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Chapter 4

The Spin-Peltier effect

The interplay between the transport of charge and the magnetic moment of electrons
is central in the field of spin-based electronics[1]. Thermoelectricity on the other
hand deals with the coupling between the transport of charge and heat[2]. Sending
charge currents through a junction of two dissimilar materials can cool (or heat) the
junction which is known as the Peltier effect. Refrigerators based on this effect have
applications where space is limited, for example in nanoscale devices[3, 4] or in
outer space[5]. Here we report on our attempts to study a novel effect which couples
both fields. In the spin-Peltier effect, a pure spin current (without charge currents)
is used to generate a net heat flow in a ferromagnet. This heat flow is generated
because the Peltier effect is spin-dependent in a ferromagnet. In this chapter we
report on measurements performed on three different devices to study this effect. In
all of them, the electron temperature of a ferromagnet was locally probed by a set of
thermocouples. We use the non-local spin valve geometry to inject pure spin currents
into this ferromagnet. Unfortunately, it was impossible to exclusively attribute the
observed effects to the spin-Peltier effect[6]. Non-uniform spin injection and spin-
orbit effects prohibited a clear observation of the spin-Peltier effect.1

4.1 Introduction
Thermoelectricity describes the connection between charge and heat transport. The
connection between both forms of transport is dominated by how electrons move and
scatter within their respective energy bands. In the 2-channel model describing spin-
dependent charge transport these bands are spin-dependent (see section 1.1). This
leads to a model with spin-dependent conductivities σ↑,↓ and voltages V↑,↓. The co-
efficients describing thermoelectricity, the Seebeck (S ) and Peltier (Π) coefficients,
depend on the energy derivative of the conductivity by virtue of the Mott-formula.

1Later experiments in a different geometry did conclusively demonstrate the spin-Peltier effect: See Flipse
et al.[7].
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56 Chapter 4. The Spin-Peltier effect

Therefore, these are also spin-dependent. This leads to a new model with spin-
dependent Seebeck S ↑,↓ and Peltier coefficients Π↑,↓.

This model has been introduced in chapter 2 and is named the thermoelectric-spin
model. The physics is determined by the spin-dependent charge currents J↑,↓ and a
spin-independent heat current Q which are given by:

~J↑
~J↓
~Q

 = −

 σ↑ 0 σ↑S ↑
0 σ↓ σ↓S ↓

σ↑Π↑ σ↓Π↓ k

 ·

~∇V↑
~∇V↓
~∇T

 (4.1)

The model is complete by introducing the continuity of these currents:

∇J↑,↓ = ∓
(1 − P2)σi

4λ2
i

(V↑ − V↓) (4.2)

∇Q =
J2
↑

σ↑
+

J2
↓

σ↓
+ σ

1 − P2
I

4λ2 V2
s (4.3)

In this chapter, we describe our attempts to experimentally demonstrate a pre-
diction from this model which arises from the spin-dependency of the Peltier co-
efficient Π↑,↓. It is essentially the Onsager reciprocal effect of thermal-spin injec-
tion, which describes the injection of spins by an applied temperature gradient over a
ferromagnetic/non-magnetic (F/N) junction (see chapter 3). In the spin-Peltier effect,
a pure spin current is injected into a ferromagnet[6]. The injected spin current induces
spin-dependent heat transport which causes a small temperature difference over the
F/N junction.

In this chapter, we first describe this concept in more detail and calculate the size
of the effect. Next, we describe the experiment and show the various spurious effects
which can occur. In the following, we discuss the results of three different devices.
Finally, we give an outlook of the various possibilities to successfully demonstrate
this effect.

4.2 Concept
The spin-Peltier effects describes the generation of a temperature difference over a
ferromagnetic/non-magnetic interface when a pure spin current (without charge cur-
rent) is injected from the non-magnetic material into the ferromagnet. This concept
is illustrated and described in Fig. 4.1.

