PHYSICAL REVIEW X 15, 011044 (2025)

Light-Induced Reorientation Transition in an Antiferromagnetic Semiconductor
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Because of the lack of a net magnetic moment, antiferromagnets possess a unique robustness to external
magnetic fields and are thus predicted to play an important role in future magnetic technologies. However,
this robustness also makes them quite difficult to control, and the development of novel methods to
manipulate these systems with external stimuli is a fundamental goal of antiferromagnetic spintronics. In
this work, we report evidence for a metastable reorientation of the order parameter in an antiferromagnetic
semiconductor triggered by an ultrafast quench of the equilibrium order via photoexcitation above the band
gap. The metastable state forms less than 10 ps after the excitation pulse, and persists for longer than 150 ps
before decaying to the ground state via thermal fluctuations. Importantly, this transition cannot be induced
thermodynamically, and requires the system to be driven out of equilibrium. Broadly speaking, this
phenomenology is ultimately the result of large magnetoelastic coupling in combination with a relatively
low symmetry of the magnetic ground state. Since neither of these properties are particularly uncommon in
magnetic materials, the observations presented here imply a generic path toward novel device technology
enabled by ultrafast dynamics in antiferromagnets.
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I. INTRODUCTION

When the Hamiltonian of a system contains multiple
interaction strengths of comparable magnitude, the corre-
sponding free energy is often host to a diverse collection
of metastable states just barely separated in energy from
the true ground state. This phenomenology results in an
extreme sensitivity to external stimuli [1-3], which can be
exploited in an ultrafast way using light to drive transitions
between these states [4-7].

One important application is in magnetic devices, where
the electron spins form an ordered state in equilibrium and
may thus be used to store information. Antiferromagnets
(AFMs) have received special attention in this regard, as
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they possess zero net magnetic moment and are thus robust
to stray magnetic fields from adjacent magnetic devices [8].
The dominance of exchange rather than anisotropy
energies in the dynamics of spins which are antiferro-
magnetically ordered also leads to order-of-magnitude
faster switching timescales compared to their ferromag-
netic counterparts [9].

Importantly, the ground state of an AFM is typically not
unique, with the number of degenerate states (corresponding
generically to various rotations of the AFM order parameter)
being determined by the number of symmetries which are
broken at the magnetic ordering temperature. In the context
described above, this degeneracy invites the possibility of an
ultrafast antiferromagnetic device which uses light to switch
between these different states. Moreover, if the symmetry of
the magnetic phase is sufficiently low (relative to the parent
phase), the number of such states can be quite high, and a
multistep magnetic memory might be constructed which
operates via ultrafast reorientation transitions of the AFM
order parameter between states that are not antiparallel.

Broadly speaking, one can distinguish two different
approaches for achieving such transitions in real materials.
In the first case, one imagines manipulating the AFM
orientation “coherently” by, for example, resonantly driv-
ing an infrared-active phonon mode to large amplitude,
although this usually requires large electric fields (as the
relevant light-matter interactions are usually highly non-
linear [10]) which are difficult to obtain in the frequency
range associated with phonons in crystals. An alternative
mechanism—which has been shown to occur abundantly
in superconductivity (SC) [7] and charge density wave
(CDW) [5] systems—is to quench the equilibrium order by
exciting carriers above the band gap, and then exploit the
subsequent relaxation dynamics which may, in the right
system, show a preference for one state over the other [11].
In contrast to the case of resonant phonon driving, this
mechanism involves primarily electronic excitations and
therefore requires relatively little energy if the photon
frequency is above the band gap. However, despite suc-
cessful demonstrations of this approach in nonmagnetic
systems [5,7], evidence for this mechanism occurring in
AFMs does not currently exist, and whether the phenom-
enology described here actually occurs in real magnetic
materials remains a fundamental open question.

