably
approximated by:

Peonv = he AAT = he A(Thop — To)s (3)
where h. is the convection heat transfer coefficient, h, =
25 W/ m’K for slow moving air, which we assume to be in
equilibrium with the sample environment at T,,. Power
also flows into the metal film, toward the top surface via
conduction from the heated substrate below. This power
flows through the entire heterostructure, and can be writ-
ten:

Phet = Khet (To - Ttop)a (4)

where Kpet = 1/Whet is the thermal conductance of the
entire sample stack, with:

1 1
Kpet = = )
het Wsub + VVint + Wmet ( )

for the heterostructure of Fig. 1a), and

1
Kot = 6
ot Wsub + VVint,so + Wox + Wint,mo + Wmct ( )

for the case with the additional oxide layer shown in Fig.
1b). In steady-state, these incoming and outgoing powers
must be equal:

Khet (TO - Ttop) = hCAAT == hcA(Ttop - Too) (7)

Solving for Tiop gives:

o KhetTo + hcAToo

Tiop = 8
top hcA + Khet ( )

For this particular geometry, where the cross-sectional
area is the same for all the elements in the heterostructure
and the convection loss, the area cancels and the expres-
sion for Tio, can be simplified to:

Khet,DTo + hCToo

T =
rop Khet,D + hc

7 (9)

where

Khet tﬁlm 1 tsub
Kyt = - 10
het,] A <kﬁlm * Gint * ksub) ( )

is the heterostructure thermal conductance per area. The
cooling of the film surface via conduction when in atmo-
sphere then only depends on the balance of the convec-
tion coefficient and the thermal conductance of the sub-
strate/interface/film stack.

A similar calculation is possible using the power leaving
the top of the film surface via metallic wires or probes
that may be used for voltage measurements or current
probes in various experiments. The heat current flowing
upward away from the substrate in this case will almost
certainly be non-uniform across the length of the sample,
since these probes make contact at distinct locations. The
simple model we are constructing will not capture the ef-
fect of these complications, but can illustrate the overall
magnitude of the out-of-plane component of the resulting
thermal gradient. As we will discuss further below, sev-
eral groups have carefully documented experimental ev-
idence for both this out-of-plane component and the in-
plane non-uniformity.[29-33] The power flowing out of the
film, upwards from the top surface via conduction through
these electrical connections is Pyires = Kwires(Ttop — Too)-
Note that the choice of the temperature where the result-
ing heat current is sink can depend on the details of a
given experimental setup. For this calculation, I will esti-
mate this contribution by assuming two gold wire bonds,
with circular cross sectional area Ayires and length £yires,
are attached to the top of the metal film. The thermal
conductance of the wires is related to the geometry and
thermal conductivity: Kyires = kauAwires/Cwires-

We can now model an experiment in vacuum (so convec-
tion does not contribute), with the wire bonds attached,
where similar steady-state balance of heat powers flowing
into and out of the top metal surface yields:

Khet(To - Ttop) = Kwires(Ttop - Too) (11)

Solving for Ti,p for the wire bond conduction case then
gives:
o thtTo + KwircsToo

Tiop = 12
top Kwires + Khet ( )

Once Tiop is determined in either case, the tempera-
ture profile in the sample heterostructure can be calcu-
lated using the thermal circuits shown in Fig. 2. The
total temperature difference across the sample structure,
AT = Tiop—T, drives a total heat current through the het-
erostructure, Iy net = AT/Whet- The temperature drop,
the thermal analog to the voltage drop, on each compo-
nent of the circuit can be calculated by multiplying the
heat current by the appropriate thermal resistance, such
that for the thermal circuit of Fig. 2a):

AThet = IhnetWhim (13)
ATt = IhhetWint (14)
A/Tsub = Ih,het Wsub~ (15)

The somewhat more complicated thermal circuit of Fig.
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Figure 2: Thermal circuit models for heterostructure branch of the
two simple thermal models shown in Fig. 1. In each, the total heat
current flowing in the heterostructure is Iy net, set by AT and the
total thermal impedance of these circuits. a) Thermal circuit for a
metal film on a substrate. b) Thermal circuit for a film on an oxide
film on a bulk substrate.

2b) adds:
A,ATint,mo = Ih,hetWint,mo (16)
A710)( = Ih,het Wox (17)
A/I’int,os = Ih,hetWint,os7 (18)

and of course uses the appropriate definition of Wy, =
1/Kpet from Eq. 6.

Now with chosen values of the various parameters, we
can calculate the temperature profile. I calculate an ex-
ample geometry for each type of stack shown in Fig. 1.
For both, I have chosen w = 5 pm, and [ = 8 mm,
to represent a thin slice from the central portion of the
type of film/substrate heterostructures that are common
in a range of spincaloritronic experiments.[29] For the first,
simpler, structure, I chose to = 10 nm, tg,, = 0.5 mm,
and kpet = 10 W/m K, and kg, = 8 W/m K. These
values are typical of situations with either a Pt or ferro-
magnetic metal (such as permalloy, NiggFeqq, abbreviated
“Py”) deposited on a yttrium iron garnet (YIG) substrate.
The interface thermal conductance for the Pt/YIG inter-
face has very recently been measured, providing the im-
portant value Gin, = 150 MW /m? K.[27] With my choice
of A, then Ki,y = 6 W/K. To model one typical means
of making electrical contact to the film, I estimated the
thermal conductance from two gold wire bonds with ra-
dius 0.001 inch = 25.4 pm, with total length between the
sample and the electrical connection to the cryostat (which
I assumed was at T) of 1 cm. Drawn wires often have
thermal conductivity most comparable to bulk values, for
gold near room temperature this is ka, = 300 W/m K.
The resulting thermal conductance Kyires = 122 pyW/K,
which we will see below is large enough to significantly
affect the thermal profile in the sample. This choice of
material and geometry for the electrical connections lands

in a wide range of values most likely achieved in various
experiments, with the use of larger manipulator probes or
pins most likely much exceeding this value of Kyires used
here, and the value for thinner wires formed from Al some-
what smaller. This estimation should be refined by each
reader to match the particular experimental arrangement.

Table 1a) presents key results from the simple thermal
profile calculation for this film/interface/substrate geome-
try, where I chose the heated temperature of the bottom of
the substrate, T, = 310 K, with the sample environment
held at T, = 300 K. This simple calculation suggests
that both pure convection and pure conduction (through
electrical connections) would lead to relatively small, but
clearly measurable with most thermometry technologies,
cooling of the top of the stack. This is roughly 0.5 K in
the convection case and more than 1.5 K in the conduction
case. This overall temperature difference demands that the
average thermal gradient across this section of the sample
points perpendicular to the substrate. This is a funda-
mental feature of thermal experiments with thin films on
bulk substrates, that has been repeatedly demonstrated in
experiments.[29, 30, 33] A second fundamental feature is
also obvious in Table 1a): the bulk of the temperature dif-
ference, in steady-state, exists across the substrate. For ex-
ample, with this particular choice of parameters, the con-
duction case shows ATyt =2 25 uK, while ATy, = 1.56 K,
meaning that the temperature difference on the very thin
film would be very challenging to experimentally quantify
with any known thermometry technique. Despite the small
size of this temperature difference, the thermal gradient
across the film, VT e, = AT, met/tmet, 1S N0t insignificant
in either case. This is particularly important to consider in
a geometry such as this, where the electrical contacts are
often quite widely spaced. In such a case even the small
thermal gradients I calculate here can drive large voltage
contributions if the thin film is a conducting ferromagnet.
I demonstrate this with the column labeled Vang using
values for the anomalous Nernst effect for Py,[34], which I
will discuss in more detail in section 3.

The second example geometry models the case of a sim-
ilar thin metallic film, but now deposited on a silicon sub-
strate with an intervening insulating layer. My choices for
the model parameters start with the same w and [, and
same tmet = 10 nm, and ket = 10 W/m K. Measured val-
ues for the interfacial thermal conductance between met-
als and common insulating thin films such as SiOs typi-
cally fall near Gint.mo = 150 MW /m? K,[35] giving a sim-
ilar Kingmo = 6 W/K as seen for the Pt/YIG interface.
SiO; films typically have fairly poor thermal conductivity,
kox = 1.2 W/m K, while bulk single crystalline Si usually
has a fairly high thermal conductivity, ks; = 200 W/m K.
I chose the thickness of these layers to be o, = 1 um and
tsub = 0.5 mm, respectively. Finally, the interface ther-
mal conductance between the oxide and Si has also been
measured, and is roughly a factor of ten smaller than the
metal/oxide case, giving Kin; 05 = 0.6 W/K.

