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Adiabatic spin-transfer-torque-induced domain
wall creep in a magnetic metal
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The dynamics of elasticinterfacesis a general field of interestin
statistical physics, where magnetic domain wall has served as
a prototypical example. Domain wall ‘creep’ under the action of
sub-threshold driving forces with thermal activation is known
to be described by a scaling law with a certain universality
class™, which represents the mechanism of the interaction of
domain walls with the applied forces over the disorder of the
system. Here we show different universality classes depending
on the driving forces, magnetic field or spin-polarized current,
in a metallic system, which have hitherto been seen only
in a magnetic semiconductor®S. We reveal that an adiabatic
spin-transfer torque plays a major role in determining the
universality class of current-induced creep, which does not
depend on the intricacies of material disorder. Our results shed
light on the physics of the creep motion of domain walls and
other elastic systems.

The creep motion of elastic interfaces in disordered media shares
the same physics for a wide variety of objects, including vortex
and/or domain walls (DWs) in superconductors, and ferromagnetic
and ferroelectric systems, fluid wetting/propagation, the growth
of bacterial colonies and so on'"". The creep velocity v obeys
a universal Arrhenius scaling relation as log(v) o< f7*, with a
‘creep’ exponent u which defines the universality class of the
motion'. A magnetic DW is an interface between two domains
with different magnetization directions and its motion is induced
by a magnetic field or spin-polarized current>*. Earlier studies on
field-induced DW creep indicated that the motion is categorized
into a universality class with random bond (RB) or random field
(RF), which is characterized by p = 0.25 or 1, respectively' ™,
depending on the nature of disorder in the system. On the other
hand, the universality class for current-induced motion is highly
controversial. This is due to the fundamental difference between the
interaction of a DW with current as compared to magnetic field; a
magnetic field induces DW motion by lowering the Zeeman energy,
whereas a current exerts various torques with different symmetries
on the DW. Experiments on magnetic semiconductor and metallic
systems revealed different scenarios. In the case of a magnetic
semiconductor (Ga,Mn)As, whereas the field-induced DW creep
falls into the RF or RB picture depending on the surface roughness,
the current-driven creep belongs to a different universality class
regardless of the nature of the disorder*®. On the other hand, in
the case of magnetic metals both the field- and current-driven DW
creep belong to the RB universality class characterized by pu=0.25
(ref. 7), suggesting that the current acts as an effective magnetic field.
The field-like spin-transfer torque (STT) is known to be brought

about by a non-adiabatic STT related to the deviation of spin
transport from the adiabatic condition or spin-orbit torque (SOT)
recently found for systems with structural inversion asymmetry”"’.
However, no clear consensus has yet been achieved on the question
of the universality class for adiabatic STT-induced DW creep in
magnetic metals.

In this work, we focus on the unsolved issue of the universality
class for current-induced DW creep in magnetic metals. Particu-
larly, whether different universality classes between the field- and
current-induced creeps is possible in magnetic metals deserves fur-
ther attention. This will shed light on the question of what governs
the universality class for the current-driven creep. To settle this
issue, we employ a CoFeB/MgO metallic system® having a different
nature of disorder as compared to the magnetic semiconductor’.
Whereas the disorder originates most probably from the magnetic
moments of randomly distributed impurity atoms in the ferromag-
netic semiconductor, falling into the long-ranged RF model, that in
CoFeB/MgO system is expected to originate from local defects such
as surface roughness, falling into the short-ranged RB disorder®.
Intriguingly, we observe that the current-induced DW creep belongs
to a different universality class from the field-induced case. Exper-
iments also reveal that the adiabatic STT is the dominant driving
mechanism for the DW motion in this system. The obtained results
indicate that the universality class for current-induced DW creep is
governed by the nature of the torque and does not depend on the
intricate details of the disorder.