In this work, we report a light-induced phase transition
between nearly degenerate AFM states in the antiferro-
magnetic semiconductor CaMn,Bi, [12] triggered by an
ultrafast quench of the equilibrium order parameter with a
femtosecond light pulse. Using time-resolved second har-
monic generation (TRSHG), a pump-probe technique
sensitive to the magnitude and direction of the AFM order
parameter, we find that above-gap optical excitation indeed
causes the system to reorient to a new, metastable ori-
entation of the AFM order parameter. The transition is fast
(occurring less than 10 ps after photoexcitation), requires

low pump fluence (~200 pJecm™2 vs ~10 mJcm™ [10]),
and cannot be induced thermodynamically. These findings
suggest that the same postquench, metastable dynamics
occurring in nonmagnetic systems [5,7] applies to AFMs as
well, opening the door to potential optospintronic device
architectures exploiting nonequilibrium phase transitions
between different nearly degenerate states.

II. RESULTS
A. Equilibrium

Crystallographically, CaMn,Bi, consists of a puckered-
honeycomb tiling of Mn atoms with a high-temperature
crystallographic point group of 3m [see Fig. 1(a)]. The
electronic gap is on the order of 4 meV [see Fig. 1(b) and
Supplemental Material, Fig. S18(a) [13]] and is thought
to be due to a delicate combination of correlations and
hybridization between relatively localized Mn 3d states and
dispersive Bi 6p/Mn 4s hybrid bands [12,23-25]. Néel-
type antiferromagnetic long-range order with spins lying
in the ab plane develops in this material at 7. ~ 150 K,
accompanied by a kink in the electrical resistivity
[Fig. 1(b)] and magnetization [Supplemental Material,
Fig. S18(b)] and the appearance of a new peak in the
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FIG. 1. (a) Magnetic unit cell of CaMn,Bi,. The angle y is such
that the Mn spin does not lie precisely along any particular
crystallographic axis. (b) Resistivity as a function of temperature
for a representative sample. The inset shows an enlarged view of
the resistivity near 7', plotted against the SHG intensity integrated
across the region indicated in (d). (c) Schematic of the rotational-
anisotropy SHG (RASHG) setup. The crystallographic a axis lies
along the dashed line (see Supplemental Material, Sec. S5 [13]).
(d) Temperature dependence of the RASHG intensity in the
P;,—P,, polarization channel from the (011) surface of
CaMn,Bi,. Other polarization channels are shown in the Sup-
plemental Material, Fig. S2. The area between the two ticks
indicates the region integrated to produce the inset of (b).
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powder neutron diffraction [12]. Importantly, the powder
neutron refinement indicates that the ordered moments
are slightly misaligned with the a and b axes of the high-
symmetry phase [see Fig. 1(a)], so that the low-temperature
magnetic point group is 1’; i.e., the only symmetries that are
preserved in the low-temperature phase are the identity
operator and the product of inversion and time reversal
[12]. The remarkably low symmetry of this magnetic
ground state is likely due to highly frustrated magnetic
interactions, as suggested by the proximity of isostructural
CaMn,Sb, to a mean-field magnetic tricritical point
[26,27]. In contrast, the lattice is thought to remain fully
symmetric at all temperatures, so that the symmetry
breaking at 7. is solely due to the AFM order [this is
verified with single-crystal x-ray diffraction (XRD); see
Supplemental Material, Fig. S8 [13]].

As spin-orbit coupling is expected to be strong in this
material, the breaking of inversion symmetry by the magnetic
order should result in a strong second harmonic generation
(SHG) signal below T ., despite the fact that the lattice remains
centrosymmetric [28,29]. We probe this SHG signal using a
rotational-anisotropy SHG (RASHG) apparatus [Fig. 1(c)]
which measures the reflected second harmonic intensity as
the plane of incidence (and the incoming and outgoing
polarization vectors, which may be P or S polarized relative
to the plane of incidence) is rotated about the sample
normal [30-32]. Figures 1(b) and 1(d) depict the SHG signal
from the (011) surface of CaMn,Bi, as a function of
temperature across 7., demonstrating that RASHG is indeed
sensitive to the magnetic order in this material.

