Temperature gradient-driven motion of magnetic domains
in a magnetic metal multilayer by entropic forces
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We studied the displacement of magnetic domains under temperature gradients in per-
pendicularly magnetized Ta/[Pt/CossBsz2/Ir]x10/Pt multilayer tracks with microfabricated Pt
heaters/thermometers by magnetic force microscopy (MFM). Subtracting out the effects of the
Oersted field from the heating current reveals the pure temperature gradient-driven motion, which
is always towards the heater. The higher the thermal gradient along the track (owing to proximity
to the heater or larger heater currents), the greater the observed displacements of the domains, up
to a velocity of around 1 nm/s in a temperature gradient of 20 K/pum. This velocity lies in the
creep regime. Quantitative estimates of the strength of different driving mechanisms for the effect
that have been proposed theoretically show that entropic forces dominate over those arising from
the spin Seebeck and spin-dependent Seebeck effects in driving the domain motion.

I. INTRODUCTION

The field of spin caloritronics [1-4] lies at the intersec-
tion of thermoelectric effects and spintronics. Although
it is well known that the dynamics of spin textures such
as domain walls (DWs) [5-7] and skyrmions [8-11] can be
driven by the flow of currents down electrical potential
gradients, spin caloritronics opens up the possibility that
motion can be driven by temperature gradients, VT

Three principal mechanisms are proposed for this.
First, in the spin Seebeck effect [12-14] a current of
magnons flows down a temperature gradient. This can
take place in an insulator or metal, and the current of an-
gular momentum can exert a spin transfer torque (STT)
on a spin texture [15-22]. Second, the spin-dependent
Seebeck effect takes place in metals, in which a pure spin
current of electrons flows down the temperature gradi-
ent [23, 24]. Again, this spin current can exert spin-
transfer torques on spin textures [25]. Third, entropic
forces arise due to the gradient of temperature-dependent
magnetic parameters such as magnetization Mg, or ex-
change stiffness A, which determine the energy of the spin
texture [26]. Although atomistic simulations of a DW in
an Fe monolayer on W using a Landau-Lifshitz-Gilbert
approach were interpreted only in terms of magnon cur-
rent flows [27], micromagnetic simulations of a Permalloy
wire using the Landau-Lifschitz-Bloch equation suggest
that these entropic effects are likely to be the predomi-
nant driving force for DW motion [28].

Experimentally, early evidence for thermal STTs in-
cluded the current dependence of switching fields [29]
and the increased likelihood of finding a DW in a spot
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in the sample heated by a laser [30-32]. Analysis of the
mechanism at play was limited or of a qualitative na-
ture. DW motion has been directly imaged in a yttrium
iron garnet (YIG) film using the magneto-optical Kerr
effect, and was interpreted purely in terms of magnon
currents [33]. The unidirectional component of DW mo-
tion under a current pulse in a (metallic) permalloy wire
has also been interpreted in terms of the magnon spin
transfer picture [34]. In all of these experiments, the DW
moves towards the hot region. For skyrmions, the picture
is less clear. Motion of a skyrmion lattice towards hotter
regions has been observed in CuyOSeQO3 [35], but towards
colder regions in [Pt/CoFeB/Tal,5 multilayers [36]. This
discrepancy motivated the work of Raimondo et al. in
the theoretical study of how different temperature scal-
ings of the magnetic free energy terms lead to entropic
forces [37].

In this Letter, we report a study of domain motion
in a perpendicularly magnetized Pt/CoB/Ir metal mul-
tilayer driven by a temperature gradient. Our princi-
pal experimental result is that the domains always move
towards the hotter region once a critical value of tem-
perature gradient is exceeded. We observe larger dis-
placements of the domains closer to the heater, where
VT is larger, allowing us to map the temperature profile.
Estimates of the strength of the different driving forces
that lead to domain motion, based on our experimentally
measured parameters, indicate that motion driven by en-
tropic forces dominates over spin-transfer torques arising
from currents of both magnons and electrons, confirming
the prediction of Moretti et al. [28].