In the absence of charge currents, the contribution to the heat current in the system
due to the spin-Peltier effect QΠ is deduced from the thermoelectric-spin model:

QΠ =
1
2

(Π↑ − Π↓)Js (4.4)

In the non-magnetic material, Π↑ = Π↓ and no net heat transport due to the spin-
Peltier effect takes place. In the ferromagnet, the spin-Peltier coefficient, defined as
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Figure 4.1: Schematic representation of the Spin-Peltier effect. A spin current Js = J↑ − J↓ free of
charge current (J↑ + J↓ = 0) is injected from the non-magnetic side of the F/N junction into a ferromagnet
FM. The top shows the resulting spin-dependent voltages, calculated using the 2-channel model. Despite
the fact that no charge current is flowing through the junction, a net heat flow Qs

Π
= 1

2 (Π↑−Π↓)Js develops
in the ferromagnet which quickly drops off due to the spin relaxation length λF . Depending on the sign of
the spin current and the parallel/antiparallel alignment of the magnetization, net heat is transported from
the non-magnetic material to the ferromagnet or vice versa. This creates a temperature difference ∆T
between the bulk non-magnetic material and the bulk ferromagnet.

Πs = Π↑ − Π↓ can be non-zero. Close to the interface, the spin current Js is also
non-zero. This induces heat transport due to the spin-Peltier effect which reduces in
the ferromagnet at the scale of the spin relaxation length. As a result, a temperature
difference ∆T develops between the bulk non-magnetic material and the ferromagnet.
This temperature difference is calculated in section 2.4.2 and is given by:

∆T |F−N =
Πs

2kF
λF J0

s (4.5)

It depends solely on the spin-Peltier coefficient Πs, the spin relaxation length λF ,
the thermal conductivity of the ferromagnet kF and the injected spin current at the
interface J0

s . Its sign is determined by the sign of spin current and the spin-Peltier
coefficient.



58 Chapter 4. The Spin-Peltier effect

-60 600

18.075

18.095
R 2 (μ

V 
m

A
-2

)

Magnetic �eld (mT)

a)

B (mT)

Signal A Signal B

S1 S2

B (mT)

b)

Signal A + B

S1 S2

Anom. Nernst

B (mT)

c)
Signal -(A + B) + SV

Figure 4.2: Spurious effect #1: Double Nernst/Hall. a) Typical measured hysteresis curve resulting from
the anomalous-Nernst effect in a spin-caloritronic device (see chapter 5). b) When two Nernst/Hall effects
are simultaneously present in a signal, they can mimic an asymmetric spin valve. c) Example of a measured
R2 signal in a non-local spin valve (see ref. [8]). A combination of the effect in b) and ’regular’ spin valve
is observed.

4.3 Experiment

In order to demonstrate the spin-Peltier effect, we need a source of spin current and
a method to detect the generated temperature difference due to the spin-Peltier effect.
A dedicated device geometry and measurement scheme is proposed in chapter 2.4.2
in Fig. 2.5. The non-local spin valve geometry is used to inject a pure spin current
coming from a first ferromagnetic interface (FM1/NM) into a second ferromagnetic
interface (FM2/NM). In this way, no charge current flows through the second fer-
romagnetic interface which could generate spurious effects related to electrical spin
injection or normal Peltier heating/cooling of this interface. The temperature of the
second ferromagnet is measured using a thermocouple and is sensitive to the gener-
ated temperature difference over the second ferromagnetic interface. All measure-
ments are performed at room temperature, unless explicitly stated.

Spurious effects

In the next section, we show the results of three different devices, all which are sym-
metric in their design. Although we attempted to exclude certain spurious effects by
symmetry, we were unable to. In order to understand how spurious effects can be
reflected in the measurement results, they are briefly described.
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Double Nernst/Hall

The anomalous-Nernst and -Hall effects describe the generation of voltage differences
perpendicular to a magnetization and an applied heat or charge current. In chapter 5,
we describe how the anomalous-Nernst effect can be measured in a spin-caloritronic
device. Similar to measurements on the anomalous-Hall effect, it is reflected in the
measurements in terms of a hysteresis curve, as depicted in Fig. 4.2a.

In a spin-caloritronic device which contains two ferromagnets, it is possible that
two such effects are reflected in the measurements simultaneously. Depending on the
sign and size of both effects, different signals can occur. An example is depicted in
Fig. 4.2b.

This example shows that the combination of two effects can mimic a spin-valve
signal if only one side on the magnetic curve is considered. In order to exclude such
anomalous effects in spin valve measurements, it is generally important to show both
sides of a spin valve signal. Often, such signals accompany ’regular’ (in other words
symmetric) spin-valve signals and express themselves in a slightly asymmetric spin
valve signal with possibly small offsets in background signal on the left and right side
of the spin valve plot. Fig. 4.2c shows such an example.

In the spin-Peltier experiment, we will look at the resistance R1 (mΩ) of the ther-
mocouples, which is measured as a result of a charge current which flows through
the FM1/NM interface. In theory, the measurements are sensitive to anomalous-Hall
effects of FM1 and Peltier heating/cooling induced anomalous-Nernst effects in FM1
and FM2.