Frequently, AFM materials may host intricate domain
configurations, the details of which greatly impact the
relevant magnetic functionalities [33,34]. Because the low-
temperature magnetic point group of CaMn,Bi, breaks
multiple symmetries of the high-temperature point group,
we indeed expect that the low-temperature magnetic
ground state should involve some number of energetically
degenerate domains. In Fig. 2, we characterize these
domains using a combination of RASHG and a spatially
resolved optical polarimetry technique known as photo-
thermal modulated birefringence (PTMB), which is a
sensitive technique for measuring small changes in the
anisotropic index of refraction (and consequently, the
direction of the AFM order parameter) [35,36].

Figure 2(a) shows the PTMB signal from the (011)
surface of CaMn,Bi, above T, (see Supplemental Material,
Sec. S7 and Fig. S22 [13]). No contrast is found within a
~500 x 500 pm? area on the sample, demonstrating that
the thermally modulated index of refraction is spatially
uniform at high temperature. As the temperature is lowered
below T, [Fig. 2(c)], a pronounced contrast appears in the
PTMB map which indicates the presence of two separate
AFM domains with different order parameter directions.

While PTMB is nominally sensitive to the direction of
the AFM order parameter, it cannot differentiate between

180° domains as it couples only to the linear index of
refraction of the material. Therefore, it is not clear from
PTMB alone whether the domains in Fig. 2(c) are truly
homogeneous or may contain a mixture of 180° domains.
In contrast, nonlinear spectroscopies like SHG can differ-
entiate 180° AFM domains due to an interference between
the SHG sources (e.g., electric dipole, magnetic dipole,
and electric quadrupole; see Supplemental Material,
Fig. S20 [13]) which transform differently under time-
reversal symmetry [37—40]. This effect can be especially
pronounced in the presence of magnetostriction [39]. We
thus proceed to investigate the presence of 180° domains in
this material using RASHG.

Figures 2(d)-2(g) depict the RASHG results at 8 K in the
two regions identified in Fig. 2(c). The same crystal piece
was used for both measurements. As with PTMB, we do
find that the SHG domains are large and apparently
homogeneous (on a scale of hundreds of microns; see
Supplemental Material, Fig. S16 [13]). Surprisingly, how-
ever, in different cooldowns we observe that the RASHG
pattern in the leftmost region of Fig. 2(c) randomly takes
the form of either Fig. 2(d) or Fig. 2(e), and in the rightmost
region, it takes the form of either Fig. 2(f) or Fig. 2(g). In
contrast, the PTMB does not change upon thermal cycling
(see Supplemental Material, Fig. S21).

Since the four domains in Figs. 2(d)-2(g) have different
RASHG patterns, they correspond to four different AFM
domains with different values of the Néel vector [defined as
the difference in the magnetic moment on the two Mn
sublattices; see Fig. 1(a)]. While the RASHG refinement
(see Supplemental Material, Sec. S3 [13]) does not explic-
itly determine the value of the Néel vector in each of these
domains, the fact that the RASHG pattern changes on
thermal cycling while the PTMB signal does not indicates
that each pair of domains in Fig. 2 consists of two domains
with 180°-opposite Néel vectors. Furthermore, there is a
relative angle between Figs. 2(d) and 2(e) and Figs. 2(f)
and 2(g), since they have different PTMB signals [41]. An
example of a domain assignment satisfying these criteria is
depicted schematically in the insets of Figs. 2(d)-2(g),
where the AFM order parameter is represented by two red
arrows. Importantly, within a single location, the two
opposite orientations are accessible via thermal cycling;
hence, they are energetically degenerate. We have verified
that the relationship between domains described here
is consistent with the SHG susceptibility tensors [42]
extracted by fitting the data in Fig. 2 (see Supplemental
Material, Sec. S3). In addition, our data are not consistent
with an alternative interpretation involving the interference
of two independent order parameters (see Supplemental
Material, Sec. S2 [13]).

