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Chiral spin textures, such as skyrmions, merons, and vortices in ferromagnetic (FM)/antiferromagnetic (AFM)
heterostructures are actively explored for utilization in future data storage and signal processing devices. Here,
we present a systematic study of the magnetic vortex structures in soft-magnetic NiFe and exchange coupled
NiFe/IrMn and IrMn/NiFe/IrMn disk structures. The annihilation of the magnetic vortex state is mediated by the
creation and subsequent annihilation of the intermediate vortex-antivortex (V-AV) pairs. Using the combination
of high-resolution in-field magnetic force microscopy (MFM) and magneto-optic Kerr effect magnetometry, we
show a considerable enhancement in the stability of the intermediate V-AV state in exchange coupled NiFe/IrMn
and IrMn/NiFe/IrMn disk structures. Analysis of the remanent high-resolution MFM images shows a significant
increase in the effective vortex core radius and an additional distortion of the FM vortex structure in exchange
coupled disks, most likely caused by the randomly distributed uncompensated spins at the surface of the AFM
layer. We further suggest that the displacement of the vortex core from the center of the exchange coupled disks
depend on the magnitude of the exchange bias field and AFM grain characteristics. Additionally, we present a
summary of crucial magnetic vortex parameters and properties, such as effective core radius, core displacement,
handedness, nucleation field, V-AV annihilation field, and interfacial exchange energy in exchange coupled disk

structures.
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I. INTRODUCTION

The interfacial exchange interaction between an anti-
ferromagnet and a ferromagnet leading to the so-called
exchange bias (EB) effect [1] has triggered tremendous in-
terest for its fundamental physics as well as for its impact
on applications [2]. In the exchange coupled ferromagnetic
(FM)/antiferromagnetic (AFM) heterostructures, the FM layer
is pinned by the randomly distributed uncompensated spins at
the surface of the AFM thin film [3,4]. This results in a shift of
the FM hysteresis loop in the magnetic field axis referred to as
the EB field. Heterostructured FM/AFM systems are used in
modern spintronics circuits [5], skyrmion-based spin-torque
nano-oscillators [6], low current density magnetic tunnel junc-
tions (MJTs) [7], magnetic vortex-based sensors [8], and
neuromorphic devices [9]. Furthermore, AFM thin films can
stabilize skyrmions [10] and other chiral spin textures in FMs
at zero magnetic field [11-13], which are proposed as an
efficient alternative to the current data storage, transport, and
signal processing technologies [13-16].

Although EB effects in magnetic vortex structures have
been extensively investigated [17-25], a detailed exper-
imental study of the vortex-antivortex (V-AV) mediated
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magnetic vortex annihilation processes in FM/AFM [11] and
AFM/FM/AFM disk structures is still lacking. The topol-
ogy of the magnetic vortex structure is determined by the
in-plane curling of the magnetization around the center, de-
scribed by the winding number w = +1 (for an antivortex
w = — 1) [26-28]. The out-of-plane magnetization direction
at the center of the core is described by the polarization
p = £1[27-29]. The topological skyrmion charge of a vortex
structure can be parametrized as ¢ = wp/2 [28,30,31,32].
The rotational direction of the local magnetization vector in
the plane, either clockwise (CW) or anticlockwise (ACW) is
characterized by the so-called circularity ¢ = —1 and +1, re-
spectively [31,32]. The handedness of the vortex is defined by
the product cp = =+ 1 [31-34]. In a magnetic vortex structure
with a lack of symmetry breaking magnetic energy contri-
bution known as Dzyaloshinskii-Moriya interaction (DMI),
four degenerate ground states can occur with two possible
orientations of p and ¢ [32-36].

The magnetic vortex reversal process is mediated by the
spontaneous creation and annihilation of V-AV pairs [27,37—
39]. Hertel and Schneider [27] proposed two distinct V-AV
pair annihilation mechanisms depending on the relative po-
larization of the V and AV cores [28,38]. In the first case,
with the parallel polarization of the V and AV cores [37], the
total topological skyrmion charge of the V-AV pair becomes
zero (g = 0) [28]. Such a topologically trivial V-AV pair can
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be continuously deformed into a uniform magnetization state
[37]. In the second case, with antiparallel core polarization
of the V and AV pair, the total skyrmion number of the V-
AV pair becomes either +1 or —1 [27,28]. A topologically
nontrivial V-AV pair cannot be continuously deformed into
a uniform state without involving a magnetic point defect
(singularity) referred to as a Bloch point (BP) [27,30,37-42].
Due to the completely vanishing local magnetization [30,42],
direct imaging of a BP magnetic structure is considered chal-
lenging [43]. However, imaging the nontrivial magnetic-spin
textures, such as vortex-domain walls [43] and skyrmion
coalescence/separation that supports BPs [44], combined
with the micromagnetic simulations is a generally accepted
approach.