II. EXPERIMENTAL

A false color image of our sample is shown
in Fig. 1(a). The 10 pm wide magnetic
track  (red region) was patterned from a



Ta(20 A)/[Pt(7 A)/CossBs2(8 A)/Ir(5 A)]x10/Pt(14 A)
multilayer that is perpendicularly magnetized. The
track was partly covered by 100 nm of insulating SiO,
(green region) to electrically isolate it from a 250 nm
thick Pt heater/thermometer wire (purple region). The
SiO, was deposited by RF sputtering, the metals by dc
sputtering. All patterning was performed by conven-
tional photolithography. In the Supplementary Material
we show a hysteresis loop of a sheet film of equivalent
material that confirms perpendicular magnetization [38],
along with typical domain patterns.

We used magnetic force microscopy (MFM) to ob-
serve the magnetic domains and their motion under
magnetic fields H applied perpendicular to the sam-
ple plane. Fig. 1(b) shows an MFM image acquired at
H = +700 Oe, strong enough to magnetically saturate
the track. The region of the track imaged here is indi-
cated by the red box in Fig. 1(a). In this saturated state,
ideally the magnetic contrast must be uniform. Therefore
we can identify five patches of contrast as defects which
are marked by the dashed yellow circles. We used these
defects as reference points for measuring the motion of
magnetic domains.

Fig. 1(c) shows an MFM image after saturation at
4600 Oe and acquired at H = 430 Oe, where regions of
blue contrast corresponding to reverse domains are evi-
dent. Drift in the MFM imaging of the measured area re-
duces the number of defects we can resolve, but the same
area can still be identified. Fig. 1(d) shows the same area
after passing a +30 mA current, I, through the heater for
two minutes whilst holding H constant at +30 Oe. This
generates a temperature gradient down the track as in-
dicated above panel (b). The dashed green lines indicate
the motion of the leading edges of the domains towards
the heater by a few tens of nanometres.

The domains were erased and re-nucleated by saturat-
ing the sample in H > 700 Oe and then decreasing H
back to +30 Oe. The domains often reappear in broadly
similar positions; Fig. 1(e). We again applied a current
to the Pt heater, but this time with a negative current
I = —30 mA. Fig. 1(f), shows that a negative current
also drives the domains towards the heater, this time by
several tens of nm over two minutes.

To quantify the domain motion, we generated line pro-
files through the domains by integrating 50 pixel wide
strips (corresponding to 570 nm). Examples are shown
in Fig. 1(g). The dips in the line profiles correspond
to the contrast from both domains that are mobile (la-
beled ‘D’) and the previously identified defect positions
(labeled ‘d’). We aligned the images using the defect po-
sitions and fitted Gaussians to the most prominent dips,
shown with solid lines. The centres of the fitted Gaus-
sians are taken as the positions of the different features.
As expected, we do not see motion outside the fitting un-
certainty for the defects. We take the change in position
of a domain being its displacement under the effect of VI’
during the 120 s that the heater current flowed. Taking
the domain motion between the black and orange line
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FIG. 1. MFM imaging of thermally-induced domain motion.
(a) Optical micrograph of magnetic track (red) spanned by
electrically isolated (green) Pt heater/thermometer (purple).
(b) MFM image when the track is fully saturated in 700 Oe,
showing defect positions in dashed yellow circles. (c¢) and (d)
are the MFM images in +30 Oe before and after a +30 mA
current was applied to the heater, respectively. (e) and (f)
MFM images in +30 Oe before and after a —30 mA current
was applied to the heater, respectively. Dashed green lines
indicate position of the leading edge of the reverse domains.
The colored boxes indicate the 50 pixel-wide strips that were
integrated to yield the line profiles that are shown in (g), offset
for clarity. Gaussian fits to the line profile dips (marked ‘D’
for a domain and ‘d’ for a defect) are indicated by the solid
coloured lines.



profiles as an example, which moved —120 + 30 nm, this
yields an average velocity of v & —0.9 £ 0.2 nm/s. (Mo-
tion towards the heater is in the negative x direction.) A
table giving all of the fitting parameters for the line pro-
files shown in Fig. 1(g) is presented in the Supplementary
Material [38].

