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of the relationship between physical properties and phenomenological parameters characterizing domain wall
dynamics. We address in this work the study of magnetic-field-driven d wall motion within the creep
regime on a prototypical metallic Pt/Co/Pt stack with perpendicular jiﬁ&x%otropy By controlling the
deposition characteristics, different magnetic properties are achieved, giving rise to different creep parameters
Those phenomenological parameters are found to collapse in a single linear dependence for all samples based
on the same material. Moreover, using data in the literature, we sho ¢ same behavior is observed in
Au/Co/Au and Tbh/Fe based samples. We therefore obtain a p rm arameters that fully characterize

the family of domain wall velocity-field curves within the cree for each group of samples, which can
be used as input for the optimization of materials.

Designing magnetic materials for potential applications based on domain wall motion requires the knowledge

Keywords: DW motion, creep regime, ferromagnetic ﬁlms(@%lcu ar magnetic anisotropy

Magnetic domain wall (DW) motion is expected to
play a pivotal role in understanding magnetization re-

versal dynamics and in the development of magnet
memory devices! . This has motivated a large number
of works from basic research, focusing on understand-

—_—

ing the main mechanisms underlylng DW moti
to applications, proposing devices based on [DW
tion' 16, Designing specific materials for ap
urges a proper understanding of the relationship

materials properties and DW dynamics'” | it
is desirable for applications to reach high veloc-
ity regime at small external drives, thu g energy

costs. How to reach this high velocity r 'me ie. a
fast flow regime where DW velgei
the external field, strongly de
regimes where DW dynamicsfi

its relationship with ma-
tofdesign materials for

ics is given by its re-
sponse to a weak external field, resulting in the ther-
mally activateddcreep régime. Since the seminal work of
Lemerle et al.*he éreep regime has been deeply investi-
gated®? 1719 ,2..2\ hls/(eglme the DW velocity follows
an Arrhenius law of the form

- V= vde_AE/(kBT), (1)

is tbe effective energy barrier, kg is the Boltz-
m 3 , T is the temperature, and vy is a char-

rrier AE vanishes. The effective energy barrier
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nds 1 the magnitude of the external field H (see

ef[g&
(5)—1] 2

with kpT, the characteristic pinning energy scale, Hy the
depinning field, corresponding to the underlying zero-
temperature depinning transition, and p is the univer-
sal creep exponent (u = 1/4 for thin ferromagnetic
films*>10).  This expression for the velocity-field re-
sponse has been proven to characterize DW dynamics
in a wide field range 0 < H < Hy for many different
materials'®1823. Noteworthy, the universal DW dynam-
ics depends on three material-dependent parameters: the
depinning field Hy, the depinning temperature T,; and the
depinning velocity v4 = v(Hy). Having access to these
three parameters requires reaching field values beyond
the depinning field and gives a full description of both
creep and depinning regimes'®23. However, small field
values can also provide important information about de-
pinning parameters as exemplified by the creep plot Inwv
vs. H~'/%. This results from rewriting Eqs. (1) and (2)
as

AE = kpTy

Inv =Inwvy — aH /4, (3)
where Invg = lnvg + Ty/T and a = TdH;/4/T. The
creep plot suggested by Eq. (3) implies that a linear re-
lationship of Inv vs. H~'/4 should be observed below
H,, characterized by a slope o and an intercept lnwvg.
Note that vy is the depinning velocity vy multiplied by
an exponential of Ty/T, and thus can be considered as a
thermal correction to the depinning velocity, while o can
be recast as a field a* = Hy(Ty/T)*, containing infor-
mation about the depinning parameters. For example,
the dependence of the slope o on materials details and
external parameters is commonly used to describe DW
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FIG. 1. (a) Typical differential PMOKE microscopy image
after nucleation. Two different gray levels indicate the mag-
netization pointing in opposite directions perpendicular to the
sample. (b) Differential image after application of a magnet

ms. (c) Typical v(H) dependence. The inset shows the s
result in the usual creep variables, Inv vs. H~ /4. Th

lines are guides to the eyes.

