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Magnetization reversal in ultrathin P{(10 nm)/Co0(0.6 nm)/Pt(3 nm) magnetic films and
Pt(10 nm)/[Co(d)/Pt(1 nm)],/ Pt(2 nm) (d = 0.4, 0.6, 0.8 nm, n = 2, 4) multilayers with
perpendicular anisotropy has been studied using Kerr microscopy. These materials demon-
strate unusual effects of activity asymmetry of nucleation centers and domain wall mo-
tion. The field dependences of these effects have been studied and the asymmetry of the
domain wall nucleation has been found to be suppressed by application of a magnetic field
much stronger than the sample coercivity. The asymmetry comes back after several
reversals at a lower field magnitude. The asymmetry of domain wall velocity decreases
abruptly and vanishes as the reversal field increases in low coercivity ultrathin Co films.
The effect recovers as in the reversal field value decreases. A role of the Co/Pt interface
defects and nonlinear spin excitations in these phenomena is discussed.

Meromom Kepp-MUKPOCKOIMM HCCIIEIOBAHO II€PEMATHNYMBAHUE YJILTPATOHKHX MATHUTHBIX
miéuok Pt(10 um)/Co0(0.6 um)/Pt(3um) wu wmHOTOCHOWHBIX cTPpyKTyp Pt(10 M)/
[Co(d)/PH(1 uwm)],/ PY2 um) (d = 0,4, 0,6, 0,8 umM, n = 2, 4) c TepPHeHAUKYJIAPHONE aHMU30-
Tpomnuel, MPOABIAONINX 9PHEeKTh ACUMMETPUN AKTUBHOCTHU IIEHTPOB 3aPOIKIEHUA U IBUMKE-
HUS JOMEHHBIX CTeHOK. VcciegoBaHa IoJieBasi 3aBUCHUMOCTL oTux adgderToB. O0HapyKeHO,
YTO MPUJIOKEHUEe AOCTATOUHO OOJIBIIION0 HACHIIIAIOIIEro MOoJsA (CYIeCTBEHHO IIPEeBLIIIAIIIEro
KO9PIIMTUBHOCTh 00pasiia) IMoAaBJsgeT AKTUBHOCTL ACMMMETPUUYHBIX IEHTPOB 3apOiKIeHU.
IlepemarauuymBanue B TOJAX MEHBIE BeJUUYUHBLI HPUBOAUT K BOCCTAHOBJIEHUIO aCHMMeT-
pun. B yuabrpaToHKmx naéHkax CO ¢ Masoil KOSPIUTHBHOCTLIO ACHMMETPHUA CKOPOCTel
JOMEHHBIX CTEHOK PE3KO YMEHBIIAeTCH U MCUYe3aeT C YBeJHMUYEHNEM II0JIsI, BOCCTAHABJIMBASCD
¢ ero ymenbmienuem. O6cyaaercs poab CTPYKTYpPhl MexxdasHoil rpanunsl Co/Pt u Henuneii-
HBIX BO30YKIEeHUI CIIMHOBOM IIOACHCTEMBI B (DOPMUPOBAHUU ITUX dPPEKTOB.
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The artificial ultrathin magnetic films
and multilayers composed of ferromagnetic
layers separated by nonmagnetic spacers
represent a new type of quasi-two-dimen-
sional structures with physical properties of
a great interest. The lowering of the system
dimensionality results usually in new and
qualitatively different physical properties.
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In particular, as the thickness of magnetic
layers decreases (becoming less than a few
atomic layers), these structures change
abruptly the easy magnetization axis from
the in-plane to the out-of-plane, revealing a
strong perpendicular magnetic anisotropy
(PMA). Investigations of magnetization re-
versal of ultrathin ferromagnetic films and
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multilayers with PMA have shown that
some remagnetization features are similar
to those of bulk materials. In particular,
the reversal in ultrathin films occurs, as in
the bulk materials, by the nucleation and
spreading of domain walls [1-3]. The mo-
tion of domain walls was found to be either
thermally activated or viscous, depending
upon the magnetic field strength [2].