In this study, we performed real-space imaging of the
distorted vortex structures proposed by Gilbert et al. [17]
in exchange coupled FM/AFM disk structures. We study
the impact of interfacial exchange coupling between a FM
(NiFe) and an AFM (IrMn) on the V-AV mediated magnetic
vortex annihilation process. We further quantify the critical
differences between the vortex ground state and V-AV state
in FM, FM/AFM, and AFM/FM/AFM disk structures. We
employ a combination of in-field high-resolution magnetic
force microscopy (HR-MFM) and magneto-optical Kerr effect
(MOKE) magnetometry with a microfocused beam, as well
as micromagnetic simulations to study the magnetic vortex
reversal process. We prepared an array of magnetostatically
noninteracting magnetic disk structures with a diameter of
4 pm each and a center-to-center distance (pitch) of 12 pum.
The disk structures are made out of soft-magnetic Nig;Fejg
(from now on referred to as NiFe) with a thickness of 40 nm,
known to yield a low (micromagnetic) energy vortex ground
state [29,32,33,45-47]. As an AFM, we use Ir;oMn7q (referred
to as IrMn) 7.5 nm thick.

II. EXPERIMENT

The disk structures were fabricated on a high resistive
commercial p-type Si(100) substrate with a 4-nm-thick native
Si0, layer, using the lift-off process. The thin film multilayers
were deposited using DC magnetron sputtering with Ar as
sputter gas (par = 3 ubar). For all the samples in the study, a
Ta (5 nm) seed layer was used to improve the adhesion of the
functional materials with the substrate and to promote (111)
texture in the NiFe thin films. The functional FM and AFM
layers were deposited from 4N purity Nig;Fe;9 and Ir;3sMn7;
alloy targets at a deposition rate of 0.3 A/sec. The deposition
rates were precalibrated by x-ray reflectivity (XRR) measure-
ments and controlled via a quartz microbalance (monitor)
during the deposition. Rutherford backscattering spectroscopy
(RBS) on sputter-deposited reference thin films revealed the
atomic stoichiometry of Nijg_.Fe, with x = 19(£1) at. %
and Ir,Mngo_, with x = 30(=%1) at. %.

In the case of a simple FM disk structure, a Pt (2 nm)/Ta
(8 nm) bilayer was used as a cap layer. In the remaining
samples with the AFM (IrMn) layer, we use Ta (2.5 nm) as
a cap layer to protect the functional layers from oxidation.
All the samples were designed so that the FM layer is con-
sistently 10 nm below the top surface, which is crucial for a
direct comparison of the magnetic contrast obtained from the

MFM scans for different samples in the study. Bragg scans
performed using x-ray diffraction revealed a chemically disor-
dered face-centered-cubic (fcc) structure with a strong (111)
texture for both NiFe (20 = 44.22°) and IrMn (260 = 41.12°)
layers [see Supplemental Material Figs. S1(a)-S1(c) [48]].
Additionally, we obtain a rocking width of AQ =~ 3.63° for
the NiFe layer and AQ2 & 4.35° for the IrMn layer along the
(111) orientation [see Supplemental Material Fig. S1(d) [48]].

The field cooling (FC) and zero-field cooling (ZFC) ex-
periments were performed using a superconducting quantum
interference device vibrating sample magnetometer (SQUID-
VSM) with a temperature range of 1.5-1000 K and a
maximum magnetic field up to £7 T. In the FC state, the
samples were heated from 300 to 605 K in a magnetic field
of +7 T applied in the film plane, and the samples were kept
at 605 K for 90 min (field annealing). Later, the samples were
field cooled down to 300 K in +7 T magnetic field. In the
ZFC state, after heating the sample to 605 K, the samples
underwent an alternating magnetic field cycling, a so-called
AC demagnetization routine. Starting from +7 T, we reduce
the magnetic field in 3% steps to the negative magnetic field
direction and vice versa (closely following an exponentially
decaying triangular function) until the magnetic field reaches
close to zero. At zero magnetic field, the samples were an-
nealed for 90 min, followed by the zero-field cooling to 300 K.
For consistency, the samples without the AFM layer under-
went a similar ZFC demagnetization procedure. The heating
and cooling rates were kept constant at 15 K/min for both FC
and ZFC procedures. After the FC/ZFC procedure, samples
were field cycled between +7 T and —7 T and vice versa
ten times to overcome the training effect [49,50], prior to the
MOKE and MFM measurements.

A commercial nano-MOKE 2 setup equipped with a He-
flow cryostat with a temperature range of 4.5-510 K was used
in the study. All the magnetic hysteresis loops shown in the
study were obtained in longitudinal geometry with a magnetic
field range of +0.5 T in the film plane. A red laser with a
wavelength of 635 nm and a spot size of <10 um was used to
obtain the MOKE hysteresis loops.

