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We performed a temperature-modulated first-order reversal curve (FORC) study on a Pt/Co/Fe/Ir magnetic
stack that exhibited a magnetic phase transition from isolated skyrmions to skyrmion lattice with increasing
temperature. Using in situ magneto-optical Kerr imaging, a generalized description of domain transformations
associated with the FORC distribution peaks at both their reversal and sweeping field are derived to allow for
direct analysis from the FORC diagram. The sweeping field of the peak, which is commonly ignored in analysis,
is identified as the process of domain propagation or nucleation towards terminal domain separation. This process
is found to be essential in inducing magnetization irreversibility to reveal domain transformations. In addition, a
model characterized by the FORC distribution peaks was developed to describe the transition from the isolated
skyrmion to skyrmion lattice phase as well as to identify important field ranges for the transformations. This
study establishes an intuitive form of analysis for the otherwise abstract data of FORC distribution for the
characterization of magnetic skyrmions in the active field of skyrmionics.
DOI: 10.1103/PhysRevB.103.144409

I. INTRODUCTION

A magnetic skyrmion is a particlelike nanoscale magnetization state [1–5]. With promising potential as high-density
information carriers, magnetic skyrmions are now actively
investigated for applications such as memory [1,4,6–8],
computational logic [9–12], and nonconventional computing
systems [13–19]. Magnetic skyrmions stabilization requires
the system to be favorable for nonparallel adjacent spins,
which can be supported by the Dzyaloshinskii-Moriya interaction (DMI) [20–22] and dipolar interaction [23–25].
Ferromagnet (FM)-heavy metal (HM) multilayers commonly
stabilize magnetic skyrmions at room temperature as strong
interfacial-DMI is induced at the interface of an FM and
HM with large spin-orbit coupling [26,27]. By having many
repeats of these FM/HM layers in a stack, the dipolar interaction is enhanced to further stabilize the magnetic skyrmions
[23,28].
As the stabilization of the magnetic skyrmion primarily depends on the energy cost of the twisting√ segment of
its structure, the material parameter κ = π D/4 AK derived
from domain wall energy is commonly used to characterize
the stability of magnetic skyrmions in these materials, where
D is DMI strength, A is the exchange stiffness, and K is
the effective magnetic anisotropy strength [29,30]. As DMI
strength increases and κ approaches unity, skyrmions become
increasingly favorable and exist as isolated skyrmions. Above
unity, the domain wall energy becomes negative resulting in
the proliferation of skyrmions in a packed or lattice configuration [4,30,31]. While the composition and structure of the
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multilayer can be tuned to obtain a material with the desired
κ [26,32], prior studies also reported the increase in κ with
temperature [33,34].
The first-order reversal curve (FORC) technique uses a
combination of reversal field, sweeping field, and magnetization data to determine irreversible transitions. FORC
is especially suitable for the characterization of magnetic
skyrmions as it reveals magnetic states and transitions that
are imperceivable in a major hysteresis loop or even by optical imaging techniques [35]. The application of the FORC
technique was demonstrated to be useful in maximizing zerofield skyrmions based on the projected FORC distribution
peaks onto the reversal fields [36,37]. A recent work extended its use to determine a pure Néel skyrmion structure
from the disappearance of the FORC distribution trough [38].
Several earlier works also investigating similar bubble-stripe
transitions attributed the FORC features to the fracturing of
magnetic stripes and the skyrmion annihilation at the reversal
field [35,39,40]. However, these analyses remain limited to the
reversal field or a particular feature, leaving the sweeping field
unexplored and its associated information about the system
hidden.
In this Letter, we report the analysis of skyrmion transformations across both the reversal field and the sweeping field
using Hall voltage measurement with in situ magneto-optical
Kerr effect (MOKE) imaging. The domain transformation
processes associated with each FORC distribution peak were
identified and proved to be consistent across the skyrmion
phases from isolated skyrmion to skyrmion lattice. The divergence in domain-domain separation from its terminal
separation in the labyrinth state was revealed as the other
key phenomena determining the FORC features. In addition,
a model characterized by the FORC distribution peaks was
developed to describe the transformations with increasing κ
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from which the skyrmion phase and other useful field ranges
can be deduced.
II. METHODS