The stack structure used for this study is, from the substrate
side, Ta (0.5nm)/CoFeB (1.2nm)/MgO (1.5nm)/Ta (1 nm). The
ultrathin Ta underlayer reduces the current flow through it and
thus suppresses the effects associated with the SOTs as compared
to the STTs in current-driven DW motion, as will be shown
later. Magnetization measurements on a blanket film confirm that
the stack possesses an out-of-plane magnetic easy axis with a
saturation magnetization Mg of 1.36 T and effective anisotropy
constant K¢ of 2.82 x 10°Jm™>. With these parameters, a DW
formed in the 1.2-nm-thick CoFeB layer can be treated as a one-
dimensional interface moving in the two-dimensional medium (see
Supplementary Information 1). The stack is patterned into wires
with width 5 um (or 10 um) and length 60 um (or 120 um), as shown
in Fig. 1a. The change of DW position after the application of a
magnetic field or electrical current is observed by a magneto-optical
Kerr effect (MOKE) microscope. The set-up is equipped with a
liquid He cryostat to change the device temperature T. Figure 1b
shows typical images of domain structures after the application of
current pulses with several durations at 300 K, where the differential
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Figure 1| Experimental set-up and MOKE images. a, Optical micrograph
and measurement circuit. The DW is created by passing current in the
Oersted (Oe) line. b, MOKE micrographs of DW motion under a constant
current density J=1.5 x 10" A m~2 with various pulse widths of 1, 2.5, 5, 7.5
and 10 ms at T=300 K. The DW has up-down (left) and down-up (right)
configurations, and the black and white portions indicate the area swept by
the DW. With increasing pulse width at a constant J, the displacement
increases in a linear manner.

images between before and after the application of the pulse are
presented; the white and black regions correspond to the areas
swept by the DW. In the employed current and field range, the
motion is thermally activated and is dependent on the position of
the device, presumably owing to the distribution of the pinning
centres. The DW displacement shows stochastic behaviour, as seen
in Fig. 2a at a current density ] =1.28 x 10" Am™* at T =300K.
Similar stochastic behaviour is observed also for the field-induced
DW motion in the field range used in this study. We determine
the DW displacement at each experimental condition by averaging
the results of 50 observations. This gives us a linear dependence of
DW displacement versus pulse duration, allowing us to determine
the velocity from the slope of the curve. Figure 2b,c shows the
displacement versus pulse duration curves obtained for a magnetic
field uoH = 0.8 mT and a current density ] =1.28 x 10" Am™2,
respectively (14, is the permeability in free space).

First, we focus on the DW motion induced by the application of
magnetic fields. Figure 3a shows the magnetic-field dependence of
v as a function of T. The observed nonlinear dependence of log (v)
on H is expected to result from the motion in the creep regime. The
DW creep motion under the application of a force f (=H or J) is
given by the following relation'™"

e[ G o

where v, is the velocity at threshold force fo = H¢ or Je, Uc
the pinning potential, and kp the Boltzmann constant. We fit
equation (1) to the results in Fig. 3a with p as an adjustable
variable (see Supplementary Information 2 for the variation of the
standard error of the fitting versus ). The average value of u
that gives the best fit for the temperature range studied here is
determined to be 0.23 4 0.07. Figure 3b shows log (v) versus H %,
in which a linear relation between them is confirmed, proving that
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Figure 2 | Determination of DW velocity. a, DW displacement versus
number of trials obtained at various positions along the wire for

J=1.28 x10" Am~2 at T=300K. b, Average displacement versus
integrated pulse width under uoH=0.8 mT at T=300K. ¢, Average
displacement versus integrated pulse width under J=1.28 x 10" Am~2 at
T=300K. From the linear fit to b and ¢ shown as broken red lines, the DW
velocity is determined. Error bars denote the standard deviation calculated
from 50 measurements.
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Figure 3 | Field-induced DW creep. a, DW velocity v versus magnetic field
H for various temperatures. b, Scaling plot of log v versus (uoH)fo'B. From
the slope of the linear fit, we determine the effective pinning strength. Solid
lines in a and b indicate the fitting curves with equation (1).

the motion is well described by equation (1). From the slope of the
plot, one can determine the effective pinning strength, defined as
uoHE = (Uc/ks T)"" j1oHc. The magnitude of 11,HE" in our system
is ~10° T, which is two and one orders of magnitude smaller than
in the case of Co/Pt and Pt/CosB;,/Pt systems, respectively, with
similar wire widths®. The weaker pinning strength may be related to
the wider DW width in the CoFeB/MgO because of smaller K.
Next we turn to the current-induced DW motion. Figure 4a
shows the current-density dependence of the DW velocity at H =0
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Figure 4 | Current-induced DW creep. a, DW velocity v versus current
density J for various temperatures. b, Scaling plot of log v versus J=0-3%,
Solid lines indicate the fitting curve with equation (1).