In-field high-resolution magnetic force microscopy (HR-
MFM) imaging was performed using a NanoScan MFM. A
commercial (Team Nanotec) high-resolution Si tip uniformly
coated with a low magnetic moment CoCr alloy operating
at a high resonance frequency fy = wo/27 = 128.515kHz
at an oscillation amplitude of 2.5 nm and spring constant
C = 0.7 N/m was used in the MFM imaging experiments.
The measurements were performed in an HV chamber to
increase the sensitivity and Q factor of the tip (>20000).
The MFM scans were performed in noncontact (NC) mode
while maintaining a constant height of ~10(£2) nm be-
tween the dynamically oscillating magnetic tip and the sample
surface. The electrostatic potential and the thermal drift
between the metallic tip and the sample surface were ac-
tively compensated. Within the interaction volume V, the
three-dimensional (x,y, z) force component acting on the
dynamically oscillating magnetic tip due to the magnetic in-
teractions with the stray field of the sample in reciprocal space
is given by Fz(n)= — o/ Mpv-ip(x', Y, 2)d/d7H,,
[*,y,2))+ rldV' [51], where Mgm_gp is the tip magneti-
zation, poHsample 1s the stray field at the sample surface, and
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n = (ny, ny, n.) is the location of the tip. The highest sensitiv-
ity of the magnetic tip is to the 7/ component, which is at the
apex of the tip, giving rise to the out-of-plane (OOP) compo-
nent of the MFM scan. Away from the apex, which accounts
for the x" and y’ in-plane (IP) components, the sensitivity of
the tip drops dramatically. The relative shift in the resonant
frequency of the tip due to the force derivative is given by
Aw = wol/2C(0Fz/9z) [51,52]. An attractive magnetic force
gives rise to a negative shift, and a repulsive force gives rise
to a positive shift in wy. The magnetic field experienced by
the magnetic vortex structure during the in-field MFM scan
is the vector sum of the static external magnetic field puoHpp
and the effective stray field of the tip woH;, given by uoHr =
oHapp + poHip. To achieve magnetic vortex annihilation
in the hard-axis (OOP) direction, one would need a rather
large OQOP fields up to ugHg = 1.2T, i.e., the contribution
from the nonzero OOP field component originating from the
oHapp and poHy, = 12(£3) mT are neglected (unless stated
otherwise).

We carried out a series of micromagnetic simulations using
the open-source MUMAX3 package [53]. To study the magnetic
vortex reversal mediated by the V-AV pair, we consider a
disk with 2 um diameter (to conserve computation time) and
40 nm height, M5 = 800kA/m, exchange stiffness constant
A, = 1.3 x 107'2 J/m, and uniaxial anisotropy constant K =
0 . To further study the role of various material properties on
the static magnetic field stability of the V-AV state, we have
performed additional simulations considering, Ax = 1.3 x
107" J/m and 1.0 x 107" J/m, and K = 0, 0.2 x 10* J/m?
and 0.4 x 103 J/m>. We choose 1 x 1 x 40nm?® and 2 x 2 x
40 nm? cell sizes for disks with 1 and 2 pum diameter, re-
spectively. In Supplemental Material Tables I and II [48],
we present a summary of material parameters as well as the
obtained exchange energy for the vortex state and the V-AV
state.

III. RESULTS AND DISCUSSION

The magnetic vortex annihilation mediated by the cre-
ation and annihilation of the V-AV pairs obtained from the
micromagnetic simulation is shown in Figs. 1(a)-1(f). Upon
applying a static magnetic field along the positive x direction,
the initial motion of the core is determined by the vortex hand-
edness (cp) [31]. For cp = +1, the core moves orthogonally
towards the positive y direction, as shown in Figs. 1(b) and
1(c). The vortex handedness cp = —1 results in the motion
of the core towards the negative y direction (not shown). Due
to the competition between the magnetostatic energy and the
Zeeman energy, the core is deflected from the center of the
disk to increase the area with magnetic moments aligned par-
allel to the applied magnetic field direction [46]. The vortex
state remains intact, as shown in Fig. 1(c). For small core
displacement from the center of the disk, the exchange en-
ergy remains almost unchanged [see Supplemental Material
Fig. S2 b(ii) [48]]. At a critical applied magnetic field, the V-
AV pairs are created to assist the annihilation of the magnetic
vortex [37,39] at the expense of additional exchange energy.
The formation of the V-AV pairs causes a buckling of the
spin texture, as shown in Fig. 1(d). Increasing the magnetic
field further results in the annihilation of the V-AV pairs

Bloch point

FIG. 1. The magnetic vortex annihilation mediated by the cre-
ation and annihilation of the V-AV pairs in a static magnetic field,
obtained from the micromagnetic simulation for a disk of 2-um
diameter with handedness cp = +1. (a) In-plane (IP) spin structure
of the vortex with an out-of-plane (OOP) core polarization p = +1.
(b), (c) Vortex core deflection in the positive y direction as a con-
sequence of the applied magnetic field in the positive x direction.
(d) Subsequent creation of the V-AV pairs, followed by an edge
vortex state (e) and saturation state (f). (g) Detailed spin structure
of the V-AV pairs overlaid on the buckled IP spin texture from the
region indicated by an arrow in (d). (h) Schematic for the injection
and propagation mechanism of a BP through the film thickness [57].
The original vortex Vi(p = + 1), and the newly nucleated vortex
V, with opposite core polarization (p = — 1) [27,28,37,39,57]. An
antivortex with polarization p = — 1 is created to separate the two
vortex cores. A spiraling BP structure for ¢ = 41 is shown on the
right [30,42].

accompanied by the spontaneous decay of exchange energy
[27]. Once the V-AV pairs are annihilated, an edge (vortex)
state is formed, followed by the saturation of the disk, as
shown in Figs. 1(e) and 1(f), respectively. The edge state is
characterized by two vortices at the left and the right edge of
the disk with opposite core polarization. For a detailed view
of the IP and OOP magnetization components of the vortex
state, V-AV state, and edge state, as well as the micromagnetic
energy terms as a function of the applied magnetic field, see
Supplemental Material Figs. S2—S4 [48].