Single magnet spin valve

When a spin current is injected from the non-magnetic side into a ferromagnet, a
voltage difference occurs over the FM/NM interface. In a (non-local) spin valve, the
voltage difference is measured by connecting leads to both sides of the interface.

When two leads are connected to the ferromagnetic side, it is possible that both
contacts pick-up a slightly different spin-valve voltage. This can happen if the spin-
injection is non-uniform[9]. An over-exaggeration of this effect is depicted in Fig.
4.3. This results in a similarly looking, but smaller spin-valve signal which can be
observed when the voltage is probed between both contacts on the same ferromagnet.
For simplicity, we name this spurious effect the single magnet spin-valve (SMSV).

Generally, the spin-valve signals arising from this effect are much smaller then the
actual voltage drop over the interface. We will see later in our spin-Peltier experiment,
that the spin-Peltier signals we are looking for are approximately 100-1000 times
smaller then the non-locally measured spin-valve signal. The spin-Peltier effect is
measured by placing a thermocouple on FM2 which consists of two leads. When the
spin injection into this ferromagnet is only slightly non-uniform, the SMSV effect
can mimic the spin-Peltier effect.

For this reason, we designed this experiment in such a way that by symmetry it
should be possible to exclude SMSV effects which arise from certain types of non-
uniform spin injection.
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Figure 4.3: Spurious effect #2: Single Magnet Spin Valve. When spins are non-uniformly injected
into a ferromagnet FM, the generated voltage difference ∆V due to spin injection varies over the FM/NM
interface. If the ferromagnet has multiple contacts, part of the spin valve signal can be picked up due to
the asymmetry. In the extreme case depicted here, we have dV ∼ VL � VR.

4.4 Results & Discussion

The principle device geometry which is used to measure the spin-Peltier effect is il-
lustrated in Fig. 4.4. This shows a SEM picture of fabricated device A. The device
consists of a non-local spin valve on which two thermocouples are placed on the de-
tection ferromagnet FM2 which probe the temperatures TL, TR close to the FM2/NM
interface of this ferromagnet. A pure spin current of different uniformity can be in-
jected into FM2 by sending a charge current from contacts 1, 2 or 3 to contacts 4 or 5.
Diffusion assures that the injected spins at the FM1/NM contact arrive at the FM2/NM
interface.

Two thermocouples are present for redundancy but also to investigate certain
forms of non-uniform spin injection. We note that for all thermocouples in this chap-
ter, the positive reference V+ of the voltages Vi = V+ − V− is at the NiCr contact.
In this case, a positive response Vi/I then corresponds to a positive current-induced
temperatures TL, TR.

Any linearly varying non-uniform spin injection in the horizontal direction as
depicted in Fig. 4.3 should produce small SMSV signals of opposite sign at both
thermocouples (VL ≈ −VR). The spin-Peltier effect should produce a temperature
difference ∆T over the FM2/NM interface which is measured equally by both ther-
mocouples (VL ≈ VR). Unfortunately, the design does not allow to exclude more
symmetrical forms of non-uniform spin injection (i.e. uniformities in the vertical
direction which may produce VL ≈ VR due to the SMSV effect).

Using the designed device geometries of the three devices which follow, we con-
structed several three-dimensional finite-element-models. A mesh was created of
300k points, which is very fine near the interfaces (1-2 nm meshsize) to accurately
predict electrical spin injection and the magnitude of spin-Peltier effects. We use
the measured conductivities and values from literature defined in Fig. 5.5 and spin-
dependent parameters from section 3.6. A 300 nm thick SiO layer on top of a 700 nm
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thermally conductive Si layer was included in the modeling.
By selectively turning on and off the spin-thermoelectric coefficients S s, Πs =

S sT and the thermoelectric coefficients of all layers entirely S, Π=ST in the finite-
element modeling, it is possible to determine the origin of the calculated (spin)-
signals.

The measurements have been performed by using a sinusoidal source of charge
current ranging from 100 µA for non-local spin valve measurements to a maximum of
1.5 mA rms for the thermocouple measurements. We use lock-in detection to measure
the voltage (see appendix B). For device B, the higher harmonic response R2 to this
charge current was also recorded.