B. Nonequilibrium

Having demonstrated that CaMn,Bi, hosts an elaborate
free-energy surface with multiple degenerate or nearly
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(a) Birefringence orientation map for 7 = 200 K > T.. (b) RASHG intensity in the P;,—P,, polarization channel for the

region indicated in (a) at 157 K. Other polarization channels are shown in the Supplemental Material, Fig. S10 [13]. (c) Birefringence
orientation map for 7 = 152.5 K < T.. (d),(e) RASHG intensity at 8 K in the P;,—P,, polarization channel for consecutive cooldowns
for the region indicated in (c). The system randomly chooses the RASHG pattern in (d) or (e) on each cooldown. (f),(g) RASHG
intensity at 8 K in the P;,—P,, polarization channel for consecutive cooldowns for the region indicated in (c). The system randomly
chooses the RASHG pattern in (f) or (g) on each cooldown. Other polarization channels are shown in the in the Supplemental Material,
Fig. S10. The insets beneath the RASHG plots depict the relationships between the Néel vectors L associated with each domain, as
determined from the RASHG and PTMB data: RASHG patterns on the same spot but different cooldowns correspond to Néel vectors

which are related by an overall sign (Z = ifo and L = iREO), whereas those on different spots are related by an element R (not

identity or inversion) of the high-symmetry point group D;,. Neither the value of ZO nor the operation R are explicitly determined by
these measurements. Note that the RASHG experiments are performed normal to the (011) plane (see Fig. 1), whereas the vectors in the

insets are drawn in the (001) plane.

degenerate ground states, we now turn to the question of
whether light can be used to manipulate or possibly switch
between these states. To answer this question, we pump
each of the order parameter directions identified in Fig. 2 at
8 K with a ~100-fs normally incident near-infrared light
pulse (hw ~ 1 eV) and probe the AFM order parameter
with RASHG using a subsequent probe pulse. By varying
the delay At between the two pulses, we create a series of
snapshots of the AFM order parameter at different times
following excitation. The results are shown in Fig. 3, where
the four rows correspond to the four order parameter
directions identified in Fig. 2, and the horizontal axis is
the time delay between the pump and probe pulses. The
first two rows [Figs. 3(a) and 3(b)] correspond to the
leftmost domain in Fig. 2(c), for which it is found that, after
pumping, the strength of the RASHG signal is quickly

extinguished. After a delay of around ~8-10 ps, the AFM
order recovers so that the shape of the RASHG pattern is
similar to before zero delay up to small changes in the
relative peak heights. The order parameter magnitude and
direction inferred by this data are depicted schematically in
the insets of Figs. 3(a) and 3(b).

The striking observation is in the bottom two rows
[Figs. 3(c) and 3(d)], which depict the time-resolved
RASHG results in the rightmost domain of Fig. 2(c). In
this domain, the RASHG signal again quickly decreases,
and the shape does not initially change. However, roughly
~6-8 ps after excitation, the RASHG pattern abruptly
changes shape, so that the pattern after ~10 ps is equivalent
to Fig. 3(a). Together with the findings of Fig. 2, these
results suggest that the final state in Figs. 3(c) and 3(d) is
one in which the AFM order parameter direction has indeed
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FIG. 3.

RASHG intensity at 8 K in the P;,—P,, polarization channel as a function of time for the AFM order parameter identified in

(a) Fig. 2(d), Fig. 2(e), Fig. 2(f), and Fig. 2(g). Other polarization channels are shown in the Supplemental Material, Fig. S11 [13]. The
pump fluence is set to ~600 pJ cm~2. The insets beneath the RASHG plots depict schematically the value of the Néel vector 2 ps before

and 12 ps after photoexcitation, as in Fig. 2.

been reoriented relative to equilibrium. Remarkably, one
must use light to reach this metastable state as it is not
present in thermal equilibrium at this spot.

