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Driving a magnetic texture by magnon currents
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Thermally induced spin dynamics in solids have sparked broad interest in both fundamental physics and
spintronic applications. As theoretically proposed, thermally excited magnons created by temperature gradients
can be used to manipulate spin textures such as topological magnetic solitons. However, so far, the effectiveness
of such thermomagnonic torques remained a problem in practice. Here, the dynamics of magnetic vortex cores
in thin ferromagnetic platelets driven by thermomagnonic torques are investigated using high-resolution Lorentz
transmission electron microscopy. Large deflections of the magnetic vortex core transverse to the direction of
the temperature gradient are observed. A generalized Thiele equation model is used to identify the magnitude
of the contribution of the involved torques. Our results pave the way for the manipulation of magnetic domains
on the nanoscale by thermomagnonic currents and provide insights into the interplay of temperature and spin.
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In the field of spin caloritronics [1,2], the interaction
between heat, charge, and spin currents is currently being
investigated from the perspective of fundamental physics and
spintronic applications. It is motivated by physical effects
including spin-dependent thermopower [3], spin-dependent
Peltier effect [4], thermal spin transfer torque [5], spin [5,6]
and anomalous Nernst effects [7,8], spin Seebeck tunneling
[4], and the thermal Hall effect [9] to name a few.

In general, a temperature gradient VT is the driving
force for the diffusive motion of (quasi)particles; phonons,
magnons, and electrons in the solid state move from the hot
to the cold region.

In a ferromagnetic insulator, the diffusion of magnons in
a temperature gradient transports angular momentum which
can, in turn, drive magnetic textures. Pure thermomagnonic
spin torques couple the magnetic moments to a tempera-
ture gradient even in the absence of electric charge currents
[10,11]. Thermally excited magnons created by large tem-
perature gradients (in the order of K/nm) were recently
proposed to be used to efficiently manipulate magnetic struc-
tures [12,13] and, indeed, it has been shown that magnetic
domain walls can be thermally driven in yttrium iron garnet
(Y3Fes0y,, YIG) [14]. Furthermore, the discussion of pure
thermomagnonic torques has recently become the focus of
studies in insulating ferrimagnets, such as YIG [14,15], and
other magnetic insulators, such as BaFe ;79S¢ 16Mg; 05019
[16] and Cuy0SeO;3 [17]. In the helimagnetic multiferroic
Cu,08e03, thermally driven ratchet motion of a skyrmion
lattice was observed in the presence of a temperature gra-
dient [18,19]. This motion is caused by the topological
magnon Hall effect and was later quantified in dependence
of the magnitude of an applied temperature gradient [20] and
thus the magnitude of the applied thermally driven magnon
current.
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In metals, in addition to the thermally induced magnon
diffusion, the temperature gradient also leads to a thermally
induced electron current which in ferromagnets is spin polar-
ized. This spin current can exert a torque on a spin texture,
leading to temperature gradient induced spin texture dynamics
due to conservation of total angular momentum [21,22].

When compared to topologically trivial spin textures, vor-
texlike topological spin textures such as magnetic skyrmions
[23-25] and vortex cores [26-29] require lower spin current
densities to be actuated [25,30-33]. The manipulation of such
particles is at the heart of spintronics and is one of the key
challenges in the development of high-density magnetic stor-
age and logic devices [23]. Traditionally, the manipulation
of such topological solitons is achieved by spin-polarized
electric charge currents due to the application of an electrical
potential [34].

In this paper, the emphasis is on thermal magnon driven
spintexture dynamics in the ferromagnetic metal permalloy
(Py). Besides the ease of thin-film preparation by sputter
deposition, ferromagnetic metals also bring the possibil-
ity of all electric readout of the magnetic texture [35,36].
While thermal magnon driven domain-wall motion has been
theoretically proposed [37,38], the effectiveness of such ther-
momagnonic torques remained a problem in practice.

To achieve large temperature gradients, a SiN-membrane
platform is used. A gold meander heater is placed on a
30-nm-thin SiN membrane close to the 200-um-thick Si
frame, which acts as a heat sink (see Fig. 1). In this geometry,
temperature gradients of up to 0.12 K/nm can be achieved
by applying a heating voltage Upe, between 0 and 0.27 V
to the Au meander. A 20-nm-thick permalloy (Py) disk with
a diameter of 2 um is placed in between the heater and the
edge of the membrane and subjected to the large temperature
gradients. The magnetic structure inside the disk is in its

