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Abstract: In this paper, we present the study of domain structure accompanying interstate transitions in Pt/Co/Ir/Co/Pr
synthetic ferrimagnet (SF) of 1.1 nm thick and 0.6 — 1.0 nm thin ferromagnetic Co layers. Variation in the thickness of the
thin layer causes noticeable changes in the domain structure and mechanism of magnetization reversal revealed by MOKE
(Magneto-Optical Kerr Effect) technique. Magnetization reversal includes coherent rotation of magnetization of the
ferromagnetic layers, generation of magnetic nuclei, spreading of domain walls (DW), and development of areas similar
with strip domains, dependently on thickness of the thin layer. Inequivalence of the direct and backward transitions
between magnetic states of SF with parallel and antiparallel magnetizations was observed in sample with thin layer
thicknesses 0.8 nm and 1.0 nm. Asymmetry of the transition between these states is expressed in difference fluctuation
fields and shapes of reversal magnetization nucleus contributing to the correspondent forward and backward transitions.
We proposed simple model based on asymmetry of Dzyaloshinskii—Moriya interaction. This model explains competition
between nucleation and domain wall propagation due to increase/decrease of the DW energy dependently on direction of
the spin rotation into the DW in respect to external field.
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Annoranus: [IpescraBineHo uccienoBaHne AMHAMUKU NEPEX0JI0B MEXIY CTAOMIBHBIMU COCTOSHUSIMH B CHHTETHYECKUX
¢deppumarnaerrkax (CP) Pt/Co/lr/Co/Pr ¢ Toncteimu (1,1 M) u Tonkumu (0,6-1,0 HM) cnosimu eppomaranTaoro Co.
Metomnom MOKE (MarauToontnaeckuii 23pdext Keppa) ycraHOBICHO, YTO U3MEHEHNE TONIIIMHBI TOHKOTO CJIOS BBI3BIBACT
3aMeTHBIC U3MEHEHHSI MEXaHH3Ma IepeMarHH4YMBaHus. B 3aBHCUMOCTH OT TOJIIMHBI TOHKOTO CJIOS NepeMarHnYUBaHHE
MOXKET IPOUCXOAUTH 3a CYET KOTEPEHTHOrO BpAILCHUs HAMAarHMYEHHOCTH (DEPPOMArHUTHBIX CIIOEB, T'CHEpaLu
3apoABIIIe HAMarHWYeHHOCTH, pacmupeHus noMeHHbIX cTeHok (JIC) m pocrta obmacteld, MOAOOHBIX TOJIOCOBHIM
JoMeHaM. HesKBHBaJeHTHOCTh HPSAMBIX M OOPAaTHBIX IIEPEXOAOB MEKIY MAarHUTHBIMH COCTOSIHUSIMH CHHTETHYECKOTO
(deppuMarHeTHka ¢ napauielbHBIME M aHTHIAPAJIeIbHBIMA HAMarHM4EeHHOCTSIMI HAaOJIoJalach B 0Opasie ¢ TOJIIMHON

Talantsev A.D., Kunitsyna E.I., Morgunov R.B. 167



Journal of Advanced Materials and Technologies. 2021. Vol. 6, No. 3

toHKOrO cinos 0,8 1,0 HM. AcuMMeETpHs Tepexo1a MeXIy STUMH COCTOSTHHSMH BBIPAKACTCA B Pa3HBIX (DIYKTyallMOHHBIX
noysix U opMax 3apofpliiell HAMarHUYSHHOCTH, BHOCSIIMX BKJIAJl B COOTBETCTBYIOIIME IIPSAMBIE U 0OpaTHbBIE MePEeXOMBL.
Mbl [peanioXuiau IMPOCTY0 MOJEIb, OCHOBAHHYIO Ha acUMMETpuu B3auMojelcTBusa JI3snommHckoro—Mopus.
JlaHHast MoJiesib OOBSICHSET KOHKYPEHIIMIO MEXKIY 3apojibllieo0pa3oBaHUEeM M PaclpOCTPaHEHHEM JIOMEHHOH CTeHKH 3a
cyeT yBeJM4eHus/yMeHblneHus dHepruu JIC B 3aBHCUMOCTH OT HarpaBiieHHs BpamieHus crnuHa B JIC 1o OTHOIIEHHIO
K BHEIIHEMY MOJIIO.