We performed the above measurements out to Ar 2
150 ps (see Supplemental Material, Fig. S14 [13]) and
found that the reoriented state persists at least this long
before relaxing back to equilibrium in time for the next pair
of pulses to arrive (roughly 200 ps later). As the pump
fluence is decreased (see Supplemental Material, Fig. S5),
the effect of the excitation is diminished until, at low
fluences (~100 pJ cm™2), the final state is equivalent to the
initial state, and only small changes to the SHG (associated
with dynamics that do not launch the system into the
metastable state) are visible near zero delay. Interestingly,
which of the two opposite directions [Fig. 2(d) or Fig. 2(e)]
the magnetic order favors after excitation is consistent from
pulse to pulse, but not from one sample to another (see
Supplemental Material, Figs. S13 and S14), suggesting

that, below the magnetic ordering temperature, interactions
between neighboring domains break the degeneracy
between these states. Finally, we note that no aspect of
these observations changes with the polarization of the
pump pulse (see Supplemental Material, Fig. S12 [13]).

II1. DISCUSSION

Taken together, these considerations indeed point to a
bona fide ultrafast phase transition in CaMn,Bi, induced
by a femtosecond light pulse. We now seek to understand,
at least qualitatively, the microscopic nature of this tran-
sition. Before discussing the time-resolved data of Fig. 3,
we must first understand the equilibrium phenomenology
implied by Fig. 2. Group theory (see Supplemental
Material, Sec. S1.3 [13]) suggests that there should be
12 energetically degenerate order parameter directions (see
Supplemental Material, Fig. S17), independent of location
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calculated as described in Supplemental Material, Sec. S4 [13]. Insets show the equilibrium SHG patterns in the P;,—P,, polarization
combination for the two domains, with the integration region indicated. The y-axis normalization for either domain is defined such that
the average signal before zero delay is equal to 1.0. (b) Conceptual illustration of the dynamics following laser excitation as described in
the text. Ultrafast melting of the AFM order (i) and (ii) is followed by the rapid growth of fluctuations (iii) and (iv), with the final state
(v) determined by the relative growth rate of different orders. Insets show the RASHG data of Fig. 3(c) corresponding roughly to each of
these steps. The fluctuation growth step (iii) and (iv) may occur with or without a background of coherent oscillations (see Supplemental

Material, Secs. S1.2 and S1.3 [13]).

on the sample. However, only two directions are observed
per measurement location in our experiment. This obser-
vation is explained by recognizing that local strain fields in
the material are expected to pole the long-range order (see
Supplemental Material, Sec. S1.1), so that certain order
parameter directions are energetically favored relative to
others at a given spot [43—46]. Since these strain fields may
vary from one location to another (the details of which
depend subtly on the local growth conditions), different
locations on the sample would then show different sets of
RASHG patterns, in agreement with the findings of Fig. 2.
This picture also explains the observation that opposite
AFM configurations are energetically degenerate, as strain
itself is inherently symmetric under 180° rotations.
Turning now to the nonequilibrium phenomenology
(Figs. 3 and 4), we begin by noting that the sudden
suppression of the SHG intensity at early times indicates
that the primary effect of the pump pulse is simply to
quench the AFM order parameter [Figs. 4(b) and 4(c)].
According to recent theoretical work based on the time-
dependent Ginzburg-Landau (TDGL) equation [11,47],
the dynamics following such a quench are governed not
by the global minimum of the free energy, but rather by
the exponential amplification of spatial order parameter
fluctuations [Figs. 4(d) and 4(e)], which may occur
differently for different orders (Supplemental Material,
Sec. S1.2 [13]). The final state of the transition [Fig. 4(f)]
is then determined by which state supports the fastest-
growing fluctuations. In the context of light-induced
SC [7,48], for example, the dominant order in equilibrium
is a CDW, whose fluctuations naturally involve motion of
the massive nuclei and are thus much slower than fluctua-
tions of the SC order parameter [11,49]. Note that, in the
general case, the final state is determined not just by the
relaxation rates, but also by their start times; that is, if one
order is quenched faster than another, fluctuations of that

order are afforded a longer period to grow and may thus
dominate at long times.