However, our recent study of ultrathin
Pt/[Co/Pt],,/Pt multilayers (n =1, 2, 4) has
revealed some quite unusual features in
their magnetization reversal behavior [4]
those can not be understood in the frame-
works of a perfect interface structure. In
addition to the usual symmetrical nuclea-
tion centers, hitherto unknown asymmetri-
cal magnetic domain nucleation centers
were found in ultrathin [Co/Pt], structures
with n=1, 2, and 4, where the reversal
begins for one direction of the field only.
The new domains nucleate at different posi-
tions for magnetization M pointing up or
down. A pronounced asymmetry in the mo-
bility of domain walls in single Co films
with low coercivity was also reported, which
is in sharp contrast to the expected symme-
try of magnetic reversal in general in the
homogeneous bulk ferromagnets.

In this work, we have studied in detail
the elementary re-magnetization events in
the out-of-plane magnetized ultrathin
[Co/Pt], (n =1, 2, 4) multilayers as a func-
tion of the saturation field and number of
layers. We have studied the manner by
which the asymmetrical domain nucleation
activity depends on the saturation field
magnitude. The dependence of the domain
wall velocity asymmetry on the applied field
was also investigated.

The samples to study were the
Pt(10 nm)/Co0(0.6 nm)/ Pt{(3 nm) films and
Pt(10 nm)/[Co(d)/ PY{(1 nm)],/Pt2 nm) mul-
tilayers (n =2, 4; d = 0.4, 0.6 nm) grown
by DC magnetron sputtering onto Si(111)
substrates at room temperature. The do-
main structure evolution was investigated
in situ by magneto-optical Kerr effect
(MOKE) microscopy at various magnetic
fields, applied perpendicular to the film
plane. The average magnetization as a func-
tion of the applied magnetic field H was
determined by Hall resistance measure-
ments at H perpendicular to the film plane.
Since the extraordinary Hall resistance Rpy
in multilayers with PMA is proportional to
M, the field dependence of Ry yields the curve
M(H). The [Co/Pt],, samples with n = 1, 2, and
4 show square hysteresis loops (e.g., see Fig. 1),
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Fig. 1. Hysteresis loop for the ultrathin Co
(0.6 nm) film.

their coercivity H, increases with the num-
ber of Co layers. To study the nucleation
and evolution of domains, the field was
gradually reduced from the saturation field
H, to a reversed field exceeding the sample
coercivity till the domain nucleation occurs
and then was kept constant.

In the earlier work [4], we have shown
an example of the domain structure evolu-
tion in the [Co/Pt], structure. In this work,
we illustrate the evolution of domains in
the ultrathin Co0(0.6 nm) film (Fig. 2). A
magnetic field of ngH =-1.4 mT (Fig. 2a,
2b, 2¢) and pgH = +1.4 mT (Fig. 2d, 2e, 2f)
was applied after the gradual decrease from
the saturating fields of upH, = +60 mT and
—60 mT, respectively. The magnetization re-
versal in single Co ultrathin films is seen to
occur through the nucleation and growth of
bubble domains like in [Co/Pt], multilayers.
Similar to the bulk materials and thin
films, there are "symmetric” domain walls
nucleating at the same positions in the
fields with opposite directions. However, as
well as in [Co/Pt];, we observed not only
usual symmetrical, but also the unusual
asymmetrical nucleation centers in single
Co layers. Such "asymmetrical” types of nu-
cleation centers produce domains of a single
magnetization direction only, either down-
ward or upward, but not both. The domain
nucleated at the field directed upward only
is shown in Figs. 2e and 2f by arrows.