The material stack used in this experiment, Ta(5)/Ir(2)/
[Pt(1)/Co(0.5)/Fe(0.5)/Ir(0.8)]2 /Ta(5) (nominal layer thicknesses in nanometers) was chosen for the strong additive interfacial Dzyaloshinskii-Moriya interaction (i-DMI) by both
the Pt/Co and Fe/Ir interfaces [26]. A thermally oxidized
silicon wafer was used as the substrate. The material stack
was deposited at room temperature using a magnetron sputtering system (AJA ATC-Orion 8) with a base pressure of
8 × 10−8 Torr or better. The materials Pt, Ta, Ir, and Fe
were deposited via direct current at sputtering pressure of
2.0 mTorr and deposition rates of 0.68, 0.62, 0.37, 0.30 Å/s,
respectively. Co was deposited via RF current at sputtering
pressure of 3.0 mTorr and deposition rate of 0.26 Å/s. The top
and bottom Ta(5) layers were deposited as a protective layer
against oxidation and adhesion, respectively. The additional
Ir underlayer was added to provide a similar interface for the
repeating layers. The Hall cross device with 20 μm × 10 μm
widths was subsequently fabricated using a combination of
electron beam lithography (Raith e-line) and ion milling
(AJA ion milling system with Hiden SIMS element detector)
techniques.
Magnetic domain imaging was performed using the
MagVision Kerr Imaging System which operates on the
MOKE. In the polar configuration, the out-of-plane magnetization is probed and observed as different levels of brightness
in the image. In the images, regions of lower brightness correspond to magnetization in the negative out-of-plane direction
and vice versa. The images’ color balance had been adjusted
to offer the best contrast for qualitative analysis.
The out-of-plane magnetization used for FORC measurements was measured electrically by Hall voltage induced by
the anomalous Hall effect across the Hall cross. Lock-in detection of Hall voltage was used to optimize the signal-to-noise
ratio. A weak sensing current with the current density of
2.3 × 109 A/m2 was used to probe the magnetization and was
verified by MOKE images to cause a negligible effect on the
magnetic domains.
Electrical measurements and MOKE imaging were performed in situ. However, a long exposure time was required to
acquire a sufficiently clear MOKE image. Hence, the MOKE
images for the hysteresis were taken with stepwise changes
in the out-of-plane field instead of a continuous field sweep.
For each of the images taken for the FORC sweep, the full
sequence magnetic field sweep from the positive saturation
field to the reversal field, and up to the desired final field was
performed before a MOKE image is taken.
Temperature modulation was performed using a
proportional-integral-derivative (PID) controlled thermoelectric cooler. The thermoelectric cooler was secured directly
beneath the sample stage with a thermistor attached to the
cooler. A microcontroller, Arduino Nano, was programmed
to measure temperature using a precalibrated thermistor
resistance, perform PID computations to control the output
of the thermoelectric cooler, and maintain the desired
temperature even with ambient fluctuations. A fluctuation

of less than 0.1 °C was maintained for all measurements.
By the measurement of the sample device resistance, the
thermal conductivity from the thermoelectric cooler through
the stage to the sample device was verified to be reliable with
thermal equilibrium achieved in seconds.
III. RESULTS AND DISCUSSION
A. Temperature-modulated skyrmion phase transition

First, the supporting evidence for the transition of κ across
unity occurring within the investigated small temperature
range of 18.0 °C to 26.0 °C is presented. Figure 1(a) shows a
decreasing enclosed area and gradient of the major hysteresis
loop with temperature indicating the anisotropy shift towards
the film plane. The linearly decreasing saturation Hall voltage
with temperature relates to the expected decrease in saturation magnetization with temperature as shown in the inset of
Fig. 1(a). The MOKE images of the demagnetized domains
obtained using a decreasing alternating field sweep were analyzed by two-dimensional fast Fourier transforms to derive
their corresponding domain periodicity shown in Fig. 1(b)
[41–43]. While κ was not directly measured, the results in
Figs. 1(a) and 1(b) remain aligned to that of a state with increasing κ. Figure 1(c) shows the MOKE images of magnetic
domains after the out-of-plane field HZ was swept from the
positive saturation field to their labeled fields at temperatures
of 19.0 °C and 26.0 °C, respectively. At 19.0 °C, the labyrinth
domains fracture into long stripe domains which receded into
a sparse isolated skyrmion state with decreasing HZ . In contrast, at 26.0 °C and HZ of 5.1 Oe, the domains formed a mix
of short stripe segments and skyrmions domains instead of the
labyrinth configuration. As HZ was further decreased, these
stripe segments fractured into the densely packed skyrmion
lattice configuration. Hence, the temperature range of 18.0 °C
to 26.0 °C used in this investigation encompasses the state of
isolated skyrmion with κ < 1 to skyrmion lattice κ > 1.
B. First-order reversal curve distribution