In our system, the relatively slow (~8-10 ps; see Fig. 3)
recovery timescale indicates that the dynamics of the AFM
order parameter, like the CDW order of Ref. [7], also likely
involve motion of the atomic nuclei (i.e., magnetoelastic
coupling). However, in contrast to the CDW-SC competi-
tion referred to above, the dominant and subdominant
orders in our system correspond not to completely different
orders, but rather to different orientations of the same order.
One would thus naively expect the corresponding fluctua-
tions to exhibit more or less the same dynamics. However,
as described above, this naive symmetry of the material is
in fact broken at all temperatures by the internal strain; it is
therefore appropriate to think of the two nonparallel AFM
orientations as truly distinct orders, and the TDGL analysis
described above thus applies rigorously to CaMn,Bij.
The situation is similar to the case of LaTe;, where the
equilibrium and nonequilibrium orders are both CDWs
which are split by a small lattice anisotropy [5].
Importantly, it is noted in Ref. [11] that small variations
in the density of different fluctuations are exponentially
amplified as the system relaxes, so that only a modest
difference in the relevant dynamics is sufficient to favor
the metastable state as the system recovers. Such asym-
metric amplification of nonparallel AFM orientations thus
likely forms the basis for the reorientation transition
in CaMHQBiz.

Additional evidence supporting this general picture may
be found by examining the time dependence of the SHG
signal at short times [Fig. 4(a)], before the order parameter
switches to the metastable state. In particular, on examining
the initial decay rates it can be seen that the SHG signal
corresponding to Fig. 3(a) reaches 30% of its original value
just 0.5 ps after zero delay; the equivalent drop in SHG
intensity for Fig. 3(c) takes > 0.5 ps longer. That is, the
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time required to quench the final state is approximately half
the time needed to quench the initial state. As a result, long-
wavelength fluctuations of the subdominant, metastable
order experience a longer period of exponential amplifica-
tion compared to the equilibrium order, which may explain
the dominance of the metastable state at long times (see
Ref. [11], Sec. V). The metastability of the final state is
provided by the fact that the long-term relaxation dynamics
are presumably dependent on the thermal nucleation and
subsequent motion of AFM domain walls, which can be
quite slow [50,51]. Finally, we remark that while the quench
dynamics described here can explain all features of our data,
they also likely occur alongside a background of coherent
excitations (e.g., coherent phonons, which are observable
in time-resolved reflectivity; see Supplemental Material,
Fig. S6 [13]) which can couple to the order parameter via
the lattice strain (see Supplemental Material, Sec. S1.3).
While no evidence of these excitations is apparent in our
SHG data, further studies will be needed to determine the
extent to which they might still be important.

IV. CONCLUSION

To summarize, we have presented evidence of a mag-
netic reorientation transition in the antiferromagnetic
semiconductor CaMn,Bi, induced by above-gap optical
excitation. Looking forward, we note two ingredients that
seem to be most important for the transition demonstrated
in this work: low symmetry, so that there are multiple
energetic minima in the magnetic phase, and, presumably,
some degree of magnetoelastic coupling, so that the
different minima are not precisely degenerate in thermal
equilibrium. Neither of these properties are unique to
CaMn,Bi,, and analogous materials may exist with similar
light-induced phenomenology. The apparently pronounced
coupling between light and magnetic order in this material
also invites the fascinating possibility that related phenom-
enology could also be accessed via additional tuning
parameters like strain or current. This is a key prediction
of so-called P7 -symmetric systems, in which inversion
and time-reversal symmetries are independently broken
but the product of the two is preserved [52—54]. Further
investigation of these and related compounds could have
far-reaching impacts for future optospintronic technology.