The difference manifests itself also in
the fact that the magnetic field reversing
before the "symmetrical” domain wall
reached the sample boundaries (or other do-
mains) results not only in the shrinking of
a domain, but also in the formation of a
ring structure due to nucleation of a new
domain at the same nucleation center [3, 4].
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Fig. 2. MOKE images of the evolution of a domain structure in the ultrathin Co (0.6 nm) film
under application of magnetic fields pgH = —1.4 mT (a, b, ¢) and u,H = +1.4 mT (d, e, f), respec-
tively; arrows show the domains produced by "asymmetric” centers.

However, due to the asymmetry in nuclea-
tion activity, the shrinking of an "asymmet-
rical” domain is observed only, without for-
mation of a ring structure.

We have studied in detail the existence
conditions of this effect. Our experiments
have revealed that the asymmetric nuclea-
tion in the single layer Co films and
[Co/Pt], multilayers (n = 2, 4) is observed
at low saturating fields. It is suppressed by
the ramping up to high saturating field, by
an order or two higher than the macroscopic
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sample coercivity (measured by the hystere-
sis loop). The asymmetry suppression in the
domain nucleation by application of a high
field has been revealed in all of the [Co/Pt],
(n=1, 2, 4) samples studied in this work.
The field value at which the nucleation
asymmetry is suppressed varies for various
samples. We have found also that the asym-
metric nucleation reappeared after several
reversal cycles proceeding from a field
lower that the saturating one.
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Fig. 3. Forward (open symbols) and backward
(filled symbols) displacements of the "asym-
metric” domain wall in the ultrathin single
Co(0.6 nm) film with the coercivity u,H, =
2.8 mT as a function of time under applied
magnetic fields (a) uyH = +1.26 mT and (b)
+1.67 mT. Solid lines are the linear fits.

This phenomenon may be due to several
reasons. First, it can be defined by the de-
fect structure peculiarities of real thin
films. It is known that the adsorption of
atoms on the film surface from the gas
phase always occurs with formation and
growth of islands. So, such elements of the
interface structure as islands, steps, and
pinholes are inevitable part of nanocompo-
sites. Their role in the processes of nuclea-
tion and domain wall motion in quasi two-
dimensional structures is still poorly under-
stood.

The asymmetrical nucleation centers
have been observed before, but only in the
exchange coupled thin ferromagnetic/antif-
erromagnetic bilayers [5, 6]. Similarly, in
our samples, the asymmetry may be caused
by the formation of a local unidirectional
anisotropy due to exchange coupling be-
tween islands with ferromagnetic and antif-
erromagnetic ordering. The antiferromag-
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Fig. 4. Ratio of the forward and backward
velocities of "asymmetric” domain walls in
the Co(0.6 nm) film as a function of applied
magnetic field. Solid line guides for eyes.

netic ordering may occur either due to oxi-
dation of some Co islands and CoO forma-
tion of [7] (if suppose that the Neel tem-
perature for the CoO nanoislands is higher
than that for the bulk oxide), or at the
interfacial steps [8], or at the Co surface as
previously observed in an Fe/W(001) ul-
trathin film [9]. Moreover, the asymmetry
may be due to defects in the interface struc-
ture such as islands with very high coerciv-
ity and opposite magnetization direction
[10]. Another reason for the asymmetric nu-
cleation may be related to the existence of
an unusual spin configuration known as a
skyrmion [11, 12]. If skyrmions remain sta-
ble against collapse to the atomic scale, the
down domains shrink to a small but finite
radius in an upward field and reappear
when the field is reversed.

We have also studied the asymmetry ex-
istence conditions in the velocity of the do-
main walls. To measure the domain wall
velocities, the magnetic field was kept con-
stant after nucleation of domains and the
domain wall displacement was measured as
a function of time. The displacements are
linear in time, with a well-defined velocity
(Fig. 3). Unlike the "symmetrical”™ domains,
the domain walls nucleated at "asymmetri-
cal” centers in single Co films have back-
ward velocities significantly larger than
that of domain wall growth in a field of the
same strength but opposite direction. Fig-
ure 3 shows the forward and backward
"asymmetrical” domain wall displacements
in the single ultrathin Co film, measured at
two different applied magnetic fields, as a
function of time. One can see that the
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larger the magnetic field, the less the ratio
of backward and forward velocities.

