
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 92, 140405(R) (2015)

Domain wall magneto-Seebeck effect
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The interplay between charge, spin, and heat currents in magnetic nanostructures subjected to a temperature
gradient has led to a variety of novel effects and promising applications studied in the fast-growing field of
spin caloritronics. Here, we explore the magnetothermoelectrical properties of an individual magnetic domain
wall in a permalloy nanowire. In thermal gradients of the order of few K/μm along the long wire axis, we
find a clear magneto-Seebeck signature due to the presence of a single domain wall. The observed domain wall
magneto-Seebeck effect can be explained by the magnetization-dependent Seebeck coefficient of permalloy in
combination with the local spin configuration of the domain wall.
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Electronic transport coefficients in ferromagnetic materials
are spin dependent, enabling important spintronics applica-
tions [1]. This observation also holds for magnetothermo-
electrical (or spin caloritronic) phenomena [2–4] driven by
thermal gradients [5–8]. In a thermal gradient, the tem-
perature difference �T between two contacts gives rise to
a thermopower VT = −S�T , with S being the material’s
Seebeck coefficient. Spin-dependent Seebeck coefficients have
been observed in various nanomagnetic systems such as thin
films [9,10], multilayers [11], tunnel junctions [12–14], and
nanowires [15–17]. In the latter, magnetization reversal often
occurs by the nucleation and propagation of a single magnetic
domain wall (DW), enabling promising applications such as
DW logic circuits [18] or spin-transfer torque driven DW
memories [19].

The high current densities applied in such devices also
induce strong thermal gradients which in turn can interact
with the DW [20–25], with prospects for thermally driven
DW motion [26,27] or nanoscale magnetic heat engines [28].
The local spin structure of the DW itself should further
lead to a DW magneto-Seebeck signal which might in turn
enable new device functionalities. However, these fundamental
thermoelectrical properties of a single magnetic DW have not
been investigated yet. In this Rapid Communication we study
this missing link between nanomagnetism and thermoelec-
tricity by exploring the magneto-Seebeck characteristics of
a magnetic DW in a permalloy nanowire. We find a clear
DW magneto-Seebeck signal which is consistent with the
the magnetization-dependent Seebeck coefficient of permalloy
and the local spin configuration of the DW.

In our experiments we use L-shaped permalloy (Py)
nanowires with a notch [see Fig. 1(a) and the Supplemental
Material [29] for details]. The L’s corner allows a controlled
nucleation of a DW while the notch stops a moving DW be-
tween the electrical probes. The two probes contact the Py wire
from the top for resistance and thermopower measurements.
Two additional Pt strips located at a distance of 0.5 and 1.5 μm
from the Py nanowire serve as the resistive thermometer and
heater, respectively. The magnetic behavior of the system
is characterized by two-wire resistance measurements as a
function of magnetic field at a dc current of 600 μA. In a first
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step, the magnetization of the entire wire is rotated from the
longitudinal (‖) to the transversal (⊥) direction by a magnetic
field applied at φ = 90◦, i.e., along the y direction [note the
definition of coordinates in Fig. 1(a)].

As expected for a system dominated by anisotropic mag-
netoresistance (AMR), the measurement shows a bell-shaped
curve [Fig. 2(a)] with resistance being decreased by the field
of either polarity by �R = R‖ − R⊥. We find R‖ = 289.8 �

at remanence and R⊥ = 288.5 � at maximum transversal field
and hence a two-wire AMR ratio �R/R⊥ = 0.45%. In a
second step, we study the AMR contribution of a single DW.
For this purpose we apply a 120 mT field in the diagonal
direction (φset = −135◦) to create a head-to-head DW at the
corner which is moved towards the notch by a field applied at
any |φ| < 80◦. As an example, Fig. 2(b) shows a measurement
at φ = 0◦. The DW arrives at the notch at H1, where it remains
until H2 is reached. The presence of the DW at the notch
leads to a decrease of resistance by approximately 0.17 �. The
resistance drop is due to transversally oriented magnetization
within the DW and based entirely on AMR. The critical fields
H1 and H2 are the pinning fields of the corner and of the notch,
respectively. To fully characterize the DW dynamics we repeat
the measurement in the angle range |φ| < 80◦. The results are
presented in Fig. 1(c), where the resistance is indicated by a
color scale. The yellow region indicates the resistance lowered
due to the presence of the DW at the notch. Typically, the
left edge of this region is smooth whereas the right edge is
rather irregular. This shows that the pinning strength of the
corner H1(φ) for various angles is well defined [30] while the
pinning strength of the notch H2(φ) has a stronger stochastic
component. We model the magnetization distribution during
field-driven DW motion by micromagnetic simulations using
a Landau-Lifshitz-Gilbert micromagnetic simulator [29]. Our
numerical analysis predicts that a vortex type of DW is
nucleated at the corner as pictured in Fig. 3(d), where the mag-
netization distribution at μ0H = 20 mT during a field sweep at
φ = −30◦ is shown. For increasing field strength, the vortex
DW will be “pulled” deeper into the notch, deformed, and
finally transformed into a transversal DW before depinning,
which explains the stochastic behavior of H2(φ).