FORCs were obtained following the sequence of magnetic
field sweeps illustrated in Fig. 2(a). For a single FORC, HZ
is first swept from HSat that is sufficiently high to attain the
saturated state, to a lower or negative field HR following the
blue dashed line shown in Fig. 2(a). This field sweep is from
here on referred to as the negative field sweep. At the reversal
field HR , the direction of magnetic field sweep is reversed and
swept back to HSat following the red solid line while collecting
magnetization M(HR , HZ ) data. This field sweep is from here
on referred to as the positive field sweep. Multiple FORCs
are repeated for the desired range of HR to compute the FORC
distribution ρ given by the equation ρ = −(∂ 2 M/∂HR ∂HZ )/2.
Figures 2(b)–2(d) shows the contour plot of ρ referred to as
the FORC diagrams for temperatures of 19.0 °C, 23.0 °C, and
26.0 °C, respectively [44]. Irreversible transitions are identified from regions of nonzero ρ on the FORC diagram.
Figure 2(b) shows the two main features of magnetic
skyrmions that are an upper peak at HR ≈ 15 Oe and a lower
trough-peak pair at HR ≈ 20 Oe. By comparing Figs. 2(b)–
2(d), these features translated in the negative HZ direction with
increasing temperature, implying that the single remaining
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analyzed as a cause-effect relation, where a switching event
during the negative field sweep alters the subsequent switching event during the positive field sweep.
C. Skyrmion transformations at FORC features

FIG. 1. (a) Out-of-plane magnetic hysteresis. Each curve has an
offset of −100 μV to improve the clarity of the transformation.
Inset is the plot of the Hall voltage amplitude at saturation against
temperature. (b) Domain width of demagnetized domains. (c) MOKE
images after a magnetic field sweep from a negative saturated state
to the corresponding positive field at the temperature of 19.0 °C and
26.0 °C. Dark blue circles obscure defects to avoid misinterpretation
as data.

peak at 26.0 °C corresponds to the same peak of the troughpeak pair at 19.0 °C. The irreversible transition associated
with a single peak or trough of ρ can only be fully described
as the combination of two switching events, one associated
with each field sweep. The emergence of a peak or trough is