Table 1b)  presents key results for  the



a)

TtOD (K) AT et (.U'K) VTZ,met (:uK/nm) VaNE (MV) ATy (MK) AT, (K)
Convection 309.52 7.69 -0.769 17.22 51.25 0.480
Bonds 308.44 24.96 -2.496 55.9 166.37 1.56
b) T‘top (K) AT’met (,UK) VT‘zm’xet (,LLK/HIII) VANE (UV) AT‘int,mo (,U/K) ATOX (NK) Aﬂnt,os (N/K) AT’sub (K)
Convection 310 0.250 -0.0250 0.56 1.67 208.3 16.7 6.25 x 1072
Bonds 309.90 30.23 -3.023 0.677 201.5 25,190 2,015 0.076

Table 1: a) Calculated temperature profile for the metal film on substrate stack of Fig. la).

Here T, = 310 K, Too = 300 K. The

thermal parameters and geometry are chosen to match a thin metal film on a YIG substrate (parameters given in main text). b) Calculated
temperature profile for the metal film on oxidized substrate stack of Fig. 1b). Here T, = 310 K, Toc = 300 K. The thermal parameters and
geometry are chosen to match a thin metal film on an oxidized Si substrate (parameters given in main text).

film/interface/oxide/interface/substrate geometry. I
keep the same choice for Ty, Tao, he, and Kyires. Though
the same main theme emerges here, the details of the
temperature profile are modified by the significantly
higher substrate thermal conductivity and the insertion
of the much lower thermal conductivity oxide film. For
the convection case, the overall increase of the thermal
conductance of the sample causes the total temperature
difference to drop to most likely undetectable levels,
with less than 1 mK of total change. However, even
here if the metal film is a ferromagnet, a fairly easily
measurable ANE voltage component would arise. In the
bond wire conduction case, large AT's form on the various
elements, and we now see that ATy, = 25 mK grows to
be a third of the ATy, = 75 mK. This suggests that
in cases where an electrically insulating magnetic film of
similar thickness is deposited on a more highly thermally
conductive bulk substrate (such as sapphire), appreciable
out-of-plane VT could easily appear, and should be
carefully considered. Again, the bond conduction case
indicates a significant out-of-plane VT develops on the
metal film, which should be expected to drive significant
voltage contributions via ANE. Finally, the relatively
poorly conducting oxide/substrate interface also develops
significant AT in this model.

2.2. Simple Analytic Modes: Joule heating from current
in metal thin film

I now use a similar approach to consider the case when
current flows through the metal film while the back of the
substate is held at a fixed temperature. This is another
very common experimental situation in spintronic mate-
rials and devices. Fig. 3a) shows a schematic geometry
when a current is applied, with Fig. 3b) showing the sim-
ple thermal model of the film/interface/substrate stack (I
will also perform the calculation for the more complicated
stack, but have omitted the schematics). As indicated
in the figure, we now assume both the back of the sub-
strate and the environment are held at T,,, and that either
conduction through the experimental wiring (as indicated
in the figure as Pyires) Or convection through atmosphere
(not shown) can allow heat to flow away from the top sur-
face of the metal thin film. Heat can flow away from the

R Ttop
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Kint Ve Tinb
[ Ksub ]
T

Figure 3: Schematic view, a), and simple thermal model b), for the
case where a thin metal film on a bulk substrate is heated by an
applied current. Heat flows into the metal film from Joule heating
(red arrow labeled Pj). Heat can leave the top surface of the film
via conduction (brown arrow labeled Pyires), Or via convection (not
shown). Finally heat can leave the bottom surface of the film via
conduction to the rest of the sample heterostructure, (pink arrow
labeled F ./ ). The steady-state thermal profile can be determined
by balancing these powers.

bottom of the metal film through the rest of the sample
heterostructure, indicated as F, /. Similar contributions
were part of the model discussed in Sec. 2.1. The elec-
trical current flowing in the film adds the new possibility
that Joule heat is dissipated throughout the metal film, as
indicated by Pj.

The first step to determine the resulting steady-state
thermal profile is to note that both the experimental wires
and the heterostructure below the metal film connect the
heated film to thermal “ground” at T, (one can easily mod-
ify this picture for the case where the environment is held
at a different temperature than T,. We can determine the
average temperature of the metal film using the (typically
known or measurable) P; and the sum of these parallel
thermal conductances:

Py

T, =Ty —
av,met o Khet’ + Kwircs

(19)
We can use the definition of the average T to write this

as a function of the two unknown temperatures Tio, and
Tm7b:

Ttop + Tm,b PJ

I =T+ —1 — (20)
* ¢ 2 ¢ Khet/ + Kwires



A second relation involving Top and Ty, 1, comes from the
balance of heat power flows. Here any net difference be-
tween the heat power flowing “up” away from the top
surface of the film, and the heat power flowing “down”
from the bottom surface of the film, in steady-state, will
drive a temperature difference across the metal film that
is proportional to its thermal conductance, K. In vac-
uum, the power flowing up is Puires = Kwires(Ttop — To)s
and the power flowing down is P, = K. (Tmb — To)-
K, is the thermal conductance of the elements of the
heterostructure below the metal film:

1

K o =—"—.
het Wsub + VVint

(21)
This then gives:

Kwires(Ttop - To) - Khet/ (ﬂn,b - To) = Kmet (Ttop - Tm,b)-

(22)

This system of two equations with two unknowns can
now be solved for T, and T, 1, yielding:

Tt _ 2,-Tav,mct (Khet/ - Krnct) + To(Kwircs - Khet/)
P Kwires + tht, - 2I(met ’
(23)
and
Tm,b = 2zjav,met - Ttopa (24)

where Ty, met is given by Eq. 19. As with the case of the
heated substrate, determining Tiop allows calculation of
the total heat current flowing through the heterostructure
between Tiop and T, (though this now flows in the oppo-
site direction to that shown in Fig. 2), which gives the
temperature drop on the various elements of the stack.
The same equations, with the substitution Ko,y = hcA
for Kyires Will model the case for negligible conduction
through bonds, but appreciable loss of heat to convection
if vacuum is not maintained around the sample.

Figure 4 shows the resulting temperature profiles as a
function of applied current to the metal film, for the same
two heterostructures I considered for the case of the heated
base of the substrate. Figs. 4a) and b) plot Tiop, vs. I, for
the case of heat loss from the top of the film via pure
convection (green line labeled Kopny) and pure conduction
through electrical connections (copper line labeled Kyives)-
Here I used the same estimate for the thermal conductance
of the electrical connections as described above. This value
will certainly change from experiment to experiment, and
should be chosen to match each situation. For the case of
the metal film on YIG substrate, which has a relatively low
ksup the two types of heat loss cause significantly different
Tiop, while for the metal film on oxidized Si substrate, the
larger kq,p, makes the heat flow into the substrate the domi-
nant loss mechanism, so that the convection and bond con-
duction cases have nearly identical thermal profiles. This
difference also means that generating a similar T}, for the
Si case requires much higher Iy,;,s. However, in both cases
even relatively modest applied dc current drives temper-
ature increase > 10% of T,,. Figs. 4c) and d) plot Vet

for these two cases in K/mm. The positive values indi-
cate VT points in the opposite direction as in Tables
la) and 1b), as expected. Though the two types of het-
erostructure reach very similar Ti,, with the range of I
chosen for each, VT, is much larger for the film on oxi-
dized Si. This highlights the importance of understanding
the thermal conductivity of the supporting layers beneath
a thin film for experiments of this type, as the same metal
film on the two different types of supporting structures
could show dramatically different thermoelectric voltage
contributions driven by this VTiet-

The different kg1, values also lead to significantly differ-
ent temperature drops across the interfaces in each het-
erostructure, as shown in Fig. 4e) and f). While the
~ 3 mK values seen at the metal/YIG interface are po-
tentially important, the much larger values on both inter-
faces in the metal/oxide/Si case almost certainly modify
the overall picture of heat flow through the system and
cannot be ignored. Finally, the presence of even the rather
thin SiO4 layer, because of the quite low kqy and relatively
high kg1, cause a significant AT, to appear on this layer
even at modest applied I, rising to ~ 1/3 the temperature
drop on the entire substrate.

