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Strain-induced magnetic pattern formation in antiferromagnetic iron borate
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Using the crystalline lattice to manipulate magnetic ordering represents an intriguing direction of future
research, particularly when attempting to modify the rather robust magnetization of an antiferromagnet (AFM).
Here, we study how magnetization can be all-optically rotated in the canted AFM iron borate, utilizing mid- to
far-infrared ultrashort light pulses. We discover that this excitation gives rise to a peculiar pattern of metastable
magnetic domains with a tunable symmetry, which can be qualitatively understood by considering how light-
induced radial strain interacts with the Néel vector. Our results reveal how optically induced strain can be used
to spatially modify the magnetic order parameter of an AFM, which could have important applications in future

AFM-based data-storage technologies.
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Our continuously increasing societal dependency on dig-
itally encoded information motivates intense work to make
data-storage technologies denser, faster, and less dissipa-
tive [1]. Although massive collective efforts have been made
by industry to improve the capability of existing devices, we
are now approaching the operational limits of conventional
data-storage technologies [2]. Therefore, novel and disruptive
methods to process and store data are required to meet the
ever-increasing demand.

Recently, antiferromagnets (AFMs) have been highlighted
as offering a promising basis for advanced spin-based de-
vices and techniques [3]. One of their main advantages lies
in the fact that AFMs feature exchange-driven magnetization
dynamics that are orders of magnitude faster than the dynam-
ics associated with their ferromagnetic counterparts. AFMs
also have a natural robustness to external stimuli, potentially
resulting in an extremely stable and highly secure storage
medium. Last but not least, the vast majority of magnetic com-
pounds are actually AFMs, which may facilitate much wider
material compatibility with existing fabrication processes.

The impervious nature of AFMs, however, makes it very
difficult if not impossible to directly manipulate their mag-
netization with stray magnetic fields. Alternatively, all-optical
mechanisms—based on the use of ultrashort laser pulses—
can interface directly with antiferromagnetic ordering while
arguably offering the fastest possible speeds [4]. While full-
scale all-optical switching of order within an AFM has not
yet been discovered [5], the direct excitation of terahertz op-
tical phonon modes at resonance has been clearly shown to
be capable of temporarily modifying order parameters in a
variety of other systems [6-9]. In particular, it was recently
demonstrated that the magnetization of iron-garnet films can
even be permanently switched by illuminating the ferrimag-
net with infrared (IR) optical pulses tuned in frequency to
match those of longitudinal optical phonon modes [10]. The
central role of strain in the process was unambiguously con-
firmed by the highly nontrivial spatial distribution of the
switched magnetization. From this, an intriguing question
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arises: how does this mechanism operate and manifest in an
AFM?

In this Letter, we explore how optically induced strain
can be used to drive magnetization dynamics and pattern
formation in an AFM. To circumvent the difficulties normally
associated with observing magnetic domains in collinear
AFMs, we have opted to study the canted AFM iron borate
(FeBOs3). The IR pump pulses were provided by the lasers
at the free-electron laser (FEL) facility FELIX [11]. We di-
rectly observe that the IR excitation generates a peculiar and
reproducible domain pattern, consisting of a distribution of
circulating magnetization at the center with tapered domains
extending outwards along a certain axis. This pattern is rather
distinct to that found in iron garnets [10]. We qualitatively
explain the origin of this domain pattern in terms of the
interaction of the Néel vector with the strain-induced radial
anisotropy field.

Iron borate has a rhombohedral calcitelike crystal structure
(R3¢ symmetry). The Fe*™ ions form two antiferromag-
netically coupled sublattices, where the superexchange is
mediated by O>~ ions. The broken inversion symmetry of
the crystal supports the Dzyaloshinskii-Moriya interaction
(DMI), which can be described in terms of an effective mag-
netic field Hpyp = 61.9kOe [12,13]. The latter slightly cants
the spins by 1°, resulting in a weak magnetic moment of
47 M = 115 G at room temperature.