©2023 American Physical Society
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FIG. 1. TEM image of the used sample geometry. The meander
heater can be seen on the left of the SiN-membrane (light contrast).
The Py disk (green dotted line) is placed between the heater and the
frame of the membrane (dark contrast) on the right, which acts as
heat sink. The isothermals of the temperature distribution calculated
by 3D FEM simulation is overlaid with the color temperature scale
on the right. In the region of the Py disk, the temperature gradient
VT is along the x axis.

energetic ground state, a magnetic vortex structure [39,40]. It
is characterized by an in-plane curling magnetization and an
out-of-plane core. The sense of rotation of the vortex defines
the chirality ¢ = %1. The chirality for all measurements is
¢ = 1, resulting in a bright contrast in combination with a neg-
ative defocus. Additionally, the magnetization direction of the
perpendicularly magnetized vortex core (up or down) defines
the polarity p = £1. A magnetic vortex core in a 20-nm-thick
permalloy (Py) disk with a diameter of 2 um is subjected to
the large temperature gradients. The motion of the vortex core
is observed by high-resolution Lorentz transmission electron
microscopy (L-TEM) using a FEI Tecnai F30. The sample
plane is perpendicular to the optical axis of the beam and
allows imaging of the in-plane component of the magneti-
zation. The contrast of a defocused image (Af = —10um)
is projected onto a phosphorescence screen and images are
acquired via a CCD camera. The combination of the chosen
chirality ¢ = 1 and a negative defocus A f lead to a bright-dot-
like (see Supplemental Material [41]) contrast in the middle of
the Py disk who’s dynamics are investigated. A dependence of
the lateral movement orthogonal to the applied temperature
gradient and the vortex core polarity is demonstrated. The
driving force for this is identified as pure thermomagnonic
torque by a combination of analytic calculations and micro-
magnetic simulations.

Due to the well established description of their dynamics
[40,42], energetic stability due to topological protection [43],
and easy experimental accessibility as magnetic ground states
found in laterally confined magnetic thin films with closed
flux domain structure [44], magnetic vortices are an ideal toy
system to investigate thermomagnonic torques. The magnetic
vortex structure [39,40] is characterized by an in-plane curl-
ing magnetization. Its sense of rotation defines the chirality
¢ = *1. Additionally, the magnetization direction of the per-
pendicularly magnetized vortex core (up or down) defines the
polarity p = +1. For disk shaped soft magnetic elements this
magnetization structure causes flux closure of the in-plane
magnetization leaving only the out-of-plane core with a size
of 10 nm to 30 nm to generate a small stray field [45]. In this
case the magnetization dynamics can be described within the
framework of micromagnetic s1mulat10ns or an analytlc so-
lution based on the Thiele equation F4+GxV+aDV =0.
Here V = dR /dt is the velocity of the vortex core, with time
t and position R = (x(r), y(t)) of the vortex core. G= Goe, is
the gyrovector and can be represented with the components of
the antisymmetric gyrotensor Gy = —2m ptM,/y [40,46]. M,
is the saturation magnetization, y the gyromagnetic ratio, and
D is the dissipation tensor. It is diagonal with D,, = D., = D,
and D, = 0 [46]. « is the Landau-Lifshitz damping constant
for the magnetization dynamics. In the case of an applied
temperature gradient along the x direction, VT = ﬂA the

force vector (F') includes the force due to the stray ﬁeld (Fy),
pure thermomagnonic torques (E,,), spin transfer torques via
electric currents Fc, and thermal fluctuations (Fﬁ) Using the
superposition principle, the total force can be expressed by
F =F st T F + F + Fﬂ The force due to the stray field Fst
can be derived by assuming a parabolic potential with stiffness
constant [40] &: Fy = —mw?xé, — mw?yé, with & = %mwf
The three last terms in the sum of the forces describe the
forces acting on the magnetic vortex core due to the ap-
plication of a thermal gradient. Here, the focus lies on the
forces due to pure thermomagnonic torques (F,). The result-
ing movements due to thermally induced charge currents and
thermal fluctuations can be neglected for the experimentally
accessible temperature gradients (see Supplemental Material
[41]). To include a pure thermomagnonic torque, we follow
the approach chosen by Tatara [38] where, for the case of a
magnon current flowing along the x axis, the resulting force
in the extended Thiele equation takes the following form:

ToT ..
—G x X. (1)
aax

- nkﬁ]a“t
" BR

tpy is the thickness of the permalloy sample, J the exchange
constant, a the lattice parameter, v, is the effective veloc-
ity (group velocity) of the magnon, and kg the Boltzmann
constant. The effective magnon velocity can be estimated via
Uy = #W with A the exchange constant. This gives for
permalloy a value of approximately 1000 m/s. To calculate
the final core deflection due to the pure magnon transfer
torque, the generalized Thiele equation can be solved for a

stationary condition, i.e. dx ;= = 0. Under this condition,

> dt d
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FIG. 2. L-TEM measurements of the vortex core displacement for different combinations of applied temperature gradients VT and vortex
core polarities p = +1 (top row) and p = —1 (bottom row). The direction of VT is along the x direction (indicated by the arrow), with the hot
side being on the left. For p = +1, the vortex core shifts to positive Ay with increasing V7 due to TMSTT. For a reversed polarity p = —1,
the vortex core shifts to negative values Ay with increasing VT. In both cases, a shift in positive x direction is observed due to the partial

demagnetization of the Py disk on the hot side.

the final core deflection is given by

Axga\ 1 —T Ve + POV
Aygxlld 2 — C()2 PWVUpx — vay

0
= po  2Ja* . |- 2)
TTgw? h JIm
I' characterizes the damping factor of the vortex motion. It
. . _ pGomwf _ pGgma)f .
is given by I' = ~ D [46]. w = GreDlar 1S the free

frequency of the spiral vortex motion that the exited vortex
performs around its equilibrium position in the absence of
current and field.

For a finite temperature gradient along the x direction, F,
results in an orthogonal motion of the vortex core. Similar to
charge current driven spin transfer torque (STT), the sign of
the motion depends on the sign of the vortex core polarity p
due to the even dependency of the antisymmetric gyrotensor

on p. In the experiment, where one side of the sample is heated
to create a large temperature gradient, one has to take into
account that the hot side of the disk will reach temperatures
high enough to decrease the saturation magnetization M, in a
small region on the hot side of the sample. The resulting gra-
dient of the saturation magnetization leads to a motion of the
vortex core along the direction of VT as shown in Ref. [47].
To estimate the movement caused by the reduction of M, we
performed micromagnetic simulations (see Supplemental Ma-
terial [41]). This motion is independent of the polarization p of
the core.

To experimentally observe the motion due to thermo-
magnonic torques, large temperature gradients of the order
of 0.1 K/nm are needed. To realize temperature gradients of
this order of magnitude, the Py disk is placed between the
meander heater on the left (see Fig. 1) and the edge of the
SiN-membrane (dark contrast on the right). The z dimension
of the frame (200 um) is infinitely thick compared to the
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FIG. 3. Statistic plots of the vortex core shift. Ay is perpendicular to the applied temperature gradient. The observed values are shown as
a scatter plot with the color indicating each measurement series versus the applied temperature gradient (lower x axis). The corresponding
heating voltages Uyey are shown in the top x axis. A linear fit is applied to the data points (red) with the lower and upper standard error limits
shown in blue. The theoretical values obtained with an extended Thiele equation model are indicated in black. (a) For a positive polarity
p = +1, the core shifts to positive Ay values. (b) The same shift is observed if the sign of U, is reversed. (c) If the polarity is reversed, so is
the direction of the vortex core shifts. (d) The same shifts are observed for negative values of Uye,. The motion of the vortex core calculated

by the extended Thiele model is shown in black.

membrane itself (30 nm) and serves as a heat sink. The tem-
perature distribution across the sample plane is calculated by
3D finite element simulations using the COMSOL package. The
resulting temperature gradients were experimentally verified
by additional electrical measurements on a similar sample
with a resistance temperature probe in place of the Py disk
(see Supplemental Material [41]).