To conclude this section, I will summarize some of the
clear limitations of this very simple framework I have pre-
sented to gain understanding of temperature profiles, and
emphasize the key lessons learned. First, one of the main
limitations is that, for the sake of much simpler calcula-
tions, I did not take the known temperature-dependence
of k and Gjyt into account. This could easily be done by
one wishing to use these equations but needing a more re-
fined picture of the resulting thermal gradients in a given
sample. Second, I have not discussed the trivial addition
of the convection and conduction heat loss terms. Again,
if a particular experimental setup demands, this is a sim-
ple extension. Third, as I mentioned earlier, the heat flow
away from the thin metal film via experimental wires will
be spatially non-uniform in general, though must result
in an average out-of-plane thermal gradient that arises in
the simple model. Fourth, there are regimes, especially
for very low temperatures, relatively clean materials, and
small systems, where additional complications could arise
related to nanoscale size effects and the finite mean free
path of various heat carriers.[36-39] There is a great deal
of interesting physics to consider in that area, which I
chose to ignore since many experiments and applications
in spintronics are at room temperature. Finally, I chose
two idealized sample stacks made from components where
reasonable knowledge of Gy, already exists. This is most
likely not true for all situations of interest, though this gap
in knowledge continues to be filled.

Despite these obvious limitations, I hope this very sim-
ple approach can provide value at least as a guide to intu-
ition, for example when using more complicated numerical
modeling. These much more complicated and computa-
tionally intense models, typically now carried out via com-
mercially available software, are in fairly common use, and
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Figure 4: Example thermal profile for heated thin films on two types of substrates, with various T plotted vs. applied current I. a)Tiop
vs. I for a film on substrate, for two heat loss conditions from the top surface, convection through air and conduction through experimental
wiring. b) Top for the same film on an oxide layer, on top of a more highly conductive substrate. Here both conduction and convection give
the same calculated Tiop. ¢) Thermal gradient VT on the metal film. d) VT for the film on oxide case is > 10x larger. e) Temperature

difference across the interface, ATi,t .

f) Temperature differences across the two interfaces that form in the metal/oxide/substrate case. g)

AT across the substrate in the film/substrate case for two different surface heat loss modes. h) AT across the substrate and oxide layer for
the metal/oxide/substrate case. Here a significant AT forms on the oxide, despite the very thin layer, due to the poor thermal conductivity.

some approaches now integrate charge, spin, and thermal
effects in a single code.[40, 41] One very important concern
with all such models is that they often make assumptions
that the user may not realize. For example, typical engi-
neering codes will often ignore interface effects, which may
or may not result in a physically accurate temperature
profile. The finite element approach often assumes tem-
perature can be defined on arbitrarily small length scales,
which ignores the possible role of ballistic or quasiballis-
tic phonon transport.[39, 42-46] Since heat transport in a
wide range of materials, including silicon, is now known to
rely on surprising long mean free path phonons,[47-51] the
finite-element approach perhaps requires careful examina-
tion in a broader range of situations than currently appre-
ciated. All these codes also all rely on accurate input of
thermal properties of constituent materials. For thin film

and nanoscale materials, these are often unknown, and will
almost never be accurately represented by bulk values for
thermal conductivity that are often the default. In the
absence of measurements of thermal conductivity of films,
the Widemann-Franz law can give an estimate of k due
to electrons in conducting systems, though significant de-
viations from that simple estimate have also often been
observed for relevant materials such as gold, platinum and
tungsten thin films and nanostructures [52-60].

The list of important lessons learned in this exercise is
shorter and simpler. First, when a thin film is supported
on a bulk substrate, this substrate will typically dominate
the heat flow in the structure. Second, the bulk heat sink
of the substrate combined with any of a range of heat loss
mechanisms from the top surface of a film will inevitably
lead to some component of out-of-plane thermal gradient.
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Figure 5: Schematic views of charge transport and thermoelectric
effects in non-magnetic conductors.

Third, despite comparatively small thermal gradients com-
pared to the substrate, the extreme geometry of a thin film
can still lead to important contributions to measured sig-
nals in a range of experiments. In the next section we will
explore these in more detail.

3. The thermoelectric and spin thermoelectric
“ZOO”

Consideration of the thermal and transport properties
and phenomena relevant to spintronic devices begins with
effects in nonmagnetic systems. As we have already dis-
cussed, the heat dissipated by a current flowing through
a simple non-magnetic metal is related to the charge re-
sistivity, p, which can be measured as shown in Fig. 5 by
applying a known charge current, I and measuring the
resulting voltage drop V along the same direction. It is
common to denote the direction of the applied current
and measured voltage, respectively, by subscripts such
that this common longitudinal charge resistivity is pxx.
Even in non-magnetic systems, it is not uncommon to ob-
serve that the charge resistivity depends on applied mag-
netic field, though this magnetoresistance is typically small
in the near room temperature regime of most interest in
spintronics.[61, 62]

3.1. Seebeck Effect (longitudinal thermopower)

In the most common thermal analog to this arrange-
ment, we replace the current with a thermal gradient,
shown here applied along the x axis, V7I%. The thermal
gradient causes mobile charge carriers to flow from hot
to cold. In open circuit conditions, this redistribution of
charge leads to an electric field. In the most general ex-
pression, the electric field E that results from application
of thermal gradient VT is

E =avT, (25)

where & is the thermoelectric tensor. For many non-
magnetic materials this tensor is diagonal, and these di-
agonal elements are the Seebeck coefficients of the mate-
rial. Then, as shown in Fig. 5, with VT along the x axis,

an electric field appears on that axis proportional to .
If we further assume that the thermal gradient is always
uniform through the sample in magnitude and direction,
then integrating the electric field along the path of the
voltage measurement gives the measured voltage Vi, and
the common formula for the Seebeck coefficient results,
axx = V/AT, where AT is now the temperature differ-
ence, rather than the thermal gradient. There are two im-
portant complications that are sometimes missed in this
simple textbook descriptions of thermoelectricity and are
often important for spintronic systems. The first is the
role of the leads used to complete the measurement cir-
cuit. Except where a superconductor can be used for this
material (which has zero Seebeck coefficient well below Tt.,
a temperature difference will drive charge motion in the
leads as well, and this always causes the simple ratio of
V and AT to include a contribution from these leads, (as
described in more detail elsewhere[63]). The simple ratio
of measured thermovoltage to temperature difference be-
tween the ends of the sample is correctly described as the
relative thermopower:

v
AT’
where ay is the absolute Seebeck coefficient of the sample,
and aeaq the (again absolute) Seebeck coefficient of the
leads. This brings to mind the functional use of a thermo-
couple to measure temperature. If two wires of different
type are used to connect a voltmeter at one temperature to
their junction at a different temperature, Eq. 26 suggests
that the measured voltage signal will be proportional to
the difference in temperature and the difference in ther-
mopower between the materials. This effect can be cal-
ibrated to allow simple and quite accurate thermometry,
with the additional advantage of not having to apply a cur-
rent or voltage bias. This also suggests that if the two wires
are formed from the same type of material, there is zero
thermovoltage. While true for bulk systems, in the case of
thin films and nanostructures, researchers have commonly
observed voltage signals even when the two arms of a ther-
mocouple are nominally the same material.[64-66] It can
very rarely be assumed that a real experimental system
should show zero thermopower based on any such argu-
ment, and in general one should expect the presence of up
to microvolt-size background effects in any thermopower
measurement. This can put an extreme burden on ex-
perimentalists wishing to demonstrate novel phenomena.
An additional consequence of the lead contribution is that
using thermopower measurements to quantitatively probe
the fundamental physics of a material, when superconduct-
ing leads cannot be used, requires careful determination
of this lead contribution. This is typically not exception-
ally challenging for bulk samples, but can be extremely
difficult for thin films and nanoscale samples, where meth-
ods to determine the absolute Seebeck coefficient remain
rare.[63, 67-69]

The nature of the electronic density of states of the ma-

(26)

Qrel = Qs — (lead =



terial determines the absolute Seebeck coefficient (of sam-
ple and leads). The most straightforward case is that of
a non-degenerate semiconductor with a single dominant
carrier-type. In this case, the sign of the resulting ther-
movoltage will indicate the sign of the carrier. In more
complicated semiconductors, both carrier types can con-
tribute. The magnitude of « in semiconductors is typ-
ically larger than more highly conductive metals, some-
times large enough to ignore the lead contributions. Even
simple non-magnetic metals hold further complications,
and a good metal can show any sign of «, and the re-
sulting thermovoltage, Vi, or zero, depending instead on
the slope of the density of states with energy at the Fermi
energy. One can generally also not assume that tabulated
bulk values for Seebeck coefficient will be an adequate rep-
resentation for materials in thin film or nanoscale form,
since defects and imperfections always present in thin films
affect the Seebeck coefficient.[63, 70-77] This means that
when the Seebeck coefficient can be important to under-
stand a signal generated in a spintronic device in response
to intentional or unintentional heating, the best practice
is always to measure a for the thin film used, in as close
to the form used in the device as possible.