We find that the domains always move towards the
hotter region, but their average velocity whilst the heater
current I flows depends its direction, as in the example
shown in Fig. 1. An explanation for this difference is
that it is due to the Oersted field generated by I. This
field will be vertical where it passes through the magnetic
track and will become weaker with distance from the Pt
heater according to the Biot-Savart law. The sign of I
determines the sign of this field and its gradient, which
can enhance or diminish any effect on the motion of the
domain due to VI'. We discuss this point in more detail
in the Supplementary Material [38]. In our experiments
the domain wall always moves towards the heater, so the
net force in this direction must always be larger here
than any opposing effect from the Oersted field. The
displacement is indeed larger for I < 0 and smaller for
I > 0 for positive H, consistent with our observations.

We confirmed the effect of the Oersted field from the
heater wire by inverting the magnetization in the do-
mains by re-nucleation with opposite field H. This will
cause the Oersted field forces to invert. In Fig. 2(a),
we show data for a variety of domains at different dis-
tances from the heater and for different combinations of
I and H. As previously, I = £30 mA, H = £30 Oe,
and the current was applied for two minutes. Although
the domains always move towards the heater, they con-
sistently move further when the Oersted field gradient
gives rise to an attractive force (H and I have opposite
signs, blue dashed guide-to-the-eye) and less far when
the force is repulsive (H and I have the same sign, red
dashed guide-to-the-eye).

Whilst so far we have implicitly described the domains
as rigid objects, they are of course regions of reversed
magnetization between two domain walls, and it is in
fact these walls upon which temperature gradients will
act. We can see from the data in Fig. 2(a) that the do-
mains move at significantly higher average speeds if they
are closer to the heater, implying that the temperature
gradient is steeper there. This means that there will be a
small difference in the magnitude of VT for the walls on
either side of each domain. Given the 1/ dependence of
the Oersted field, its gradient will also be slightly differ-
ent on each of the two walls. By examining the widths
of the fitted Gaussians we can hence study any domain
expansion or contraction that arises from differential do-
main wall movement at either side of the domain. The
results are shown in Fig. 2(b), where Ady is the change
in domain size. The data show that the domains expand
when I and H have opposite sign, and contract when
they have the same sign. Again, the effects are stronger
when the domains are closer to the heater, where the
gradients are stronger. These results are consistent with
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FIG. 2. Effects of changing sign of I and H. (a) Domain mo-
tion and (b) expansion/contraction. The domains were driven
by heater currents I = +30 mA current for both magnetiza-
tion directions stabilized in fields H = £30 Oe.Dashed lines
are guides to the eye that link related data sets. In (a), the
blue (red) dashed line represents domain displacement when
the choice of combination I and H will lead to an Oersted
field gradient that assists (opposes) the motion toward the
heated region. In (b), the blue (red) dashed lines indicate the
effect on domain size.

the force model shown in Fig. S3 in the Supplementary
Material [38], and thus further support this picture.

In order to extract the motion arising only from VT,
we average the measurements for a given re-nucleated do-
main for both positive and negative heater current, which
will cancel out the Oersted field gradient-induced contri-
bution to the motion. The resulting relationship between
the VT -induced domain displacement and distance from
the heater is shown in Fig. 3(a) for a range of heater
currents between 20 and 50 mA. The abscissa shows the
distance from the domain to the heater, and the error
bar is the standard deviation of the positions of four dif-
ferent domains after every pulse (three repeat pulses for
each condition). The ordinate shows the domain dis-
placement, and the error bar is the standard deviation of
the displacement of domains after every pulse. There is
considerable variation in the data caused by sample non-
uniformities. Nevertheless, the main trends are clear. For
I = 20 mA we observed no displacement to within the
uncertainty of our measurement. Motion sets in when
the current is 30 mA or higher, and larger displacements
are observed when the current rises further.