The spins of the Fe’* ions experience both an easy-
plane anisotropy (H4 = 1.7kOe) and a very weak hexagonal
in-plane anisotropy (Hs = 0.26 Oe). The DMI-induced net
magnetic moment, combined with a strong magneto-optical
response in the visible spectral range, allows us to track
magnetization dynamics via magneto-optical microscopy. For
example, at the wavelength A = 525 nm, the Faraday rotation
is maximum (magnitude of 2300 °cm™") while the absorption
is negligible (39 cm™!) [14]. Since the magnetic moment of
iron borate lies (at equilibrium) within the sample’s plane, we
tilt the sample slightly with respect to the probe’s wave vector,
in order to have a magnetization component collinear with the
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FIG. 1. (a) Sketch of the two-color pump-probe setup. The in-
frared (IR) pumping macropulse is focused by a parabolic mirror
onto the FeBO; sample (tilted by 17 °). The probe pulse, after passing
a polarizer (P) and transmitting through FeBOs3, is collected by an
objective lens (OL), filtered by an analyzer (A), and detected by a
charge-coupled device (CCD). (b) Temporal profile of a typical 8-us-
long pumping macropulse, containing ~ 200 micropulses coming at
25 MHz. (c) Exemplary raw magneto-optical image of the magnetic
domain pattern in FeBOj; induced by a single pumping macropulse of
wavelength 1 = 14.5 ym. The yellow arrows indicate the orientation
of magnetization.

wave vector. This scheme, however, gives rise to a sizable
contribution of birefringence [15]. To therefore achieve the
best compromise in minimizing this birefringence while max-
imizing the Faraday rotation, we found that tilting the sample
by 17° yielded optimum magneto-optical contrast for both
wavelengths of A = 520 and 532 nm used for illumination.

The magnetization dynamics of FeBOj is investigated us-
ing a single-shot pump-probe microscopy scheme. The IR
pump pulses, delivered by one of the FELs at the FELIX
laboratory, come in the form of 8-us-long bursts (so-called
macropulses) at a rate of 10Hz. Inside each macropulse
are micropulses with a temporal separation of 40ns [see
Fig. 1(b)]. Each transform-limited micropulse has a duration
of 1-3ps, with a bandwidth tunable between 0.5 and 2%
and a central wavelength tunable between 3 and 100 um.
The macropulse energy was measured to be between 0.6 and
0.85mJ, leading to a single micropulse energy of ~4 uJ. The
IR pump is focused onto the sample’s surface using an off-
axis parabolic mirror. The sample’s magnetization is probed
either by a cw laser (A = 520 nm) or synchronized 5-ns-long
laser pulses (A = 532 nm). By illuminating the sample and/or
recording magneto-optical images at different predetermined
time delays, we reconstruct the time-resolved dynamics of
magnetization.

Prior to excitation, a small magnetic field is used to ini-
tialize the sample’s magnetization into a single-domain state.
After excitation by a single IR macropulse with central wave-
length A = 14.5 um, we observe a distinct and peculiar pattern
of magnetic domains as shown in Fig. 1. At the center, this
pattern consists of circulating magnetization resembling a
large magnetic vortex. Extending periodically outwards from
the center are tapered domains, physically corresponding to
an alternating polarity of the magnetization. A similar mag-
netic pattern was observed before in as-quenched FeNiSiB

FIG. 2. (a—c) Background-corrected magneto-optical images of
the domain pattern, taken after exposing FeBO; to a single
macropulse with an external magnetic field applied (B = 0.4 mT)
at different in-plane angles as indicated.

metallic glass [16,17], although that pattern was nucleated and
stabilized by a point defect. Here, in contrast, this pattern is
dynamically formed by the IR pulse. Moreover, we observe
that the tapered magnetic domains are aligned either with the
axis of the applied field or, when an external magnetic field is
absent, along the axis of the magnetization’s initial direction
(Fig. 2).

Magnetic vortices are typically found in thin circular or
square platelets where the magnetization rotates in plane to
minimize the demagnetizing field at the sample edges [18,19].
Helical textures of magnetization can also be found in ma-
terials with strong DMI, and magnetic skyrmions have been
previously observed in iron borate [20]. However, the size of
the vortexlike feature we observe in our sample can exceed
diameters of 380 um which is far too large to be classified
as a conventional skyrmion [21,22]. Moreover, taking into
account that the velocity of domain walls in iron borate can
exceed 14 km/s for relatively small magnetic fields [23], we
expected the pattern to relax in just tens of nanoseconds after
the arrival of the pumping IR macropulse [24]. Surprisingly,
after the initial rapid formation, the nonpropagating pattern
remained stable for several milliseconds, eventually relaxing
back to its original homogeneous ground state (as shown in
Fig. 3). This relaxation process can be considerably acceler-
ated by applying a constant magnetic field. For example, the
application of a very weak bias magnetic field 55 uT caused
the inhomogeneous pattern to essentially vanish after 4 ms. In
the absence of any magnetic field, this decay took more than
twice as long.