Figure 1(g) shows the spin structure of the V-AV pairs
overlaid on the buckled IP magnetic contrast. To understand
the elusive creation and annihilation mechanism of the V-AV
pairs, we consider a simple V-AV-V triplet consisting of the
initial vortex V; with polarization p = + 1 and a newly nucle-
ated vortex V, with opposite polarization p = —1, separated
by an antivortex core with p = —1, as shown in Fig. 1(h).
Due to the antiparallel polarization of the vortex (V;) and AV
cores [37,39], the total topological skyrmion charge gv_ay
of the Vi-AV pair adds to a total of +1 [28]. The creation
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of such a topologically nontrivial V-AV pair requires the
spontaneous injection of magnetic point defects, such as BPs
[27,28,30,37-42] at the top or the bottom surface of the FM
film at the expense of additional exchange energy [27,53].
A BP can be described as a three-dimensional topological
invariant singularity of the magnetization field vector, where
the local magnetization completely vanishes (IP magnetiza-
tion m, = m, = 0 and OOP magnetization m, = 0) [30,40-
42]. The structure of a spiraling BP shown in Fig. 1(h) can
be obtained from the hedgehog solution [30,42], where the
magnetic moments around the unit sphere are rotated by an
angle >90° to reduce the magnetostatic energy (see Supple-
mental Material Fig. S5 [48]). The spiraling BP configuration
accommodates the V-AV pair with opposite core polarization
[42]. Once the BPs propagate through the film thickness in
the OOP direction, the V-AV pairs are annihilated, and an
edge vortex state is formed. If we were to assume a parallel
polarization of the Vi-AV cores [37], the total topological
skyrmion charge (gy_av) becomes zero [28]. Such a V-AV
spin texture can be continuously deformed into a uniform state
without invoking the BPs [28,31,37].

The characteristic length scale Igp of a BP similar to
the one shown in Fig. 1(h) is predicted to be far below
the exchange length [, of a given magnetic material [30].
The exchange length [54] of the NiFe (40 nm) reference
thin film /,, = /2Ac/poM? = 5.8 nm, where A = 1.28 x
10~ J/m is the exchange stiffness constant determined from
the perpendicular standing spin wave (PSSW) modes us-
ing ferromagnetic resonance (FMR) spectroscopy [55]. The
saturation magnetization M; = 778 kA/m, as determined by
SQUID-VSM.

We now reproduce the magnetic vortex annihilation pro-
cess mediated by the V-AV pairs experimentally in the disk
structures shown in Figs. 2(a)-2(c) for FM: NiFe (40 nm),
FM/AFM: NiFe (40 nm)/IrMn (7.5 nm), and AFM/FM/AFM:
IrtMn (7.5 nm)/NiFe (40 nm)/IrMn (7.5 nm) multilayers,
respectively. Figure 2(d) shows the MOKE hysteresis loop
for the simple FM disk structures. The inset shows the full
hysteresis loop, which is characteristic of the presence of a
magnetic vortex state [46,47]. From the descending branch
of the MOKE hysteresis loop, we obtain the nucleation field
of the FM vortex core uoH, = 14(£1) mT, accompanied by
an abrupt reduction in the magnetization. The in-field MFM
measurements were performed in the ascending branch of
the hysteresis loop, as indicated by the black arrowheads
in Fig. 2(d). Figure 2(g)(i) shows the remanent magnetic
vortex structure. The in-field MFM images corresponding to
the V-AV mediated magnetic vortex annihilation process are
shown in Figs. 2(g)(ii)-2(g)(vi). Due to the product cp =
(+1)(4+1) = +1, the vortex core continuously deflects in the
positive y direction in the film plane orthogonal to the ap-
plied magnetic field in the positive x direction, as shown
in Figs. 2(g)(ii) and 2(g)(iii). As mentioned earlier, to assist
the magnetic vortex annihilation process, the V-AV pairs are
formed at a critical magnetic field of about 16(f1) mT. Figure
2(g)(iv) shows the MFM image corresponding to the buckled
(V-AV) state. In the next step, we increase the applied magnetic
field poHqpp only by about 2 mT. As a result, the V-AV pairs
are annihilated, forming an edge state shown in Fig. 2(g)(v).
When the applied magnetic field reaches the saturation field,

the FM disk stabilizes in a single-domain (saturated) state [see
Fig. 2(2)(vi)].

We repeated the in-field MFM measurements to determine
the static magnetic field stability of the V-AV state in the
FM disk. The buckled (V-AV) spin structure reappeared at
moHapp ~ +15(£1)mT [see Fig. 2(g)(iv)]. By repeating the
MFM scan (keeping poHypp constant at +15 mT), the V-AV
state degenerated into an edge state, which indicates a some-
what unstable (volatile) nature of the V-AV state. The stray
field of the magnetic tip (uoHyp) that the disk is exposed to
during the scan is sufficient to annihilate the V-AV pairs [56].