KaioueBble cioBa: cuHTETHYECKHE (EepPUMArHETHKH;
B3auMozeiicteue J3smommnackoro—-Mopust; MOKE.

NEPOCHAUKYJIApHAss AaHU3O0TPOIIMA; MArHuTHLIE JOMCHBI;

s murupoanmsi: Talantsev AD, Kunitsyna EI, Morgunov RB. Effect of Dzyaloshinskii-Moriya interaction on direct
and backward transition between magnetic states of Pt/Co/Ir/Co/Pr synthetic ferrimagnet. Journal of Advanced Materials

and Technologies. 2021;6(3):167-178. DOI: 10.17277/jamt.2021.03.pp.167-178

1. Introduction

Planar ferromagnetic heterostructures based on
ultrathin Co layers and containing Co/Ir, Co/Pt
interfaces demonstrate many unusual properties in
respect of domain wall dynamics [1-19], formation
of the skyrmions [20-28], and spin-orbital torque
[19, 29-32]. Most of the new phenomena can be
explained by contribution of the Dzyaloshinskii—
Moriya interaction (DMI) in the Co/Ir and Co/Pt
interfaces [1-3, 10, 13-15, 20, 24, 29, 33-41].
Synthetic  ferrimagnets (SF) of Co/Ir/Co and
Co/Pt/Co types are quite promising heterostructures
for ultrafast magnetic memory devices [16, 26, 42].
Although magnetoresistance of the Co multilayer
structures is usually small (~1 %), their main
assignment is  development of  alternative
technologies for information storage and processing
based on spin orbit torque [42-44]. Magnetization
dynamics in SF is governed by thicknesses of their
layers. The variation of spacer thickness controls the
sign and value of interlayer exchange coupling
between ferromagnetic layers of SF [45-48].
The variation of ferromagnetic layer thickness in SF
with perpendicular magnetic anisotropy (PMA)
allows one to understand the role of crystalline
magnetic anisotropy and its contribution to the
multilayer sample properties together with interface
magnetic anisotropy [12, 33, 35, 36, 40, 49].
Dependence of Co bilayer properties as a function of
thickness of the Co layers, #-,, demonstrates the

occurrence of the perpendicular anisotropy and
enhancement of DMI below f¢-,=2 nm [6, 8]. Since
the analysis of net magnetic moment is often not
accompanied by domain structure visualization,
details of the local magnetization reversal tend to be
overlooked. This can result in wrong judgment on
dependence of DMI on Co layer thickness. For that
reason, in this paper analysis of integral magnetic
moment on /-, are accompanied by detailed analysis

of the magnetic nuclei.

Four stable magnetic states of SF are determined
by mutual alignment of magnetizations in the layers
and controlled by, both, the magnetic interlayer
exchange interaction and the Zeeman energy. These
energies were extracted from temperature dependences
of magnetic hysteresis parameters [50, 51]. The four
types of magnetic nuclei corresponding to four
horizontal levels of magnetization are presented in
Figure 1, in contrast with a single monolayer.
Two stable “parallel” states (P+, P) and two
“antiparallel” (AP+ and AP) states correspond to
pure domainless states typical for nanosized SF.
A variety of multidomain states in large ~ 1 mm” SF
can be considered as intermediate states.

In this paper, we report on alteration of a
physical origin of magnetization reversal in series of
the Pt/Co/lt/Co/Pt samples with progressively
decreasing thicknesses of one of the Co layers.
We show progressive changes in the dominating
mechanism of magnetization reversal from the
coherent rotation of magnetization to the
multidomain magnetic structure and strip domain
propagation. Competition of different channels of the
magnetization reversal provides domination of one of
them depending on sweeping rate of the external
magnetic field § We analyzed the switching field
H for different interstate transitions in the series of

the samples with different 7., as a function of the
magnetic field sweeping rate.