In cases where direct measurement of « is not possi-
ble, one can gain some insight based on calculations of «
from measured charge transport properties, which are typ-
ically much more straightforward. The Mott equation is
the simplest theory describing a thermopower that arises
from thermal diffusion of charge carriers:

o =

kT 1 [3p (27)

3e p 8E]E=EF ’

which relates the Seebeck coefficient to fundamental con-
stants (the Boltzmann constant, kg, and the electron
charge e), the charge resistivity p, and its energy deriva-
tive, dp/OF, taken here at the Fermi energy, Fr. This ex-
pression assumes both conduction through isotropic s-like
bands, and via carriers that obey the Wiedemann-Franz
law. The energy derivative 9p/OF is related to the elec-
tron energy-dependence of the dominant charge scattering
mechanism(s), which is in some circumstances reasonable
to calculate or simulate, but is very difficult to measure.
For extremely thin films, it may be important to take size
effects into account, and theories to explain the thickness-
dependence of the diffusion thermopower are known. [78-
81]

An alternate expression that emphasizes materials prop-
erties more commonly known for degenerate semiconduc-
tors can be helpful:

8wk T\ 2/3
- mT(g) : (28)

3eh?
where h is Planck’s constant, m* is the charge carrier ef-
fective mass, and n is the carrier concentration. This form

makes clear that as n drops, one generally expects a regime
where a becomes large. Though I have stated that refer-
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ence to tabulated bulk values is of little use for understand-
ing Seebeck effects in the thin films forming spintronic de-
vices, it is helpful to keep very general ideas about the
typical size of o in mind. For nonmagnetic metals, one
generally finds values for « in the range of several to tens
of pV /K, magnetic metals (to be discussed further below)
are often larger, showing « ~ several dozen pV/K, and
semiconductors can have « ranging from values compara-
ble to metals to well above 1 mV /K.

In addition to diffusion thermopower, interactions be-
tween quasiparticle excitations and charge carriers can also
drive important contributions to thermopower. In non-
magnetic systems, phonon drag is such an effect, where
momentum transferred between the thermally excited flux
of phonons carrying heat and the charge carriers can add
to the typical diffusion thermopower. This contribution is
pronounced at low T in relatively high quality semiconduc-
tor crystals,[82-84] but is often discussed over a broader
range of materials and conditions. However, impurity and
defect scattering is usually assumed to limit the phonon
mean free path strongly enough to suppress phonon drag
effects in thin films near room temperature.

3.2. (ordinary) Hall and Nernst effects

As shown at the bottom of Fig. 5, applying a large
magnetic field perpendicular to the film plane introduces
transverse voltage components to the resistivity and ther-
mopower experiments. In the case of the charge trans-
port, this is the well-known (ordinary) Hall effect, which
arises from the Lorentz force on a moving charge in a
transverse magnetic field. If the average charge carrier
velocity is in the & direction with H applied in the Z di-
rection, the force will be in either the +¢ direction. In
both metals and semiconductors the measured transverse
voltage can have either sign, indicating the type of charge
carrier in a semiconductor, or the details of the density
of states at the Fermi level for a metal. The Hall volt-
age signal is proportional to 1/n, so is often large and
relatively easy to measure in semiconductors, and often
small and challenging to measure in metals. Again, re-
placing I, with VT gives a transverse thermopower, or
an off-diagonal term in the thermoelectric tensor. This is
commonly called the (ordinary) Nernst effect. The word
“ordinary” here and in the Hall effect distinguishes the
measurement in a non-magnetic material from the much
larger effects in ferromagnets we discuss shortly. The or-
dinary Nernst coefficient in metals is typically small com-
pared to other effects with the same symmetry. As with
the Hall effect, larger Nernst coefficients occur in semicon-
ductors, and also in elemental bismuth, where the unique
electronic density of states and exceptionally long electron
coherence length contribute to the highest known ordinary
Nernst coefficient.[85, 86] This has been demonstrated to
complicate SOT experiments with Bi-containing films on
metallic ferromagnetic films,[87] and drive spurious signals
in other spintronic investigations using Bi films.[8§]
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Figure 6: Schematic views of Peltier effect and thermal transport
experiments in non-magnetic conductors.

3.8. Measurements that require thermometry: Peltier ef-
fect and thermal conductivity

Measurements of voltage in response to either charge
or thermal excitation are among the most accurate and
straightforward possible in typical condensed matter sys-
tems. This is not true where one desires a measurement
of temperature. There are many physical reasons for
this, including the requirement to identify and calibrate
a temperature-dependent measurable transducer, and the
introduction of potential interfaces across which thermal
energy must flow. In practical systems achieving accuracy
better than 1% in absolute measurements of temperature
typically requires extreme care, and reaching 1 part in 10°
accuracy on measured 7', a fairly standard accuracy for re-
sistance measurements, is essentially unheard of. For this
reason, for any effect where schematic thermometers ap-
pear in the figures below, the reader should assume that
only the most heroic measurements can credibly claim even
1% accuracy. As shown in Fig. 6, this certainly includes
measurements of thermal conductivity, where the experi-
mentalist must measure a temperature difference across a
sample in response to known heat power applied. It also
includes the Peltier effect. This is the time-reversal sym-
metry conjugate of the Seebeck effect. By reversing the
arrows shown for the Seebeck case in Fig. 5, one can argue
that driving a charge current through a conductor should
drive a flow of entropy that results in a temperature differ-
ence along the current path. This statement can be made
quantifiably correct using the Onsager relation which indi-
cates that, I = oT', where II is the Peltier coefficient. The
temperature difference across the sample is proportional to
IT1.

As already mentioned at the end of the previous sec-
tion, accurate knowledge of thermal conductivity of thin
films and nanostructures is a constant challenge. Isolat-
ing the contribution of a thin film or nanostructure from a
supporting bulk substrate is challenging, for all the reasons
outlined above. Nevertheless, methods to achieve this con-
tinue to be developed and improved.[89-91] Finally, note
that in the most general case, the thermal conductivity of
a material, like the electrical conductivity, is a tensor that
describes possible anisotropy with crystal direction and
other effects. Since anisotropy of thermal conductivity is
not an effect that has caused measurable impact on spin-
tronic systems to my knowledge, I have used the simple
assumption that k is isotropic in this paper.
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Figure 7: Schematic views of electric and thermoelectric effects in
ferromagnetic conductors.

3.4. Effects in Ferromagnets: magnetization dependent
transport (AMR and MTEP, AHE and ANE, PHE
and PNE)

The addition of magnetic order drives important modi-
fications of the picture outlined for non-magnetic conduc-
tors. As shown in Fig. 7, these include both to field-
dependent charge transport, and their thermal analogs.
When the magnetization of the FM is controlled in the
plane of the film by application of field, where the angle
0 tracks the orientation with respect to current direction,
measurements of longitudinal voltage in response to ap-
plied current result in the anisotropic magnetoresistance
(AMR).[92] Replacing charge current with thermal gradi-
ent again gives a Seebeck effect, or longitudinal magne-
toresistance, though now with a dependence on 6, often
called the magnetothermopower (MTEP). When the field
causes magnetization transverse to the applied current or
thermal gradient, a mutually perpendicular electric field
(and voltage) appears due to either the anomalous Hall
effect (AHE), or anomalous Nernst effect (ANE), respec-
tively. The term “anomalous” was used in the earliest
measurements of the Hall effect and refers to the unusu-
ally large values of Hall effect observed for conducting fer-
romagnets when compared to non-magnetic metals[93]. In
the schematics for AHE and ANE I explicitly labeled the
width of the sample, w. With the choice of direction of
the current (or thermal gradient) and applied field (and
therefore magnetization) indicated, the width lies along
the direction of the electric field generated by the Hall or
Nernst effect. As a result, assuming that this electric field
is uniform throughout the sample, the measured voltage
will be simply proportional to the width. As stated earlier,
it is common for the width of a thin film ferromagnet to be
fairly large, and this can easily make significant voltages
appear even if thermal gradients or applied currents are
small. The AHE has been studied fairly extensively, and



the topic has been reviewed in great detail.[94] Measure-
ments of the ANE are more rare, and studies on a range
of thin film ferromagnetic (FM) systems have started to
appear only fairly recently. To first clarify terminology,
the expression for the electric field generated by the ANE,
EN, is

