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Seebeck effect in magnetic tunnel junctions
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Creating temperature gradients in magnetic nanostructures
has resulted in a new research direction, that is, the
combination of magneto- and thermoelectric effects1–5. Here,
we demonstrate the observation of one important effect of
this class: the magneto-Seebeck effect. It is observed when
a magnetic configuration changes the charge-based Seebeck
coefficient. In particular, the Seebeck coefficient changes
during the transition from a parallel to an antiparallel magnetic
configuration in a tunnel junction. In this respect, it is the
analogue to the tunnelling magnetoresistance. The Seebeck
coefficients in parallel and antiparallel configurations are of
the order of the voltages known from the charge–Seebeck
effect. The size and sign of the effect can be controlled by
the composition of the electrodes’ atomic layers adjacent to
the barrier and the temperature. The geometric centre of
the electronic density of states relative to the Fermi level
determines the size of the Seebeck effect. Experimentally, we
realized 8.8% magneto-Seebeck effect, which results from a
voltage change of about −8.7µV K−1 from the antiparallel
to the parallel direction close to the predicted value of
−12.1µV K−1. In contrast to the spin–Seebeck effect, it can be
measured as a voltage change directly without conversion of
a spin current.

The creation of an electric field by a temperature gradient
in a material has been known as the Seebeck effect since 1826.
In recent years new spin-dependent thermal effects have been
discovered in ferromagnets and the Seebeck effect is receiving
renewed interest. The transport of heat and spin in magnetic
nanostructures is described in ref. 1. The spin–Seebeck effect driving
this field was experimentally found, for example, in nanoscalemetal
structures3 and in magnetic insulators and semiconductors4,5. A
strong asymmetry of the density of states with respect to the Fermi
level promotes the heat-driven electron transport that leads to the
common charge–Seebeck effect. These strong asymmetries can be
found in the spin-split density of states in ferromagnetic materials.
Previously, the effect amplitude resulting from this spin asymmetry
was believed to be a second-order effect. In this work, we demon-
strate that the magneto-Seebeck effect can be large. We first present
ab initio calculations that show that this effect can be of the same
order as the charge–Seebeck effect, using magnetic tunnel junctions
(MTJs), where two ferromagnets are separated by a thin insulating
tunnel barrier. The effect is related to a half-metallic behaviour
of the tunnel junction with respect to the tunnelling states. Our
experiments show that a thermoelectric power can be generated in
such nanostructures over distances of only 2.1 nm, the thickness of
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the tunnel barrier. The change fromparallel to antiparallel electrode
configuration is−8.7 µVK−1 at room temperature, whilemaintain-
ing all other conditions in the junction constant. Related to this
magnetization switching we calculated a magneto-Seebeck effect of
8.8%. In theory, this change is predicted to be up to 100 µVK−1,
corresponding to 1,000% (ref. 6). In future spincaloritronic7 ap-
plications, the local cooling of an individual nanometre-sized area
could, therefore, be switched magnetically. The junction size en-
ables stacking andnano-integration of these thermopower devices.

The magneto-thermal effect is based on the seminal work
described in ref. 8. This gave a general description of the
mechanisms that affect a ferromagnetic material when a heat flow
causes a temperature gradient. Strong thermomagnetic effects can
be expected in a half-metal, where the spin polarization can be up to
100% (ref. 9). We can define a spin-dependent Seebeck coefficient
by replacing the charge-dependent Seebeck voltage by a voltage
generated for each spin channel. The difference between the two
spin-dependent Seebeck coefficients is driving a spin accumulation.
In contrast, the magneto-Seebeck effect is different from the spin–
Seebeck effect, because it is not related to a spin-voltage generation.
It occurs in junctions and is similar to the giant and tunnelling
magnetoresistance (TMR). It results in a charge–Seebeck effect
that is changed by the magnetic orientation of the electrodes.
This voltage is accessible directly without conversion. To have
a high charge–Seebeck effect, a high asymmetry in the energy
dependence with respect to the electrochemical potential for the
transport states is necessary, realized in semiconductors as shown
in Fig. 1a. Consequently, for the thermomagnetic effect, these
energy asymmetries must be different for spin-up and spin-down
carriers. For our experiments, the recent progress in giant TMR
junctions enabled us to use MTJs with high spin asymmetry. Their
large contrast in the spin-dependent transmission due to different
symmetries of the tunnelling states in the two spin channels should
lead also to different energy asymmetries of the tunnelling states
as shown in Fig. 1b. We define the magneto-Seebeck ratio (SMS)
from the Seebeck coefficients in the parallel (SP) and anti-parallel
(SAP) configurations:

SMS=
SP−SAP

min(SP,SAP)
(1)

At first glance, it seems that the magnetoresistance, the spin–
Seebeck effect and the magneto-Seebeck effect should be related to
each other. However, these are different effects, and, in general, it is
not possible to calculate one from the others.
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Figure 1 |Origin of the magneto-Seebeck effect. a, Semiconductors are known to generate high Seebeck effects. b, In MTJs, thermal differences in the
electron distributions and strong asymmetry in the spin-dependent tunnelling channels are depicted. T(E) is the transmission of the full tunnel junction, for
which either the ferromagnetic electrodes can be a highly spin-polarized half-metal or the combination of the barrier and the ferromagnet exhibits
half-metallic characteristics. The function T(E)(−∂Ef(E,µ,T)) is given in darker colour. The thick line marks the resulting value of the geometric centre SP

and SAP. In the lower symmetric case, the magneto-Seebeck effect is vanishing. c, Calculation of the Seebeck coefficients as a function of temperature for
tunnel junctions with ten monolayers of MgO as a barrier. The magnetic layers are 20 monolayers thick. The semi-infinite leads are Cu in the bcc-Fe
structure. We assume a mixed termination of FeCo at the FeCo/MgO interface that is an ordered, 2× 1, in-plane supercell with one Fe and one Co atom.
d, Seebeck coefficients for the parallel configuration and the antiparallel configuration are shown. e, The corresponding magneto-Seebeck effect SMS.

To understand this point, it is important to realize that the
transport coefficients are calculated from the transmission function
T (E) of the tunnel junction but that they have different integral
values. The conductance g is determined by the integral of the
transmission function T (E) multiplied by the derivative of the
electron occupation function ∂E f (E,µ,T ) at temperature T and
electrochemical potential µ:

g =
e2

h

∫
T (E)(−∂E f (E,µ,T )) dE (2)

The Seebeck coefficient is also given by the transmission
function T (E) multiplied by the derivative of the occupation
function ∂E f (E,µ,T ):

S=−
∫
T (E)(E−µ)(−∂E f (E,µ,T ))dE
eT

∫
T (E)(−∂E f (E,µ,T ))dE

(3)

In contrast to the magnetoresistance, the Seebeck coefficient is
the geometric centre of T (E)(−∂E f (E,µ,T )). Figure 1b illustrates
these quantities for two different cases. The geometric centre for
parallel and antiparallel configurations (SP and SAP) is marked by
the thick line. We assume a transmission function that has different
energy asymmetries in both magnetic configurations and different
positions of the electrochemical potential. In the first case, a high
TMR and a high magneto-Seebeck ratio are obtained. In the second
case, the value of SMS is essentially zero, but the TMR is highest.
Generally speaking, cases with vanishing value of SMS and large
TMR (or vice versa) are also possible. Therefore, we can tailor
MTJs to be good candidates for large magneto-Seebeck effects.
Consequently, we investigated temperature-induced voltages in
MTJs starting with samples showing large TMR ratios. Two

different types of junction with large TMR values could be
used, that is, Fe–Co/MgO/Fe–Co and half-metallic compounds.
We focus on the former case, as it is demonstrated to have
the largest experimental value, 604% at room temperature10.
The tunnelling states of the electrons have been thoroughly
investigated for MgO-based MTJs and the understanding of spin
polarization of the current and the quantitative approach to
magnetoresistance in tunnel junctions has advanced enormously
in recent years.

Our theoretical investigations are ab initio calculations based
on density functional theory. In particular, we used the Korringa–
Kohn–Rostoker and the non-equilibriumGreen’s function method
to obtain the transmission function T (E) (ref. 11). Using T (E), we
calculated the transport coefficients according to equations (2) and
(3) (refs 12,13). We investigated the magneto-Seebeck coefficients
for different temperatures for Fe0.5Co0.5/MgO/Fe0.5Co0.5 MTJs
with bcc structure of the ferromagnetic electrodes. The temperature
dependence is considered only within the electron-occupation
function. Owing to coherent tunnelling, the atomic structure of
the interface could be important. Therefore, we investigated the
Seebeck coefficients for different possible interface structures, that
is, the Fe-terminated structure, the Co-terminated structure and
a mixed-termination structure. The results at a temperature of
300K listed in Table 1 show a strong dependence on the interface
structure. Even a sign change was observed. However, the case
where the layer next to the barrier is pure Co or pure Fe is unlikely
in the experiment. Consequently, we continued our investigation
with the mixed-termination structure (Co0.5Fe0.5). In Fig. 1d, SP
and SAP are plotted as a function of temperature for a tunnel
junction that has an MgO barrier that was 10 monolayers thick.
In addition, we plot the corresponding magneto-Seebeck ratios
(Fig. 1e). Although SP and SAP do not change sign, SMS does when
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Table 1 |The Seebeck coefficients for parallel SP and antiparallel SAP configurations and the magneto-Seebeck effects calculated
for different supercells at a temperature of 300 K.