To further understand the V-AV mediated magnetic vortex
annihilation process and the stability of the V-AV pairs in a
static magnetic field, we performed a series of micromagnetic
simulations. We considered the exchange stiffness constant
similar to the experimental values Ac = 1.3 x 10~'! J/m
and 1.0 x 107" J/m. The V-AV state is not stable in the
static magnetic field regime. The vortex state spontaneously
decays into an edge state, as shown in Supplemental Material
Fig. S2(a) [48]. Once the BPs are injected at the surface
of the FM disk to assist the creation of the topologically
nontrivial V-AV pairs, they tend to spontaneously propagate
through the film thickness in the OOP direction, resulting in
the annihilation of the V-AV pairs [27,30,39,57]. Increasing
the uniaxial anisotropy of the NiFe thin film [23] in the
micromagnetic simulations (e.g., K = 0,0.2 x 10°J/m? and
0.4 x 10° J/m?) did not stabilize the V-AV pairs. In contrast,
we were able to image the V-AV state in the NiFe disks as
shown in Fig. 2(g)(iv). Kim and Tchernyshyov [30] proposed
a theoretical mechanism of pinning the BPs by the inevitable
lattice defects/imperfections in the FM thin films. As BPs are
scale-invariant (lgp < [ ) it is conceivable that the spatially
varying magnetization of the propagating BP can be pinned
by the fcc lattice defects/imperfections along the thickness
of the film (in the OOP direction) [30]. Such a mechanism
of pinning the BPs and the dipolar interactions can stabilize
the intermediate V-AV pairs from degeneracy for a limited
magnetic field range.

Alternatively, we consider A = 1.3 x 10°12] /m in the
micromagnetic simulations. As a result, we observe a signifi-
cant increase in the magnetic field stability of the V-AV pairs,
most likely due to the dipolar interactions. The exchange
energy for the vortex state, V-AV state, and various geomet-
ric and material parameters considered in the micromagnetic
simulations are listed in Supplemental Material Tables I and II
[48]. Experimentally, tuning A.x of NiFe thin films is beyond
the scope of this work. For example, Salikhov et al. [58]
showed that it is possible to tune Aqx of (Nig;Fej9)100—Gd,
alloy thin films by systematically varying x.

Increasing the static magnetic field stability of the
V-AV pairs (or 1D domain walls) is highly desirable from
an application point of view. For instance, nontrivial spin
textures, such as V-AV domain walls, can overcome the
Walker-breakdown limit [59], which is crucial for signifi-
cantly increasing the operating frequency range of domain
wall based spintronic and magnonic devices [59-61]. Due to
the intrinsic and transient nature of the BP mediated V-AV
state [27,39,57], thus far it was not possible to extend the
magnetic field range of the BP mediated V-AV state without
significantly changing the geometry of the magnetic micro or
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FIG. 2. Disk structures and the corresponding hysteresis loops, and in-field HR-MFM image sequences. (a)—(c) Disk structures with 4 um
diameter investigated in this study consisting of a simple FM, AFM/FM, and AFM/FM/AFM, respectively. Scanning electron microscopy
(SEM) images of the patterned disk arrays are shown in Supplemental Material Fig. S6 [48]. (d)—(f) Longitudinal MOKE hysteresis loops

obtained at 300 K for the FM, AFM/FM, and AFM/FM/AFM disk

structures after FC and ZFC procedure, as indicated. The full hysteresis

loops are shown as an inset. The brown dashed lines indicate the magnetic field region where the V-AV state can be stabilized. Black arrowheads
indicate the magnetic field values at which the in-field MFM images were obtained. In-field MFM image sequences for the simple FM case
(2)(i)—(g)(vi), the FM/AFM case for disk 1 (h)(i)—(h)(vi), and disk 2 (i)(i)—(i)(vi), and the AFM/FM/AFM case (j)(i)—(j)(vi) are shown.

nanostructures [62,63]. For example, in soft-magnetic ellipti-
cal (stadium shaped) nanostructures, V-AV-V triplet structures
can be stabilized at zero magnetic field [63]. Alternatively,
we show in the current study that it is possible to extend

the static magnetic field stability of the intermediate (or tran-
sient) V-AV state using the interfacial exchange coupling
between a FM and an AFM layer, even in circular disk-shaped
structures.
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We now turn the attention to the exchange coupled
FM/AFM disk structures shown in Fig. 2(b), where an (AFM)
IrMn (7.5 nm) layer is introduced at the top surface of the
NiFe (40 nm) disk structure. Figure 2(e) shows the longi-
tudinal MOKE hysteresis loop, for the exchange coupled
FM/AFM: NiFe (40 nm)/IrMn (7.5 nm) disk structure after
the FC process. We extract the EB field puoHeyp = — 2.5mT
from the loop shift of the full MOKE hysteresis loop shown
as an inset in Fig. 2(e). Due to the inverse scaling of woHep
with respect to the FM film thickness fpy (oHep o 1/trm)
[1,64], we expect a small loop shift. From the descending
branch of the MOKE hysteresis loop, we obtain the nucleation
field [17] of the exchange biased vortex woH, = 18(+1) mT.
We obtain the in-field MFM images closely following the
ascending branch of the magnetic vortex hysteresis loop, as
indicated by the black arrowheads in Fig. 2(e). The remanent
and in-field MFM images for the exchange coupled disk 1
(cp=—1) and disk 2 (cp = + 1) are shown in Figs. 2(h)
and 2(i), respectively.

