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Abstract

Asymmetric magnetization reversal in perpendicularly exchange biased Pt/Co/Pt/IrMn
multilayers was studied in nanometer scale by non-contact magnetic force microscopy with
variable highly localized bipolar magnetic fields of the MFM tip. The hysteresis process
of domain nucleation and pinned domain wall motion has been triggered and mapped
simultaneously through MFM. Unstable magnetization reversal of submicron domains has
been directly observed as well as exchange bias induced asymmetry in the depinning
fields for domain wall motion. The current results demonstrated a possible way to locally

mapping and manipulating novel magnetic nano-structures such as vortices and Skyrmions.

PACS numbers: 71.70.Et; 68.37.Rt; 75.60.Jk



I. INTRODUCTION

Exchange bias (EB) in coupled ferromagnet (FM) and antiferromagnet (AF),
discovered by Meiklejohn and Bean in 1956, has been widely studied in the light
of both fundamental mechanisms in physics and abundant technologies in modern
spintronics®3. The EB effect manifests itself by a horizontal shift (Hg) and an en-
hanced coercivity (H¢) of the hysteresis loop due to interfacial coupling between
surface FM spins and uncompensated AF spins, which are either non-rotatable or
rotatable*. All these AF spins are randomly distributed and highly localized*®. Re-
cently, EB has attracted renewed attention for its central role as the pinning/biased
layer in the spin-valve devices’. In order to meet the industrial demand of high den-
sity non-volatile memory such as magnetic random access memory (MRAM), the
size of magnetic domains is continuously reduced and the nano-dimensional effect
of EB is intensively investigated” 6. Furthermore, room temperature vortices and
Skyrmions have been demonstrated in antiferromagnet based heterostructure due
to the strong Dzyaloshinskii-Moriya interaction (DMI) in AF/FM bilayers such as
IrMn/CoFeB.!"!® On the other hand, manipulating and controlling magnetic nanos-
tructures are the key issues towards the utilization of new magnetic nanostructures.
Owing to the spin-transfer torque and spin-orbit torque effect, the nanostructures
such as vortices and Skyrmions can be created and moved by short-pulse, high den-
sity current'®?°. By employing the MOKE microscopy, spin polarized low-energy
electron microscopy (SPLEEM), XMCD-PEEM, Lorentz transmission electron mi-
croscopy and topological Hall effect, the special formations of magnetic nanostruc-
ture can be determined!® 5. Due to its high spatial resolution, direct imaging and
low cost, the magnetic force microscopy (MFM), working as a conventional high
resolution magnetic mapping method, shows its advantage in probing the magnet-

24-26

ic nanostructures MFM has been utilized to study the domain reversal in

27,28

patterned films with in-plane exchange bias , as well as exchange biased vortices

in submicron disk 2°. Asymmetric domain reversal has been studied in perpendicular

exchange biased [Co/Pt]4/Co/CoO and [Co/Pt]s/IrMn multilayers 332, However,

all of the precedent MFM studies are based on the uniform magnetic field through

the whole sample surface.




In this letter, we concentrate on the studies of the influence from the highly

localized magnetic field of the MFM tip onto the perpendicular exchange bias

Pt/Co/Pt/IrMn multilayers (with easy axis out-of-plane) as a function of tip-sample

distance (drs) and tip magnetization direction. Magnetization reversal process in

magnetic domains of submicron scale was directly observed and later on compared

with our theoretical results. With a well-controlled tip-sample distance and the

ex-situ tip magnetization reversal method (TMRM)33  the local magnetization
reversal of submicron domains in EB multilayers was achieved by the highly local-
ized magnetic tip field (Hy,). Asymmetric magnetization reversal were triggered
by local tip field with opposite directions. By utilizing the static magnetometer
measurement and atomic scale micro-magnetic calculations, the asymmetric mag-
netization reversal process can be attributed to the pinned domain wall motion of
FM layer coupled with irreversible rotation of AF spins. The results are helpful to
explain the anomalous exchange bias training effect in Co/Pt/IrMn multilayers®*.
Potentially, it may also pave a way to map and manipulate the magnetic nano

structures such as Skyrmions and vortices with high resolutions.