as a function of T. The current density in the CoFeB layer is
calculated in the same way as in a previous study, taking into
account bulk and surface/interface scattering of electrons®; in the
present case 96% of the total current flows in the CoFeB layer
(see Supplementary Information 3). The motion is in the opposite
sense to the current direction—that is, along the electron flow (see
Fig. 1b)—as could be expected for electrons and the ferromagnetic
sign of the s—d coupling. As seen in the magnetic-field case, the
velocity responds nonlinearly to the applied J in the same range of v.
The current-density dependence of the velocity over four orders of
magnitude in Fig. 4a is again fitted by equation (1) with p as a free
variable. The result of the fit reveals that u for current-induced creep
is different from that in the field-induced case (see Supplementary
Information 4). The value of « for 300 < T' < 330 K is obtained to be
0.3940.06. Figure 4b shows the scaling plots of the log (v) versus
J7%%, in which the linear dependence indicates that the motion is
again well described by the same equation (1), but with a different
. The obtained value of & seems to be incompatible with either RF
or RB disorder.

Figure 5 summarizes the field- and current-induced creep
exponent  as a function of T. The field- and current-induced
creep exponents are virtually independent of T, as required by the
creep law. To eliminate discrepancies due to device structure or
size, results from a 10-um-wide wire are also shown for comparison
(see Supplementary Information 5). It can be clearly identified that
the field- and current-induced DW creeps exhibit different values
of u, hence belonging to different universality classes. This is in
sharp contrast to the previous reports on metallic systems which
indicate the same universality class for DW creep induced by field
and current’. The difference of the motion induced by field and
current in CoFeB/MgO thus calls for a careful consideration of the
factors governing DW creep in metallic systems.

DW creep driven by magnetic field arises from the competition
between the elastic energy and the range of the disorder potential.
From our experimental results on the field-induced DW creep in
CoFeB/MgO, we obtain ;t =0.23 £0.07. This is close to the theoreti-
cal value of £ =0.25 for RB disorder commonly observed in metallic
systems, where the disorder potential has short-range correlations.
This is in contrast to the results from the magnetic semiconductor
(Ga,Mn)As (ref. 3). The difference presumably originates from the
nature of the disorder potential in the magnetic semiconductor,
where the pinning is believed to be due to the randomly distributed
Mn moments, and thus characterized by u=1.

The flow of current through a heavy metal (HM)/ferromagnet
(FM)/oxide stack results in several different interactions. Here,
because we find that both DWs with up-down and down-
up configurations obey the same creep scaling relation (see
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Figure 5 | Temperature dependence of creep exponents. Creep exponent i
for field- and current-driven DW creep. Broken lines show the three
universality classes known at present in the literature. £ =0.25 denotes the
RB disorder model, whereas =1 denotes the RF disorder model. u=0.5is
the theoretical value based on the adiabatic STT model. Error bars come
from the fitting error of the velocity curve shown in Figs 3a and 4a.

Supplementary Information 6), we do not take into consideration
the effect of the Oersted field, and focus on the spin-related effects.
First, the DW in the FM layer can be acted on by the adiabatic
and/or the non-adiabatic STT from the spin-polarized current in the
FM layer'®2. Second, the current through the stacks with structural
inversion asymmetry gives rise to the SOT (refs 21-23). Note here
that the non-adiabatic torque is equivalent to the torque induced by
amagnetic field along the z direction. The direction of SOT depends
on the DW configuration: Bloch or Néel wall. In case of a Bloch
wall, SOT has no effect on the DW, whereas for a Néel wall, the
directions of anti-damping and field-like components are equivalent
to the magnetic field along the z and y directions, respectively. To
understand the effect of these torques on the creep, we evaluate the
current-induced DW creep in the presence of an external magnetic
field along the z direction (see Supplementary Information 7 and 8).
We find that the critical current density and the universality class
for the current-induced DW motion do not depend on a field of
less than 4-0.2 mT. This indicates that the non-adiabatic STT and
SOT with the anti-damping symmetry are not dominant, because
the effective field due to them is estimated to be less than -0.06 mT.
This is further supported by micromagnetic simulations and high-
current flow-regime experiments, which suggest that these torques
are not dominant in our system*. On the other hand, the contribu-
tion of the field-like component of SOT is estimated to be less than
£0.12 mT. As this value is much smaller than the typical magnetic-
field scale of our system, and the field along the y direction cannot
induce a steady DW motion, its influence is also considered not to
be significant for the observed DW creep, although more rigorous
investigations may be required. Thus, the adiabatic STT is likely to
be the most dominant factor driving the DW and determining the
universality class (see Supplementary Information 8).