field pulse of amplitude H = 104 Oe and duration At !\}\
am

17,24-26  However, although these

dynamics
contain important information about D
ing a first glance of the interplay between
elasticity, external field and ther
lishing strong correlations bet

parameters o
tter designing

In this work we studiedf(the
parameters from DW yelgcity
a prototypical case study
for each studied sample

rrel?vlons between creep
ured on Pt/Co/Pt,
DW motion. We obtain
e two'ereep parameters (slope
nd show that their values for
icroscopic characteristics, and
roperties, display a linear de-
ot Aeported previously. As a main
set of parameters describing the
tween Invg and « characterize the
p plots for a given material.
(iPt/ Co/Pt films were deposited by DC
aturally oxidized (001) Si substrates at
erature. Pt and Co cathodes were sputtered
10 W respectively, in a 3 mTorr Ar atmo-
. The deposition rates were (1.2 4+ 0.1) A/s for
platinum and (0.4 & 0.1) A/s for cobalt, for a distance
from substrate to target of 8.3 cm. The films studied in
this work present out-of-plane easy axis of magnetization.

samples with different
thus different 11)11(?
pendence
result, we

Room temperature magneto-optic Kerr effect magne-

tometry in the polar configuration (PMOKE) was used to
measure out-of-plane magnetization loops, in order to de-
termine the coercive field of the samples. The magnetic
field induced DW motion was studied in a home made
PMOKE microscope. We work with differential images
by subtracting a background image of the fully saturated
sample. In Fig. 1(a) a typical differential PMOKE im-
age is shown, where the two different gray levels indicate
the magnetization pointing outwards (light gray) and in-
wards (dark gray) tl%sample plane. The external mag-
netic field was applie pe endicular to the sample plane.
To measure DW v, the llowing protocol was used:
1s saturated in a given direction

perpendlcular thesgsample; afterwards, magnetic do-
mains with the netization pointing in the opposite
leat

direction afe n with a short and strong magnetic
field pulse; yrageries of square magnetic field pulses
of intensity d duration At are applied and PMOKE

are acquired after each pulse. In Fig. 1(b) a dif-
ference etweg)l images acquired before and after con-
cutive ulses of amplitude H and duration At is
Wi, @cre the light gray region evidences the domain
rowth. Domain wall velocity in this case is computed as
v = Ax/At with Az the mean displacement of the DW
betwegen successive images. Figure 1(c) shows a typical
curve suggesting a thermally activated law. In the
H~'/* is displayed. The

‘&d\ir}oset, the creep plot Inv vs. - .
observed linear behavior reveals the fact that DW mo-

tion takes place in the creep regime, according to Eq (3),
and thus is described by the creep parameters In vy and
«. In the following, with the aim of studying the effect
of microscopic properties on the macroscopic behavior of
DWs, i.e. on the creep parameters, we have introduced
variations in the deposition details. In particular, we de-
scribe the effect of varying the Co thickness and using
substrates with different surface topography.

Changes in DW motion produced by modifying the
Co thickness are studied in a series of samples Pt(8
nm)/Co(tc,)/Pt(4 nm) with ¢c, = 0.5, 0.7 and 0.8 nm.
Magnetization loops in Fig. 2(a) show that the coercive
field H¢ increases with increasing thickness, as observed
previously by Metaxas et al.'® and Kim et al.26. This also
agrees with Chowdhury et al.2” who explained that the
perpendicular magnetic anisotropy increases monotoni-
cally with the magnetic layer thickness up to a limit value
above which in-plane anisotropy dominates. The effect
of different substrate surfaces on the magnetic proper-
ties of Co films, was explored growing the same stack
of Pt(8 nm)/Co(0.8 nm)/Pt(4 nm) on (001) Si wafers
obtained from different manufacturers, with substrates
S1 and S2 corresponding to MTI® and Crystal®), re-
spectively. Room temperature magnetization loops, pre-
sented in Fig. 2(b), evidence a large difference between
the coercive fields of samples with different substrates.
Figures 2(c) and (d) compare DW velocities for samples
with different Co thiknesses and for the two samples with
different substrates, respectively. It can be observed that
the creep plots are different, indicating different creep pa-
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FIG. 2. Magnetization curves measured on (a) Pt(8

nm)/Co(tco)/Pt(4 nm) samples, with tco = 0.5, 0.7 and 0.8
nm, grown on the same silicon substrate S1, and (b) Pt(

from different manufacturers, S1 and S2. (c) and (d) disp
the creep plots, Inv vs. H71/4, for the same samples a8 i

nm)/Co(0.8 nm)/Pt(4 nm) films grown on (001)Si substrﬁ\

i .
and (b), respectively. Straight lines in (¢) and (d) are rh‘?iwnﬂd affect magnetization reversal.

fits according to Eq. (3).

rameters o anddln vy yaccording to Eq. (3). On one hand,
the results in F4 é(c) re consistent with the results
,26], where the creep parameters
with the Co thickness and the coer-
ther hand, the magnetic properties
deposited on S1 and S2 differ from

are shown to evolv

an \D'vy velocity-field response [Fig. 2(d)]. This demon-
strates th??equal Co thicknesses with the same Pt stacks
do not'assure equal DW dynamics, but also the interfaces
with other materials (the substrate in the present case)
play a crucial role.