Figure 4 shows the field dependence of
the domain wall velocity asymmetry (ratio
of the backward to the forward velocity)
obtained with one more ultrathin Co film.
One can see that the asymmetry of domain
wall mobility vanishes completely at larger
magnetic fields. This effect is observed in
the single Co films with low coercivity only
(LoH .~2 mT); it does not appear both in the
single layer Co film with a larger coercivity
(LoH, = 8.0 mT) and in the [Co/Pt], sample
(LoH, = 19 mT), where domain walls do not
move in fields pgH<2 mT. This asymmetri-
cal phenomenon has never been predicted,
and its origin remains unclear. Domain
walls nucleated at “symmetrical® and
"asymmetrical” centers overcome similar
barriers during their motion but display
different backward velocities. Consequently,
one may suspect different types of centers
form different domain wall structures.

In conclusion, we have studied in detail
features of the magnetization reversal of
sputtered ultrathin Co films and [Co/Pt],
(n =2, 4) multilayers with perpendicular
magnetic anisotropy. The asymmetrical ac-
tivity of the domain nucleation centers is
suppressed reversibly by the application of
large magnetic fields in all of the samples.
The asymmetry of domain wall velocity, being

revealed only in the ultrathin Co films with
low coercivity, decreases and disappears com-
pletely at larger magnetic fields.

This work was supported in part by Basic
Research Program of the RAS Presidium
P-03 "Quantum Macrophysics”.
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IIpo npupony acumerpii aKTUBHOCTI I[€HTPIiB
3apOJKeHHA B yJbTPATOHKHX IIiBKax Co
Ta OaratomapoBux cTpykrypax Co/Pt

10.J1.1Iynin, 10.11.Ka6anoé, B.I.Hiximenko,
H.M.Yenwv, A.Axuc.Illlanipo, C.JI.Yien, P./] .Illann

Metogom Kepp-mikpockomii mociimsKeHO IepemMarHiuyBaHHS YJAbBTPATOHKHMX MArHITHHX
mwrisok P#(10 um)/C0(0.6 um)/ Pt(8 mm) Ta Gararomaposux crpykryp Pt(10 um)/ [Co(d)/Pt
(1 uam)],/Pt(2 Bm) (d = 0.4, 0.6, 0.8 um, n = 2, 4) 3 IepIeHIUKYJIAPHOIO aHi3oTpOMiEI0, AKI
BUABJAIOTh e(eKTU acuMeTpil aKTUBHOCTI IIEHTPIiB 3apOMKEHHS Ta PYXY AOMEHHHUX CTiHOK.
Hocaig:KeHo MONBbOBY 3ajJIeKHICTL IUX edeKTiB. 3’sdcoBaHO, 0 MPUKJIAJAHHSA JOCUTH CHUJIb-
HOTO HaCUUyBAJbHOTO MOJA (AKe IiCTOTHO TepeBUINye KOEPIUTUBHICTH 3pasKa) HpPUTHiUye
aKTUBHICTL ACUMETPUYHUX IEHTPiB 3apomKkeHHs. IlepeMartHiuyBaHHsA B IOJSAX MEHIIIOI BEeJIUUU-
HU IIPUBOJUTDL IO BifHOBJIEHHA acuMeTpil. B yabprpaTorknx miaiBkax CO 3 MaIo0 KoeprnuTHUBHIC-
TIO aCHMMETPif IIBUIKOCTEM MTOMEHHUX CTiHOK Pi3KO 3MEHIIYETbCS Ta 3HHUKAE IIpu 30iabIleHHi
M0JIA, BiIHOBJIIOIOUNCH IIPKU HOro sMeHIeHHi. OOroBOPIETHCSI POJIb CTPYKTYPHU MimdasHol mexxi
Co/Pt ra mexninifinux 30ym:KeHb CIIHOBOI IizcucTeMu y (GopMyBaHHI 1ux e(deKTiB.
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