In contrast, all the timescales related to the formation of
the pattern are much shorter than milliseconds. Our time-
resolved experiments have shown that the formation of the
magnetic domain pattern is certainly faster than the mi-
crosecond scale of the macropulse, probably occurring across
several nanoseconds based on the requirement for the excited
optical phonons to couple and transfer energy to the acoustic
phonon modes [25]. In the case considered here, FeBO; has a
wealth of optical phonon modes in the mid- to far-IR spectral
range [26-28]. Such optical phonons typically have lifetimes
on the order of several picoseconds, presumably leading to a
similar lifetime of any optically induced strain. Therefore, the
long lifetime and minimal changes in the shape of the domain
pattern during the first milliseconds after excitation actually
lead to a reasonable argument that the observed magnetic
domain pattern represents a metastable state of the system.

The size and orientation of the magnetic domain pattern
depend strongly on the strength and direction of the ap-
plied external magnetic field. As the strength of the in-plane
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FIG. 3. Temporal evolution of the magnetic domain pattern recorded while applying a constant in-plane magnetic field of strength 55 uT.
The visible harmonic of the IR pump pulse can be seen in the center of the image taken at the pump-probe overlap (O us).

magnetic field is increased, the magnetic pattern shrinks in
size, with more periods of the tapered domains fitting within
the fixed field of view. Changing the sign of the magnetic
field does not affect the pattern overall, aside from reversing
the orientation of the magnetization and the sense of the
curling magnetization, which is clear from the inversion of
the magneto-optical contrast. The orientation of the domain
pattern is solely determined by the orientation of the applied
magnetic field. Upon rotating the magnetic field while contin-
uously exposing the sample to macropulses coming at 10 Hz,
the pattern freely rotated with the applied magnetic field,
showing that it is not bound to any crystallographic axis. If the
magnetic field strength exceeds a certain threshold, the pattern
does not appear at all, with the sample’s magnetization being
bound to the applied magnetic field.

To understand how the observed peculiar magnetic domain
pattern is formed in the AFM FeBOj, we present a qualitative
explanation based on how the Néel vector interacts with strain.
A similar line of reasoning can also be used to explain how
magnetization can be affected by strain in a ferromagnetic sys-
tem. Let us begin by considering the latter, which in practice
produces a four-domain pattern of switched magnetization
as shown in Ref. [10]. We assume that this material has
square magnetocrystalline anisotropy, with the x and y axes
coinciding with the axes of anisotropy. As a result, the net
magnetization M in equilibrium can align in four directions
given by these two axes. Before excitation, the magnetization
is uniformly aligned along the y axis by a small externally
applied magnetic field. The IR pump pulse has a Gaussian dis-
tribution of energy, inducing macroscopic deformation with
a similarly Gaussian spatial profile [29]. Assuming that the
latter is limited to the plane of the film, and taking into account
only diagonal components, the magnetoelastic energy is given
by

Ene = by (exxm;% + nymg) (D

where b; is the magnetoelastic coupling coefficient and ¢;;
is the induced strain along the ith axis [30]. Further de-
tails of how the IR pulse generates such strain are provided
in Ref. [10]. This term gives rise to radially symmetric

anisotropy as shown in Fig. 4(b) (black double-headed ar-
rows). Moreover, this transient radial anisotropy is strongest
not at the center of the irradiated region but rather where
the gradient of the excitation is largest [10,29]. This locus is
indicated by the yellow circle in Fig. 4(b).

Along the y axis, the radial strain-induced anisotropy exerts
no torque, and so no changes in the magnetization are ex-
pected here. In contrast, close to the x axis (orthogonal to the
magnetization’s initial orientation), the transient anisotropy
exerts maximum torque. This gives rise—exactly along the
X axis—to an unstable equilibrium, with no obvious direction
of torque being exerted on M. Slightly away from the x axis,
however, the anisotropy applies a torque with well-defined
sign, causing the magnetization to undergo large-amplitude
precession either clockwise or anticlockwise in these four
quadrants [Fig. 4(c)]. If the cone angle of the magnetiza-
tion precession is sufficiently large enough, the magnetization
close to the x axis can even be stabilized by the uniaxial
anisotropy axis coinciding with the x axis. This therefore
explains the specific footprint of magnetic switching observed
previously in ferrimagnetic iron garnets [10].

Let us now discuss how the same mechanism works in an
AFM. The latter comprises two sublattices of magnetization
M, and M, oriented antiparallel to each other albeit with
a slight canting. As a result, there is a small net magnetic
moment m = M; + M, that is orthogonal to the Néel vec-
tor I = M; — M;, as schematically shown in Fig. 4(a). In
an AFM, the Néel vector actually aligns with any uniaxial
anisotropy, rather than m. We must emphasize here that our
magneto-optical microscopy measurements shown in Figs. 1—-
3 detect m, allowing us to infer the orientation of I.