4.4.1 Device A

A colored SEM picture of device A is shown in Fig. 4.4. The device has two
NiChrome-Permalloy thermocouples which have been measured sequentially by send-
ing a sinusoidal charge current of 1 mA rms through contacts 1-4 or 1-5. In order to
determine the magnitude of electrical spin injection, non-local spin valve measure-
ments were also performed.

The results of these measurements are shown in Fig. 4.5. In this device, we
observe a large non-local spin valve signal, as well as spin valve signals at the left
thermocouple (Fig. 4.5c) which does not depend on the charge current direction in
the copper cross. The right thermocouple (Fig. 4.5d) shows more general resistance
jumps which seem unrelated to any of the switching fields of the total magnetizations
of both ferromagnets shown in the non-local spin valve. A possible root cause is that
during the ion-milling or deposition process in the fabrication (see appendix A) the
ferromagnet was locally damaged and small domains are formed under the contacts.
This was tested by measuring the resistance between the NiCr contacts (see Fig. 4.5e)
which also shows large drift and random jumps2. This makes it likely that this effect
occured at NiCr contact 8.

To judge the accuracy of our (non-)thermoelectric modeling, we first analyze
the background signals arising in the various measurement by comparing them to
our finite-element model. From the following analysis, we may conclude that the
agreement between calculated background resistances and those observed is accurate
within a factor two.

Background Signals

For our non-local spin valve measurement, the model predicts a background signal
of -60 mΩ (measured -120 mΩ) which is mostly non-thermoelectric in nature (the
thermoelectric contribution is +20 mΩ). A thermoelectric background of 30 mΩ

is predicted for the thermocouples where 18 mΩ is measured. This thermoelectric

2We note that a 3 mΩ non-thermoelectric background signal is calculated between the contacts. The
observed resistance is somewhat larger.
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Figure 4.4: Principle device geometry; device A. a) Colored SEM picture of fabricated device A. Two
25 nm thick Permalloy (Ni80Fe20) ferromagnets FM1 and FM2 are connected by a 60 nm thick copper
cross (brown, contacts 4,5). Several 150 nm thick gold contacts are present (1-3,6,7) which allows to
probe and send charge currents through the device. Two 45nm thick Ni80Cr20 contacts (8,9) are present
on FM2. They are part of two Py-NiCr thermocouples which convert the temperatures TL,TR under the
NiCr contacts to measurable voltages VL, VR with an approximate efficiency ∆S NiCr−Py ≈ 40µV/K. b)
Magnetic field and magnetization layout. c) Close-up on the central copper cross illustrating the positions
of the effective temperatures which are probed as well as non-local spin injection.
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Figure 4.5: Results device A. a) Modeled temperature rise ∆T at a height of 20 nm at a current of I1−5 =

1mA. The 3D wireframe illustrates the varying thickness of the layers. b) The non-local spin valve signal.
c) Measured results from the left thermocouple for 2 different current paths. The temperature TL under the
NiCr contact is estimated from the modeling to indicate the approximate temperature drift. d) Measured
results from the right thermocouple for different current paths. e) Measured voltage between the NiCr
contacts showing large drift effects.
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background is due to Peltier heating/cooling of the FM1/NM interface and subse-
quent pickup by the thermocouple[8]. Only a negligible 60 µΩ non-thermoelectric
resistance is expected at the thermocouples. The left thermocouple is calculated to
have a 100 µΩ larger thermoelectric background if the charge current is sent under a
left angle (I1−5) which is approximately equal to what is observed. The high agree-
ment between modeling and experiment allows us to use an approximate temperature
scale to our measurements and determine (temperature) drifts in our measurement
system. This is shown by the double resistance-temperature scale in Fig. 4.5c. A
typical drift of <1 mK is observed in our measurement technique which is illustrative
for the high accuracy which can be obtained with lock-in methods.

Magnetization-related Signals

The measured non-local spin valve signal of 17 mΩ is approximately 4 times higher
then the calculated 3.9 mΩ. We believe that the small ≈20 nm displacement of the
copper cross in the direction of FM2 can be attributed to this, since the non-local
spin valve signal is very sensitive to the precise area of the FM1/NM contact. The
efficiency of spin injection, defined as the spin current which enters the FM2/NM
interface over the charge current I1−5 is calculated to be 3%. Assuming the actual
spin injection is two times larger3, we may estimate the temperature difference to oc-
cur over the FM2/NM interface due to the spin-Peltier effect using Eq. 4.5. Using
the spin-Peltier coefficient derived from our previous measurements on thermal spin
injection (Πs = S sT , see chapter 3), we calculate that the spin-Peltier effect should
produce a temperature difference of 0.9 mK/mA over the FM2/NM interface depend-
ing on the parallel or antiparallel orientation. We calculate a thermocouple resistance
due to this effect of +20 µΩ from the model.