At remanence for disk 1, we observe that the core is
deflected in the negative y direction by about 270 nm from
the center of the disk (orthogonal with respect to the cooling
field poHpc direction), as shown in Fig. 2(h)(i). However, in
disk 2 shown in Fig. 2(i)(i), for the same poHpc direction,
the vortex core is deflected in the positive y direction by
about 210 nm from the center of the disk. At remanence,
the displacement of the vortex core position from the center
of the exchange coupled FM/AFM disks Ad.y. (so-called
tilted vortex) [17,21,22] depends on the magnitude of the
exchange bias field [17,18,21-23], and the local AFM grain
properties [17,65]. In contrast, the direction of the vortex
core deflection in either the positive or negative y direc-
tion is determined by the handedness of the vortex structure
[23,24]. The handedness (or chirality) protection in exchange
coupled FM/AFM disks and thin films were addressed in
earlier studies [23,24,66]. In the exchange coupled FM/AFM
disks, the competition between the radial spin alignment of
the FM vortex structure and the sporadically canted (non-
planar) spin structure of the polycrystalline AFM [67,68],
in addition to the orange peel coupling [69,70], results in
a radial starlike pattern with spatially alternating contrast,
which we call a distorted vortex structure [17]. Moreover,
the evolution of the FM vortex structure is correlated to the
randomly distributed uncompensated spins at the surface of
the AFM layer [71,72]. Additionally, remanent MFM exper-
iments on FM/AFM disk structures as a function of AFM
film thickness fagnM, revealed that the distorted vortex structure
is present in FM/AFM disks with oy > 4.0 nm, which is
generally associated with the AFM film thickness dependent
onset of the EB field [17,21,22,64,73]. A tilted vortex struc-
ture [21,22] is only observed in exchange coupled disks with
tarm = 5.5(%£0.5) nm.

The V-AV mediated magnetic vortex annihilation pro-
cesses for the exchange coupled FM/AFM disks 1 and 2
are shown in Figs. 2(h)(ii)-2(h)(vi) and 2(i)(ii))-2(i)(vi). The
V-AV state was stable in disks 1 and 2 between 18(%1)
and 26(%1) mT. In comparison, the V-AV state was volatile
[moH, =~ 15(=1) mT] in the FM disks. We observe an in-
crease in the V-AV state stability field range to ~ 8(£1) mT
in the exchange coupled FM/AFM disks (see Supplemental

Material Movie 1 [48]). From the ascending branch of the
MOKE hysteresis loop and the in-field MFM study, we obtain
the V-AV annihilation field poH, ~ 27(+1) mT.

Figure 2(c) shows the AFM/FM/AFM disk structure. The
characteristic MOKE hysteresis loops after FC and ZFC pro-
cedures are shown in Fig. 2(f). In the FC state, a definite
shift in the vortex hysteresis loop by puoHe = —4.5mT is
detectable, whereas no loop shift is present after the ZFC
procedure. Due to the presence of randomly distributed un-
compensated spins at the surface of the top and bottom AFM
layers [71,72,74-76], the FM vortex and the V-AV structure
are pinned from both sides. Therefore, we see an additional
enhancement in the magnetic field stability of the V-AV state
[up to 11(£1) mT] in both FC and ZFC states. This becomes
apparent in the ascending branch of the MOKE hysteresis
loop shown in Fig. 2(f), where an intermediate plateau is
present (indicated by the brown-colored dashed line). From
the descending branch of the MOKE hysteresis loops shown
in Fig. 2(f), we obtain uoH, ~ 14(£1)mT and 18(£1) mT
in the FC and ZFC states, respectively. The remanent and
in-field MFM image sequence for the AFM/FM/AFM disk
structure is shown in Fig. 2(j). The AFM/FM/AFM disks were
field cooled in the positive x direction. Due to the vortex
handedness cp = 41, we see a deflection of the vortex core
from the center of the disk in the positive y direction by about
160 nm. Similar to the FM/AFM disks, we observe a distorted
vortex structure at remanence in the AFM/FM/AFM disk
structure [see Fig. 2(j)(i)]. We reproduce the V-AV mediated
magnetic vortex annihilation process shown in Figs. 2(j)(ii)—
2(j)(vi), where we obtain the V-AV annihilation field uoH, ~
27(x£1)mT and 31(x1) mT in the FC and ZFC states, respec-
tively.