V. METHODS
A. Material growth

Single crystals of CaMn,Bi, were grown by a Bi flux
method following Ref. [12]. The starting materials were Ca
ingot, Mn powder, and Bi powder. They were loaded into
an alumina crucible in the molar ratio of Ca:Mn:Bi =
1:2:10, which was sealed in an evacuated quartz tube. The
ampoule was heated to 1000 °C and kept at this temperature
for 11 hours before being slowly cooled to 400°C in
10 days. The excess flux was removed by a centrifuge at

this temperature. The single phase nature of the crystals
was checked by powder XRD and the orientation was
checked by a single-crystal x-ray diffractometer.

B. TRSHG measurements

The TRSHG measurements were performed using a
fast-rotating optical grating method—where the plane of
incidence is rotated about the normal axis so as to access all
elements of the SHG susceptibility tensor—which has been
described in detail elsewhere [30-32]. Ultrashort (~100 fs)
probe pulses were sourced from a regeneratively amplified
Ti:sapphire laser operating at a repetition rate of 5 kHz. A
portion of the Ti:sapphire output was directed to an optical
parametric amplifier, producing ~1-eV pump pulses which
were delayed relative to the probe pulses with an optical
delay line. The incident probe fluence was ~250 pJ cm=2,
with the probe spot diameter being ~100 pm at the sample
surface, and the pump pulses (with varying fluence) were
focused to a spot roughly ~400 pm in diameter. Note
that all of the SHG intensity is generated instantaneously
when the probe interacts with the sample, so any sub-
sequent dynamics induced by the probe pulse itself are not
measured by our detector. We verified that the pump-
induced static heating at these fluences was insignificant by
measuring the temperature dependence of the SHG signal
with and without the pump, and noting that the transition
temperature is not meaningfully different (see Fig. S23 in
Supplemental Material [13]). The (011) plane was found to
be the only natural cleavage plane of the sample. The pump
was normally incident to the sample surface (to facilitate
blocking the reflected pump scatter), and the probe was
incident with an angle of ~10°. The reflected SHG signal
was collected with a photomultiplier tube, filtered with a
lock-in amplifier operating at the repetition rate of the
regenerative amplifier, and correlated with the rotation
angle of the grating with an optical rotary encoder and
homebuilt oscilloscope. To eliminate potential artifacts due
to low-frequency fluctuations in the laser intensity, multiple
random sweeps of the delay stage were averaged together
for each dataset, and the polarizers were controlled auto-
matically at each delay using custom polarization rotators
described in Ref. [55].

C. PTMB measurements

The polarization-dependent optical birefringence (linear
dichroism) measurements were conducted using the exper-
imental setup detailed in Ref. [35]. A 633-nm probe laser
beam was focused onto a 5-pm spot at surface of the sample,
while a 780-nm pump or heating beam was similarly focused
onto the same location. To improve the signal-to-noise ratio
and eliminate polarization artifacts originating from the
experimental setup, the sample temperature was modulated
at 2 kHz by passing the pump beam through an optical
chopper. The linear dichroism signal was subsequently
measured using a standard balanced photodetection scheme
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and a lock-in amplifier. Position-dependent measurements of
optical birefringence were obtained by scanning the sample
position with a piezoelectric scanner. The dependence of the
polarization rotation on the probe polarization angle was fit
to a sinusoidal function at each spot, and the phase shift
parameter extracted from each fit was plotted in Figs. 2(a)
and 2(c) (see Supplemental Material, Fig. S22 [13]). Note
that the birefringence signal involves contributions from
both the lattice and the magnetism, so that the angle
extracted from this fit should not be identified with the
angle of the AFM order parameter.

D. XRD measurements

XRD data (Supplemental Material, Fig. S8 [13]) were
collected at 100 and 180 K on a Bruker-AXS X8 Kappa Duo
diffractometer with IpS microsources, coupled to a Photon 3
CPAD detector using Mo Ka radiation (4 = 0.71073 A),
performing ¢ and @ scans. Reconstructed precession
images of the (0k/), (h0l), and (hk0) planes were calculated
directly from the diffraction images using algorithms
included in the APEX3 [56] software.
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