2. Materials and Methods

Multilayered structures SiO/Pt(3.2 nm)/Co
(1.1 nm)/Ir(1.3 nm)/Co(tc,)/Pt(3.2 nm), tc,=
=0.60 nm, 0.70 nm, 0.80 nm and 1.0 nm of
4 x 4 mm” sizes were grown by magnetron sputtering
at =300 K. The methods of sample preparation and
their preliminary chemical, structural and magnetic
attestation were described in [5S0]. The thickness of
1.3 nm of the Ir spacer was selected to provide
antiferromagnetic interlayer exchange coupling
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comparable with the Zeeman energy.
This circumstance gives an ample opportunity to
switch magnetic stable states of the SF using external
magnetic field.

Local M-H hysteresis loops and magnetic
domain images were recorded by a Durham Magneto-
optics NanoMOKE3 microscope based on the Kerr
effect. The microscope was equipped with an
electromagnet with = 2000 Oe field range and 0.1 Oe
resolution of magnetic field. MOKE measurements
were performed in polar geometry (P-MOKE).
The local M—H loops were collected from the area of
a focused laser spot of 6 um diameter. The domain
images were recorded in a scanning mode from
350 x 350 um square areas with magnification value
x 270. Velocity of the domain walls (DW) was
determined from a comparison of domain boundary
coordinates in a series of the MOKE images recorded
with 0.6 s time interval. Prior to recording, the
samples were exposed in +2000 Oe magnetic field,
which exceeded the saturation field in all the samples.
After that, the magnetic field was switched down to a
varying negative value, and the domain images were
recorded. Field stabilization time was ~ 0.1 -0.5 s,
which was less than the time interval between the
frames. Time interval between frames was more, than
10 times longer than scanning time. The depth of
light penetration 3040 nm allows us to observe
magnetic nuclei in top and bottom Co layers, both.
We can clear distinguish four types of areas of
different brightnesses corresponding to the P, P,
AP and AP states.

Brillouin light scattering (BLS) in the Damon—
Eshbach geometry at room temperature was used to
measure DMI coupling energy by the asymmetric
frequency shift appeared from the annihilation or
generation of spin waves (SWs). The laser
wavelength was 532 nm; the diameter of the laser
spot was 50 um. The asymmetric frequency shift of
the BLS spectrum was determined by measuring for
in-plane fields Hp=+8kOe and H;p=-8 kOe.

As the Co films were very thin, counterpropagating
surface spin waves on the top and bottom surfaces of
each layer as well as spin waves in the top and
bottom Co layers were simultaneously observed in
the BLS experiments, averaging frequency shifts of
the all layers.

3. Results and Discussion

3.1. Shape of magnetic nuclei and origin of
magnetization reversal

Magnetic hysteresis loops corresponding to
variation of integral Kerr rotation are presented in
Figs. la—d, left panel, for the four samples with

tco=0.6 nm, 0.7 nm, 0.8 nm and 1.0 nm. These loops
have four single domain states, P',P, AP  and AP".
Depending on thin Co layer thickness and initial state
of the sample, the transition between the states
proceeds by different manners.

In the sample with #c,= 0.6 nm, the P* — AP"

and AP — P’ processes are implemented by
coherent rotation of magnetization in the entire area
of the film (lines /, 2 in Fig. 1a). The MOKE images
for these transitions demonstrate homogeneous
changes in “background” from dark to white color
occurring under sweeping magnetic field. On the
contrary, the AP — AP" transition is provided by
generation and expansion of magnetization nuclei.
The AP — AP’ transition is accompanied by
replacing black to white areas with no intermediate
colors (line 3 in Fig. 1la). There are two
magnetization phases AP~ and AP separated by 180°
domain walls.

The rest of the samples with #-,= 0.7 nm — 1.0 nm

show the formation of nuclei of several types. In the
fco= 0.7 nm sample, the P* and AP" domains formed

in the P"— AP and AP" — P’ transitions are of
similar shapes (lines /, 2 in Fig. 1b). However, the
shape of the AP areas formed in the AP"— AP’
transition (line 3 in Fig. 1) differs from the shape of
the AP" areas formed in the P'— AP' transition
(lines 1, 2 in Fig. 1b). Thus, the shape of the nuclei is
not sensitive to mutual orientation of magnetization
in a final state of transition (P+ or AP+), but the shape
depends on the layer (top or bottom), where transition
occurs. This fact is expectable because the individual
maps of nucleation centers (defects) distribution are
different in top and bottom layers. Reproducible
decoration of the horizontal scratch in lines /, 2 in
Fig. 16 indicates the nuclei in the same top layer,
while the absence of scratches in line 3 in Fig. 1b
indicates nuclei of the bottom layer.