Unfortunately, the model also predicts a +30 µΩ spin valve signal at the ther-
mocouples due to the SMSV effect. In the model, this value is identical at both
thermocouples and is due to a non-uniform spin injection distribution at FM2/NM
mirrored along the vertical axis (defined in fig. 4.4) of the device. The expected
non-uniform signal at the thermocouples is around 1.3% of the value measured in the
non-local geometry (V6−4). It was not possible to estimate the size of the SMSV effect
by intentionally creating horizontal non-uniform spin distributions by using different
charge current paths I3−5,I2−4. The device was destroyed by that time.

The thermocouple spin-signal which is observed is +40 µΩ. Using the informa-
tion above, it is impossible to determine whether this signal is due to the SMSV effect,
the spin-Peltier effect or a combination of both. In the following, we will discuss three
additional devices (with two different geometries) which have been measured. They
are analyzed in a similar manner and provide some additional insight.

3Spin valve signals depend quadratically on the spin injection polarization PI . See chapter 2 of this thesis
or Jedema[10]
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Figure 4.6: Results device B. a) SEM picture of the device. The thickness of the triangular shaped
gold contact on FM1 is 35 nm. A small fabrication shift in this contact is present. This device only
contains one NiCr contact (4). b) The non-local spin valve signal. c) Thermoelectric resistance R1 from
the left thermocouple (V4−5) for different current paths. The approximate temperature under the NiCr
contact induced by Peltier effects is also indicated. d) Thermoelectric resistance R1 arising at the right
thermocouple (V4−6).

4.4.2 Device B

The second device we analyze is largely similar to device A. The ferromagnets and
copper cross are of equal dimensions. Compared to device A, the Joule and Peltier
heating at FM1 are reduced by using a single large thermally conductive gold contact
which covers most of the ferromagnet to reduce any possible thermal noise in the
device. In addition, the two thermocouples share a common NiCr contact which is
placed closer to the FM2/NM interface. A SEM picture of the device is shown in Fig.
4.6a. A small ≈20 nm fabrication shift of the gold contact connecting FM1 can be
seen.

In device B, we also measured the second-harmonic response R2 (µV/mA2) si-
multaneously with the resistance R1 to obtain more information about Joule heat-
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Figure 4.7: Supplementary results device B. Second harmonic response R2 (µV/K) due to Joule heating
for the (a) left (V4−5) and (b) right (V4−6) thermocouple. Hysteresis loops due to the anomalous-Nernst
effects in FM2 can be observed (see also chapter 5). The approximate temperature rise measured under the
NiCr contact due to Joule heating is also indicated.

ing related thermal modeling. The resistance results are shown in Fig. 4.6b-d and
the second-harmonic response results in Fig. 4.7. We first discuss the background
signals to ascertain the accuracy of our thermal model after which we discuss the
magnetization-related signals. We find that the accuracy is similar to device A and
that also Joule heating is calculated accurately within a factor two.

Background Signals

The measured background signal arising in the non-local spin valve measurement
of -79 mΩ is close to the -60 mΩ which is calculated. The background signal at the
thermocouples is reduced compared to device A due to large gold heat sink present on
FM1 which reduces Peltier heating/cooling of FM1/NM. The measured background of
10 mΩ is around twice lower then the calculated 20 mΩ. This difference has also been
observed in device A. The background measured in the second harmonic response
R2 at the thermocouples is around 30 µV/mA2 and is smaller then the 47 µV/mA2

which is calculated. The left thermocouple has a 3µV/mA2 larger thermoelectric
background then the right thermocouple if the charge current is sent under a left angle
(I1−5). If it sent under a right angle, the thermoelectric background is smaller by an
equal amount. We ascribe this difference to the Joule heating of the copper arms and
subsequent thermal conduction through the SiO substrate. It is somewhat larger then
the calculated difference of 1µV/mA2.
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Magnetization-related Signals

The measured non-local spin valve signal of 10 mΩ is higher then the calculated spin
valve signal of 3.9 mΩ. However, the calculated and measured values are more in
agreement then for device A which we suspect is due to the improved alignment of
the copper cross in device B.