II. EXPERIMENT

A large specimen of Pt(3 nm)/Co(0.5 nm)/Pt(0.5 nm)/IrosMnz;(IrMn)(4 nm)
multilayers was deposited on a flat quartz substrate (5 x 2 cm?) by magnetron sput-
tering at ambient temperature as shown in Fig. 1(a). The base pressure of the
vacuum chamber was 2 x 10™° Pa and the working Argon pressure was 0.40 Pa
during deposition. The exchange bias was induced by a magnetic field of about
50 Oe, along the sample normal direction (denoted as -z direction), from a small
magnet set on the back of the substrate. After deposition, the sample was cut into
identical small pieces (5 x 5 mm?) to investigate the static magnetic properties and
MFM separately. One small piece was measured in VSM (vibrating sample mag-
netometer) of Mode 7407 with auto-rotation option by LakeShore Company (Fig.
3, dotted curve). The perpendicular exchange bias has been well established in the

multilayers with Hg=160 Oe and Hy=470 Oe. Among various thickness of IrMn



layers, we chose 4 nm IrMn as the AF layer, so Hg is set to be smaller than H¢
deliberately so that the magnetization of multilayers can stay stably in either up or
down direction at zero field with respect to the magnetization history.

Another piece of the as-deposit sample was characterized by MFM (Nanoscan
Ltd., Switzerland with magnetic tip from MicroMasch), operating at the constant
height dynamical mode33. The tip is oscillating vertically (z-axis) with an amplitude
of Ay and scans along the fast axis (z axis) with a speed of 512 pixel/s, and forms the
MFM image by also slowly scanning along the perpendicular direction (y axis). On
top of each pixel, the tip will oscillate 166 cycles (the cantilever used there has a nat-
ural resonant frequency of 85 kHz). The sample magnetization reversal of a specific
domain will happens first when the tip reaches the critical height of drg = 2z — Ag
(the lowest turning point at an oscillating cycle of the MFM cantilever), where 2 is
the balanced tip-sample distance, as shown in Fig. 1(a). Because the tip oscillates
much slower than the magnetization reversal process (<100 ps)®; so the tip field can
be considered as DC field source. In order to study the hysteresis behavior, the tip
field needs to be varied, which was achieved by monitoring the frequency shift (Af)
versus distance (drg) curve above the non-magnetic regions where the magnetic field
gradient is effectively zero. The method has been discussed in details in Ref. 33.
For the ultrathin FM layer studied here, the central regions in large magnetic do-
mains (usually over several square microns) can serve this role, as long as distance
drs is much smaller than the domain size®®. Here, the van der Waals force and the
electrostatic force (with an uncompensated bias voltage of 0.56 V between the tip

33,37

and sample) make up the total non-magnetic contribution®>°?. The sensitivity of

the tip-sample distance control method has been discussed elsewhere3337.

III. RESULTS AND DISCUSSION

The MFM tip used in this paper, is a Co(60 nm)/Cr(20 nm) coated NSC18-series

MFM tip from Mikromasch Inc with a quasi-Octagonal-cone-shape confirmed by

our scanning electron microscopy (SEM) studies. It has a full tip cone angle of 40

degree with a tip radius of 80 nm (measured in SEM). In order to quantitatively
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FIG. 1: (Color online) (a) Sketch of the local MFM probing method: an MFM tip carrying
a moment of My, raster scan across the surface and the localized stray field induces
magnetic reversal in Pt/Co/Pt/IrMn(hidden) multilayers. zy is the balanced tip-sample
distance, Ag is the oscillating amplitude and § is the effective point-dipole position from

the tip apex. (b)the vertical tip field (along z-axis) and the in plane radial tip field (along

radial axis r) distributions versus radial position r at different drg. The solid circle dot

is from Ref. 43.

study local hysteresis behaviour within one pixel sized square area (23.4x23.4

] 38,39

nm?), the tip field was calculated using a magnetic point-dipole mode at

various drg according to the following considerations: i) Great efforts have been

put to quantitatively mapping the tip field using e.g., Lorentz Microscopy (LM)

within only a fixed plane (60£10 nm away from the tip apex) perpendicular to

40,41

the tip axis For a similar pyramid-shaped CoCr coated tip with a similar

tip height, the point-dipole model and the LM experiment have nearly shown
the same radial distribution of the vertical H,-field with same FWHMs. ii) in

quantitative micromagnetic simulation 2, for a 50 nm thick Co coated tip, the

effective dipole moment has been calculated to be My, = 3.14x107! emu, which

is also in agreement with the nominal value from the MFM tip supplier. iii) for

the same MFM tip from the same supplier, another quantitative characterization

has shown a tip field of 690 Oe at a drg of 40 nm %3, we have thus assumed the

effective dipole position of § &~ 55.4 nm away from the tip apex (Fig.1(a)), which

also shows good agreement with the micromagnetic simulation results (indicating

effective dipole height in the range of 50~100 nm) **. Based on above discussions,




the tip field H, and H, at different drg have been calculated based on a dipople

moment of My, = 3x107" emu and an effective dipole height of § = 55.4 nm.