To measure the dependence of the vortex core movement
Ax and Ay on the temperature gradient, different voltages
Uneat =0 V to 0.27 V are applied to the heater, resulting in
VT of up to 0.1 K/nm. A series of three images for each
polarity is taken at increasing values of Upey, as shown in
Fig. 2. The chirality is kept at ¢ = 1 for all measurements to
avoid changes to the spin-polarized thermomagnonic current
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due to changes in the in-plane magnetic texture of the vortex.
The direction of the temperature gradient is, as indicated by
the arrow, along the x direction, with the hot side being on the
left. The position of the vortex core for VI = 0 (vortex core
in equilibrium state) is indicated in all images by a red cross.
For this case, both shifts, parallel and orthogonal to @T, are
equal to zero. The polarity of the vortex core can be initiated
by demagnetizing the sample with a large magnetic field per-
pendicular to the sample in the positive or negative z direction.
For a polarity of p = +1 (see Fig. 2, upper row) the vortex
core shifts to positive values of Ay. The shift increases with
higher values of VT. If the polarity is switched to p = —1,
the direction of the shift in the y direction also changes signs,
causing a downward movement of the vortex core as shown
in Fig. 2 (lower row). There is no change in contrast of the
core due to the same chirality and the measurement not being
sensitive to the out-of-plane component of the magnetization
which is switched. This agrees with the theoretical predictions
of the analytical calculation based on the Thiele equation.
In both cases, the shift along the direction of VT is from
the hot to the cold side (independent of p) due to a slight
decrease of M, in a region at the hot side of the Py disk.
However, there is a small deviation of the magnitude of the
shifts from p = +1 to p — 1. This is caused by the local en-
ergy landscape created by pinning centers, inevitable for such
thin permalloy films deposited on the relatively rough surface
of the SiN membrane. To further investigate this behavior and
rule out the possibility of the change of direction of Ay, being
solely due to local energy landscape (local pinning), a series
of 256 measurements, with samples prepared in the same
manner, was performed. The positions of the vortex cores
were automatically tracked by the Laplacian of the Gaussian
method [48] and the relative shifts Ax and Ay from the equi-
librium position at the beginning of each image series were
determined. The results are shown in Fig. 3. For a polarity
p = +1 [see Fig. 3(a)], the shifts are again to positive values
of Ay. The influence of the local energy landscape due to local
pinning centers and the limited experimental lateral resolution
becomes visible in plateaus of Ay, especially for small values
of VT. In this case, the magnitude of the thermomagnonic
spin torque needs to overcome a threshold value due to the
local pinning. In most measurements, the observed shifts after
overcoming this threshold show a linear dependence on VT.
In some cases, the movement ends in a new local minimum
causing a slight deviation from the linear dependence. No
significant shifts to negative values are observed if the res-
olution limit is taken into account. Due to the almost linear
dependence of the theoretically predicted shift due to the ther-
momagnonic spin torque, the observed values of Ay are fitted
by a linear regression (red line). The statistical error limits of
the fit are shown as blue area. Compared to the theoretically
predicted Ay (indicated as solid black lines), the observed

values in the Lorentz-TEM measurements are slightly smaller,
most likely due to the fact that pinning centers have not been
taken into account in the extended Thiele model. Due to
the electric current passing through the heater, an additional
parasitic Oersted field is created. This field is mainly perpen-
dicular to the sample plane due to the sample geometry. The
field was also simulated by COMSOL simulations. The out-of-
plane component is below B, < 10 m T and does not cause
a lateral motion of the magnetic vortex core. The in-plane
component is about two orders of magnitude smaller and can
be neglected as well. To further rule out any effect of the
generated Oersted field, the same measurement series were
performed for reversed values of U, For negative values
and the same polarity p = +1, the same overall behavior is
observed, as shown in Fig. 3(b), ruling out an influence of
the Oersted field created by the current passing through the
heater. If the polarity is reversed to polarity p = —1, the vortex
core shifts, as previously predicted, to negative values of Ay
[see Fig. 3(c)]. Taking all data points into account, the average
movement determined by the fit is again slightly below the
theoretical predictions due to the effect of local pinning cen-
ters. As for polarity p = +1, the reversal of Uy, from positive
to negative values does not change the overall direction of Ay
[see Fig. 3(d)].

In conclusion, we demonstrate the action of a thermally
induced magnon current on a localized magnetic texture,
namely, a magnetic vortex. Its experimentally resolved move-
ment in an applied temperature gradient VT matches the
theoretical predictions. A reversal of the polarization of the
vortex core is accompanied by a change of the direction of
Ay, the component of the movement orthogonal to V7. The
magnitude of the observed shifts Ay is on average slightly
below the theoretically predicted results, which is most likely
caused by local pinning of the vortex core typical for thin
Py films. Further, the shift Ay perpendicular to the applied
temperature gradient scales with the effective magnon veloc-
ity as shown in Fig. 3. The effective magnon velocity for
a 20-nm-thick Py film is estimated as 1900 m/s [49] and
2200m/s [50]. By taking the linear regression, calculated
from the experimental data (red line), it is possible to scale
the effective magnon velocity by the fitted slope: Vmexp =
2200m/s & 1900 m/s. This is by no means a precise mea-
surement of v, but serves as a sanity check. A reversal of the
electric current direction inside the heater does not change the
overall behavior of the movement. An influence of magnetic
fields induced by the electric current can be excluded. A
similar-sized movement parallel to VT is observed, indepen-
dent of the polarity and the direction of the current inside the
heater. This shift can be explained by the partial reduction of
the saturation magnetization on the hot side of the Py element,
as shown by a combination of micromagnetic and analytic
calculations.
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