For thermoelectrical measurements, we generate temper-
ature gradients by applying an ac power P at a frequency
of f = 262 Hz to the heater. To characterize the temperature
distribution, we use calibration samples with identical heaters
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FIG. 1. (Color online) Sample geometry and temperature distri-
bution. (a) Micrograph of the L-shaped permalloy nanostructure with
Pt contact probes for voltage and resistance measurements. The inset
below shows the notch with higher magnification. The coordinate
system and the direction of the external magnetic field are indicated
by the white arrows. (b) The temperature increase for three heater
powers P = 17, 22, and 27 mW as a function of the distance to the
heater. Experimental results are shown by blue bullets; numerical
results (gray lines) show a good agreement.

and thermometers placed correspondingly to the positions
of the voltage probes [red lines in Fig. 1(a)]. For each
heater power P , the thermometer resistance has a 2f ac
component with amplitude δR(P ) detected by four-wire
lock-in measurements (see Ref. [29] for more details). To
translate δR to the temperature increase δT , we first determine
the temperature coefficient αPt in a separate setup. We find
αPt = 0.0013 K−1, which is 30% of the bulk value, in good
agreement with literature [31]. Figure 1(b) shows the measured
δT (blue bullets) as a function of the distance d from the heater
for three heating powers: 17, 22, and 27 mW. The temperature
distribution is further investigated by three-dimensional finite-
element modeling [29]. The numerical results (gray lines)
show a good agreement with the experimental data. Heating
with 27 mW leads to an increase of the nanowire temperature
of up to 10 K and a �T between the probes of (2.4 ± 0.5) K. In
the following, the thermopower VT is measured at P = 27 mW
by lock-in detection at 2f via the voltage probes.

Figure 2(d) shows the evolution of the thermopower VT as
a function of transversal field [φ = 90◦, cf. Fig. 2(a)]. Again, a
bell-shaped curve comes into view, but with the thermopower
being increased by a magnetic field of either polarity. We find
a thermopower of VT‖ = 56.08 μV at remanence and VT⊥ =
56.54 μV at maximum field with an accuracy of ±10 nV.
The effective Seebeck coefficient is S = (23 ± 6) μV/K. The
magnetothermopower (MTP) ratio (VT‖ − VT⊥)/VT⊥ yields
(−0.81 ± 0.03)%. The Seebeck coefficient of the nanowire
thus rises when the wire’s magnetization rotates under the

action of an external field. For a comparison of the mag-
netoresistance (MR) and magneto-Seebeck ratio, the lead
contributions have to be taken into account, as discussed in the
Supplemental Material [29]. In the following, we investigate
the change of thermopower induced by the presence of a single
DW. As an example, Fig. 2(e) shows a MTP measurement
at the same conditions as the MR measurement shown in
Fig. 2(b). As the field reaches μ0H = 4 mT, we observe a
sudden increase of thermopower by approximately 40 nV.
The thermopower remains roughly constant at this level until
the field reaches 21 mT, where it drops back to the base
level. Figure 2(f) shows the complete set of DW thermopower
(DWTP) measurements for angles |φ| < 80◦. In this color
plot, the yellow area indicates the increased thermopower. If
we compare the pinning fields from MR and thermopower
measurements [Figs. 2(c) and 2(f)], and keep the stochastic
nature of H2 in mind, we can safely consider them as identical.
Evidently, the origin of increased thermopower is the same as
the origin of reduced resistance, namely, the presence of a DW
at the notch. The data thus clearly reveal the thermoelectrical
signature of a single DW.

To analyze our data, we describe the thermopower of a
system magnetized along the x direction by

∇VT = −
⎛
⎝

S‖ 0 0
0 S⊥ −SN

0 SN S⊥

⎞
⎠∇T , (1)

where the Seebeck coefficient has a tensor character analogous
to the resistivity tensor (see the Supplemental Material [29]).
The diagonal elements of the tensor represent the anisotropy of
the Seebeck coefficient; S‖ is measured when the temperature
gradient is parallel to the magnetization direction while S⊥ is
measured when it is transversal to the magnetization direction
[cf. Fig. 2(d)]. We consider also the anomalous Nernst effect
(ANE) by the off-diagonal elements SN = −2.6 μV/K, which
will generate an additional thermopower in the case of a
nonvanishing out-of-plane temperature gradient [32]. Our
experimental setup is designed to detect the thermopower
generated along the wire direction, thus we consider only the
x component of Eq. (1). The resulting MTP can be described
by three terms,