ENZVVN = —SNﬁ’L X VT, (29)

where m in the direction of the magnetization of the FM,
and VT the thermal gradient across the contact. Sy is
the transverse Seebeck coefficient, which is often expressed
Sy = RnSpm where Ry is termed the anomalous Nernst
coefficient (sometimes written §4ng and called the anoma-
lous Nernst angle) and Sgy is the absolute Seebeck coef-
ficient of the ferromagnet. This expression makes very
clear that, like the resistivity and Seebeck coefficient, the
overall size of the ANE will depend on the details of scat-
tering in a given sample. This provides some context for
reports of Sy which may not agree for the nominally same
FM material. The metallic ferromagnet that has the most
measurements of the ANE coefficient (still only a handful)
is permalloy, the Ni-Fe alloy with ~ 80% Ni. Most values
for Sy fall near —2—3 pV /K, [34, 95-99], though some au-
thors report much smaller values [100]. There are two more
common approaches to measure the ANE for metals, one
a variation of the experiment used to probe the longitudi-
nal spin Seebeck effect (described in more detail below),
and the second using nanoscale metallic devices called non
local or lateral spin valves. The effect has also been ob-
served in magnetic tunnel junctions, which provided an
ANE coefficient value for CoFeB.[101] Chuang, et al. also
studied other transition metal ferromagnets,[98] and mea-
surements of semiconducting FM ferrites have also been
reported.[102] Some authors have shown that combined
effects of bulk and surface spin-orbit scattering can both
play important roles in the effective ANE voltage.[103]
This means that simple assumptions about how a given
layer in a magnetic heterostructure should contribute to
ANE voltages, or even how a film grown on two different
substrates behaves, are most likely not reliable. This is one
of many complications that make separating the ANE from
other effects with the same symmetry between the applied
magnetic field and measured voltage extremely difficult.
Ferromagnets also support a third class of effects, where
transverse voltage measurements depend on the direction
of the in-plane magnetization controlled by a rotating ex-
ternal field. These are the planar Hall effect (PHE),[104]
and planar Nernst effect (PNE)[31, 97, 105-109]. These
effects are driven mainly by spin-orbit coupling that intro-
duces field-direction dependence to the motion of charge
carriers. We can gain some intuitive understanding of the
expected symmetry of the AMR, MTEP, and PHE and
PNE with an extremely simple view of the spin-orbit scat-
tering as outlined in Fig. 8. Each panel shows a schematic
view of a ferromagnetic conductor, where electrons in an
applied current travel on average from left to right (such
that the current I, flows to the left). In each panel, I
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Figure 8: Simplified physical origin of the H direction dependence of
the AMR, MTEP, PHE and PNE in ferromagnetic conductors based
on a simple view of scattering of conduction electrons (blue) from the
charge density of orbitals with L # 0 (green disk). a) The highest R
state occurs with Iy || H. b) with 6 = 45° or 225°, an intermediate
R state with a transverse V appears. ¢) When H L Iy, the lowest
R state occurs. d) for § = 135° or 315°, the intermediate R state
shows the opposite sign of the transverse V.

indicate the direction of applied field, H (assumed large
enough to fully magnetize the sample in the indicated
direction), and show a number of vectors indicating the
alignment of the atomic spin moments (which form the
net magnetization), each with a green disk that represents
the electron density associated with the orbital quantum
number. One can imagine that scattering of the conduc-
tion electrons from this orbital electron distribution will
depend on the orientation of this cloud of probability. In
Fig. 8a), the magnetization, M, is parallel to I, forcing
the orbital cloud to present a large scattering cross-section
to the conduction electrons. The resulting back scattering
would raise the resistance, R, of the ferromagnet. Note
that reversing M (by rotating H 180 degrees) leads to
the same cross-section, arguing that the resistance is the
same in this case. A change in R occurs when M rotates
between these directions, with the lowest scattering cross-
section (and lowest R) expected when M L I, as shown in
panel ¢). This simple cartoon also suggests that when M is
aligned at 0 = 45° (or 225°), as seen in panel b) that elec-
trons are preferentially scattered to one side of the sample,
such that a transverse voltage appears. The sign of this
voltage will reverse when 6 = 135° (or 315°). Similar pat-
terns of course emerge if the charge motion originates from
thermal diffusion.

This picture also clarifies that the observation of AMR,
(and MTEP) depends on the orientation of the local mag-
netization in a given FM film or nanostructure with the



overall charge current direction. Since the magnetization
reversal process involves a potentially complicated balance
of magnetic anisotropy and domain wall propagation en-
ergies, the resulting alignment of magnetic domains with
respect to current direction can be difficult to predict. It is
possible, for example, to observe magnetic reversal in nar-
row wires that occurs entirely by domain wall propagation.
In this case, the large shape anisotropy of the wire pre-
vents the magnetic domains from rotating away from the
current direction, and no AMR is observed even in a FM
that shows a large effect in other geometries (though the
domain wall itself can contribute).[110, 111] This suggests
a concomitant lack of MTEP, PHE, and PNE. However,
in a film or device that does experimentally demonstrate
AMR, the MTEP, PHE, and PNE should also be present.
It is common to quantify AMR using the AMR ratio
defined by
Pl — PL

Ap
3P|+ 500

Pav

where p| and p, are the charge resistivity measured with
magnetization parallel and perpendicular to I, respec-
tively. For transition metal ferromagnets this ratio ranges
from < 1% to a few %.[92] The symmetry with applied
field direction 6 outlined above is expressed

(30)

p(0) = p1 + Apcos®(6). (31)
The planar Hall effect is then
1 .
ppHE(Q) = §[p” — pJ_] sin 26. (32)

The transverse electric field is Ey par = ppur(0)1/(t - w),
with the sample thickness ¢ and width in the transverse di-
rection w defining the cross-sectional area. The transverse
PHE voltage is then

1
Vr.pug = pPHE(H)Z"UL (33)
For the thermal analogs, one can define a MTEP ratio
A o) —a
704 — T ” 2J- , (34)
Gav 3O T 3L

where o and o are the longitudinal Seebeck coefficients
measured with magnetization parallel and perpendicular
to VT, respectively. The planar Nernst effect is then

= 1[ | — a1]sin26.

, (33)

apne(0)
The transverse electric field generated is then Ey png =
apng(0)0T/0x and again if the thermal gradient is uni-
form the transverse PNE voltage is

AT

Vr pNE = apNE(9) - W (36)

where w is the width of the sample in the transverse direc-
tion. The expected size of the PNE voltage can therefore
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Figure 9: In FM conductors, a) the Peltier effect becomes field-
dependent, as expected based on applying Onsager reciprocity to
the MTEP. b) A transverse thermal gradient is also possible when
charge current is applied, termed the anomalous Ettingshausen effect
(AEE). A similar effect with thermal gradient along & is the Righi-
Leduc, or thermal Hall effect (not shown schematically).

be determined from longitudinal Seebeck coefficient mea-
surements in the two fully in-plane magnetized directions.
This has been experimentally demonstrated.[112-114]

Finally, ferromagnetic systems also show effects where
charge flow causes heat flow that leads to temperature dif-
ferences. This includes a magnetization-dependent Peltier
effects (or magneto Peltier effect), and the time reverse
symmetry conjugate of the ANE, the anomalous Etting-
shausen effect (AEE), both shown in Fig. 9. As with non-
magnetic metals, Onsager reciprocity predicts a strong
link between the Seebeck and Peltier coefficients and
argues for clearly measurable Peltier cooling, and this
has been demonstrated in ferromagnetic films[115] and
nanostructures.[116-118] The AEE requires even more
challenging measurements of transverse temperature dif-
ferences generated on a sample, which adds more ex-
treme requirements to locally resolve the temperature to
the usual difficulties of thermal and transverse measure-
ments. Nevertheless, impressive optical techniques have
recently been developed to demonstrate the AEE in a
range of systems.[119, 120] Though I have not presented
a schematic view, it is also possible in some cases to ob-
serve a transverse temperature gradient when a longitu-
dinal thermal gradient is applied to a sample. This is
referred to as the Righi-Leduc effect,[121] or thermal Hall
effect.[122] Measurements to clearly quantify these are of-
ten challenging, as they combine the difficulty of measur-
ing transverse AT with the difficulty in controlling thermal
gradients.

