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Nanoscale thermoelectrical detection of magnetic domain wall propagation
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In magnetic nanowires with perpendicular magnetic anisotropy (PMA) magnetic domain walls (DWs) are
narrow and can move rapidly driven by current induced torques. This enables important applications like
high-density memories for which the precise detection of the position and motion of a propagating DW is
of utmost interest. Today’s DW detection tools are often limited in resolution, require complex instrumentation,
or can only be applied on specific materials. Here we show that the anomalous Nernst effect provides a simple and
powerful tool to precisely track the position and motion of a single DW propagating in a PMA nanowire. We detect
field and current driven DW propagation in both metallic heterostructures and dilute magnetic semiconductors
over a broad temperature range. The demonstrated spatial accuracy below 20 nm is comparable to the DW width

in typical metallic PMA systems.
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Recent concepts for high-density memory, logic, and sensor
devices [1] rely on the controlled positioning and propagation
of narrow magnetic domain walls (DWs) [2] in nanowires with
perpendicular magnetic anisotropy (PMA) [3-7]. To study
and develop such systems requires a reliable high-resolution
tool for detecting the DW position inside the wire. While
magneto-optical microscopy is limited in spatial resolution
[3,8], high-resolution imaging such as spin resolved electron
microscopy [9], nanomagnetometry [10], or magnetic force
microscopy (MFM) [11] can be complex, time consuming,
and invasive. The anomalous Hall effect (AHE) allows one to
probe the position and motion of a DW inside a PMA Hall
cross with nanometer resolution [12—15], but the DW position
outside of the Hall cross is not accessible. Other electrical
measurements like giant magnetoresistance detection can only
be applied on specific spin valve nanowires [16,17]. Over
recent years, the field of spin caloritronics [ 18] has explored the
interplay of heat and spin currents in spintronic materials and
devices. With respect to DW devices, thermal spin transfer
torque [19,20], thermally driven DW motion [21-23], and
the magneto Seebeck contribution of an individual DW [24]
were studied. At the same time, the anomalous Nernst effect
(ANE) moved into focus from being part of a careful analysis
of spin-caloritronic measurements [25-28] to detection of
magnetization reversal [29,30] and magnetization dynamics
[31,32] in magnetic thin films.

Here, we show that ANE provides a powerful tool to
probe DW propagation in magnetic nanowires with nanoscale
accuracy. Using a simple thermoelectrical measurement setup
we detect current induced, magnetic field induced, and MFM
induced DW propagation as well as DW depinning from indi-
vidual nanoscale pinning sites. To highlight the generic char-
acter of this method, we apply it on two distinct ferromagnetic
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PMA systems, namely, metallic Pt/CoFeB/Pt wires with high
Curie temperature T¢ and wires patterned from a (GaMn)(AsP)
magnetic semiconductor film [8] with 7¢ below room tem-
perature. We demonstrate DW position detection with spatial
accuracy down to 20 nm comparable to the DW width in typical
PMA materials with potential for further improvement.

As sketched in Fig. 1(a), AHE has been used to detect DW
propagation within PMA Hall crosses. The AHE voltage Vayg
is proportional to the average out-of-plane magnetization in the
cross area which depends on the DW position. However, an
AHE signal is only generated within the cross region where the
probe current [ is applied. By instead using thermoelectrical
measurements of the ANE (in analogy to the electrical AHE)
the sensitive region can be extended over the whole wire length
as shown in Fig. 1(b). To do so, a transverse in-plane thermal
gradient VT, is created by a heater line parallel to the wire.
VT, is perpendicular to the PMA magnetization M*" thus
resulting in an ANE voltage Vang between the wire ends. For
fully saturated magnetization of the complete wire the ANE
voltage is given by