As in Fig. 2, another clear trend in Fig. 3 is that larger
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FIG. 3. Temperature gradient-driven domain motion. (a) Av-
erage of the domain displacement after cancellation of Oer-
sted field effects. (b) Estimated temperature profiles along
the magnetic track. The red dashed lines point out the dif-
ferent temperatures at x = 5800 nm, the position of a defect,
generated by different dc currents. (c) The difference of the
displacement of the domain driven by varying positive and
negative currents.

displacements (faster motion) are observed for domains
close to the heater. This implies that the temperature
gradient is steeper there. A simple assumption is that
temperature varies exponentially with position x along
the track as heat conducts away into the substrate, which
we can quantify as

T(x) = Tap + AT exp (—f) , (1)
T
where x = 0 is the edge of the heater wire, Tjn, =

290 K is the laboratory ambient temperature, AT is
the temperature rise for the heater wire taken from the
Pt heater calibration (see Supplementary Material [38]),
and It is the characteristic lengthscale for a 1/e de-
cay of the temperature. Differentiating yields VI =
—(AT/l1)exp(—x/lr). We then define the thermal ef-
ficiency k in terms of the average domain displacement

Axq = kVT, since DW velocity is expected to be propor-
tional to VT [27]. We fitted this expression to our data
as shown in Fig. 3(a) to obtain k& = 4700 & 600 nm?K !
and It = 2400 & 200 nm. These values were then used
to construct the T'(z) profiles shown in Fig. 3(b) from
Eq. 1.

For our highest I = 50 mA, the temperature at the
position of a prominent defect—z = 5800 nm, marked
with a red dashed line—was lower than 330 K. Thus, we
can say that the region imaged here by MFM remained
well below the Curie temperature since we can still ob-
serve the magnetic pattern, and structural changes to
the multilayer are also unlikely for these modest tem-
perature rises. Moreover, VI = —2.4 K/um at & =
5800 nm generated by 20 mA (no motion) is just be-
low the VI' = —2.6 K/um generated by 30 mA cur-
rent at & = 7200 nm (slowest motion observed). The
threshold temperature gradient for the onset of motion
in our system therefore lies between these two values,
VTthreshold =-25+0.1 K/um

In Fig. 2 (c), we plot the difference in domain displace-
ment for positive and negative I, which is a measure of
the strength of the Oersted field gradient, which we might
expect to go as OH/0x ~ —x~2 by differentiating the
Biot-Savart law. Whilst the error bars on the data are
too large to fit the data to this form precisely, the ex-
pected broad trends that the difference in displacements
is larger when closer to the current-carrying wire, and
when the [ is larger, can be seen in the data.

The order of magnitude of the effect we find is an av-
erage velocity ~ —1 nm/s in a temperature gradient of
~ —20 K/pm — very slow and hence expected to be in
the creep regime [39]. (Negative velocity indicates mo-
tion towards the heater, the edge of which is at x = 0.)

III. DISCUSSION

We estimate the strengths of different mechanisms that
can contribute to this VI'-driven domain motion. In each
case we use existing models that yield the velocity in the
viscous flow regime. Since DWs exhibit Galilean dynam-
ics where the velocity is proportional to the driving force
[5, 40, 41], we take the relative sizes of these velocities as
representative of the relative sizes of the driving forces,
which will also be responsible for any creep motion.

A. DMagnon currents

For the spin Seebeck effect, we follow the method of
Jiang et al. [33], who write the velocity of a domain wall
under a current density Jy, of magnons as

,élhj (2)

v = my
a My

where v = 1.76 x 101* Hz/T is the gyromagnetic ratio. A
typical value for the Gilbert damping in such a multilayer



is @ 2 0.07 [11], and since the nonadiabaticity parameter
[ is essentially unknown but typically of the same order
of magnitude, we set = « since they are likely to be of
the same order of magnitude. We use a value of Mg =
532 kA/m for the saturation magnetisation of CoB at
~ 325 K based on our SQUID-VSM measurements.