8.5. Spin Hall and Nernst Effects

The spin Hall effect (SHE) (and its time-reversed in-
verse effect the ISHE) play a huge role in current spin-
tronics and spin caloritronics research.[123, 124] As shown
schematically in Fig. 10, when a charge current flows in a
non-magnetic conductor, electrons of opposite spin expe-
rience opposite transverse forces that drive them toward
opposite faces of a narrow wire. These forces can arise
either from intrinsic band structure effects that lead to
spin-dependent transverse velocities, or extrinsic effects in-
troduced by spin-dependent (Mott) defect scattering. The
result is a transverse movement of spin angular momen-
tum that is not accompanied by net charge motion, which
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anomalous Nernst effect (ANE)

Figure 10: Schematic views of spin Hall, spin Nernst, anomalous
Hall, and anomalous Nernst effects clarifies the similar physical origin
of each.

defines a pure spin current. In the ISHE, applying a spin
current to the conductor again causes the two spin species
of electron to feel opposite forces, though since these are
traveling in opposite directions in the pure spin current,
the net result is deflection toward a common face of the
wire, generating a charge voltage. This makes the ISHE a
very valuable tool for converting pure spin currents, which
are otherwise extremely difficult to detect, to charge volt-
age that is very easy to measure. The physical origin of
both the intrinsic and extrinsic effects typically involves
spin orbit coupling, which in the simplest models depends
strongly on the mass of the atoms forming the solid. As a
result, the SHE is commonly seen in heavy non-magnetic
metals such as platinum and tungsten. These two materi-
als also happen to have opposite sign of the spin Hall angle,
Osu that quantifies the ratio between the transverse spin
current and the longitudinal charge current. Typical mag-
nitudes of Ogy realized in experiments are often ~ 0.1 or
less. Despite this relatively small number, enough trans-
verse angular momentum can be generated to manipulate
nanomagnetic elements without external applied magnetic
field, though this often requires high charge current densi-
ties to be applied. As explained at the outset of this paper,
this raises understandable concerns for thermal effects.
In Fig. 10 I show very similar schematic views of trans-
verse motion of charge carriers for FM conductors, which
in this scheme differ from the non-magnetic counterpart
by possessing a net spin polarization (here there are more
green “right” spins than red “left” spins. The same in-
trinsic and extrinsic sources of transverse electron velocity
now generate both a spin current and a net charge volt-
age. This is a helpful intuitive picture of how the volt-
age arises in the anomalous Hall effect, which also clari-
fies that the AHE should also be expected to generate a
spin current. For this and other reasons, ferromagnets are
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Figure 11: Spin caloritronic effects in metallic systems. Top: In the
spin dependent Seebeck effect (SDSE), a thermal gradient applied
within the spin diffusion length of a NM/FM interface thermally
injects spin into the NM. Bottom: In the spin dependent Peltier
effect (SDPE), the spin polarized electron system carries different
heat in each branch in the FM, leading to a temperature difference
induced across the NM/FM junction.

now also explored and used as sources of spin current.[125]
The physics driving these spin-dependent transverse elec-
tron velocities is similar when the motion is induced by
thermal gradient instead of applied electric field, as in the
ANE.

By the same analogy, one can predict that a thermal gra-
dient applied to a non-magnetic conductor should generate
a pure spin current. This effect, which was theoretically
predicted some time ago,[126-129] is much more difficult
to quantify than the SHE due to the additional difficulties
that arise from controlling thermal gradients on thin films
and nanostructures. Nevertheless, several groups have now
reported experiments on the SNE,[130-132] though some
debate about methods continue.

3.6. Spin Caloritronic Effects: Interfaces and magnons

In the last ~ 15 years, studies of the interplay between
heat, charge, and spin degrees of freedom in magnetic ma-
terials and devices have added several important new ef-



fects to this thermoelectric “zoo.” In Figs. 11 and 12 I
graphically summarize the central effects in what has be-
come known as spin caloritronics.[17-20, 133] One of the
original concepts that drove interest in spin caloritronics
is the idea that the spin up and spin down electrons in
a ferromagnetic metal could have different Seebeck coeffi-
cients, such that applying a thermal gradient to the FM
metal could generate a difference in spin potential that
could provide a source of pure spin currents. This effect
can be realized, but it has now been conclusively shown
that the spin separation can only exist on a quite short
length scale comparable to the spin diffusion length[134]
in the metallic ferromagnet, Agy;. This effect, which is typ-
ically observed in metallic non local spin valves, is called
the spin dependent Seebeck effect (SDSE).[135-143] As I
show at the top of Fig. 11, the non local spin valve (NLSV)
consists of two FM nanowires bridged by a non magnetic
conductor, with separation L on the order of the spin diffu-
sion length, Any of the non-magnetic conductor.[144-148]
To observe the SDSE, one FM is heated by applying charge
current. As shown in the inset cross-sectional view of the
interface between FM and NM, this generates a thermal
gradient at this interface, which causes the spin separation
due to the different effective « for spin up and spin down
electrons. The result is a spin current, Js, that flows into
the NM channel. As in typical use of the NLSV, one can
detect the diffusion of this spin current by measuring the
voltage between the channel and the second FM, which
will depend on the relative magnetization of the two FM
strips, since the role of spin up and down electrons reverse
as the magnetizations are changed by in-plane fields.

As with typical Seebeck effects, one can predict a re-
lated Peltier effect via Onsager reciprocity. This is termed
the spin dependent Peltier effect (SDPE) and is shown
schematically at the bottom of Fig. 11. Here, a current
is driven through a heterostructure containing interfaces
between NM and FM layers (again with thickness com-
parable to appropriate spin diffusion length). This cur-
rent becomes spin polarized and contains a component of
spin current J; which flows across the NM/FM interface,
the two spin channels carry different amounts of heat in
the FM, as shown in the inset cross sectional view. This
generates a temperature difference across the interface.
This can be proven by measuring the temperature of one
FM, Tgy relative to the overall base temperature, which
again depends on the relative alignment of the FM layers.
Though challenging, this effect has also been experimen-
tally demonstrated,[149] with a subsequent explicit con-
firmation of the Onsager relation between the SDSE and
SDPE.[150]

The most commonly and intensively studied of the spin
caloritronic effects is now the longitudinal spin Seebeck
effect (LSSE).[151] In this effect, shown schematically at
the top of Fig. 12, an out-of-plane thermal gradient, VT
is applied to a sample that consists of a ferromagnetic in-
sulator (FMI) and a metallic thin film that supports the
SHE (and ISHE). In the original experiment, and indeed
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a large fraction of the following work in the field,[152-154]
these are yttrium iron garnet (YIG) and platinum (Pt),
respectively. The thermal gradient, which aligns well with
the out-of-plane thermal gradients that must always be
expected in thin films on bulk substrates as discussed ex-
tensively in Secs. 2.1 and 2.2, drives an incoherent flow of
thermal magnons toward the interface. This magnon flow
represents a flow of angular momentum, that can carry
across the interface due to spin transfer torque, and flow
into the metal, where it is converted into a measurable
voltage via the ISHE.[155-158] YIG is technically neither
a simple ferromagnet nor a simple insulator, but rather a
ferrimagnet which can be viewed as a simple ferromagnet
in many cases, and a semiconductor with band gap on or-
der 2.8 €V in bulk.[159] In thin films, this band gap can be
reduced.[160] Despite these complications, YIG is chosen
most often due to its exceptionally low damping of magne-
tization dynamics, which allows long magnon propagation
lengths which help lead to a robust a repeatable signal in
LSSE experiments.

The reader may have noticed that the naming conven-
tions for effects in spin caloritronics can be complicated
and seem somewhat arcane, as they are still influenced
by the history of the early experiments that have either
faded from memory or are not known to new researchers
joining the field. The term ”longitudinal” in the LSSE
is a prime example, as this does not sensibly align with
the use of the term depicted in Figs. 5 and 7. This term
was originally used to distinguish the experiment from the
original geometry where the intended thermal gradient was
in-plane, which was originally termed simply ”spin Seebeck
effect” but (as discussed briefly in Sec. 4.1 below) actually
probed ANE and other effects. It is becoming more com-
mon to describe an experiment where a thermally driven
magnon spin current is detected via the ISHE simply as
the SSE, and this is a reasonable situation. The main dis-
tinction that is important to keep clear is that electronic
thermally-driven spin currents must exist inside a spin dif-
fusion length of an interface, as discussed for the SDSE
above. If a metallic ferromagnet is used in the geome-
try of the LSSE, the signal cannot convincingly be distin-
guished from the anomalous Nernst effect, which has the
same syminetry.