Using in situ MOKE imaging, the domain transformations are identified along the three key magnetic field sweeps
indicated in Figs. 2(b) and 2(d), the negative field sweep represented as a blue dashed line along the diagonal and the two
positive field sweeps which intersect the upper peak and the
lower trough-peak pair represented as horizontal red dashed
lines. To verify that the domain transformation associated with
each peak is consistent, MOKE images at 19.0 °C for isolated
skyrmions and 26.0 °C for the skyrmion lattice were captured.
Additional supporting MOKE images for 19.0 °C, 23.0 °C,
and 26.0 °C are available in the Supplemental Material [45].
The magnetic domains along the negative field sweep up
to the HR of the upper peak shown in Fig. 3(c) for 19.0 °C
and 3(f) for 26.0 °C, both show stripe domains fracturing into
shorter segments and skyrmions, leaving a mixture of stripe
and skyrmions. However, the domains in Fig. 3(c) are far apart
with sparse skyrmions, while skyrmion density is significantly
larger in Fig. 3(f) and maintains domain-domain separation
close to its terminal separation. Terminal separation refers
to the minimum stable gap between skyrmions or stripes.
This gap is analogous to the domain width approached by
the wider domain in a labyrinth with increasing magnetic
field in previous works [42,43]. Under a sufficiently large
magnetic field, domain-domain separation diverges beyond
this terminal width and approaches saturation. At the higher
HR of the lower peak, Figs. 3(c) and 3(f) both show the
process of skyrmion annihilation from a pure skyrmion state.
This process is fully consistent between both temperatures,
but Fig. 3(f) shows smaller skyrmions and significantly larger
skyrmion density.
For the positive field sweep of the upper peak from HR =
−16 Oe shown in Fig. 3(d) for 19.0 °C and HR = −15 Oe
shown in Fig. 3(g) for 26.0 °C, both showed the increase in
stripe domains at the expense of skyrmion annihilation as HZ
is swept past the FORC peak. However, the transformation
in Fig. 3(d) involves a significant increase in domains as
the stripes propagate to fill the gaps between the domains
while the domains in Fig. 3(g) that were initially close to
terminal separation showed little change in domain area due
to skyrmion-to-stripe transformation. A maximum rate of domain propagation is also associated with the field of HZ =
−13 Oe where ρ is maximum at 19.0 °C.
For the positive field sweep of the lower peak from HR =
−20 Oe shown in Fig. 3(e) for 19.0 °C and HR = −21 Oe
shown in Fig. 3(h) for 26.0 °C, both transformations began
from a pure skyrmions state at their HR and subsequently approached the terminal separation as HZ was swept across the
FORC peak. However, at 19.0 °C the skyrmions elongate into
stripe domains to fill the sample and approach terminal separation as shown in Fig. 3(e). In this process, the skyrmions were
annihilated by transformation into stripes resulting in negligible skyrmion density at the final field. In contrast, skyrmion
nucleation occurred to fill the gaps at 26.0 °C. For the FORC
trough found at 19.0 °C with HR = −20 Oe, no significant
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FIG. 2. (a) Schematic for the field sweeps of FORC measurement. (b)–(d) Contour plot of FORC distribution at 19.0 °C, 23.0 °C, and
26.0 °C, respectively. The blue and red dashed lines in (b) and (d) indicate the field sweeps of interest for analysis.

change to the initial pure skyrmions state was observed for
HZ < −15 Oe. As HZ was further increased, transformations
shown in Fig. 3(e) commenced in tandem with the emergence
of the trough.
The plot of FORCs as colored lines based on ρ in Fig. 3(a)
shows that the peaks and trough arise from the convergence
and the divergence of the FORCs, respectively. The converging FORCs here correspond to the nucleation of new domains
or the propagation of existing domains towards a densely
packed state with terminal domain separation as shown in
Figs. 3(d), 3(e), and 3(h). The state with terminal separation is
identified by the uniformity of the domain-domain separation
across the sample that converges to the terminal value. At
terminal separation, there are no wide regions in the ferromagnetic state available for expansion, and domains can only
further expand by coalescence. The diverging FORCs arise
from the process of stripe domain formation and elongation
from a limited number of residual skyrmions [46]. The large
separation between the residual skyrmions and low skyrmion
nucleation rates during the field sweep leads to the amount of
stripe domains formed from these residual skyrmions becoming strongly dependent on the number of residual skyrmions
at the reversal field HR .
Based on the analysis of the domain images, HR and HZ of
the peaks correspond to processes across the whole region of
nonzero ρ associated with the peak rather than domain states
at the peak. The upper peak’s HR corresponds to the fracturing
of stripe domains into a mixture of stripes and skyrmions
while the upper peak’s HZ corresponds to the propagation
of stripes towards terminal separation. The lower peak’s HR
corresponds to the annihilation of skyrmions from a pure
skyrmion state while the lower peak’s HZ corresponds to the
skyrmion nucleation or stripe propagation towards terminal
separation. The HZ of both peaks represent the transition
towards terminal separation, and the domains were observed
to reach terminal separation at the edge of the peak where ρ
becomes zero.
While previous works had identified the fracturing and annihilation process during the negative field sweep [35–38,47–
49], the lack of analysis of the process associated with the
positive field sweep can lead to incomplete descriptions of
the peaks. One main contradiction is the process of stripe
fracturing into multiple shorter segments or skyrmions that
continues to occur even when the upper peak had been almost
completely translated off the FORC diagram. From the analysis of the sweeping field, the translation of the upper peak

towards negative HZ and its eventual disappearance directly
relates to the extent of domain-domain separation divergence
from terminal separation, while the process associated with
the reversal field continues to occur. The irreversible process of stripe fracturing into skyrmions persisting as seen
from their zero-field skyrmion density dependence on HR
with minimal FORC features highlights the limitation of the
FORC technique in quantifying microscopic irreversible domain transformations using the macroscopic measurement of
magnetization. However, ironically at the same time demonstrating the high sensitivity of the FORC technique that
remains useful even with just a small residual peak.
D. Skyrmion phase model