On the contrary, in the samples with #-,= 0.8

and 1.0 nm, the P"— AP" and AP — P transitions
accompanied with domains of different shapes
(compare lines /, 2 in Figs. lc, d). The AP —P"
transition is provided by nucleation of many small
round areas of reversed magnetization, decorating
scratches, while backward process P — AP"
is accompanied by stripe domains as well as for
AP~ — AP transition.

Thus, the shape of domains in “thick” samples
becomes independent of the reversing layer, but the
shape is sensitive to mutual orientation of
magnetizations at the final state of transition.
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Fig. 1. Left panel: M—H loops for the f-,= 0.6 — 1.0 nm samples recorded at 0.1 kOe/s magnetic field sweeping rate.
Right panel: MOKE images captured for Pt/Co(x)/Ir/Co(1.0 nm)/Pt heterostructure (x = 0.6, 0.7, 0.8 and 1.0 nm),
for P — AP+, AP — P and AP" — AP transitions
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Variation of the top Co layer thickness in the 0.6 —
1.0 nm range enables to tune the magnetic nuclei
shapes. There are two intervals of Co layer thickness:
(1) presence of the thin layer the domain shape
depends on the layer, which magnetization is changed
in external field (independently on direction of the
transition), (2) in the case of thicker top layer, mutual
orientation of magnetizations of the layers in their
final states (parallel or antiparallel) fully
predetermines nuclei shapes (independently on that,
which layer magnetization is reversed).

3.2. Thermal activation of the magnetic nuclei

The regularities of nuclei formation depend on
thermodynamic parameters of nucleation such as
fluctuation field H;, activation volume V,, and

activation energy FE,. In this section, we will

determine these parameters and analyze their
sensitivity to magnetic field sweeping rate.
The dependences of switching fields H- on

magnetic field sweeping rate are not linear for all Co
thicknesses and all transitions (Fig. 2), except two
rate independent transitions in the sample #-,=
= 0.6 nm (Fig. 2a, b).

Fluctuation field H; was determined from the
slope of the dependence of switching field H- on

sweeping rate dH/d¢ plotted in a semi-logarithmic
scale. Linear approximations of these dependences at
low (below 0.01 kOe/s) and high (over 1 kOe/s)
sweeping rates determine the range of fluctuation
fields for each transition. Fluctuation field H; ranges
are represented for different samples in Fig. 3.
The mean values of fluctuation fields for different
transitions in all samples are summarized in Fig. 4.
The width of an accessible fluctuation field
range and the middle of fluctuation field range grow
with increasing #c,, and suddenly decrease at

fco= 1.0 nm for the AP"— AP" and AP" — P"
transitions, both. The fluctuation field of the
P"— AP" transition varies non-monotonically with
tco- It is surprising, that the H; ranges for the
AP"— P"and P"— AP transitions do not coincide.
The activation volume was estimated from
fluctuation field using the fact of proportionality of
the layers saturation magnetizations Mg, and Mg,

to correspondent thicknesses # and ¢, :
Vi =kT (t, +1,)/2H;Mgh, (1)
for the P — AP" and AP” — P* transitions, and
Va=kT (t +1,)/2H:Ms(t, —1,) 2

for the AP~ — AP" transition. The difference
between expressions (1) and (2) is that the P — AP"
process occurs by upper layer magnetization reversal,
while the AP~ — AP’ process proceeds by
magnetization reversal of both layers possessing
integral magnetization proportional to
Mgy —Mg, =1, 1.

The activation volume of the AP~ — AP"
transition (green bars in Fig. 4b) is almost the same
for 0.6, 0.7 and 0.8 nm samples. Therefore, the
thickness of free layer does not affect the mechanism
of the AP~ — AP transition.