The spin-valve signals measured at the thermocouples are larger and of opposite
sign, independent of the charge current direction. A small analysis shows the size
of the switches depend only on the scan direction and the thermocouple itself. The
results can be be explained by a double-Nernst/Hall effect of +10/+20 µΩ and a
symmetric spin valve signal of -200/+255 µΩ for the left/right thermocouple.

We attribute the difference in signs to the SMSV effect as a result of a horizontal
non-uniformity in spin injection as sketched in Fig. 4.3. We speculate that this is
caused by the small fabrication shift in gold contact 1. The gold is more conductive
then Permalloy, such that the current, which flows in the path of least resistance, is
mostly injected from the left side of the FM1/NM interface making the spin injection
non-uniform in the horizontal direction.

Nevertheless, a 55 µΩ spin valve offset is present between the spin valve signals
of both thermocouples. This can be caused by the spin Peltier effect or a symmetric
contribution of the SMSV effect caused by vertical non-uniform spin injection. Using
the model, we calculate a spin-Peltier signal of 18 µΩ and a SMSV signal due to
vertical non-uniformity in spin injection of 22 µΩ. Using the additional information
of this device, It remains impossible to determine whether this signal is due to the
SMSV effect, the spin-Peltier effect or a combination of both. However, this device
does demonstrate the existence of SMSV effects due to non-unform spin injection in
the horizontal direction.

The measured second harmonic response shows signs of a hysteresis effect. The
switching fields are those of FM2. This is caused by the anomalous-Nernst effect
which is more extensively described and analyzed in chapter 54.

4.4.3 Device C

The third device geometry is shown in Fig. 4.8a which shows a SEM picture of the
device. The ferromagnets and copper cross are of equal dimensions as devices A and
B. Two NiCr-Py thermocouples are present with different NiCr contacts (4,6), similar
to the geometry of device A. The NiCr contacts are of slightly wider lateral size.
The gold thermal sink on FM1 was specifically designed to improve the uniformity
of spin injection and make it insensitive to fabrication shifts. In total, two of these
devices were measured which are denoted as sample #1 and #2. For sample #2, we
also performed measurements with the sample immersed in a liquid Nitrogen bath
to determine whether any observed spin-valve signal at the thermocouple is due to

4We note that the anomalous-Nernst effect has approximately correct magnitude ( 30 nV/mA2 on a 30
µV/mA2 Joule heating background) when we compare this to the device analyzed in chapter 5 ( 50
nV/mA2 on a 50 µV/mA2 background).
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Figure 4.8: Results device C, sample #1. a) SEM picture of the device. Thicknesses are similar to those
defined in Figs. 4.4 and 4.6. Here, two NiCr contacts are present (4,6). The injecting contact is symmetric.
b) The non-local spin valve signal. Results from the (c) left (V4−5) and (c) right (V4−6)thermocouple.

the SMSV effect or the spin-Peltier effect. Any observed signal at room temperature
due to the spin-Peltier effect is expected to reduce in magnitude at lower temperatures,
while those due to the SMSV effect are likely to increase. This is because the injection
of spins is more efficient[11] while all thermoelectric coefficients rapidly decrease
with temperature[12, 13]. The measured results for sample #1 are shown in Fig.
4.8b-d and those of sample #2 in Fig. 4.9. As we did before, we first discuss the
background signals.

Background Signals

The background signals of the non-local spin valve at room temperature for both
samples, shown in Figs. 4.8b and 4.9b, are in the range of what has been observed
before (see Figs. 4.5b and 4.6b) and is close to the calculated value of -67 mΩ. We
note that for two similar devices this value varies by a factor 2. We calculate the
background resistance of both thermocouples at 22 mΩ at room temperature. The
measured values (≈7, 9 and 15 mΩ) vary strongly, even for two thermocouples of the
same device. However, on average the measured values are lower then the calculated
values which is similar to the analysis of devices A and B. The origin of the relatively
large variation in signals is currently unknown. We speculate that it can be due to non-
uniformities in the ion-milling process or the deposition composition of the individual
constituents of NiCr.
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Figure 4.9: Results device C, sample #2. Temperature dependence. Non-local spin valve signal at (a)
room temperature and (b) with the same sample immersed in liquid Nitrogen. Measured thermocouple
results (c) at room temperature and d) with the sample immersed in liquid Nitrogen.