Figure 3 displays atomic force microscopy images of
both substrates, where S1 is shown to have higher rough-
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FIG. 4. Creep param
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n ;a&@; of defects. One can argue that rough-
11ess affects the magnetization reversal mechanism and
c ently the coercive field. From the energy point of

iew, a larger coercive field is related to higher potential
barriers to be overcome by DWs during the magnetiza-
tion reversal process. Some authors?® claim that not only
t eight of potential barriers but also their distribution
In particular, the
presence of defects such as roughness, bumps, or holes
offers additional wells or barriers to the mentioned ener-
getic scenario. In the present case, however, the sample
with more defects has a lower coercive field, which sug-
gests that defects are favorable to the domains nucleation
process. Furthermore, DW dynamics can also be affected
by disorder distribution via its correlation length and en-
ergy fluctuations®2 3!, which can be responsible of the
difference observed between the velocity-field curves in
Fig. 2(d).

So far, we have pointed out the effect of magnetic film
thickness and substrate topography on the coercive field
and DW velocity-field response of the samples. In what
follows, we analyze the behavior of the creep parameters
obtained from our measurements and then compare with
results from other authors. As we have seen in Figs. 2(c)
and (d), Inv vs. H~'/* experimental data follow a linear
dependence with well defined creep parameters, slope «
and intercept Inwvg, obtained from the linear fit for each
sample. In Fig. 4 these creep parameters are plotted as
a function of coercive field. We have also included in this
figure data for Pt/Co/Pt samples grown with different
Co and Pt thicknesses, in the range +=10% with respect
to those previously described, and deposited on different
substrates (S1, S2, SrTiO3 and SiOs thermally grown on
S1). Since the coercive field depends on the field sweep
rate (Sharrock’s law®?), it is mandatory to compare data
with the coercive field measured in equivalent conditions.
In this case, PMOKE magnetometry data were acquired
while sweeping the magnetic field at 220 Oe/s. Both
creep parameters, a and In vy, increase with the coercive
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FIG. 5. (a) Creep parameters, intercept Inwvg vs. slope a for
Pt/Co/Pt. Data from this work, presented in Fig. 4, are
plotted with black squares. Creep parameters for Pt/Co/Pt
samples with different microscopic properties and measured
at different temperatures are also included with coloured sym-
bols. Those data correspond to original results presented in
Refs. [9°,19°,23°]. The same plots were constructed for other
materials: (b) Au/Co/Au samples from Ref. [33°] and (c)
[Tb/Fe] multilayers from Ref. [10°]. The linear fit from (a) is
also displayed as gray lines in (b) and (c) for comparison.
@ Reproduced with permission from Phys. Rev. Lett. 113,
027205 (2014). Copyright 2014 American Physical Society.
b Reproduced with permission from Phys. Rev. Lett. 99,
(2007). Copyright 2007 American Physical Society.
¢ Reproduced with permission from Phys. Rev. B 954184434
(2017). Copyright 2017 American Physical Society. H
d Reproduced with permission from J. Magn. Magh. Ma; 7L

45 (1997). Copyright 1997 Elsevier Publishing
¢ Reproduced with permission from Phys. Rey. Let 3
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057201 (2016). Copyrght 2016 American P stﬂ\

field and seem to display the s
suggesting a mutual correlatign

In order to highlight t
creep parameters, in Figd 5 we
all the samples in Fig.z ince the'coercive field is not
relevant for this plo Wthﬂw\?deso included results for
other Pt/Co/Pt samiples with different microscopic prop-

erties and meas t Adifferent temperatures, already

elation between
ot Invg vs. « for

a= TdH;/ /T [see By A(3)] for values of Hy, T, and vq
compiled in Ref. [13 corresponding to data originally re-
porteddn Refs, [9,19;23] for Pt/Co/Pt thin films. A linear