As the LSSE requires the presence of an interface be-
tween the nominally insulating material with magnetic or-
der and the metallic spin-to-charge conversion material,
if the thermal gradient can be established parallel to this
interface and the magnetization aligned out-of-plane, the
mutually perpendicular voltage can be probed for signs of
the ANE. This type of arrangement has been used to put
limits on the formation of a metallic layer at the YIG/Pt
interface that could be driven ferromagnetic via a proxim-
ity effect.[161]

The LSSE using YIG and Pt has been repeated experi-
mentally by many groups around the world. Typically the
thermal gradient is generated using macroscopic heating
or cooling blocks measured with thermometers that are



magnons

spin Peltier effect (SPE)

Figure 12: Spin caloritronic effects in hybrid systems where a FM
insulator (FMI) is coupled to a SOC metal. a) the longitudinal spin
Seebeck effect, where applied thermal gradient drives an incoherent
flow of magnons in the FMI, which flows across the interface as a
pure spin current which is converted to a measurable charge voltage
in the metal film. b) In the reciprocal effect, a charge current in
the metal drives a transverse spin current into the FMI, causing a
measurable temperature difference.

also macroscopic. This introduces important variations
in the location and accuracy of the temperature measure-
ment that makes quantitative comparison of results from
one lab to another essentially impossible, since the effec-
tive thermal gradient in a given experiment varies widely
from one apparatus to another. This has been explic-
itly demonstrated by measuring one sample in a “round
robin” comparison in many different labs, and agreement
between results was poor.[162] It is possible that modifi-
cations of the approach to emphasize control of the heat
flux rather than thermal gradient could resolve this is-
sue somewhat.[163, 164] Other groups have demonstrated
LSSE experiments where the thermal gradient is estab-
lished using local heating of a microfabricated thin film
structure,[165, 166] localized laser heating of a patterned
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Pt/FMI stack,[167] or a microfabricated Pt structure in
contact with the FMI.[168-170] This approach has the
potential advantage of a much more well-controlled and
accurately determined temperature profile. Despite the
challenge of quantifying the thermal gradient in a given
LSSE experiment, the technique holds promise for prob-
ing a range of magnetic materials, and magnon-related
phenomenon in YIG itself. A key example of this is the
shift of the magnon dispersion relation[171] revealed by
LSSE measurements in high magnetic fields.[172-175] A
second example are sharp features that arise in the SSE
response that are driven by coupling between magnons and
phonons. These magnon-polarons can give information on
the details of the heterostructures and their magnetization
dynamics.[176]

As with all previous thermoelectric or spin thermoelec-
tric effects, Onsager reciprocity suggests the existence of
a spin Peltier effect (SPE), as shown schematically at the
bottom of Fig. 12. Here a charge current driven through
the non-magnetic metal generates a spin current via the
SHE, which excites a magnon spin current in the FMI,
which in turn generates a temperature difference in the
YIG. Despite the much more challenging thermometry
required, this effect has also been demonstrated by at
least two groups,[177, 178] and also quantified via thermal
imaging.[179] A high field suppression has been observed
for the SPE and quantitatively compared to that seen in
LSSE.[172] As expected, magnon-polarons have also been
observed in the SPE.[180]

4. Highlighting important examples and current
areas of interest

4.1. Challenges in generating in-plane thermal gradients

Throughout the development of spintronics and spin
caloritronics, experiments or devices that envision in-plane
thermal gradients applied to thin film elements supported
on bulk substrates have occasionally been promoted. The
original geometry proposed for thermal spin current gen-
eration is a key example.[181-184] For all the reasons
overviewed in the first sections of this paper make clear,
ruling out a contribution from an out-of-plane thermal gra-
dient in these experiments is all but impossible. For sys-
tems where FM order coexists with charge conductivity,
the out-of-plane gradient leads to contributions from the
ANE that overwhelm the intended signals of spin effects,
which have the exact same symmetry with field.[29] An ex-
ample of the size of such a background ANE signal is given
in Tables 1a) and b) in the column labeled Vang, where as-
suming the metal film at the top of the heterostructure has
the ANE coefficient reported by several groups for permal-
loy. While this contribution will be shorted somewhat by
a Pt strip deposited on top of the permalloy in some ex-
periments, the size of the signal is large enough to explain
most claimed spin transport results in these type of exper-
iments.



Ruling out the out-of-plane thermal gradient is possible
when all bulk heat sinks are removed from a thin film struc-
ture, which is possible to achieve with micro- and nanofab-
ricated thermal isolation structures. When such tech-
niques are employed, spin transport over distances greater
than the spin diffusion length have been conclusively ruled
out.[31, 108, 112, 114, 185] By now a large body of evidence
has been assembled that clarifies the challenges and con-
taminating effects in what came to be known as the trans-
verse Spin Seebeck effect.[30, 32, 33, 96, 97, 109, 186-191]
Much of this work has led to the deeper understanding of
thermal and thermoelectric effects in nanomagnetic sys-
tems that is communicated above.

4.2. Thermally-generated voltages in nanoscale non local
spin valves

The metallic non local spin valve (NLSV), sometimes
called a lateral spin valve or accumulation sensor, is a fun-
damentally interesting and potentially technologically im-
portant spintronic device. This nanoscale circuit, where
two FM nanowires are bridged by a non magnetic metal
link, is not only useful for measurements of the SDSE
and SDPE as discussed earlier (see Fig. 11), but when
wired as shown in Fig. 13a) allows a unique separation
of spin and charge currents.[144-148] The low resistance
and small area with significant magnetoresistance suggests
a potential role in magnetic recording, and the NLSV
has been very actively explored for applications as read-
heads. [9, 192-194] The NLSV also has proven to allow a
uniquely powerful probe of the electron scattering events
that control the spin diffusion length in metals.[195-199]
With relatively simple modifications, the NLSV has also
been used to measure the spin Hall angle in a technique
called spin absorption.[200-204] These devices also pro-
vide an excellent example of thermal effects contributing
new spin effects, the SDSE and SDPE discussed above,
and also a range of important thermoelectric background
contributions.[95, 205-208]

Fig. 13 summarizes the key thermoelectric signals that
contribute background effects that often must be carefully
removed from the total measured signal to isolate spin ef-
fects that are typically of more direct interest. Panel a)
shows the typical connections used for the NLSV, where
charge current flows from one FM contact into the NM
and is extracted at the end of the NM nanowire most dis-
tant from the second FM. The voltage is measured across
this second FM. The injected current is partially spin po-
larized by the FM, causing a spin accumulation (shown
schematically as purple arrows). This spin diffuses in the
NM and the resulting spin current flow is detected using
the magnetic field dependence of the measured voltage,
V'.[144-148] The charge current applied to achieve measur-
able spin accumulation is often in the range of milliamps,
and as stated in the introduction, this leads to large heat-
ing and significant thermal gradients. One major conse-
quence was referenced in our discussion of the ANE and
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is highlighted in the inset of Fig. 13a. Here the heat dissi-
pated at the FM/NM junction at left causes heat, @ to flow
down the NM nanowire in the plane of this film. The inset
shows that at the junction of the NM nanowire with the
detecting FM, the in-plane @ and the in-plane but per-
pendicularly aligned magnetization M generate an ANE
voltage in the out-of-plane direction. This voltage can be
detected since the NM and FM cross at the junction. This
effect adds a voltage signal proportional to the hystere-
sis of the FM (odd in field), and has been demonstrated
many times and used to measure the ANE in several FM
nanowires.[34, 95, 99, 143, 207]

In addition to this field-dependent background effect,
there are (in the simplest view) field-independent back-
ground contributions to the total measured voltage that
arise from interaction of the induced thermal gradients and
the Seebeck and Peltier effects. Figs. 13b and ¢ show sim-
ple schematics that demonstrate these effects, based on a
simple analytic thermal model of the NLSV response dis-
cussed in more detail elsewhere.[142] The current flowing
from FM to NM across the nanowire junction at left dis-
sipates both Joule heat Py, but also Peltier heat Pr;. The
presence of the Peltier component, which would cancel if
the nanowires carrying the current to and from the junc-
tion are truly identical and formed from identical materi-
als, is proportional to I such that the steady state temper-
ature at this junction, 71, is different when the current is
positive or negative, as shown schematically in Figs. 13c.
The modification of T} subsequently modifies the temper-
ature at the distant junction, 75, since heat flows down the
NM nanowire with conductance K. In a real device the
heat flow is potentially complicated. Here I note one can
use a similar approach to that introduced in Section 2.2
above, where the heat flows in parallel through K, and
the supporting heterostructure, Kpety = 1/Whets. The re-
sulting difference between the junction at T and the ends
of the measurement wires which must be at equilibrium
at Tp generates a voltage: V = Syo1(To — Tp), where Sy
is the difference of the absolute Seebeck coefficients of the
FM and NM wires.