If we now assume that the IR pulse similarly induces—via
strain—radial uniaxial anisotropy in the AFM [10], one can
expect a different pattern of magnetic domains. Let us start
with assuming the [ vector is uniformly oriented parallel to
the y axis (and, by extension, m is uniformly aligned along
the x axis). The easy-plane type of anisotropy found in FeBO3
allows the optically induced strain to affect magnetization far
beyond the spot at which the IR pump is focused. Similar
to the case of the FM, the strain-induced anisotropy cannot
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FIG. 4. (a) Schematic of how the magnetization M of a ferromagnet (FM) and the Néel vector 1 and magnetization m of a canted
antiferromagnet (AFM) align with uniaxial anisotropy. (b) Before excitation, the magnetization of the FM or the Néel vector of the AFM
is uniformly oriented along the y axis. Upon excitation by an infrared pulse, strain gives rise to a radially symmetric distribution of anisotropy
(black double-headed arrows), maximized in strength at the locus indicated by the yellow circle. (c), (d) The magnetic domain pattern that
emerges as a result of optically induced strain in the FM and AFM respectively. (e) Left: The “onion”-like magnetic configuration that one
would expect at the center of the irradiated area. Right: The “vortex”-like domain pattern that is actually observed in our magneto-optical

experiments.

exert any torque on the I vector across the line x = 0. Just
above and below the x axis, in contrast, the transient radial
anisotropy exerts maximum torque on /, and so the magneti-
zation close to the x axis undergoes substantial rotation, either
clockwise or anticlockwise [Fig. 4(d)]. This effect explains
why the strain-induced tapered magnetic domains observed
in Fig. 2 persistently align with the axis along which the B
field is applied. Extending this line of reasoning even further,
one can expect a head-to-head or tail-to-tail domain wall to
emerge along the x axis. Such a magnetic configuration is
energetically unfavorable. Consequently, one can reasonably
anticipate that this domain wall fractures to form a zig-zig
pattern of magnetic domains. This gives rise to the tapered
magnetic domains observed in Figs. 1-3.

At the very center of the irradiated region x =y = 0, the
radial anisotropy cannot single-handedly perturb 1. Away from
this point, however, one would logically expect the magnetiza-
tion to kinetically produce the magnetic configuration shown
in the left panel of Fig. 4(e). This bidomain pattern, consisting
of magnetization with opposite circulation on either side of the
central axis, is rather reminiscent of the “onion” configuration
previously identified in micromagnetic modeling of rings [31]

and disks [32]. Our experimental results, however, instead
clearly show the formation of a magnetic vortexlike pattern
at the center of the irradiated region [right panel of Fig. 4(e)].
The vortex state is much more energetically favorable com-
pared to the onion state, with the former minimizing the flux
closure in the plane of the sample. We therefore speculate that
the onionlike state is actually initially formed by the infrared
pulse, and this is subsequently transformed into the vortex-
like state across a timescale shorter than our experiment’s
temporal resolution (&5 ns). To therefore elucidate fully the
observed magnetic pattern in FeBO3; and assess the veracity
of our presented explanation, further experimental works must
explore how the strain-induced magnetization dynamics in
FeBOj evolve across subnanosecond timescales.

In conclusion, we have studied how strain, induced op-
tically using mid- to far-IR optical pulses delivered by a
FEL, interacts with the magnetization comprising the canted
AFM iron borate. Using magneto-optical microscopy, we
have directly observed that the weak magnetic moment at the
center of the irradiated spot curls into a vortexlike distribu-
tion, while simultaneously forming tapered magnetic domains
with periodically reversed orientation along a specific axis.
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By exploring the temporal dynamics of the pattern across
microsecond to millisecond timescales, and moreover how the
pattern depends on the optical parameters and the magneti-
zation’s initial orientation, we have revealed that the pattern
arguably represents a metastable state of the magnetization
across macroscopic length scales. We qualitatively explain
how this pattern of magnetic switching forms by considering
how the strain-induced radial anisotropy interacts with the
Néel vector. This explanation is also consistent in explaining
the phononic switching of magnetization found in the ferri-
magnetic iron garnet presented in Ref. [10]. Our results not
only reveal how the mechanism of phononic switching of

magnetization manifests in antiferromagnetic materials, but
also show how strain can be used to address magnetic ordering
in future spintronic technologies involving AFMs.
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