FeCo/MgO/FeCo with a ten-monolayer MgO barrier

SP (µµµVK−1) SAP (µµµVK−1) SP−SAP (µµµVK−1) SMS (%)

CoFe −19.7 −32.4 12.7 64.1
FeCo 45.9 −50.0 95.9 209.0
CFFC 9.4 −44.6 54.0 573.2
Co0.5Fe0.5 −34.0 −21.9 −12.1 −55.2
Experimental value −107.9 (−1,300) −99.2 (−1,195) −8.7 (−105) −8.8 (−8.8)

The results show the sensitivity to the interface composition. SMS defines the relative change and can be negative or positive. Abbreviations: CoFe—Co0.5Fe0.5 layers with Co at the MgO interface.
FeCo—Co0.5Fe0.5 layers with Fe at the MgO interface. CFFC—Co0.5Fe0.5 layers with Fe at one of the MgO interfaces and Co at the other. Co0.5Fe0.5—supercell in plane with Co:Fe 1:1 at the interface.
The values derived from the experiment are given for a temperature difference at the MgO barrier of 53 mK (4.4 mK) respectively. The temperature difference 1T is taken from the numerical simulation
of the temperature gradients using the thin-film value (bulk value) of the thermal conductivity of MgO.

SP= SAP. We found that SP and SAP were large when compared with
charge–Seebeck coefficients.

For the experiments, we use Co–Fe–B/MgO/Co–Fe–B pseudo-
spin-valve structures. The 1 × 1 µm2 tunnel junction is heated
homogeneously by 30mW laser power (diode laser with 15–20 µm
focus in diameter and a wavelength of 784 nm, Fig. 2a,b) and
the charge–Seebeck voltage (Seebeck voltage in the following) is
measured for the parallel and antiparallel orientations of the layer
magnetization (Fig. 2c,d). To obtain the temperature distribution
and the time constants for the heat diffusion, we used finite-element
simulations. Transmission electron microscopy (TEM) in Fig. 3a
reveals the device geometry that serves as an input to integrate the
heat diffusion equation. To calculate the Seebeck coefficients, we
estimate a temperature difference 1T at the 2.1 nm MgO barrier.
For polycrystalline MgO films with a nanometre grain size, the
heat conductance is lower than the bulk value owing to the grain
boundaries14. The high-resolution TEM in Fig. 3a, however, reveals
a good crystalline quality of the investigated samples. Nevertheless,
the thermal resistance at the Co–Fe/MgO interfaces can have similar
effects to the grain boundaries. Therefore, we used both the bulk
and the reduced value for the thermal conductivities as given in
Supplementary Information.

In Fig. 3b we show the resulting temperature profile in a two-
dimensional cross-section for 200 ps and 1 µs after the laser power
is turned on. A series enables determination of the timescales of
the heating: the static temperature profile is reached after about
2 µs. The final temperature distribution is shown as a line scan
in Fig. 3c across the tunnel junction. A temperature difference at
the 2.1 nm MgO barrier of 53mK (4.4mK) is derived from the
numerical simulation using the thin-film value (bulk value) of the
thermal conductivity of MgO respectively.

Figure 4 shows themagneto-Seebeck effect of a singleMTJwith a
TMR of 150%. The temporal voltage traces in Fig. 4a, as observed in
several junctions, show a peak-like voltage when the laser heating is
increased and decreased periodically. A negative peak occurs when
the laser power is turned on. From the time constants simulated
we identify this voltage peak with the Seebeck voltage generated at
the junction. The shutter moving through the laser spot limits the
timescale to approximately 10–100 µs in our data. As a reference
the sequence of the measured laser power is given for each signal
trace. The voltage reverses sign when the laser heating is turned
off. The Au pads efficiently conduct the heat away from the heat
spot (extension of 17.5 µm) into the large bond pads that act
as a heat sink. The other side of the junction is then still at a
higher temperature and the temperature gradient is reversed. In
the lowest curve with an 800Hz modulation frequency, the MTJ
was heated asymmetrically, enabling a longer cooling time. The
Seebeck voltages for the parallel and antiparallel configurations are
determined from Fig. 4b, in which the Seebeck voltage is shown as a
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Figure 2 | Switching of the Seebeck effect through the magnetization.
a,b, Schematic representations of the laser-heating set-up (a) and the Au
top-contact geometry of the device with the laser spot dimensions (b).
c,d, From antiparallel (c) to parallel (d) orientation of the layer
magnetization, the charge–Seebeck voltage varies. By the magnitude of its
change the magneto-Seebeck effect SMS is defined.