We carried out additional in-field MFM measurements on
FM/AFM and AFM/FM/AFM disks to check the stability
and reproducibility of the V-AV state. In both cases, the
V-AV state remained intact even after repeated in-field MFM
scans. To examine the stability of the V-AV state over time,
we kept puoHupp=+26(£1)mT for more than 24 h and
performed an additional MFM scan. The V-AV state shown
in Figs. 2(h)(iv), 2(i)(iv), and 2(j)(iv) remained intact. The
uncompensated spins at the FM/AFM interface [71,72,74-76]
are not able to pin the BPs directly, as they tend to propagate
along the OOP direction [30,57]. However, uncompensated
spins can pin the buckled (V-AV) spin texture at the FM/AFM
interface [73-76], whose local pinning potential [77] can be
substantial. The applied magnetic field must overcome the
interfacial exchange bias field experienced by the V-AV spin
structure originating from the FM/AFM interface [71,72,74—
76] and the pinning force in the OOP direction experienced
by the BPs due to crystal defects [30]. Therefore, we see an
increase in the magnetic field stability of the intermediate
V-AV state in exchange coupled FM/AFM and
AFM/FM/AFM disk structures.

We now address the critical differences between the
remanent vortex state and the V-AV state observed in the
samples with and without the AFM layers by analyzing
the corresponding line profiles, shown in Fig. 3. We have
extracted the effective vortex core radius re ~ 70 nm from
the half width at half maximum (HWHM) of the line profile
shown in Fig. 3(a) for the FM disk [78]. The rey extracted
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FIG. 3. Line profile extracted from the MFM images for the vor-
tex state at remanence (left column) and the in-field buckled (V-AV)
state in FM, FM/AFM and AFM/FM/AFM disks (right column). (a)
and (b) Line profile for the vortex core and the buckled (V-AV) spin
structure for the FM disk structure. The line profile is extracted from
the position shown in the inset MFM images. (c),(d) The line profile
for the FM/AFM case, for disk 1 (cp = —1), extracted from the
MFM images shown in Figs. 2(h)(i) and 2(h)(iv). (e),(f) Similarly, for
disk 2 (cp = +1), extracted from the MFM images shown in Figs.
2(i)(i) and 2(i)(iv). (g), (h) The line profile for the AFM/FM/AFM
disk structures, extracted from Figs. 2(j)(i) and 2(j)(iv). Black trian-
gles indicate the vortex core position on the 4-um disk. The dashed
rectangles indicate the magnetic contrast variation corresponding to
the buckled (V-AV) spin texture. The inset in (b) shows a guide to the
eye for extracting the number of V-AV pairs from the line profile of
the buckled spin texture.

from the line profile of the MFM scans can significantly
deviate from the true magnetic vortex core radius r., most
likely due to the instrument broadening [29,78,79]. Therefore,
we provide a numerical estimate of the minimum vortex core
radius [80,81] 7. = (I2R/12kB)"/* ~ 14nm, R = 2 um is the
radius of the disk, k = 4.12 x 1072 is a numerical constant
[80], L = 40 nm is the height of the disk, and 8 = 50 is the as-
pectratio (R/L). The numerical estimate r. &~ 14nm ~ 2.41[,,
is in decent agreement with previous experimental values [81].
The significant broadening of re = 5r, observed in the MFM
experiments can be explained by considering various extrinsic
contributions, such as scan height and the shape of the tip
apex [51,78,79]. For instance, decreasing the scan height can
reduce the deviation between re and r. to a certain degree
[78]. However, the stray fields from the dynamically oscil-

lating magnetic tip can significantly displace and modify the
vortex core [56], which puts a lower limit on the scan height.

The MFM scans for the FM, FM/AFM, and
AFM/FM/AFM disk structures in the study were performed
using the same magnetic tip. The total distance between the
dynamically oscillating tip and the FM layer is maintained
at ~20 nm in all three cases. Therefore, re extracted for
various disk structures in the study yields a decent measure
of the relative changes. Consistently, we detect an increase
in reg for the exchange coupled disk structures, as shown in
Figs. 3(c), 3(e), and 3(g).

In Figs. 3(a), 3(c), 3(e), and 3(g), we observe a sig-
nificant magnetic contrast (A f) variation corresponding to
the sidebands of the distorted vortex structure. The MFM
scans obtained in NC mode are free of topographic inter-
ference [51,71,72]. If the observed vortex sideband contrast
at remanence shown in Figs. 3(a), 3(c), 3(e), and 3(g) is of
topographic origin, these features should also be present in the
saturated magnetic disk. Unlike magnetostatic interactions,
topographic features resulting from the van der Waals interac-
tions between the magnetic tip and the sample are independent
of the applied external magnetic field (poHapp) [51,71,72].
In the case of the simple FM disk shown in Fig. 3(a), due
to the high sensitivity of the instrument, we detect only a
weak vortex sideband contrast. This sideband contrast can
be attributed to the magnetic inhomogeneities and orange
peel coupling [69,70] that shows the tendency of the FM
spins at the surface (or surface charges) to follow the surface
morphology of the disk. In the exchange coupled disk struc-
tures, due to the strong interfacial exchange couping between
the randomly distributed (nonplanar) uncompensated spins of
the AFM [71,72,74-76] and the IP component of the FM
vortex structure, in addition to the orange peel coupling, we
observe a significant enhancement of the vortex sideband
contrast [see Figs. 3(c), 3(e), and 3(g) and the corresponding
MFM images shown in Figs. 2(h)(i), 2(1)(i), and 2(j)(1)].