A theory developed for adiabatic STT-induced DW creep is based
on an assumption that the dynamics of the creep is governed by local
modulation of the DW magnetization angle relating to the internal
energy of the DW. Competition between the local modulation of the
internal angle of the DW magnetization and the STT arising from
the current in this model leads to . =0.5 (ref. 3). In this regard,
the universality class should be independent of the nature of the
disorder being RB or RE The remaining discrepancy in g from
the theoretical value of 0.5 suggests that other mechanisms/effects
are also responsible for the observed exponent or the experimental
results can be explained by a more rigorous theory. It can be pointed
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out at this stage that a similar discrepancy was also seen in a
magnetic semiconductor’.

This work sheds light on the general physics of DW creep
under the action of torques with various symmetries. Our result
shows that the current-induced creep belongs to a universality class
that is insensitive to the nature of disorder when driven by the
adiabatic STT, and suggests that it belongs to universality classes
determined by the nature of disorder in the case of non-adiabatic
STT or SOT. The present results thus show that DWs are expected
to serve as a prototypical model of elastic systems to study the
physics of creep motions under various kinds of driving forces with
different symmetries.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Sample preparation. The Ta/CoFeB/MgO wires are fabricated by
photolithography and Ar ion milling from a stack of Si/SiO, substrate/
Ta(0.5nm)/CoFeB (1.2 nm)/MgO (1.5 nm)/Ta (1 nm) deposited by d.c. and
radiofrequency magnetron sputtering with Ar gas under a base pressure of less
than 1 x 107° Pa. The Cr (5nm)/Au (100 nm) electrodes for DW injection and
contact pads are fabricated by sputtering and lift off. The devices are annealed at
300°C for 1h in a perpendicular magnetic field of 0.4 T.

Observation of DW motion. DW creep motion experiments are carried out in a
MOKE microscope equipped with an open cycle He cryostat. An electromagnet
attached to the MOKE microscope is used to apply the field pulses. The
measurement procedure for the field- and current-induced DW creep motion

is as follows: first the magnetization of the wire is initialized by applying an
out-of-plane magnetic field. Next, a DW is created by applying a current

pulse of 40 mA and duration 10 s to the Oersted line placed perpendicular

to the magnetic wire (see Fig. 1a). Then, the created DW is moved to

NATURE PHYSICS | www.nature.com/naturephysics

the field of view of the MOKE microscope by an out-of-plane field pulse

with a magnitude of 0.8-1.0 mT and duration of 10-20 ms. After that, single or
multiple current or magnetic-field pulses are applied and the differential

MOKE image between before and after the pulse application is recorded. The
length of the displacement is calculated from the image, and a set of 50
displacements are recorded by initializing the DW at various different positions
along the wire to average the effects due to extrinsic pinning sites. The pulse width
is adjusted, which gives a set of measurable displacements in the MOKE
microscope. The same set of experiments is repeated for different pulse widths for
the same current density or magnetic field. This eliminates the transient effects
due to the rise and fall time of the pulses. From the plot of the displacement
versus the field or current pulse width, the DW velocity is obtained. The same

set of experiments is repeated by changing the temperature of the cryostat. For
the current-induced DW motion, we set the stage temperature so that the

device temperature becomes constant for each applied current, where the
temperature increase due to the Joule heating is taken into consideration

(see Supplementary Information 9).
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