VaNE = —Nanepom VT, (D

Here Nang is the ANE coefficient per magnetic moment,
Wo is the vacuum permeability, m, is the z component of the
magnetization (withm, = &£ M the saturation magnetization),
[ is the wire length, and VT, is the average of VT, over
the wire length. A single DW at position xpw inside the
wire divides the magnetization distribution into two domains
with opposite perpendicular magnetization m.¥ = —m_". If
the DW is positioned in the center of the wire (defined xpw =
0) the ANE contributions of the two domains compensate
and Vang(xpw = 0) vanishes. DW motion changes the ratio
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FIG. 1. Principle of ANE-based DW detection: (a) AHE DW
detection by probe current / inside a Hall cross. (b) ANE DW
detection in a PMA wire: a transverse temperature gradient VT,
generates an ANE voltage Vang along the wire depending on xpw.
(c) False color electron micrograph of CoFeB nanowire (green) with
Pt contacts and heater line (brown). The wire / length between
the contacts is 6.4 pm. The wire is 600 nm wide. A 200-nm-wide
notch is situated at the center. (d) Color map of the simulated
temperature distribution for electrical heating with P, = 5.1 mW.
(e) The temperature profile along the dashed line in the simulation.
The temperature drops from 435 K at the heater to 297 K at the
CoFeB wire where an edge-to-edge temperature drop of 45 mK is
calculated (marked in the inset by arrows). (f) ANE reversal loops
from full negative to positive saturation. Vang is plotted vs Byp,. The
black curve shows data of a CoFeB wire at room temperature and
Pyeor = 7.4mW. The red curve shows (GaMn)(AsP) data taken at
T =65.5K and Py, = 0.75 mW. (g) Pinning of a propagating DW
at the notch of a CoFeB device. Vang at Ppey = 5.1 mW plotted as
a function of By, for a sweep from —200 mT to positive fields at a
sweep rate of 8.3 mT/s. The plateau at Vang = 0 results from pinning
of a propagating DW at the notch. Inset: MFM image of a pinned DW
at the notch. The two contrasts correspond to opposite m, on either
side of the notch.

between the two ANE contributions and hence Vang. For a
constant VT, over the wire length Vang(xpw) depends linearly
on xpw, thus allowing direct thermoelectrical detection of the
DW position with nanoscale accuracy using

VaNE(Xpw)

—_—————. (2
2NANEMOM VT

XDW =

Note that the assumption of constant V7, (x) is only valid
for constant wire width and for samples with a heater line
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longer than the wire. A more general expression of Vang(xpw)
for spatially varying VT,(x) is derived in Supplemental
Material [33].

Figure 1(c) shows a false color electron microscope image
of a Pt/CoFeB (0.6 nm)/Pt nanowire (green) with an adjacent
Pt heater line (brown). Figure 1(d) shows the simulated
temperature distribution upon application of Pheyr = 5.1 mW
to the heater line. For details on simulations and temperature
calibrations see Supplemental Material. From the temperature
profile in Fig. 1(e) taken along the dashed line in Fig. 1(d)
we estimate a temperature drop of 45 mK across the wire.
Furthermore, the simulation yields V7, = 67 &7 mK/um
over the whole wire length. Figure 1(f) shows typical ANE
data of magnetization reversal in out-of-plane fields for
Pt/CoFeB/Pt (black) and (GaMn)(AsP) (red) devices. The
metallic wire is measured at room temperature, whereas
the semiconducting wire is measured at 7 = 65.5K. Both
wires show a clear hysteretic behavior in Vang with the
square loop indicating magnetization reversal by fast DW
motion. For both samples, Vang scales linearly with the
applied heater power and hence with VT, as expected for
a thermoelectrical signal (not shown). For CoFeB we obtain
VaiNE = 350nV at the given heater parameters. Using Eq. (1)
with uoMg = 1.3T we estimate a room temperature ANE
coefficient of —0.37 wV(KT)~!. For (GaMn)(AsP) we find
ViNg = 2 1V and using poMs = 22.9 mT an ANE coefficient
of —1.49 uV(KT) 'at 65.5 K.

We will now focus on ANE-based DW detection in CoFeB
devices at room temperature. Figure 1(g) shows an ANE
reversal curve of a nominally identical device as characterized
in Fig. 1(f). However, in this device the DW nucleation occurs
at a lower field. As shown in Fig. 1(c) the wire contains
a notch in the center (at x = 0). It can act as a pinning
site for a propagating DW provided that the depinning field
threshold is higher than the field threshold for nucleating a
reversed domain at the end of the wire. The MFM image in
the inset shows a DW pinned at the notch of the same device.
For the reversal curve the sample was first saturated by an
applied negative field of B,,, = —200 mT. Then the field was
swept to positive fields and Vang was recorded. For negative
saturation, Vang remains constant at about —175nV. At a
field of ~25mT, Vang sharply rises to a nearly zero value.
Here, a reversed domain has first nucleated at the narrow
end of the nanowire [34] and then propagated to the notch
where it remained pinned. As the notch is centered between
the two contacts Vane(xpw = 0) vanishes as discussed above.
Around 30 mT the DW depins from the notch and continues
propagation through the remaining part of the wire, completing
the magnetization reversal (Vang = +175nV). The steep
transitions indicate rapid DW propagation, with a propagation
field threshold well below the applied field.