to describe all those data. We may
ress the question of how universal or material-
1e‘curve in Fig. 5(a) is. In order to compare
other materials, we produce the same kind of plot for
/ Au thin films® [Fig. 5(b)] and [Tb/Fe] multilay-
ig. 5(c)]. Again, creep parameters were computed
using the data available in Ref. [18] for Hy, Ty and vg.
For the three families of materials presented in Fig. 5 we
obtain linear dependencies of the form Invy = Aa + B.
At this point it is worth noticing that for a given sample

one can equate lnvy = Invg + H;l ‘a. However, this
does not represent the linear behaviors observed in Fig.
5 since vy and Hy are sample-dependent parameters. In-
deed, the global linear relationship between Invy and o
displayed in Fig. 5 is a strong indication of a correlation
between the creep parameters of all the samples in the
same family. The two global parameters A and B are
representative of all the v(H) curves based on the same
material, and may diffep from one kind of sample to an-
other. Table I sumaVZZes the parameters obtained from
linear fits to the curves i Fig. 5.

Parameter MCDPt Au/Co/Au [Th/Fe]
A (Oe *)10.161%,0.001[0.156 4 0.001|0.12 + 0.02
B + 0 15.9 4+ 0.7 | 3.4+ 2.0

Heross er) 8 1689 4823
Ucross( ) ..-__2115

8x10° 30
o

arameters A (slope) and B (intercept)

Figs. 5(a), (b) and (c), corresponding to

Pg/Co/ Au/Co/Au and Tb/Fe based samples, respec-
vely..Values for veross/(m/s) = ef and Heposs = A™? cor-

rgpand @velocity—ﬁeld values where the extrapolation of all
‘eep livl converge for a given materials family.

remarkable fact that all the pairs of (o, Invg) data

T
\\m'ﬂn‘us lay on the same straight line for a given fam-

79“8\415' of samples, indicates that the parameters A and B

characterizing that linear relationship contain valuable
information about the DW dynamics for the whole fam-
ily, regardless of the particular fabrication and measure-
ment conditions. Using that Invy = Aa + B, Eq. (3)
can be written as Inv(H) = B + Aa(l — H-Y*/A)=
0 Veross + Horohoat[l — (H/Heross)~/4], where we have
defined veross/(m/s) = eP and Hppss = A™*. Therefore,
from a phenomenological point of view, veress and Heross
would physically correspond to the point where all creep
velocity-field curves converge, i.e. v(Heross) = Veross- 1N
other words, for example, all Pt/Co/Pt samples would
have the same velocity veross/(m/s) = e = 245 at the
field Heposs = A™% = 1488 Oe. The parameters Heross
and veross Obtained from A and B are also listed in Table
I. The H..,ss values for all materials are of the same
order of magnitude, being somewhat higher for [Tb/Fe].
On the other hand, a large dispersion in v..,ss values is
observed due to the exponential dependence on B. As
reported in Ref. [18], values of Td for Au/Co/Au seem
to be unusually large, which could be related to a large
vcross. However, further investigation is needed to al-
low for a detailed discussion on the microscopic origin of
Veross and Heross. From a practical perspective, the cor-
relation between creep parameters and coercive field can
be used to rapidly estimate DW dynamics for a different
sample. For example, if a Pt/Co/Pt sample had a coer-
cive field around 150 Oe, a value of « close to 100 Oe~1/4
can be estimated from Fig. 4(a), and using Hoss and
Veross & value of Invg &~ 21.6 is obtained. With these val-
ues for o and Inwg the velocity-field curve in the creep
regime can be predicted.
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¢ a summary, the impact of Co thickness and sub-
sirate topography on DW dynamics was studied in
PUb“ﬁL ﬂg I’'t stacks. Even though the magnetic properties
ot mdividual samples (coercive field and DW velocity-
field response) are very sensitive to microscopic details,
we found that the creep parameters of all Pt/Co/Pt sam-
ples can be unexpectedly described by a linear behavior
with a pair of global parameters, H,oss and veposs, which
represent the point in the creep plot where all the ex-
trapolated curves for samples of the same materials are
crossing. Moreover, using data previously reported in the
literature, we found that data for Pt/Co/Pt samples also
collapsed on the same linear behavior, independently of
the thickness, disorder and temperature of measurement.
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