The magnetic contrast corresponding to the buckled (V-
AV) spin texture is relatively weak in the simple FM case, as
shown in Fig. 3(b). However, in exchange coupled FM/AFM
and AFM/FM/AFM disks, we observe an enhanced magnetic
contrast corresponding to the buckled spin texture [high-
lighted with black-colored dashed rectangles in Figs. 3(d),
3(f), and 3(h)]. The enhanced magnetic contrast can be at-
tributed to the nonplanar interfacial spin structure of the AFM
[67,68], which tilts the FM buckled spin structure more to-
wards the OOP direction via interfacial exchange coupling
[71,72].

To understand the increase in re and the magnetic contrast
corresponding to the buckled spin texture in exchange cou-
pled FM/AFM and AFM/FM/AFM disk structures, we must
understand the spin order of the y-phase IrMn layer. Bragg
scans obtained from x-ray diffraction measurements confirm
a chemically disordered y-phase IrMnj3, with a strong (111)
texture (see Supplemental Material Fig. S1 [48]). For the
chemically disordered y-phase IrMnjs alloy, below the Néel
temperature Ty, the Mn moments in the fcc crystal lattice
are tilted by >45° from the diagonal axis towards the cubic
faces, as determined by neutron diffraction experiments [68].
In such a case, the FM spins at the FM/AFM interface prefer
a tilted alignment towards the OOP direction. Therefore, we
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TABLE I. A summary of the characteristic magnetic vortex parameters and properties of FM, FM/AFM, and AFM/FM/AFM disk
structures, obtained experimentally from the combination of in-field HR-MFM imaging and nano-MOKE magnetometry.

FM/AFM
Magnetic vortex parameters and properties FM Disk 1 Disk 2 AFM/FM/AFM
cp +1 -1 +1 +1
Tegr (NM) 70 110 185 175
Adore (nm) <6 270 210 160
14(x1) (FC)
H, (mT 14(£1 18(£1 18(£1
jtoH, (mT) (£D) 8D 18D 18(£1) (ZFC)
27(£1) (FC)
H, (mT 15(*1 27(£1 27(£1
poHy (mT) (D (ED (FD 31(+1) (ZFC)
Ny_av 2 4 3 3
10(£1) (FC
V-AV stability field range (mT) <2(%1) 8(£1) 8(£1) ) 1((:': | )) ((ZFC))
oHe, (mT) n/a —-2.5 —-2.5 —4.5
[Jep| (I /m?) n/a 77.8 77.8 140
VAV state transformed to an edge state upon stable beyond 24 stable beyond 24

repeating the in-field MFM scan at ~16 mT

hours at ~26 mT hours at ~30 mT

see an increase in 7. and magnetic contrast corresponding
to the V-AV state in the exchange coupled FM/AFM and
AFM/FM/AFM disk structures.

In Table I, we present a summary of the characteristic mag-
netic vortex properties of the simple FM and the exchange-
coupled FM/AFM and AFM/FM/AFM disk structures. In the
exchange coupled FM/AFM and AFM/FM/AFM vortex struc-
tures, rerr and Adgore are significantly larger as compared to
the simple FM case. Due to the small woH and somewhat
random nature of the AFM (IrMn) grain properties [65], res
and Adore do not show a clear monotonic dependence on the
interfacial exchange energy J,;, [64]. Additionally, from the
line profile of the buckled spin textures shown in Figs. 3(b),
3(d), 3(f), and 3(h), we extract the number of V-AV pairs
Ny_av formed in the FM, FM/AFM, and AFM/FM/AFM
disk structures. We found a significant increase in the V-
AV annihilation field in the exchange coupled FM/AFM and
AFM/FM/AFM disk structures. The increase in the stability
range of the intermediate V-AV state in the exchange coupled
disk structures is correlated to the increase in J,p,.

IV. CONCLUSION

In summary, we have systematically studied the rema-
nent vortex structure and the V-AV mediated magnetic
vortex annihilation processes in NiFe (40 nm), NiFe (40
nm)/IrMn (7.5 nm), and IrMn (7.5 nm)/NiFe (40 nm)/IrMn
(7.5 nm) disk structures. In the exchange coupled FM/AFM
and AFM/FM/AFM disks, the distortion of the FM vortex
structure is correlated to the randomly distributed nonplanar

uncompensated spins at the surface of the polycrystalline
AFM layer. Analysis of the remanent high-resolution MFM
images reveals a considerable increase of the effective vortex
core radius in the exchange coupled disks. The deflection of
the vortex core from the center of the exchange coupled disks
at remanence depends on the magnitude of the exchange bias
field and the AFM grain properties. At remanence, the direc-
tion of the vortex core deflection with respect to the cooling
field orientation depends on the handedness of the exchange
biased vortex structure. Detailed in-field MFM and MOKE
magnetometry studies of the V-AV mediated magnetic vortex
annihilation processes in FM, FM/AFM, and AFM/FM/AFM
disk structures reveal a significant increase in the magnetic
field stability of the intermediate V-AV state in exchange
coupled disks. Our experimental study of the characteristic
magnetic vortex parameters and properties of the exchange
coupled FM/AFM and AFM/FM/AFM disk structures provide
a deeper understanding of the interfacial exchange interaction
between the FM vortex structure and a polycrystalline chemi-
cally disordered AFM layer.
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