For a more detailed investigation, we use the local stray
field By, of an MFM tip to control the DW position in CoFeB
devices on the nanometer scale. As sketched in Fig. 2(a) a
high moment MFM probe [33] is scanned across the wire
as schematically indicated by the red line. During the scan,
Biip nucleates a reversed domain and displaces the DW along
the wire thereby changing the ANE response as shown in
Fig. 2(b). Here, Vang is plotted as a function of tip position
Xiip for Bypp = OmT. The right scale shows xpyw derived from
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FIG. 2. ANE detection of MFM controlled DW propagation in a CoFeB nanowire. (a) Scheme of MFM controlled DW propagation as an
MEFM tip is scanned across the wire. The stray field of the magnetic MFM tip nucleates a reversed domain and propagates the DW ahead of
the tip. (b) ANE measurement of tip induced DW propagation at By, = 0, Pyeye = 7.3 mW, and MFM tip x velocity of 25 nm/s. Top panel
shows wire geometry relative to tip position. Plateaus indicate stepwise DW motion between pinning sites. The wide plateau near the center
corresponds to pinning at the notch. (c) and (d) Details of plateaus indicated by arrows in (b) plotted with corresponding colors for data and
arrows. (e) ANE measurement of tip induced DW propagation at applied fields of B,p,, = —4.0mT (blue), 3.7 mT (red), and 8.3 mT (black).
Pyeae = 5.1mW. Tip x velocity = 30nm/s. For higher fields parallel to the tip field the DW propagates ahead of the tip. For B,,, = 8.3 mT

pinning only occurs at the notch.

Vane. The wire geometry relative to x;p is indicated by the
top image. Before the scan, the sample is saturated in negative
field By, = —100mT and Vang = —336nV. The scan starts
outside the first electrical contact (x4, < —3.23 um) and thus
outside the sensitive region of ANE measurements and Vang
remains constant. Once the probe has crossed the first contact
(xip = —3.23 um), an increase of Vang is observed. The
small plateaus separated by sharp transitions indicate stepwise
DW motion from one local energy minimum (pinning site)
to the next. The energy minima are due to local fluctuations
of the magnetic properties, e.g., from edge roughness, local
defects, or local thickness variation of the film. The widest
plateau, and hence the strongest DW pinning, is observed at
the notch (x4 = 0,Vang =0 ). Upon entering the tapered
region, the DW can reduce its length, and thus self-energy, by
moving ahead of the MFM tip toward the narrowest part of the
notch. After depinning from the notch, DW propagation again
reveals several pinning and depinning events indicated by
small plateaus before the DW exits the measurement region
at the second contact (x;p, = +3.23um).

Figure 2(c) shows details of plateaus marked by the red
and black arrows in Fig. 2(b). The position of the DW is
given by xpw = 9.615; x Vang with the proportionality factor
calculated from/ = 6.46 umand 2V ik = 672 nV. Statistical

analysis of the two plateaus in Fig. 2(c) yields absolute
DW positions of xpw = (1667 £ 18) nm and xpw = (1816 +
19) nm. The low positioning uncertainty below 20 nm clearly
demonstrates the potential of ANE-based DW detection.

Estimating the DW width by wpw = 7,/ AK, e_ffl [35] with the

exchange stiffness A =2.5 x 107" Jm~! and the effective

anisotropy Keir =5 x 10°J m™ yields wpw = 20nm. The
obtained spatial accuracy thus matches the most relevant
physical length scale in our system. Taking into account the
time constant and roll-off settings at the lock-in amplifier
the rms noise level can be approximated by 65 nm/+/Hz.
Figure 2(d) shows the two closest plateaus of the measurement
that are clearly separated within the noise level [blue and
orange arrows in Fig. 2(b)]. The data yields a spatial separation
of the two pinning sites of only (64 4 30) nm demonstrating
the capability of detecting depinning processes from individual
pinning sites on the nanometer scale.

In Fig. 2(e) we investigate the effect of nonzero Byp, on tip
induced DW motion. Here, three curves at By, = —4.0mT
(blue), 3.7 mT (red), and 8.3 mT (black) are shown. Note that
the curves were taken at different experimental parameters
(higher MFM tip velocity, lower Py, leading to a different
signal-to-noise ratio than in Figs. 2(b)-2(d). The effect of
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FIG. 3. ANE DW detection in a (GaMn)(AsP) microwire. (a) False color electron micrograph of the device with microwire colored in
green, Pt heater line in brown, and Au nucleation strip line in blue. (b) ANE measurement during field induced DW propagation. Normalized
VaNE VS Bypp at Ppey = 0.5 mW and sweep rate of 0.25 mT/s. At By, = 0.05mT a DW is nucleated (blue arrow). Plateaus result from
pinning at intrinsic unintentional pinning sites. Inset: MOKE microscope images corresponding to the three pinned DW states marked (i)—(iii).
(c) ANE measurement of spin torque induced DW propagation at B,,, = 0. ANE data is taken after application of 1 ps pulses of current density
Jj as indicated. For high current density high DW velocities up to 30 m/s are found. For lower current density DW propagation is hindered by

pinning at various nonintentional pinning sites.