The high value of activation volume for 1.0 nm
sample can be caused by the difference between the
actual value of Co layer thickness and that
determined from the deposition rate. As the
difference between ¢, and ¢, is in the denominator of
Eq. (2), and in the 1.0 nm sample the thicknesses of
the thin and thick layers are of almost same values
(1.0 and 1.1 nm), the error of 10 % in both thicknesses
will result in variations of ¥, up to 6 times.
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Fig. 2. Dependences of switching fields on magnetic field sweeping rate
for P'— AP" (a), AP — P+(b) and AP — AP+(c) transitions
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Fig. 4. Dependences of fluctuation field (a), activation
volume (b) and lateral size of domain nuclei (c)

on thickness 7, of Co thin layer for the P"— AP,
AP" — P" and AP” — AP transitions

In contrast to the AP™— AP’ transition, the
activation volume for the P* — AP" and AP" — P*
transitions (orange and blue bars in Fig. 4b) are
sensitive to the thickness of Co free layer. From the
comparison of 0.7 and 0.8 nm samples (for
0.6 sample the fluctuation field of these transitions is

zero and the activation volume is not determined),
one can conclude that the increase in thickness of Co
free layer results in reduction of activation volumes
of the P — AP" and AP" — P" transitions.

From the determined values of activation
volume, the lateral size of domain nuclei
can be estimated. As layer thicknesses are
tco ~ti~1nm= 10”7 cm and activation volumes are

of an order of 1077 m3, the domain nucleation area
is of an order of 10 1° crn2, and lateral size of nuclei
is Ly~ 10 cm =100 nm. Lateral size of nuclei of
different types can be calculated accurately by
formula Ly =+V,/nt; for the P*— AP" and
AP" - P* transitions, and by formula
Ly=+Vs/n(t, +1,) for the AP"— AP" transition.
The size of nuclei for the P" — AP+, AP" — P and
AP™ — AP” transitions are given in Fig. 4c.

The lateral nuclei size is always out of resolution
of Kerr microscope, being ~10 times lower than light
wavelength. Thus, we can not judge about initial
stages of nucleation. For that reason, very fast
generation of small non resolvable nuclei in the
sample with 7-,=0. 6 nm can give images similar to

images in lines / and 2 in Fig. 1. Zero value of
fluctuation field in this sample disproves this
assumption because thermally activated nuclei
generation should possess finite activation parameters
and volume compatible with values in Fig. 4c. Thus,
we cannot explain the absence of magnetization
nuclei in images in lines / and 2 of Fig. 1 by low
resolution of Kerr microscope. Reasonable origin of
the magnetization reversal in the P" — AP,
AP" - P" transitions is coherent rotation of
magnetization under external magnetic field.

The unresolvable size of the nuclei obviously
plays a role in explanation of the stripe like areas
limited by scratches (lines / and 3, Fig. lc, d).
The stripe domains have not been observed yet in
structures with perpendicular anisotropy due to their
energetically unfavourable structure and size. For that
reasons seeming of the strip domain in our
experiments is probably an artefact caused by low
resolution of Kerr microscope. Most probably
the space limited by scratches was rapidly filled out
by small non resolvable nuclei seeming like
continuous area of the same continuous direction
of magnetization. Thus, one should distinguish
magnetization areas filled by nuclei of the magnetic
phase and expanded magnetic nuclei also observable
when velocity of the domain walls is high enough
to enlarge nuclei size until their visible length
of ~ 1 pum.
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3.3. Contribution of Dzyaloshinskii-Moriya
interaction to magnetization reversal

The  Dzyaloshinskii-Moriya  antisymmetric
exchange interaction leads to noncollinear and chiral
ordering of spins. The DMI plays an important role in
spin orbitronics [2, 3]. The interfacial DMI arises in
thin ferromagnetic films at the interface with heavy
metals, where the spin-orbit interaction (SOC) of two
adjacent spins of the ferromagnetic film S; and §;

propagates through the exchange interaction with
a heavy metal atom located in an adjacent non-
magnetic layer. This type of DMI implying the
absence of the inversion symmetry in interface region
is described in the framework of the three-site Lévy—
Fert model [1].