Figure 4 serves as a useful model for the changes in FORC
features with respect to magnetic skyrmion phase and stability. With the skyrmion stability parameter κ being strongly
dependent on temperature, the horizontal axis in Fig. 4 can be
assumed to be analogous with κ. HZ of the upper and lower
peaks form a pair of linearly decreasing parallel lines, but HZ
of the upper peak converges to its corresponding HR above the
temperature of 22.0 °C. HR of the lower peak increased and
upper peak decreased with temperature, respectively, at a slow
rate. The divergence of the upper peak’s HR and HZ at lower
temperatures is associated with the isolated skyrmion phase
as it represents the existence of a field range where domains
remain insensitive to field changes and is far from terminal
separation after being fractured into shorter stripe segments
or undergone skyrmion annihilation. At high temperatures,
the translation of the upper peak towards the negative HZ
direction and eventually off the FORC diagram represents
the decreasing divergence from terminal separation as domain
wall energy decreases leading to the domains being stabilized
up to larger fields. This model is applicable to the class of
magnetic skyrmions stabilized in magnetic multilayers by
the combination of interfacial-DMI and dipolar interactions.
These magnetic skyrmions exhibit the state transitions between the labyrinth, stripe, skyrmion, and saturated states with
a magnetic field and typically have the bow-tie-shaped major
hysteresis loop [26,50].
As the upper peak represents the process of skyrmion fracturing and the lower peak being in the pure skyrmion state, a
critical field above which stripes are fully annihilated lies between them. The valley which refers to the field of minimum
ρ as projected onto the reversal field showed alignment with
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FIG. 4. Plot of the fields of the FORC distribution peaks against
temperature. All plots are linearly fitted. The bars signify the processes occur across a range of field. The valley represents the field
of minimum FORC distribution between the peaks as projected onto
the reversal field. Above 22 °C, the upper peak HZ converges to its
HR plotted as the dotted line.

magnetization signal by residual skyrmions close to saturation
but these residual skyrmions can induce clear FORC peaks.
Our work provides an intuitive form of analysis for the
otherwise abstract FORC distribution and showed its applicability in determining skyrmion phases with the inclusion
of the HZ . In addition to the analysis of magnetic skyrmion
phases, FORC identifies the range of fields important for various purposes such as maintaining a pure skyrmion state, the
complete annihilation of all domains, and skyrmion-to-stripe
transformation which will be key in the development of future
skyrmionic devices.
IV. CONCLUSION

FIG. 3. (a), (b) Plot of colored reversal curves based on the
FORC distribution. (c)–(h) MOKE images of the domains during
field sweep from the initial or reversal field labeled at the start of the
arrows at (c)–(e) 19.0 °C and (f)–(h) 26.0 °C. Blue arrows represent
negative field sweeps and red arrows indicate field sweeps. Dark blue
circles obscure defects to avoid misinterpretation of data.

the MOKE images for the minimum reversal field for the pure
skyrmion state. The lower edge of the bottom peak represents
the reversal field for true saturation where all skyrmions are
annihilated. The true saturation field is typically larger than
that derived from a major hysteresis loop due to the negligible

In conclusion, we report the two peaks in the FORC distribution of a skyrmion sample to correspond to the fracturing
of stripe domains and the annihilation of skyrmions for the
upper and lower peak, respectively, at the reversal field. Both
the peaks correspond to the propagation and/or nucleation of
domains to reach terminal domain separation at the sweeping
field. Divergence from terminal domain separation is found
to be essential for the microscopic domain transformations to
develop macroscopic irreversibility detectable via the FORC
technique. Based on both the reversal field and sweeping field
of the FORC distribution peaks, a model was developed to
describe FORCs transitioning from isolated skyrmions to the
skyrmion lattice phase. Our study clarifies the significance of
the FORC features to characterize skyrmion phases and derive
useful magnetic field ranges for the desired magnetic state
and transformations, which is beneficial to the advancement
of research on magnetic skyrmions.
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