function of the applied field. As expected from the temporal traces, a
larger value was found for the fastest modulation of the laser power
(at 3 kHz). The Seebeck voltage at the junction contributes more
to the total signal than it does for the slower modulation, where
the whole sample heats up on a larger area. A signal proportional
to the modulation frequency is the dominant component. We
obtain −5.7 µV for the parallel and −5.3 µV for the antiparallel
orientation, that is, a change of the Seebeck voltage by 0.4 µV for
the tunnel junction. Fluence-dependent experiments suggest that
the increase of the Seebeck voltage with laser power depends on
the increase of the temperature gradient at the barrier and the base
temperature at the junction, which is increased by the laser power
as well, as discussed further in Supplementary Information. If the
junction barrier is pushed through a dielectric breakdown15, the
magneto-Seebeck effect disappears.

The experimental results and the theoretical predictions for the
Seebeck coefficients are summarized in Table 1. The theoretical
prediction for the Co0.5Fe0.5 case with Co:Fe 1:1 at the interface
is closest to the experiment. The values are negative for both
the parallel and the antiparallel configuration. To calculate the
Seebeck coefficients from the experimentally determined Seebeck
voltage VP,AP, we take the temperature gradient to be 53mK across
the 2.1 nm MgO tunnel barrier from our numerical modelling.
Thus, we obtain a value of VP/1T =−108 µVK−1 for the Seebeck
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coefficient SP for the parallel orientation. A decrease of the thermal
gradient taking the bulk value for the MgO thermal conductivity
as input parameter in our model increases the Seebeck coefficients
calculated accordingly. This enables derivation of an upper limit
of −1,300 µVK−1 for the Seebeck coefficient, given in brackets.
Note that spurious other voltages generated in the layer stacks or
within the heated device change the Seebeck-effect amplitude, but
not the difference of the Seebeck voltage for parallel and antiparallel
configurations. In accordance with this, the experimental results
for the difference (SP − SAP) of −8.7 µVK−1 are closer to the
predicted value of −12.1 µVK−1 than the individual values of SP
and SAP. The lower limit of the magneto-Seebeck effect, that is,

the relative change of the Seebeck voltage for the parallel and the
antiparallel case, is−8.8%.

Finally, the magneto-Seebeck effect in MTJs enables control
of these effects. As a major strategy to develop the possibilities
opening up with the magneto-Seebeck effect it is crucial to tailor
the thermal tunnelling current arising from the majority and the
minority spins, that is, to maximize the shift of the geometric centre
relative to the Fermi level of these electronic states contributing
to the thermal transport. The calculations demonstrate that even
the sign of the magneto-Seebeck effect can be controlled using
different Co–Fe compositions. Findings on tunnel junctions using
a different method (resistive heating) yielding the same effect

NATUREMATERIALS | VOL 10 | OCTOBER 2011 | www.nature.com/naturematerials 745

© 2011 Macmillan Publishers Limited. All rights reserved

http://www.nature.com/doifinder/10.1038/nmat3076
http://www.nature.com/naturematerials


LETTERS NATURE MATERIALS DOI: 10.1038/NMAT3076

magnitudes with different sign were recently reported16 using
Co–Fe–B/MgO/Co–Fe–B devices but of different composition and
structure (using a Singulus Tech. cluster tool). The qualitative
change for the devices presented here however enables comparison
of theoretical and experimental results. The results presented
compare well to the theoretically predicted change, including
the predicted sign reversal of the magneto-Seebeck effect at
elevated temperatures (see Supplementary Information). Further,
the experiments showed that the magneto-Seebeck effect can be
generated over length scales of only a few nanometres—across
a 2.1-nm-thick tunnel barrier in our case. This reveals that the
magneto-Seebeck effect in MTJs can be used to manipulate and
design thermovoltages in nanometre-scale devices. The contrast for
switching the voltage can be increased further in the future, which
will enable control of the Seebeck effect bymagnetic switching.

Note added in proof. After acceptance of this paper, we became
aware of a paper by Jansen and colleagues17 demonstrating a
thermal injection of spins from a ferromagnet through an Al2O3
tunnel barrier into silicon.