The in-plane radial MFM tip field H, have been estimated in Fig. 1(b).

Comparing H, and H., one can easily see the tip field on top of each MFM image

pixel is dramatically dominated by the axial field along z-direction. At smaller

drs, H, starts to play a role at about 2 pixel away (pixel size 23 nm here) and its

maximal value is only less than half of the vertical field H,. At larger drg, however,

the peak in plane field component shifts away from the under scanned pixel location

with larger H,/H, ratio. In summary, the in plane tip field has shown a smaller

magnitude compared to the out-of-plane field, and additionally, its effect is also

negligible compared to the out of plane Ho or Hg from our VSM results (Fig. S1),

44

similar to other reported results Moreover, due to the high axial symmetric

geometry of the MFM tip, we have considered the net in-plane field to be zero to

the first order approximation.

With a highly localized MFM tip stray field*®*°, we can induce the nucleation
of magnetization reversal processes in arbitrary regions, not necessary from the
areas with lowest nucleation barriers, which happens in traditional magnetometry
measurements as VSM3* or Kerr microscopy*® where a uniform field is normally
applied to the whole sample. Figure 2 shows typical evolution of magnetic domains
with various tip fields. In Fig. 2(a), the sample was set to the initial state with
magnetization in 4z direction by external magnetic field of ~1000 Oe. When
lowering the MFM tip sample distance (drg), the tip field increased simultaneously
in —z direction. Thus small cores appeared in the —z direction, called the
nucleation process (Fig. 2(b)). With further increasing the tip field, domain wall
(DW) motion took place and small cores merged into large magnetic domains as

shown in Fig. 2(d). It is worth to mention that some already reversed domain

such as the squared region in Fig. 2(b) can flip back to its previous magnetization

direction under the same scanning condition as shown in Fig. 2(c). This indicates

that there exists a small percent of coverage through the sample (not detectible by

VSM), where the magnetization reversal process is possibly dominated by coherent

rotation or creeping of DW 6 even there is no direct evidence from our VSM data.

This shows the powerful local magnetic probing capability using MFM compared to




FIG. 2: (Color online) MFM images of the inhomogeneous domain nucleation and DW

motion at different dpg as indicated in panels (a)-(d). The uniform contrast in (a) indicates

the magnetization in this whole scan area is along z, but the reversed ones in (b)-(d) are

along 42z under -z tip fields. (b) and (c) are scanned under the same drg one after another

with dpg = 62 nm.

conventional magnetic metrologies. Unfortunately, due to the slow scanning speed

of the MFM technique, the velocity dependent phenomenon, such as the creeping

or the velocity of the pinned DW motion cannot be measured compared to the

MOKE results 6.

The tip field cannot only induce the magnetization reversal in —z direction, but
also can induce the reversal in 4z direction with the help of TMRM. Figure 3 shows
the evolution of a single domain under TMRM process. At drg of 107 nm, we start
to see a reversed domain, with a size similar to the one shown in Fig. 2(c). Reduce
further the tip height, one can see the growth of reversed domain and pinned DW
motion directly in Fig.3(b). The growth of the domain is not isotropic, but biased
towards the region on the lower side of the reversed domain (i.e., close to the regions
marked by Squares 1 and 2). This indicates the distribution of DW propagation

45

barriers is inhomogeneous Our result also confirms that the DW propagation



barrier is smaller than the nucleation barrier, in agreement with Ref. 10,45. The
tip field with the same magnitude can induce more area of domains to reverse via
DW propagation (the enlargement of existing domains) than DW nucleation (the
creation of new domains). At smaller drg, i.e., shown in Fig. 2(c) and Fig. 3(b),
we can also observe many spurious linear features along the fast-scan direction
overlapped on the fractal domain profile. Whenever one lifts the tip to higher
position, the spurious features will disappear, indicating reversible magnetization
reversal processes. Hence, it is believed that the tip field can successfully assist
either reversible or irreversible DW motion through the local pinning sites. In order
to study the magnetization reversal behavior under an opposite tip field, TMRM
has been applied. To do so, we have withdrawn the tip to a relative larger drg
once we see very weak MFM contrast. By ex-situ TMRM??, we have found the
direct evidence for the asymmetry in the motion of the pinned DWs because the
magnetization reversal is much easier than before at even higher drg. The drg are
196 + 8 nm and 156 £ 6 nm in Figs. 3(c) and (d), respectively. The contrast of
the reversed domain flips from dark to bright. Interestingly, the domain starts to
shrink locally [e.g., close to Square 2 in Fig. 3(c)] even when drg is still as large
as 196 nm. Then at a distance drg of 156 nm [Fig. 3(d)], significant shrinking of
the jagged domain is observed around the previously reversed domain. The large
difference for the tip field dependent of pinned DW motion before and after TMRM
is clearly related to the asymmetry of the FM magnetization reversal when the FM
layer is exchange coupled by AF layer.