It is important to understand that T5 has purely thermal
contributions that are linear with current due to the Peltier
effect at the injector junction. This means that thermal
effects cannot be removed from spin effects in these de-
vices simply by assuming that all thermal effects should
be proportional to I? (or as is often done in practice, by
assuming that the 2f signal in an ac experiment with a
lock-in amplifier at frequency f is the complete thermal
response).[204] Fig. 13d provides an example of the total
measured non local voltage V' plotted vs applied current I
for a NLSV with separation L = 900 nm formed from Py
and Al nanowires (this NLSV is described in more detail
elsewhere[142, 209]) that clearly demonstrates the impor-
tance of the Peltier background components. At higher
temperatures where S, remains large, V shows obvious 12
contributions added to a large linear background. The spin
signal determined from the magnetic field dependence is
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Figure 13: Overview of a metallic NLSV as an example of thermally driven effects in a spintronic device. a) Schematic view of a NLSV
where charge flow is used to form a spin accumulation, which is detected via a voltage V at the distant contact that switches with external
field. b-c) A simplified thermal model of the NLSV. The colors at the junctions indicate temperatures 77 and 7%, which change for different
polarity of the current. d) Total measured voltage, V' vs. applied current I for a Py/Al NLSV shows linear and quadratic background terms
that arise from Seebeck and Peltier effects. These have strong dependence on base temperature Ty.

more than an order of magnitude smaller than the Peltier-
driven linear background.

In more complicated or unique situations, additional
thermal effects have also been discussed in NLSVs, and one
can imagine situations where nearly all the thermoelectric
and thermomagnetic effects overviewed above could arise
in this key spintronic system. Though I have focused this
discussion on metallic NLSVs, similar physics can arises in
systems using semiconducting spin channels.[210]

4.8. Thermally-assisted spin transport in tunnel junctions
and STT-RAM

Magnetic tunnel junctions (MTJ) are a very important
part of many current and planned spintronic technologies,
including spin transfer torque random access memories
(STT-RAM) that have been commercialized and provide
fast, non-volatile memory for key applications. Thermal
effects in magnetic tunnel junctions are important and
have been studied extensively. I refer interested readers
to recent reviews of the tunnel magneto-Seebeck effect
(TMS),[211], as well as key results demonstrating ther-
mal spin injection,[212], demonstration of the anomalous
Nernst[101] and magneto-Peltier effects in MTJs.[118] An
impressive recent effort led to a very unique measurement
of the thermal conductivity of the material forming the
oxide tunnel barrier in an MTJ, and elucidated the effect
on the thermal profile in the nanoscale device.[213] This
thermal profile is important for device functionality, as el-
evated temperatures assist magnetic switching in devices
such as MTJ and STT-RAM.[40, 214, 215]

4.4. Thermal effects on spin beyond ferromagnets

Interest in spintronics using materials with forms
of magnetic order beyond ferromagnetism is currently
growing rapidly. This includes very active work
on antiferromagnets[216-219] (both metals and insula-
tors), ferrimagnets,[220] and materials with non-trivial
topology[221, 222] including Weyl semimetals[223-225].
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Thermal effects play a large role in a wide range of the
work on these materials. As this area of spintronics con-
tinues to evolve, I can only point out a few important
examples where thermal effects are important.

Antiferromagnetic systems, despite the lack of a net
magnetization in the simplest picture, have shown a range
of the phenomenon described here, including AMR][226],
the spin Seebeck effect (where the antiferromagnetic
magnons themselves are heated), [227-230] thermally-
driven spin transport (where magnons generated via heat-
ing a FM flow through the AFM),[231, 232] heat driven
spin torque,[233], and giant ANE.[234, 235] The ques-
tion of if and how an antiferromagnetic element can
be switched purely with applied spin torque induced
by a charge current is an area of antiferromagnetic
spintronics where thermal effects have recently proven
to be particularly important. Following on a large
body of work on spin orbit torque (SOT) switching
of ferromagnetic nanomagnets,[236-238] several research
groups performed similar experiments on either metallic
antiferromagnets,[239, 240] or bilayers of heavy metals and
antiferromagnetic insulators.[241-243] In these latter ex-
periments, a large charge current was applied to a pat-
terned thin film Pt layer deposited on a NiO thin film
supported on a bulk substrate, a situation similar to the
two modeled above. A resulting pattern of transverse volt-
ages was associated with switching of the antiferromagnet.
Chiang and co-workers subsequently made a dramatic ob-
servation, that a similar voltage pattern arises even when
the Pt thin film was deposited on an entirely non-magnetic
glass substrate.[244] After a few years of intense investiga-
tion including a range of imaging techniques focused on the
AFM domain state,[242, 243, 245-248] and examinations
of other AFM materials,[249, 250] the emerging consensus
is that AFM domains can be manipulated in this way, but
that thermal gradients and coupled magnetostriction play
a dominant role.[251] This example serves to highlight the
critical and enduring role of thermal effects in spintronic



materials and devices.

5. Final Remarks

The current research landscape in spintronics and mag-
netism that is impacted by thermal effects is far too large
for even the somewhat expansive scope of this review. Im-
portant topics (of which I am aware) that I have not been
able to cover include spin Hall magnetoresistance,[252—
254] 2D materials [255-257], the entire field of heat assisted
magnetic recording (HAMR),[258-260], thermally driven
neuromorphic computing devices,[261] magnon effects in
metallic systems,[262-266] phase change memory,[267]
novel use of ANE and SSE for imaging spintronic
materials,[248, 268] and the important role of thermally
driven effects in non-local spin transport in magnetic
insulators.[269] I have also limited my consideration to es-
sentially dc effects, and have ignored a large body of fasci-
nating and important research on thermal effects on ultra-
fast timescales,[270-272] including important and illumi-
nating work on the spin Seebeck effect on pico- and fem-
tosecond timescales.[273, 274] T am certain I have missed
other topics. Despite these limitations, I hope that this
review will provide useful context and tools to gain insight
into the important and ongoing impact of thermal physics
on spintronic materials and devices.

6. Conclusion

In summary, this paper has aimed first to provide a
simple framework to understand and calculate the ther-
mal gradients that arise in spintronic systems formed from
thin films on bulk substrates. These arise both when cur-
rent is applied to a thin film structure and also when heat
loss from the top surface of a thin film heterostructure
introduces a thermal gradient without large applied cur-
rents. Though an out-of-plane thermal gradient is present
in nearly every case imaginable, the details of the thermal
profile across a given heterostructure will depend signifi-
cantly on the thermal conductivity of the constituent thin
films and substrate and the thermal conductance of the in-
terfaces between the various layers. These parameters are
often unknown, though they can be measured with mod-
ern experimental tools, and rarely match closely with bulk
values of thermal conductivity. Whether intentionally or
unintentionally created, these gradients can drive a range
of thermoelectric, magnetothermoelectric, and spin-based
thermal effects. The second section of this paper reviewed
these in some detail, including anisotropic magnetoresis-
tance, the Seebeck and Peltier effects, and their transverse
counterparts. I provided a physical picture to intuitively
link AMR and the transverse effects to spin-orbit coupling.
I also presented the spin Hall effect and the principle spin
caloritronic phenomena, including the spin Seebeck effect,
the spin dependent Seebeck effect, and their Onsager recip-
rocal counterparts. Finally, I provided several key exam-
ples that demostrate the importance of thermal gradients
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and also provide a link between generation of these gradi-
ents and the thermoelectric and spin thermoelectric “zoo.”
These included a discussion of the difficulty in generating
in-plane gradients on films supported by bulk substrates.
This showed that the size of thermal gradients common
in spintronic systems can easily generate artifact signals
from, for one example, the anomalous Nernst effect. The
author hopes that this information not only is of use to
those joining the field, but also focuses attention on ef-
forts to better understand and thermally characterize the
materials and systems used in spintronic systems both now
and in coming years.
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