At liquid Nitrogen temperature (77K), the background signal at the thermocou-
ples goes down by a factor ≈17 (see Figs. 4.9c-d). Although we only have informa-
tion about this thermoelectric background at two different temperatures, it suggests
there is a near square dependence on temperature R1 ≈T2.1. For metals, the Seebeck
coefficients generally depends linearly on temperature S(T) T. The Peltier coefficients
Π=ST then depend quadratic on temperature. One would expect this dependence
would be R1 ≈T3. However, the (thermal) conductivities also have temperature de-
pendencies. This makes a direct comparison hard to make.

The background in the non-local spin valve signal reduces approximately linear
with temperature R1 ≈T1.2. This is as expected, since the conductivity of copper
increases linearly over this temperature range and determines the size of this back-
ground signal.

Magnetization-related Signals

The measured non-local spin valve signals, shown in Figs. 4.8b and 4.9a, are 8 and
4.2 mΩ at room temperature. These are close to the calculated value of 3.9 mΩ. The
4.2 mΩ signal increases to 13.4 mΩ at liquid Nitrogen temperatures. This is due to
the lower conductivities of Copper and Permalloy and increased spin polarization of
the ferromagnet and has been seen before[11, 14].

The spin-valve signals measured at the thermocouples of sample #1 vary strongly.
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The results can be be fitted by a double-Nernst/Hall effect of +10/+20 µΩ and a
symmetric spin valve signal of +90/+35 µΩ for the left/right thermocouple. The large
variation in background signals at both thermocouples makes it hard to attribute the
observed spin valve signals to non-uniformities of the SMSV effect or the spin-Peltier
effect which we calculate to be +20 and +17 µΩ respectively.

Nevertheless, Fig. 4.8d shows a good demonstration of a double Nernst/Hall ef-
fect, as it shows all the distinct features of the theoretical curve of Fig. 4.3b: there is
a difference in background signal between left/right, the signal at 0 mT shows hys-
teresis and the spin valve is largely asymmetric and of twice the size of the difference
in background signal/hysteresis curve.

Sample #2 was measured in order to determine whether any observed spin-valve
signal at the thermocouple is due to the SMSV effect or the spin-Peltier effect. Unfor-
tunately, only one thermocouple was measured which did not show a clear spin-valve
signal at room temperature (see Fig. 4.9c). If we assume some double Nernst/Hall
effect is present to explain the large asymmetry in the observed signal, the symmetric
spin-valve signal can be estimated to be ≈5-10 µΩ. At liquid Nitrogen temperature
the spin valve signal is very clear (Fig. 4.9d), and has increased by a factor 2-4 to
23 µΩ. This can be expected from the SMSV effect due to non-uniformities in spin
injection. To first approximation, we expect it to scale according to the non-local spin
valve signal itself. Figs 4.9a-b show the non-local spin valve signal increases by a
factor three.

We may ask ourselves whether the observation of the SMSV effect in this sample
can give a lower estimate of the spin-Peltier coefficient Πs. We calculate the size of
a possible spin-Peltier effect to be 17 µΩ for this sample at room temperature. When
we scale this value with the effective efficiency of the thermocouple, defined as the the
measured R1 background value of the thermocouple versus the calculated background
value, we expect only a small signal of 7 µΩ to arise at the thermocouples due to
the spin-Peltier effect. Considering the various uncertainties in the determination of
the spin valve signal, the parameters in the modeling and the single measurement
at different temperatures, it is currently impossible to make strong conclusions. We
may cautiously conclude that the spin-Peltier coefficient is at least not higher then
the value estimated by applying the Thomson-Kelvin relation Πs = S sT =1.1 mV to
the obtained spin-Seebeck coefficient from chapter 3. Nevertheless, this sample does
prove the existence of a SMSV effect due to non-uniform spin injection in the vertical
direction.

4.5 Conclusions

In this chapter, we have analyzed the results from three different device geometries
which were fabricated in order to demonstrate the spin-Peltier effect. We have com-
pared the measurement results from these devices to modeling in order to understand
and quantify the various effects which are occurring. We conclude that our ther-
moelectric spin model is accurate to explain all measured thermoelectric and spin
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injection related results within approximately a factor two.
In the considered geometries, the single magnet spin valve effect prohibited a

clear observation of the spin-Peltier effect. We have conclusively demonstrated the
single magnet spin valve effect due to both horizontal and vertical non-uniformities
in electrical spin-injection. This was demonstrated by measuring between multiple
contacts on a ferromagnet in different device geometries and also comparing mea-
surements between room-temperature and liquid Nitrogen-temperatures. The size of
the spin valve resistance which is picked up by measuring between contacts on a
single magnet are 0.1-1% of the regular non-local spin valve resistance in our geome-
tries. In addition, we have demonstrated double Nernst/Hall effects of 10-20 µΩ size
which give asymmetric spin valve effects. It was possible to separate these effects by
measuring both sides of the magnetic curve of a spin valve. The anomalous-Nernst
effect due to Joule heating induced temperature gradients in FM2 was measured in
the second order response R2 which showed hysteresis.