VT = −[S⊥ + �S cos2(θ )]�Tx

−�S cos(θ ) sin(θ )�Ty

− SN sin(θ )�Tz, (2)

where θ is the angle of the local magnetization direction
with respect to the x direction [29]. Due to the analogy
with AMR, we refer to the first term as the anisotropic
magneto-Seebeck (AMS) effect. The second term is related to
the planar Nernst effect (PNE) [9], and the third term describes
the ANE contribution of an in-plane magnetized system.
We use numerical results of magnetization distribution and
temperature gradients to verify this approach. The nanowire is
divided in cells of 10 × 10 nm2. For each cell we take the local
magnetization direction θ (x,y) and the temperature difference
across the cell to calculate the local thermopower according
to Eq. (2). To estimate the global thermopower, we calculate
the mean thermopower generated in each 10-nm section of the
wire and integrate between the voltage probes. We repeat those
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FIG. 2. (Color online) Magnetoresistance and magnetothermopower measurement. (a) The resistance R of the wire vs applied field μ0H

measured in transversal geometry (φ = 90◦). (b) Domain wall magnetoresistance measured at φ = 0◦. The pinning fields of the corner
and the notch are indicated by H1 and H2, respectively. (c) A set of domain wall magnetoresistance measurements for angles |φ| < 80◦.
The resistance is indicated by the color scale. (d) The thermopower of the wire measured in transversal geometry (φ = 90◦). (e) Domain
wall magnetothermopower measured at φ = 0◦. (f) A set of domain wall magnetothermopower measurements for all angles |φ| < 80◦. The
thermopower is indicated by the color scale.

calculations for various magnetic configurations [one example
is shown in Fig. 3(d)] corresponding to the movement of a DW
during a field sweep at φ = −30◦. The temperature gradients
are pictured as color maps in Figs. 3(e)–3(g) (note the different
color scales for in-plane and out-of-plane directions).

Figure 3(a) shows the measured DWTP for φ = −30◦

with the thermopower of the remanent state VT‖ set to
zero. The calculation considering only the AMS is shown in
Fig. 3(b) by the blue curve. Taking the typical deviations of
a micromagnetic model into account, a very good agreement
between experiment and simulation is obtained. Our analysis
thus reveals that the DWTP is dominated by the AMS [the first
term in Eq. (2)] and the remaining terms of Eq. (2) are treated

as corrections. The expected PNE contribution is indicated
by the green line in Fig. 3(c). It shows a nearly constant
value of approximately 15 nV with a DW signature of only
3 nV. Within the experimental noise level, PNE should hence
have no impact on the DWTP. Figure 3(c) also plots the ANE
contribution (brown line). The curve starts at roughly 15 nV
with a gradual increase and a DW signature of 7 nV. However,
at 30 mT the ANE signal shows a sudden drop and a change
of sign. Here, the magnetization direction at the hot side of
the notch is reversed due to the depinning of the DW. In the
remaining upsweep to 60 mT and the downsweep to 0 mT
again a linear behavior is found. The ANE should thus lead
to a splitting of the signal at zero field, as shown by the gray
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FIG. 3. (Color online) (a) Domain wall magnetothermopower
measured at φ = −30◦ (upsweep, thick line; downsweep, thin line).
The graph shows the thermopower change with respect to the
remanent state VT‖. (b) The calculated AMS contribution (blue) and
the calculated contribution due to AMS and ANE acting together
(gray). (c) Calculated contribution due to PNE (green) and ANE
(brown). (d) Example of a simulated magnetization distribution
showing a vortex DW. The local magnetization direction is indicated
by the color scale. (e)–(g) The calculated temperature gradient in the
x, y, and z directions.

curve in Fig. 3(b). Clearly, this splitting is not observed in
the experiment. From that we can conclude that the ANE

is not significant in the experimental data and seems to be
overestimated by the model. Note that the temperature model
is based on a wire with sharp rectangular cross sections and
a sharp V-shaped notch. This leads to an overestimation of
the out-of-plane gradients at the notch and hence of the ANE
contribution compared to the real device with rounded edges
and smooth notch (cf. Fig. 1 inset).

Similar results have been obtained on various devices with
varying geometries, confirming that a slight variation of the
nanowire width or the notch shape does not change the general
behavior. Furthermore, no significant difference between head-
to-head and tail-to-tail DWs was found. Our data thus clearly
reveal the thermopower contribution of an individual DW in
a magnetic nanowire, thereby providing the fundamental link
between the macroscopic thermoelectrical signature and the
nanoscopic spin configuration. These findings open the path
for future fundamental studies of DW thermoelectricity. For
example, in narrow DWs, an intrinsic DWTP contribution
resulting from spin mistracking inside the DW should be
present analogous to the intrinsic DW magnetoresistance
[33–36]. Furthermore, new DW devices and functionalities are
possible, such as the recently proposed DW thermocouple [37]
or the thermoelectric DW detection.

This work has been developed under the EMRP JRP IND
04 SpinCal, jointly funded by EU and EMRP participating
countries within EURAMET. We thank Deutsche Forschungs-
gemeinschaft for financial support through SPP 1538. Support
in sample fabrication by T. Weimann is highly acknowledged.
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