The local depinning fields can be reconstructed by the local effective hysteresis
loops from a series of MFM images taken at different drg before and after TMRM
and verified by the VSM results. With our method shown here, it is possible to
study the exchange bias behavior in nanometer scale. We focus on the previously
marked areas in Squares 1 and 2 (shown in Fig. 3), and the hysteresis loops are
shown in Fig. 4, together with the VSM loop as a reference. For Squares 1 and
2, their local hysteresis loops show that the domain extension on the descending
branch of the loop needs larger tip fields than the domain shrinking on the ascending
branch to achieve magnetization reversal. By comparison of Square 1 and Square 2

of about 23.4 x 23.4 nm? in size, their He and Hp differs from each other, but both
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FIG. 3: (Color online) Selected MFM images of the evolution of FM domain structures
at distances of (a) (107 &+ 2) nm, (b) (79 & 1) nm with -z tip fields, and (c¢) (196 + 8) nm,
(d) (156 £+ 6) nm with +z tip fields. Squares 1 and 2 are indicated in figures. Note that
before and after TMRM, M;,, /M,y has different contrast in upper panel ((a)-(b)) and

lower panel ((c)-(d)), respectively.

much smaller than the value got from VSM, which is possible because only a 5
micron square area was reversed compared to the whole 12 x 12 microns? scan area,
while the value from VSM reflects an average of the reversal process. Additionally,
there are some area display much larger coercivity than the areas around Squares
1&2, indicated by black arrows in Fig. 3. With increased tip field, more nucleation
sites can be observed (black arrows in Fig. 3(d)). The nucleation sites have a size
around one hundred nanometer.

In order to have a better understanding of the local hysteresis behavior in
perpendicular exchange biased sample, we have performed a theoretical calculation
to study the pinning effect of the FM/AF system to quasi-quantitatively compare
with our MFM results. This has been done by an atomistic model*”*® using a
classical Heisenberg spin Hamiltonian*’, where the spin dynamics is described by
Landau-Lifshitz-Gilbert equation®. The thermal effect has also taken account into

by using Langevin dynamics®'. The perpendicular magnetocrystalline anisotropy of

10
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FIG. 4: (Color online) Two pixel sized hysteresis loops at Squares 1 and 2 shown in Fig. 3
as well as the VSM loop. The squared pixel size is 23.4 x 23.4 nm?. Arrows indicate the

reversed spotty contrast.

the FM layer is defined by a single ion uniaxial model. The AF layer is assumed to
have an anisotropy far larger than the FM one, thus the AF is equal to an external
field applied on the interface of the FM layer only, via the nearest neighboring
exchange coupling. By varying the interfacial exchange coupling strength (J;,;)
and the anisotropy parameter of the FM layer, different hysteresis loops are
obtained, corresponding to the magnetic properties of the different areas in the
AF/FM sample. Figure 5 shows hysteresis loops with different interfacial exchange
parameters (J;;¢) and pinning sites, simulating the magnetic characteristics of
Squares 1&2 with difference of Hgr and He. From the hysteresis loops, it can
be seen the Hr and Hg are different from each other, and quasi-quantitatively
comparable with the experimental results. This proves the depinning fields of
the two local squares are different, and thus a domain will nucleate at the square

with lower depinning field and then propagate to the area with higher depinning

11
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FIG. 5: (Color online) Calculated local hysteresis loops using atomistic model with differ-

ent AF-FM interfacial exchange strength Ji,,; (x1072! J).

field. Moreover, it should be noted, the evolution of magnetic domains in upward
and downward directions may also be affected by the different configurations of
AF spins in Pt/Co/Pt/IrMn multilayers®®. Hereby, our theoretical simulation has

shown very good agreement with our experimental MFM results.

IV. CONCLUSION

In summary, the asymmetric magnetization reversal in exchange biased P-
t/Co/Pt/IrMn multilayers is studied by using local fields of the MFM tips and
shown to be accomplished by inhomogeneous domain nucleation followed by the
pinned DW motion which is asymmetric under opposite tip fields. We demonstrated
an ability to determine local variation in critical fields for domain nucleation as
well as pinned DW motions with nanoscale resolution. This opens the door for a
more systematic study of the effect of disorder and their spatial distribution on our

understanding of the EB effect in nanostructure materials. The results may shed

12



new light on the detection and manipulation of magnetic nano structures such as

Skyrmions and vortices.
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