Bypp 1s clearly observed. By, = —4mT is antiparallel to
the local stray field underneath the tip (By, > 0). Still the
remaining total field under the MEM tip By = Byip + Bapp 18
sufficient to propagate a reversed DW leading to a basically
linear displacement of xpw with x;, outside the notch region.
Contrarily, if the probe field coincides with the direction of By,
(red, black), the total field increases and the DW propagates
ahead of the tip, resulting in steeper curves and less pronounced
pinning inside the wire. For By, = 8.3 mT (black), pinning
inside the wire becomes negligible and DW propagation is
only hindered by pinning at the notch.

With respect to Fig. 3, we now discuss thermoelectrical
DW detection of field and current driven DW propagation in
a 2-um-wide and 50-pm-long (GaMn)(AsP) wire. Figure 3(a)
shows the device in false colors. It contains a freestanding
nucleation strip line (blue) crossing the left contact area of the
magnetic wire (green). Application of a 10-ms-long nucleation
pulse of 20 mA to the strip line generates an Oersted field which
forms a reversed magnetized domain with a single DW present
on the left-hand side of the magnetic wire.

Figure 3(b) shows the variation of the normalized ANE
signal (Vang normalized by V¥) when the DW creeps along
the magnetic wire driven by a small magnetic field. First,
the wire is saturated in a negative saturation field of —20mT
before the field is swept at 0.25 mT/s from zero to +0.5 mT.
The DW is nucleated at By,, = 0.05mT (blue arrow) and
the subsequent wide Vang plateau indicates DW pinning at
a nonintentional pinning site until B,,, exceeds 0.2 mT. Note
that the peak at the beginning of the plateau is induced by

electrical cross talk from the nucleation pulse. With increasing
field, additional plateaus are observed which indicate further
DW pinning during the DW propagation along the bar. The
normalized ANE signal of plateaus (i)—(iii) correspond to
DW positions at xpw = —20, +4, and +15 pum. This pinning
scenario is confirmed by magneto-optical Kerr effect (MOKE)
micrographs of the pinned DW states shown in the insets
(1)—(iii) of Fig. 3(b).

Figure 3(c) shows ANE detection of current pulse driven
DW propagation at Byp, = OmT [8]. In our experiments, 1-ps-
long pulses of current densities ranging from j = 6.3—10.7 x
10° A/m? are applied. Before each series of pulses of constant
current amplitude, the wire magnetization is saturated and a
single DW is nucleated. The first Vang data point is measured
directly after nucleation and subsequent data points are taken
after each individual current pulse. At positive current, the
ANE signal changes from negative to positive saturation
indicating DW propagation along the wire from left to right.
In contrast, spin torque current pulses of opposite polarity
move the DW backwards [33]. At high current densities
j > 10 x 10° A/m? only few pulses are sufficient to propagate
the DW through the entire wire. From the measured change
of xpw during a 1 ps pulse one can directly derive the DW
velocity up to 30 m/s. In contrast, at low current densities
j <9 x 10° A/m? many consecutive pulses are required to
propagate the DW along the entire wire. Note that at lower
current densities spin torque driven DW propagation is again
affected by pinning. Vang thus shows pinning plateaus and
does not increase linearly with the number of pulses. This
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again underlines the importance of high-resolution tools for
studies of current driven DW propagation as provided by ANE
detection. Only with easily accessible high-resolution tools at
hand, local pinning at defects can be pinpointed and a detailed
understanding of the DW propagation mechanism is possible.

In summary, we have demonstrated DW position detection
based solely on a simple thermopower measurement. We
obtain a spatial accuracy below 20 nm for a Pt/CoFeB/Pt
nanowire with PMA. This accuracy is comparable with
high-resolution imaging techniques such as ambient MFM.
Note that our ANE detection method can be considered as
noninvasive since the applied temperature gradient is acting
transversal to the direction of DW movement which should
not affect its position [21]. The total temperature increase is
only in the range of a few Kelvin. No high currents, like
in magnetoresistance-based detection, or local fields, like in
MEFM, are applied to the magnetic wire. Better signal-to-noise
ratios and thus higher accuracy of ANE detection should be
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obtainable by optimization of the sample layout. Decreasing
the wire-heater separation could allow one to increase VT and
hence the spatial accuracy by about 25% with only a moderate
increase of the overall wire temperature. Further improvement
of the sample design, e.g., by using membrane substrates, could
significantly increase VT, and could enable spatial accuracy
down to the few nanometer range.
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