Methods
Fabrication. The Co–Fe–B films were prepared by magnetron sputtering using
2 inch targets with compositions of Co0.4Fe0.4B0.2 (analysis Co:Fe 0.52:0.48) and
Co0.2Fe0.6B0.2 (analysis Co:Fe 0.32:0.68) in an ultrahigh-vacuum system with a
base pressure of 5×10−10 mbar. They are annealed ex situ at temperatures of
450–550 ◦C (post-growth annealing, 20–60min). For samples prepared in the
Göttingen chamber MgO was e-beam evaporated after transferring to a separate
ultrahigh-vacuum chamber with base pressure of 5×10−10 mbar (maximum
TMR reached is 200% at room temperature). With the Bielefeld chamber, MgO
was prepared by magnetron sputtering (maximum TMR reached is 330% at
room temperature). The sample stack was reduced to a simple pseudo-spin-valve
structure to minimize the contribution of spurious Seebeck voltages at metal
interfaces not stemming from the junction: Au 27 nm/Ru 3 nm/Ta 5 nm/Co–Fe–B
5.4 nm/MgO 2.1 nm/Co–Fe–B 2.5 nm/Ta 5 nm/SiO2 500 nm/Si(100). This was
done as a trade-off with the magnetic separation of the switching fields, because
no antiferromagnetic exchange-bias layer is used, which could also give a magnetic
contribution. After ex situ annealing in a constant field, further structuring was
done by standard ion-beam etching to yield 1×1 µm2 to 12.5×12.5 µm2 junctions
to theMgO barrier. The high-resolution TEM data in Fig. 3 (bottom, left) reveal the
coherent growth of crystallized Co–Fe(110) on each side of the MgO(100) barrier
(solid-state epitaxy) in columns that can be identified (MgO[001] and MgO[110]
in the transmission direction). As an isolation layer at the sides of the element,
a 100-nm-thick SiO2 layer was grown by thermal evaporation. A 100-nm-thick,
top-contact Au layer was deposited as a bond pad. This also prevents direct optical
carrier excitation in the MgO barrier. A 5 nm layer of Cr was deposited below the
Au top-contact layer for better adhesion on the SiO2 isolation.

Experimental set-up. For the laser heating, a 100mW, Toptica, intensity-stabilized
laser diode module (wavelength, λ= 784 nm) was focused to a diameter of
15–20 µm full-width at half-maximum. For the standard experiments we used
30mW laser power. The beam position on top of the bond pad was controlled
through a camera. The intensity was modulated using 800Hz, 1.5 kHz and 3 kHz
modulation frequencies. To prevent a current flow in the system that could be
modified by the change of the resistance of the junction, a high-input-impedance
(100 G�) LT1113 precision operational amplifier (Linear Technology) was used.
The bandwidth of the amplifier is 5MHz. This was installed close to the sample to
minimize the effect of the cable capacitance (<15 pF). A simulation of the circuit
with the sample resistance showed that the change of the resistance will contribute
<1 nV to the absolute voltage. Curves of Seebeck voltage versus magnetic field are
measured using a Stanford Linear Research lock-in amplifier.

Thermal modelling of parameters (COMSOL). To simulate heat flow and
temperature distribution, theMTJ wasmodelled using the COMSOL finite-element
package. The tunnel-junction geometry was taken from the cross-sectional TEM
data as input parameters. The element was embedded into a 3 µm cylinder. The
heat flow from the laser heating comes from the top. For a 30mW laser power the
absorbed laser power is 10mW. The temperature at the bottom of the cylinder in
the Si(100) substrate was set to ambient temperature. The 500 nm SiO2 layer on
top of the substrate is the bottleneck for heat diffusion through the cylinder stack.
The temperature at the bottom layer of the element depends sensitively on the
heat flow though the SiO2 layer and determines the 2 µs needed to reach the final
heat gradient. A prism-shaped, adaptive mesh was used with resolution>10 nm in
the plane and subnanometre perpendicular to the plane. In addition, we carried
out simulations on a larger length scale to simulate lateral heat diffusion. The

heated area extends to about 17.5 µm diameter, and, in this case, the absolute
temperature increase is reduced to 8K. The equilibrium heat gradient is attained
within about 2 µs. For the 2.1 nm MgO thin tunnel barrier, a value of the thermal
conductance of κ = 4W (mK)−1 is assumed to be closest to reality. This value has
been determined experimentally for a thin film14. It is expected to be much closer
to the bulk value of κ = 48W (mK)−1, which gives an upper limit for the Seebeck
coefficient. All material parameters used in the numerical model are provided in a
table in Supplementary Information.
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