The interfacial DMI was experimentally studied
in wide series of Co based samples, where Co/Ir and
Co/Pr interfaces are presented. Asymmetry of bubble
expansion in the in-plane magnetic field allowed to
estimate equivalent DMI field in Pt/Co/Pt, Pt/Co/Ir/Pt
[7], Pt/Co/Ir [12], Pt/Co/Pt [8], Pt/Co/Ir [18], Pt/Co/Pt
[19] lying in the 0.5 — 2.5 erg/crn3 range dependently
on interface quality, Co thickness, type of the heavy
metal and spacer properties.

In the case, when both the top and bottom
ferromagnetic layers of the SFs are coupled with the
interlayer by DMI, different directions of the domain
wall magnetization should be considered. Since
symmetry of the DMI and Heisenberg exchange
energy J are different, the change of the spin rotation
direction in the Neel wall (Fig. 1) causes change of
the sign of DMI energy density D, and does not affect
J value. The P"— AP" and AP — P" transitions,
both, have same spin rotation direction in the domain
wall of upper Co layer. Another reason to change the
sign of DMI is to change the direction of the domain
wall propagation. In this case both J and D change
their sign. The difference in the sign of DMI in the
upper Co layer, when P"— AP transition is changed
to AP"— P transition leads to difference between
energy of the domain wall and to corresponding
change in the domain wall velocity.

One of the most reliable techniques to measure
coupling energy D is Brillouin light scattering (BLS)
used in our experiments.

A typical BLS spectrum recorded in direct (red
line) and opposite (blue line) directions of in-plane
applied 8 kOe magnetic fields at 7= 300 K and wave
vector k=11 pm_l is shown in Fig. 5.

The Damon—Eshbach geometry was used to
determine D value, i.e. magnetization of sample lied
in sample plane perpendicularly to the wave

I(a. u)
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Fig. 5. Normalized BLS spectra recorded in direct
(red line) and opposite (blue line) directions of applied
magnetic fields 8 kOe at 7= 300 K

and wave vector ky = 11 um71

vector k.. We applied in plane field Hyp equal to
magnetic anisotropy field H, =10 kOe determined

by SQUID magnetometer to satisfy the above
mentioned conditions. One can see presence of the
two peaks with maximums in positive and negative
magnetic fields. These two peaks correspond to the
Stokes and anti-Stokes BLS components. Change of
magnetic field Hp to opposite direction causes shift

of the Stokes and anti-Stokes maximums, replacing
their frequency positions f, but frequency difference
Af between them remains constant (Fig. 5).
The origin of the alteration of the Stokes and anti-
Stokes maximums 1is interfacing DMI, which
coupling energy D is directly proportional to Af
value:

. A f M g ’

2vk

X

3)

vy is gyromagnetic ratio, &, is the x component of the
wave vector, depending on incidence angle, Ms is
saturation magnetization. Extraction of frequencies of
the Stokes and anti-Stokes lines from Fig. 5 and
calculation of DMI by formula (3) results in
D = 1.1 erg/em’, quite similar with the value obtained
by other authors in similar samples.

In the presence of DMI in the sample, an
effective field consists of the external constant field
Hp and Hpy, directed, both, in plane of the sample.

The effective in-plane field of the sample affects the
velocity of the domain walls. This circumstance can
be used to estimate the strength and sign of DMI
contributing to domain wall velocity [7, 8]. We use
the equation for the motion of the domain wall in
creep mode to find the relationship between the speed
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of the domain wall v and the Hpyy field in creep
mode:

V=1, exp(— C(H)™ ), 4)

vy is constant velocity, H is out-of-plane magnetic
field, { is scaling coefficient, exponent p = 1/4 is
parameter corresponding to creep regime.

According to [8],  parameter depends on energy
density of the domain wall and in-plane field Hp:

C:CO[GDW(HDMI)/GO]IMa (5)

where {y is scaling coefficient, opy 1S energy

density of the domain wall, o is energy density of the
Bloch-type domain wall.