We have shown that by performing measurements at room temperature and liquid
Nitrogen temperatures, it was possible to distinguish between the single magnet spin
valve effect and the spin-Peltier effect. Unfortunately, in the considered sample, the
expected spin-Peltier effect was too small. Only an upper bound for the spin-Peltier
coefficient can be given Πs . 1 mV, which is similar to what we estimate by applying
the Thomson-Kelvin relation to the obtained spin-Seebeck coefficient from chapter
3: Πs = S sT = 1.1 mV.

4.6 Outlook & Recommendations
The results in this chapter did not allow a conclusively demonstration of the spin-
Peltier effect. However, the experiments have provided a detailed insight in the spuri-
ous effects which hinder this demonstration. Also, we have provided another demon-
stration of the possibility to use thermoelectric engineering on nanoscale devices. The
expected thermoelectric signals are very accurate such that the modeled thermal and
voltage gradients are also accurately known.

Using the knowledge which is obtained in this chapter, we find that there are
many aspects in the designed experiment which can be improved which probably
will enable to demonstrate, or disproof the existence of, the spin-Peltier effect. We
list them below:

• It is possible to distinguish between the SMSV effect and the spin-Peltier effect
by their dependence on temperature. A more detailed temperature dependence
study of the measured signals allows to determine the size of both effects.

• The relative size of the measured signals due to the SMSV and spin-Peltier ef-
fect can be reduced. In the designs considered in this chapter, the size of the
SMSV effect will reduce exponentially with the distance between the NiCr con-
tact and the FM2/NM interface[8, 9]. A calculation on a finite-element-model
shows that increasing the spacing between the NiCr contact and the FM2/NM



72 Chapter 4. The Spin-Peltier effect

interface by 100 nm in the design of device C will decrease the SMSV effect
from 20 to 1 µΩ. However, the expected spin-Peltier signal also decreases from
17 to 10 µΩ because the position at which the thermocouples sense the effective
temperature is further spaced from the spin-Peltier induced temperature differ-
ence. Considering the typical noise we observe of ≈5-10µΩ5, this will make
the observation of the spin-Peltier effect hard. It is advisable to make further
improvements in the spin injection efficiency and the thermocouple sensitivity
before attempting this route.

• The maximum amount of spin current which is injected into FM2 in the current
design is Is ≈ 60 µA. Here we considered a charge current of 2 mA in which
case J≈1012 A/m2 in the central copper arm, close to the electromigration limit.
We assumed a calculated spin injection efficiency of 3 %. This can be increased
by fabricating multiterminal pillar structures. Although the fabrication method
is generally more difficult, several successful attempts are reported[15] which
show far higher efficiency and/or possible spin current densities. For example,
in Yang et al.[15] the injected spin current in FM2 is up to 500 µA leading to a
spin current density which can be 3 times higher.

• The thermocouple efficiency of Permalloy-NiChrome (∆S ≈ 40 µV/K) is lim-
ited. We note that the actual efficiency we obtain is about twice lower. A
possible cause might be that the NiChrome did not have the correct amount of
Ni and Cr constituents in the alloy. We note that the results for Py-Cu ther-
mocouple match well[8]. Several improvements are suggested related to the
thermocouple efficiency:

– By optimizing the constituents of the NiChrome mixture in the used melt
for e-beam deposition, the Seebeck coefficient might get closer to the the
theoretical value, thereby increasing the thermocouple efficiency.

– Instead of using Permalloy as one lead of the thermocouple by heat sink-
ing it with gold, it is possible to use a heat conductive bridge to transport
the spin-Peltier induced heat from the FM2/NM interface to a dedicated
thermocouple. This can be made more efficient by using for example an
alloy of Constantan (Ni55Cu45, with S = -40µV/K) and NiChrome (S =

+20µV/K). Again, the constituents of the mixture in the used melt for
e-beam deposition would need to be optimized.

Later work showed that some of the improvement did allow a conclusive demon-
stration of the spin-Peltier effect[7].
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