The formula given in Ref. 33 for the magnon current
density is

kgVT

oy v

FO7 (3)
in which “F; =~ 1 is a coefficient arising in the kinetic
theory of magnonic STT [15, 20]”. The remaining mate-
rial parameter to be determined is the thermal magnon
wavelength A\. We estimate this using [42]

Dy
A= o (4)
where Dy = 5.65 x 10740 J/m? is the spin wave exchange
stiffness, determined from a fit to the SQUID-VSM data
for our film (see [38]). This value yields A = 0.36 nm at
T =325 K.

Inserting this value for A into Eq. S3 yields J;,, = 1.8 x
10%” m~2s7! for VT = —20 K/um. (Typical electron
current densities for STT are ~ 102 A/m?, which corre-
sponds to a particle flux density of ~ 6 x 103 m=2s71.)

Putting this value for J,, into Eq. 2 leads to v =
—6.2 cm/s. This value agrees in sign with the experimen-
tal observation but is many orders of magnitude larger.
This is perhaps not surprising since the expressions above
assume a viscous flow regime, whereas the experiment is
in the creep regime. Nevertheless, this value can act as
a measure of the strength of the STT arising from the
magnon current with respect to other mechanisms.

B. Electronic pure spin currents

For a conventional electrical charge current density J.,
the velocity of a DW driven by STT is usually written
as [5, 7, 33]

8 ~vhP
o 2eM; Jes (5)

where P = (04 — 0)/(04+ + o) is the spin polarization
of the current; typically P ~ 0.5 in the diffusive regime
in Co [43]. The minus sign ensures that the domain wall
velocity is in the direction of electron flow [41]. Since the
spin current J; = PJ,, we can re-write this as

__B.
a2eM, 7%

(6)

The spin-dependent Seebeck effect will drive a pure spin
current with equal numbers of spin-1 and spin-| electrons
moving in opposite directions, that is to say that J; =
—J|, ensuring that the net charge current J, = Jy+J, =

0, as required by the open circuit configuration of our
experiment. Meanwhile, Jg = Jy — J|.
To determine the electronic spin current we use the
expression given by Yi et al. [24]
QO'TO'J,

Jg=——""(5—S5)) VT, 7
V= (81— 8)) 7

where o4 | are the spin-resolved electrical conductivities
and Sy, are the spin-resolved Seebeck coeflicients. We
can obtain the spin-resolved conductivities from knowl-
edge of the resistivity of a material (here we use the value
p = 21 pQlem measured for our multilayer as a whole and
assume that the magnetic layers have this stack-averaged
resistivity) combined with a value for P. Using P = 0.5,
we obtain

1+P
o = S 36 %100 'm !, and (8a)
2p
1-P
o= = 1.2 x 1050 'm~". (8b)

The spin-dependent Seebeck coefficients of CoB are
unknown. As an upper limit, we use the values for
Co obtained in the experiments of Yang et al. [44],
Sy = -2 uV/K and S| = —73 pV/K. Inserting all these
values in Eq. S7, for a gradient of —20 K/um, we obtain
a pure spin current of J; = 2.5 GA/m?.

Taking the same values for «, 3, and M as for the
spin Seebeck magnon currents, we obtain, from Eq. 6,
v = —27 cm/s. Again the sign of the effect matches the
observed motion, but the effect is a few times stronger
than that arising from the magnon current. We still have
the same discrepancy in magnitude between the creep
and viscous flow regimes.

C. Energy gradients

The domain wall velocity due to gradients in the micro-
magnetic free energy parameters can be derived from the
Landau-Lifshitz-Bloch equation [26]. Below the Walker
breakdown, the velocity is

2
=7 2 (Mo M.B.A _,0A
YT A, (HO‘ (M))( ™ 25 ) @

In our experiments the domains do not move with an
applied field, so we neglect the field term in this equation,

leaving
2 o (Mo\?) 94

The derivative of the spatial dependence of the ex-
change stiffness can be related to the temperature gradi-
ent through the chain rule