According to [8], dependence of the density of
domain wall energy opyw on DMI field Hpy, can be

expressed as:
AP MEH Ry
8K,

(6)

Expression (6) can be applied with a limitation
|Hp + Hpyy| <4Kp/nMg . In the studied sample

with anisotropy field ~ 8 kOe, this limitation is
fulfilled in zero in-plane fields. The sign “+” or “—” in
expression (8) is determined by direction of DMI
field in respect to the magnetic nuclei border. Energy
density of the AP"/P" border is obviously controlled
by DMI, which sign (positive or negative) depends on
mutual orientations of the top and bottom Co layers.
Substitution of (6) to (5) and to (4) results in
expression:

a?miHA )
In(v/vy) =Gyl 14+ ———PML| =14 (g
8coKp
Approximations of field dependences by formula
(7) are shown in Figs. 6 and 7 for different transitions
and different thicknesses of the upper layer.
One can find a different sign of the slope in

vpw (H) coordinates (Fig. 6a) and very close slopes
for the samples of different upper layer thicknesses
(Fig. 6b). Figure 6b allows one to conclude very high
accuracy of comparison of the slopes even in
different samples.

If we modify Fig. 6a, plotting modulus of the
DW velocity (Fig. 7), we can compare slopes of the
vpw(H) dependences for opposite processes
P"— AP and AP —P'. There is an obvious
difference in the slopes of the vpyw (/) dependences.
This difference indicates different activation energies

VDM, um/s
100f & p*— AP
AP > P"
10
1 L

520 540 620 640

660 [, Oc
(a)
In(v), pm/s
0.7 nm
100 -
10}
1 L
4.75 480 570

(b)

Fig. 6. Field dependences of the velocity of motion of the
domain wall AP during the transition P AP"
and AP" —P" (a); comparison of the field dependences
for P" — AP transition in samples of different

thicknesses of upper layer (b). Solid lines are
approximations by formula (7)

In(v), pm/s

100

10

500 5.05 85 5.90

14 . 1/4
H ', Oe

Fig. 7. Field dependences of the modulus of the velocity

of motion of the domain wall P during the transition
+ +

AP —P
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for direct and backward transitions. According to
formula (7) this difference can be explained by
contribution of the DMI field, increasing and
decreasing potential barriers in direct and backward
processes, respectively.

4. Conclusions

1. The physical process driving magnetization
reversal of the thin layer without changes in
magnetization of the thick 1.1 nm layer (the
P"— AP', AP"— P" transitions) is controlled by
thin layer thickness.

For ¢-,<0.6 nm magnetization reversal is

caused by coherent rotation of magnetization of the
layer on the whole in the field interval of 1-20 Oe.
The fluctuation field of this process was determined
as zero indicating the absence of the magnetization
nuclei.

For t-,=0.7 nm the forward and reverse

P"— AP", AP"— P" transitions are equivalent and
they proceed by generation of nuclei.
For f¢,= 0.8-1.0 nm the forward P* — AP" and

backward AP"— P* processes become inequivalent.
Forward transition is provided by small number of
nuclei rapidly expanding by domain wall motion.
Backward transition AP"— P" s provided by
generation of great number of nuclei with small
contribution of their expansion.

2. Activation volume of the P"— AP" and
AP"— P" transitions depends on the ratio of
thicknesses of thin and thick layers. Similarity of
shape of the magnetization areas filled by nuclei of
the final state for the P"— AP" and AP'— P’
transitions correlates with ratio of activation volumes
of these transitions. When the activation volumes of
the P*'— AP" and AP" — P transitions are close to
each other (7-,=0.7 nm), magnetization reversal

areas shapes are determined by those layer, which
magnetization reverses. At higher thickness
(tco= 0.8—1.0 nm) activation volumes of the

P* — AP* and AP" — P transitions become different,
and the shape of magnetization area is determined by
final state of transition independently on that, which
layer is involved in magnetization reversal.

3. Change of the DMI sign in forward
P"— AP and backward AP"— P’ domain wall
motion makes different energy densities of the
domain wall in these DW motion modes.
The correspondent increase in the DW velocity in

forward P* — AP" transition provides domination of
the magnetization reversal by magnetic nuclei
expansion. Decrease in the DW velocity in backward
AP" S P'  transition provides domination of
nucleation type of the magnetization reversal.
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