0A 0AJT




To obtain dA/IT, we need the temperature dependence
of A. This is often written as a power law in the re-
duced magnetisation A(T) = Ag (Ms/My)® where a = 2
in the mean field picture [45]. However, this result is
derived for classical Rayleigh-Jeans statistics rather than
Planck statistics that are already assumed within Bloch’s
law and therefore M. To have a consistent approach,
we therefore calculate the temperature dependence of A
from the temperature dependence of the spin wave stiff-
ness [46],

where Uy = 3DoM,/(hvy6?) is the energy density per
spin, with & the nearest neighbour distance between
atoms, and U(T) is the energy density of the magnon
gas at temperature 7. The exchange stiffness is related
to the spin wave stiffness by

M,

A(T) = 2hy

D(T). (13)
J

The derivative is then

OM,  ~hkp

2 In “o —e —
oT ~ 4xL,Dy kT *P

By the product rule, we obtain

A 1 ( D OM, ) 14)

or ~ 2m \"ar T ar

For the very thin films in these experiments, Bloch’s law
in the usual ‘bulk’ form cannot be used [47-49]. The
quantisation of the spin waves in the thin direction leads
to significant differences in the equations and the value of
stiffness extracted from experiments. The thin film form
of Bloch’s law is

~vh kBT
M(T) = My + + oL Do mzoln {1 —exp ( 3 T)}
(15)
where
mm 2
wm = YhB, — Dq ((N—l)a) . (16)

This expression is cumbersome to take derivatives of, so
we approximate the zeroth term of the sum using In(1 —
exp(—z)) &~ Inx as x — 0T, and using the fact that N is
a small number such that the first term of the summation
is the dominant term and use the series expansion In(1 —

e ®)=—>", e " /n. Our approximate form is

’yh ]{/’BT wo w1
M.(T) ~ M, - ~ 2L

(T)~ Mo+ 2, [nkBT eXp( kBT)]
(17)
w1 w1 w1

— — —1]. 18
kBT) kpT P < kBT) } (18)

We can similarly derive an expression for the internal energy density of the magnon gas in a thin film, finding

kBTQN 1

o) 0 S o ()] o[-0 (-22)] )

where Lis(z) is the dilogarithm function. Again, we look to approximate this and write an expression that contains

only wy and wq

U(T) (kpT)?

. wo . w1 w1
~ EBL) ) w0 L _
47 L. Dy { 2 [eXp( kBTﬂ + L2 {GXP< kBT)] kT

() e

which is a reasonable approximation within the low temperature limits of Bloch’s law. The derivative of this expression

is

8£ ~ 7]@2371 Liy |ex 0
aT ~ 2xL.Do | 2 TP kT

“0 In |1 —ex o
T 2%pT P\ %aT

2 (21)
. w1 w1 w1 w1 1 }
+ Lis |exp | ——— ———In|l—exp|( — + .
’ { P ( kBTﬂ kpT [ P ( kBT)] 2(kBT)? oxp (——kwlT) ~1
B

Using the values My = 803 kA /m, Dy = 5.65x 10740 Jm?

(

(from our fit to Bloch’s law in [38]), § = 2.51A, B, =



30 Oe, L, = 0.8 nm, N = 4 in Eq. (10) we find v =
—112 cm/s. This is substantially larger than the viscous
flow velocities obtained from the mangnonic or electronic

STTs.

IV. CONCLUSION

To summarise, the displacement of reverse domains in
a perpendicularly magnetized metallic multilayer driven
by a temperature gradient was observed by MFM. The
domains always move towards the hotter region. By can-
celling the effect of Oersted fields generated by the cal-
ibrated thermometer/heater wire we are able to quan-
tify the effect: we see velocities of ~ 1 nm/s under a
temperature gradient of ~ 20 K/um, slow enough to be
in the creep regime. By estimating the relative size of
different possible driving mechanisms based on the ex-
perimentally measured properties of our multilayer we

find that the entropic forces [26] are expected to pre-
dominate, confirming LLB-based simulations [28]. Clev-
erly engineering the temperature dependence of the DW
energy, e.g. using layers with phase transitions at con-
trolled temperatures or novel scaling relations between
micromagnetic parameters, could allow these currently
quite weak entropic forces to become large enough to be
useful, perhaps operating using scavenged waste heat.
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